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Abstract

Eutrophication of freshwater lakes has led to an increase in the occurrence of harmful cyanobacterial
blooms, and it is expected that a warming climate will further exacerbate the frequency and duration of
such blooms. Microcystin is a cyanobacterial hepatotoxin that is found worldwide, and poses a serious
threat to the ecological communities in which it is found as well as to those who use these waters for
drinking, recreation, or as a food source. Although microcystin is known to accumulate in fish and other
aquatic biota, the prevalence of microcystin in fish tissue and the human health risks posed by
microcystin exposure through fish consumption remain poorly resolved. Very few studies have quantified
microcystin (a broadly present cyanotoxin) in water from East African lakes, despite the large human and
animal populations that rely on these lakes for both water and food, and to date there is very little

information available on the accumulation of microcystin in fish from these lakes.

A comprehensive set of water and fish samples was collected on a monthly basis between September
2008 and February 2009 from several lakes in Uganda. The study sites included two embayments in
northern Lake Victoria (Murchison Bay and Napoleon Gulf), Lake Edward, Lake George, Lake Mburo,
and the crater lakes Saka and Nkuruba. The large lakes sampled all support substantial commercially
important fisheries, while the smaller lakes support subsistence fisheries that provide a critically

important source of protein and income for riparian communities.

Microcystin concentrations in water were determined in addition to chlorophyll and nutrient
concentrations, phytoplankton community composition, mixing dynamics and light conditions. At all
study sites except Lake Nkuruba, microcystin concentrations in water regularly exceeded the WHO
guideline for microcystin in drinking water of 1.0 pg/L. Microcystis spp. emerged as the cyanobacterial
taxa that is primarily responsible for microcystin production in these lakes, and as such, microcystin
concentrations were closely linked to environmental factors that favour the development of high
Microcystis biomass, including high nutrient concentrations, as well as shallow mixing depth which acts

to increase mean mixed layer light intensity.

Because of the importance of understanding the underlying food web when considering the
accumulation and trophic transfer of a compound, stable carbon and nitrogen isotope analysis was used to
characterize the food webs at the previously mentioned Ugandan study sites as well as in the East African
great lake Albert. Omnivory was found to be common at all study sites, and based on 8"°C values, the

food webs in these lakes were strongly based on pelagic primary production, with no strong evidence of
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substantial benthic contribution to these food webs, likely as a result of reduced benthic primary

productivity in these generally low-transparency eutrophic lakes.

The distribution and trophic transfer of mercury was also characterized in the Ugandan study lakes
(including Lake Albert) in order to provide a contrast for the trophic transfer of microcystin in the same
lakes. Furthermore, relatively little is known about the behaviour of mercury in tropical hypereutrophic
lakes, and the study sites included in the current study provided an opportunity for the exploration of this
topic. Consistent biomagnification of mercury was observed at all study sites; however, mercury
concentrations in fish were generally low, and would not be expected to pose a risk to consumers.
Mercury dynamics were strongly linked to lake trophic status, with biomagnification rates significantly
lower at the hypereutrophic study sites than at the mesotrophic and eutrophic study sites. I found evidence
that growth and possibly biomass dilution can reduce mercury concentrations at the base of the food web,
while growth dilution of mercury at consumer trophic levels might effectively reduce the

biomagnification rate of mercury in these hypereutrophic lakes.

Microcystin was prevalent in fish muscle tissue from all study sites and at all trophic levels. In contrast
to mercury, for which consistent biomagnification was observed, neither biomagnification nor biodilution
was observed for microcystin; and concentrations were relatively consistent throughout the fish food web,
including in top predators, indicating that efficient trophic transfer of microcystin is occurring in these
lakes. Microcystin concentrations in fish from several study sites followed seasonal trends that were
similar to those observed for microcystin concentrations in water at these sites, suggesting that fish can
rapidly respond to changes in microcystin concentrations in water through accumulation and depuration

of this toxin.

Microcystin concentrations in water and fish from all Ugandan study sites (including Lake Albert) in
addition to data from two temperate eutrophic embayments (Maumee Bay in Lake Erie, and the Bay of
Quinte in Lake Ontario) were compiled and used to estimate potential microcystin exposure to human
consumers of both water and fish from these study sites. Microcystin was pervasive in water and fish
from both the tropical and temperate study sites. Also, these results establish that fish consumption can be
an important and even dominant source of microcystin to humans, and can cause consumers to exceed
recommended total daily intake guidelines for microcystin. These results highlight the need to consider
potential exposure to microcystin through fish consumption in addition to water consumption in order to

adequately assess human exposure and risk.
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Chapter 1

General Introduction

1.1 General context of study

Uganda, in equatorial East Africa, has abundant freshwater resources, with lakes, wetlands and rivers
covering approximately 16 % of Uganda’s surface area (World Water Assessment Programme, UNESCO
2006). Uganda is home to some of the largest freshwater lakes in the world, including Lake Victoria, the
world’s largest tropical freshwater lake, which also sustains the world’s largest freshwater fishery
(Kolding et al. 2008). These lakes provide both water (for drinking, sanitation, and agriculture) and fish
for tens of millions of people. However, both in Uganda and globally, lakes are being threatened by
anthropogenic activities, raising many ecological and public health concerns, including the potential for

harmful blooms of toxic cyanobacteria.

The primary objective of this thesis is to characterize the distribution and trophic transfer of
microcystin in water and food webs of Ugandan lakes. This research also seeks to provide a quantitative
assessment of the risks posed by microcystin in these lakes, and in particular explores the potential for
microcystin exposure through fish consumption. To assess the trophic transfer of microcystin as well as
the effect of fish diet on microcystin accumulation, stable carbon and nitrogen isotope analysis is used to
examine food-web structure in the study lakes. Additionally, by measuring mercury concentrations and
quantifying the biomagnification of this contaminant using the same fish, I am able to use the better-
understood process of mercury biomagnification as a “standard” to which microcystin trophodynamics

can be compared in order to gain insight into the movement of this cyanotoxin through aquatic food webs.

1.2 Microcystin

Globally, cyanobacterial dominance of freshwater systems is increasing, as is the occurrence of hazardous
blooms of cyanobacteria (de Figueiredo 2004). These cyanobacterial blooms can have several deleterious
effects on freshwater ecosystems and those who rely on them including beach fouling, oxygen depletion,
food web alteration, taste and odour problems and toxin production (Oliver and Ganf 2000, de Figueiredo
et al. 2004). The toxins produced by cyanobacteria include hepatotoxins (such as microcystin, nodularin
and cylindrospermopsin), neurotoxins (such as anatoxin and saxitoxin), dermatotoxins and cytotoxins
(such as lyngbyatoxin and aplysiatoxin), and endotoxins (lipopolysaccharides) (Codd ef al. 2005). The
most common cyanotoxins produced in fresh waters belong to the hepatotoxic microcystin family, while

the closely related nodularins are commonly produced in brackish waters (Sivonen and Jones 1999).



Cyanobacterial taxa known to be capable of microcystin production include Microcystis, Anabaena,
Anabaenopsis, Planktothrix (Oscillatoria), and Nostoc (Sivonen and Jones 1999). There are more than 80
known congeners of microcystin, with varying levels of toxicity (Dietrich and Hoeger 2005). For the
purpose of this study, “microcystin” will refer to all congeners as a whole. Microcystin is a monocyclic

heptapeptide, with a general structure of:
cyclo-(D-alanine'-X*-D-MeAsp’-Z*-Adda’-D-glutamate’~Mdha’)

(Sivonen and Jones 1999, Babica et al. 2006) where X and Z represent two variable L-amino acids,
which, along with degree of methylation, distinguish the different microcystin congeners (Williams ef al.
1997¢c, Sivonen and Jones 1999). The Adda-glutamate region, found in both microcystin and nodularin,
interacts with protein phosphatases, and it is through this interaction that these cyanotoxins exert their
toxic effects (Sivonen and Jones 1999). Meanwhile, the Mdha region (N-methyldehydroalanine), which is
unique to microcystin, has been shown to bind covalently to protein phosphatase enzymes (Williams et al.

1997a, Sivonen and Jones 1999).

Microcystin is a powerful inhibitor of protein phosphatases 1 and 2A in both animals and plants
(MacKintosh et al. 1990). These are key regulatory enzymes, and their inhibition can cause a range of
negative effects, including cell death (Blom and Jiittner 2005, Codd et al. 2005, Babica et al. 2006).
Additionally, microcystin is a potential tumour promoter, indicating that chronic exposure to this toxin
may pose serious health risks (Falconer and Humpage 1996, de Figueiredo 2004, Chen et al. 2009). The
World Health Organization has set a tolerable daily intake (TDI) guideline for chronic exposure to
microcystin of 0.04 ng/kg body weight of consumer (WHO 1998, Falconer et al. 1999). Based on this
value, and the assumption that 80 % of human exposure to microcystin will be via drinking water, the
WHO recommended guideline for microcystin in drinking water is 1.0 pg/L (WHO 1998, Falconer ef al.
1999). Additionally, microcystin is a heat stable compound, and neither boiling water nor cooking fish

prior to consumption is expected to reduce the potential for exposure (Harada 1996, Zhang et al. 2010).

1.2.1 The function of microcystin

Microcystin is generally considered to be a cyanobacterial secondary metabolite (Carmichael 1992,
Wiegand and Pflugmacher 2005, but see Orr and Jones 1998), and although there has been considerable
debate surrounding the endogenous function of microcystin, several possible explanations for the
production of this toxin have been suggested. There is some evidence that microcystin can offer

protection against grazing by zooplankton, which have been observed to distinguish and selectively reject



toxic cyanobacteria (Babica et al. 2006). Alternatively, microcystin has a high affinity for iron and binds
Fe®', and it has been proposed that microcystin could be involved in either collecting iron where limiting
(Lukac et al. 1993), or chelating intracellular iron to reduce the production of oxygen free radicals
(Utkilen and Gjolme 1995). Also, several studies have shown evidence of allelopathic effects of
microcystin on both phytoplankton and macrophytes (Pflugmacher 2002, Hu et al. 2004, LeBlanc et al.
2005, Babica et al. 2006). However, given the genetic evidence that cyanobacterial ability to produce
microcystin preceded the evolution of eukaryotic photoautotrophs or metazoans (Rantala ef al. 2004), it is
unlikely that the primary role of microcystin is grazer defence or allelopathy against photoautotrophs
(Babica et al. 2006, Schatz et al. 2007). The diversity of these theories highlights the current lack of

consensus on the cellular role of microcystin.

1.2.2 Factors affecting microcystin production

The presence and concentration of microcystin in an aquatic system depends on two essential
requirements: the presence of cyanobacteria capable of microcystin production and the active synthesis of
microcystin by these cyanobacteria (Sivonen and Jones 1999). There is a well-documented relationship
between the global increase in cultural eutrophication and a corresponding increase in the occurrence of
microcystin producing blooms, especially blooms of Microcystis aeruginosa (de Figueiredo 2004).
However, microcystin production has also been observed in oligotrophic systems, where highly toxic
dense metalimnetic blooms of Planktothrix have been observed (Mur ef al. 1999, Fastner et al. 1999).
Furthermore, microcystin production by benthic cyanobacterial taxa such as Oscillatoria or Phormidium
has been observed in lakes with high water clarity (Mez et al. 1997, Mur et al. 1999). Within a
cyanobacterial species, there exist a wide range of genotypic strains, some of which are capable of toxin
production and some of which are not. The ability of cyanobacterial strains to produce microcystin is
related to the presence of the mcy gene cluster, while expression of this gene cluster is known to vary

greatly (Meisner ef al. 1996).

Toxin production has been related to several environmental factors including light, temperature,
nutrient concentrations, nutrient ratios, and pH; and how these factors affect microcystin production is
known to differ between cyanobacterial strains (Sivonen and Jones 1999, Giani et al. 2005, Kardinaal and
Visser 2005, Billam et al. 2006). In a review of culture studies, Sivonen and Jones (1998) found that
microcystin production within a strain can vary by a factor of 3 to 4, while differences between strains
can be much larger, suggesting that the high variability observed in field microcystin concentrations is

primarily attributable to differences in the relative abundance of toxic strains (Giani ef al. 2005, Sivonen



and Jones 1998). The factors driving cellular microcystin production within a strain are complex and
often appear to be contradictory, however, much evidence supports the theory that microcystin synthesis

tends to be highest where conditions are favourable for cell growth (Orr & Jones 1998, Briand 2005).

1.2.3 Accumulation and Trophic Transfer of Microcystin

Accumulation of microcystin has been observed in organisms such as zooplankton, gastropods, fish,
macrophytes and even terrestrial crops irrigated with contaminated water (Kotak et al. 1996, Prepas et al.
1997, Zurawell et al. 1999, Magalhaes et al. 2003, de Figueiredo 2004, Ibelings and Chorus 2007). Due
to its high molecular weight (from approximately 900 to 1100 Da), microcystin cannot easily cross cell
membranes, however, some types of cells (especially mammalian hepatocytes) have membrane

transporters facilitating toxin uptake (Fischer et al. 2005, Amado and Monserrat 2010).

Data suggest that, in fish, the majority of microcystin uptake occurs in the digestive tract, followed by
the rapid distribution of microcystin throughout the fish body via the blood-stream, with highly-
vascularized organs experiencing the highest exposure to and accumulation of microcystin (Cazenave et
al. 2005, Xie et al. 2005, Smith et al. 2008, Wang et al. 2008, Martins and Vasconcelos 2009).
Microcystin has been demonstrated to have both acute and chronic effects on fish liver function, and may
act to decrease fish growth efficiency (Andersen ef al. 1993, Malbrouk and Kestemont 2006). Net Pen
Liver Disease (NPLD) in pen-reared Atlantic salmon (in which severe liver lesions and mortality occur)
has been directly attributed to microcystin (Andersen ef al. 1993). There is also a growing body of
evidence that microcystin can have detrimental effects on the early development of fish, leading to

deformations and mortality (Oberemm et al. 1997, Malbrouk and Kestemont 2006).

Microcystin has been detected in higher food web organisms even when microcystin concentrations in
the water were below the WHO recommended guideline of 1 pg/L (Prepas et al. 1997, Zurawell et al.
1999, Magalhaes et al. 2003). There is little evidence of biomagnification (increasing concentrations of a
compound at successively higher levels in a food chain) of microcystin in aquatic food webs (Kotak et al.
1996, Ibelings et al. 2005, Zhang et al. 2009), although Xie et al. (2005) did observe higher microcystin
concentrations in the muscle tissue of carnivorous fish relative to phytoplanktivorous fish. Several studies
have suggested that microcystin may instead undergo biodilution, with decreasing concentrations due to
metabolism and excretion of microcystin at each successive trophic level (Ibelings et al. 2005,

Karjalainen et al. 2005, Ibelings and Havens 2008).



1.2.4 Detection of microcystin

In this study I will measure microcystin in water and methanol-extracted fish tissue using an Enzyme-
Linked Immunosorbent Assay (ELISA) that is specific for the Adda side-chain found in all microcystin
and nodularin congeners (this type of ELISA is considered a congener-independent detection method;
Fischer et al. 2001). It is important to note that methanol extraction of fish followed by ELISA is not
expected to measure microcystin that is covalently bound to protein phosphatases in the fish tissue; and as
a result, the microcystin concentrations reported in this study will represent unbound extractable
microcystin rather than the total microcystin burden of the organism (Williams ef al. 1997b). Although
there is some evidence of toxicity of potential break-down products of the protein phosphatase-
microcystin complex (Smith et al. 2010), little remains known about the risks posed by this covalently-
bound microcystin pool as compared to the well-studied toxic effects of unbound microcystin. ELISA is
known to be a sensitive and robust method for detection of microcystin concentrations in both water and
fish, and the simplicity, rapidity and affordability of this method makes ELISA particularly appropriate
for rapid assessment of microcystin concentrations in water or fish, as well as for large-scale studies such

as the one described in this thesis.

1.3 Mercury

The global release of mercury to the environment has increased greatly as a result of human activities
such as coal combustion, mining, smelting, industrial processes and biomass burning (Pacyna et al. 2006).
Most developed countries have implemented regulations to reduce the use and emission of mercury with
the aim of lessening human and wildlife exposure to this contaminant. However, many countries in the
developing world have not yet taken these measures. Although emissions of mercury in Europe and North
America have decreased since the early 1980s when industrial controls were implemented, on a global
scale, total mercury emissions are increasing due to an ongoing increase in emissions from Asia, Africa

and South America (Pacyna et al. 2006).

In Africa, biomass burning, coal combustion, artisanal and small-scale gold mining and metal
processing are the primary sources of mercury emissions (UNEP 2002, AMAP/UNEP 2008). However,
emissions from biomass burning are difficult to quantify and are often excluded from global and regional
emissions estimates. Estimated release of mercury through biomass burning in Africa for 1997-2006 was
approximately 140 tonnes per year (Friedli ef al. 2009). Population continues to increase rapidly
throughout Africa, and mercury emissions from fuel combustion and biomass burning are likely to

increase. In addition to local deposition, mercury is subject to long distance atmospheric transport,



therefore, its continued use and emission poses risks to humans and animals both at the point of use and
in remote locations (Jackson 1997). As a result, regional emissions estimates may not provide a

comprehensive picture of the subsequent regional deposition rates or exposure risks.

Mercury exists in several different forms in the environment. However, not all forms are equally
bioavailable—and therefore capable of accumulating and biomagnifying in the food web. The
bioaccumulative potential of mercury is increased greatly when transformed into methyl mercury through
the methylation of inorganic mercury by bacteria in anoxic conditions (Morel ef al. 1998). Methyl
mercury exhibits toxicity through covalent binding to sulthydryl groups on proteins (including enzymes),
which play an important role in the formation of disulphide bridges as well as in other conformational
changes in proteins (Clarkson 1997). Because methyl mercury is able to pass through cell membranes, has
a diffuse distribution throughout the soluble fraction of the cell, and is covalently bound to essential
sulthydryl bearing amino acids, it is readily assimilated rather than excreted by the consumer organism.
This facilitates bioaccumulation and subsequent food web transmission of this compound (Morel ef al.

1998).

Of the total mercury (THg) present in freshwater fish muscle tissue, 85-95% is in the form of methyl
mercury (Bloom 1992). Methyl mercury is a potent neurotoxin that is known to have many detrimental
effects on humans, with children and fetuses in utero being particularly vulnerable to methyl mercury
exposure (Clarkson 1997, WHO 1990). Human exposure to mercury is predominantly through the
consumption of fish (WHO 1990). For fish tissue, the World Health Organization’s total mercury
guideline value for at-risk groups (including children, pregnant women and frequent fish consumers) is

200 ng g wet weight (WHO 1990).

There are many factors that influence mercury concentrations in fish: the concentration of mercury in
the water, mercury methylation rates, the length and structure of the food web (Cabana and Rasmussen
1994), fish age and length (MacCrimmon et al. 1983), as well as the productivity of the system. When
algal biomass is high, the accumulation of algal biomass may outstrip the production of methyl Hg and
result in “biomass dilution” (Pickhardt ef al. 2002). Alternatively, where growth rates are high at the base
of the food web, rapidly dividing cells may not fully equilibrate with available methyl Hg concentrations
and “growth dilution” may occur (Herendeen and Hill 2004). Effectively either high growth rates or high
algal biomass can serve to dilute the mercury concentration in the phytoplankton, and lower
concentrations at the point of entry into the food web can translate into lower concentrations throughout

the food web (Meili 1991, Pickhardt ef al. 2002). Similarly, lifespan and growth rate can influence



mercury concentrations in fish; with longer-lived and slower growing fish (common in temperate
systems) tending to have higher mercury concentrations (Stafford and Haines 2001, Kidd et al. 2003,
Simoneau et al. 2005) than faster growing fish (common in tropical systems) at similar age and size (Kidd

et al. 2003).

1.4 Study Sites

This thesis includes data from 8 Ugandan study sites and two eutrophic embayments in the Laurentian
Great Lakes. Lakes Edward, George, Mburo, Murchison Bay (Lake Victoria), Napoleon Gulf (Lake
Victoria), Lake Nkuruba and Lake Saka are included as study sites in all data chapters, Lake Albert is
included Chapters 3, 4 and 6; and Maumee Bay (Lake Erie) and the Bay of Quinte (Lake Ontario) are
included as study sites in Chapter 6. A summary of general site characteristics for the Ugandan study

lakes is found in Table 1.1, and maps showing the location of these sites are found in Figures 1.1-1.3.

1.4.1 Lakes Edward and George

Lake George (Figure 1.2) is a highly productive shallow lake with a mean depth of 2.4 m (Lehman et al.
1998). This lake is known to have persistently high cyanobacterial biomass, with year-round presence of
potentially toxigenic cyanobacteria (generally Microcystis spp.) (Ganf 1974, Lehman et al. 1998). There
is a substantial (180 km®) papyrus-dominated wetland that surrounds Lake George, which was designated
a Ramsar site in 1988 by the Ugandan Ministry of Environmental Protection (Denny ef al. 1995, Lwanga
et al. 2003). Lake George is located within Queen Elizabeth National Park, however, a history of nearby
copper mining has led to elevated heavy metal concentrations in this relatively undisturbed lake (Denny et

al. 1995, Lwanga et al. 2003).

Water from Lake George flows into the larger, deeper and less productive Lake Edward via the narrow
Kazinga channel (Figure 1.2). Lake Edward has a maximum depth of 112 m, and is one of the least
studied of the African great lakes (Lehman et al. 1998). Much of Lake Edward lies within protected areas
of both Uganda and the Democratic Republic of Congo (Lehman et al. 1998).

1.4.2 Lake Mburo

Lake Mburo is located in Lake Mburo National Park (Bwanika et al. 2004) and is an important source of
drinking water for wild game (Mbabazi et al. 2004). The lake also supports a large population of
hippopotamuses, which are important contributors of dissolved nutrients to the lake, supporting growth of

phytoplankton and bacteria (Mbabazi et al. 2004). Lake Mburo is highly productive, with a phytoplankton



community dominated by Microcystis spp. (Okello et al. 2009, Nyakoojo and Byarujali 2010). Although
Lakes Edward, George and Mburo are all within protected areas, fishing communities exist within these

national parks, and controlled fishing provides both food and a source of income for these villages.

1.4.3 Lake Victoria (Murchison Bay and Napoleon Gulf)

Lake Victoria is the world’s largest tropical lake by area (66 368 km?), with a maximum depth of 75m
(Silsbe 2004). This lake provides drinking water for more than ten million people and sustains a large
population of domestic and wild animals (Mugidde et al. 2003). Lake Victoria is also home to the world’s
most productive freshwater fishery, with annual catches exceeding 500 000 metric tonnes since the late

1980s and recent catches reaching one million tonnes (Kolding ef al. 2008).

However, over the past several decades, Lake Victoria has experienced rapid change that is largely
attributable to anthropogenic influences driven by factors such as population increase, agriculture,
deforestation, overfishing and climate warming (reviewed in Hecky ef al. 2010). Lake Victoria’s food
web structure and species assemblages have been largely restructured by both eutrophication and the
deliberate introduction of exotic species including the Nile perch (Lates niloticus) and Nile tilapia
(Oreochromis niloticus) (Ogutu-Ohwayo 1990). Another exotic species that has strongly impacted the
lake ecosystem is water hyacinth (Eichhornia crassipes); however, this macrophyte has declined greatly
in abundance due to a successful biological control programme (Williams et al. 2005). Nutrient
enrichment of the lake has supported increasingly eutrophic conditions (Hecky 1993), leading to
increased hypoxia in deep waters (Hecky et al. 1994). Eutrophication and the resulting depletion of silica
in the lake are thought to have contributed to a shift in phytoplankton community composition from
dominance by chlorophytes and large diatoms to dominance by cyanobacteria (Kling et al. 2001, Hecky
et al. 2010). Lake Victoria is now dominated by Cylindrospermopsis spp, Anabaena spp. (Mugidde et al.
2003), as well as by Microcystis spp (Kling et al. 2001); these are all taxa that are known to include toxin-
producing species. Furthermore, microcystin has been observed in the water of Lake Victoria on several

occasions (Sekadende et al. 2005, Haande 2008, Okello et al. 2009).

The current study includes two embayments in Northern Lake Victoria: Murchison Bay and Napoleon
Gulf (Figure 1.3). Shallow Murchison Bay is located in a densely population urban area and provides
water to and receives waste from Kampala, Uganda’s largest city. Meanwhile, Napoleon Gulf is located at

the outflow of the lake to the Victoria Nile, and is situated in a mixed urban and agricultural region.



1.4.4 Crater lakes Nkuruba and Saka

Western Uganda is home to more than 80 small volcanic crater lakes (Bwanika et al. 2004). These lakes
are limnologically diverse, with a wide range of depth, salinity, phosphorus and silica concentrations
(Melack 1978), and they are an important source of water and fish for the surrounding communities. This
study includes two of these crater lakes: Lake Saka and Lake Nkuruba, which, although geographically

very close to one another, exhibit very different ecological conditions.

Lake Saka is a shallow crater lake (mean depth of 3.6 m) that is surrounded by extensive wetlands
(Crisman et al. 2001, Campbell et al. 2006, Melack 1978). Lake Saka’s catchment has been highly
impacted by deforestation and agriculture (Crisman et al. 2001, Campbell et al. 2006), and the lake is
now hypereutrophic, with previously recorded chlorophyll a values as high as 134 ug L™ (Campbell ef al.
2006). Lake Saka was stocked with O. niloticus and L. niloticus in the early 1970s, and there are several
other species of indigenous haplochromine cichlids also present in the lake (Binning ef al. 2009). Lake
Saka is cyanobacterially dominated, and microcystin concentrations exceeding 3 pug/L have previously

been observed in this lake (Campbell ef al. 2006).

Comparatively, Lake Nkuruba has been much less impacted by recent anthropogenic activities. It is a
small mesotrophic lake surrounded by an intact rainforest ecosystem, with a maximum depth of 38 m and
a permanently anoxic hypolimnion (Chapman ef al. 1998). The phytoplankton community in this lake has
been observed to be dominated by small cyanobacteria and chlorophytes (Chapman et al. 1998). Lake
Nkuruba is home to three species of fish, all of which were introduced, and none of which is known to be

piscivorous (Campbell et al. 2006).

1.4.5 Lake Albert

Lake Albert lies between Uganda and the Democratic Republic of the Congo and has an area of 5 600
km?, a mean depth of 25 m, and a maximum depth of 58 m (Talling 1963). The primary inflow to Lake
Albert is the Semliki River, which drains Lake Edward. A diel stratification regime is observed in the
inshore regions, and increasingly, persistent thermal stratification is seen offshore (Mugidde et al. 2007).
This differs from the well mixed “constant temperature bath” described by Talling (1963). In the 1960’s,
diatoms from the genus Stephanodiscus dominated Lake Albert’s phytoplankton, while only localized
cyanobacteria were seasonally present (Evans 1997). However, primary productivity in the lake nearly
doubled throughout the 1990’s, leading to a shift toward more consistent cyanobacterial dominance

(Mugidde et al. 2007), as diatom growth in Lake Albert was likely already limited by low concentrations



of silica in the euphotic zone (Talling 1963). Meanwhile low concentrations of available nitrogen promote
nitrogen-fixing cyanobacteria. Currently, northern Lake Albert exhibits repetitive blooms of Anabaena

spp. and Microcystis spp. (Mugidde et al. 2007), both known to be capable of toxin production.

1.4.6 Maumee Bay, Lake Erie

Maumee Bay is a shallow eutrophic embayment in the western basin of Lake Erie (mean depth <2m).
The Maumee River flows into the bay at the city of Toledo, a heavily industrialized and busy port. The
western basin of Lake Erie is known to exhibit regular blooms of Microcystis spp., and microcystin has
been detected on several occasions (Rinta-Kanto ez al. 2005, Ouellette et al. 2006, Yakobowski 2008).
This lake has been greatly affected by invasive dreissenid mussels, which may favour the dominance of
phytoplankton communities by toxin producing cyanobacteria through selective rejection of toxic cells

during feeding (Vanderploeg et al. 2001).

1.4.7 Bay of Quinte, Lake Ontario

The Bay of Quinte is also a shallow eutrophic embayment; it is located on the north shore of Lake Ontario
and is strongly influenced by the inflow of the Trent and Napanee Rivers. The upper Bay of Quinte has
little contact with open Lake Ontario. As in Western Lake Erie, invasive dreissenid mussels have strongly
affected the food web of the Bay of Quinte, and may have led to an increase in Microcystis aeruginosa
(Nicholls et al. 2002). Blooms of M. aeruginosa are now a common occurrence in the Bay of Quinte, and

microcystin is detected regularly throughout the summer months (Watson et al. 2008, Yakobowski 2008).

1.5 General thesis structure

This thesis is divided into five related but independent data chapters (Chapters 2—6). Data chapters were
generally prepared as manuscripts for submission to peer-reviewed journals, and as such, some repetition

of information is unavoidable; however, | attempted to minimize repetition where possible.
Chapter 2: Physicochemical drivers of microcystin production in several Ugandan lakes.

In this chapter, I characterize mixing dynamics, nutrient concentrations, phytoplankton community
composition and microcystin concentrations in water from several Ugandan lakes over a six month
period, including Lakes Edward, George, Mburo, Napoleon Gulf (Lake Victoria), Murchison Bay (Lake
Victoria), Saka and Nkuruba. I explore the factors that predict both the biomass of microcystin producing

cyanobacteria, as well as microcystin concentrations in these lakes.
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Chapter 3: Characterization and comparison of food web structure in several Ugandan lakes using

stable isotope analysis.

In this chapter, I use stable carbon (8"C) and nitrogen (8'°N) isotope analysis to characterize and
compare food-web structure and fish diet in several Ugandan lakes, including Lakes Albert, George,

Mburo, Napoleon Gulf (Lake Victoria), Murchison Bay (Lake Victoria), Saka and Nkuruba.

Chapter 4: Bioaccumulation and biomagnification of mercury in several Ugandan lakes: the

importance of lake trophic status.

In this chapter, I characterize mercury concentrations in the water and fish at 8 Ugandan study sites (those
included in Chapter 3), and explore the accumulation and trophic transfer of mercury in the context of
food-web structure. In particular, biomagnification of mercury is quantified based on stable nitrogen
isotopic ratios (as indicators of trophic level), and is compared among sites. By examining mercury, a
compound whose movement through aquatic food webs has been well studied, I will have a “standard” to
which I can compare the accumulation and trophic transfer of microcystin at the same study lakes (and in

the same fish).

Chapter 5: Accumulation, trophic transfer, and seasonality of microcystin in fish from several

Ugandan lakes.

In this chapter, I examine the accumulation and trophic transfer of microcystin in fish from several
Ugandan study sites (those included in Chapter 2). These processes are explored in the context of fish diet
and food web structure, as characterized using stable isotope analysis. I also explore seasonal patterns in
microcystin concentrations in fish in the context of seasonality of microcystin in water at these study

sites.
Chapter 6: Evaluation of microcystin exposure risk through fish consumption

In this chapter, I summarize and integrate data on microcystin concentrations in water as well as fish from
all study sites, including all 8 Ugandan sites as well as two temperate eutrophic embayments on the
Laurentian Great Lakes. Potential human exposure to microcystin through both drinking water and fish is
estimated, and in particular, the microcystin exposure risk posed by fish consumption at all study sites is

evaluated.
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Table 1.1 General characteristics of Ugandan study lakes and sampling stations. The abbreviation

Zmax refers to maximum lake depth.

z Mean Site Area Volume
Lake Lat. Lon. (I“I‘;‘; Depth Depth (km?) (km’) Reference
(m) (m)

Albert 1°34'N 30°58’E 58 25 120 5600 140 Tfélég‘g
Lehman et

Edward ~ ~ 120 33 ~ 2325 76.7 004

Nearshore 0°13’S  29°53°E  ~ ~ 3.5 ~ ~ ~
Offshore 0°13’S  29°52°E  ~ ~ 7.3 ~ ~ ~

onn o1 15 Viner and
George 0°00’S  30°11°E 7 2.4 2.8 250 0.5 St 1973
Nyakoojo &

Mburo 0°39’S  30°56’E 4 2 32 13 0.325 Byarujali

2010

Victoria ~ ~ 75 39 ~ 66368 2598  Silsbe 2004
Inner Murchison Bay 0°15°N  32°39°E 7 3.2 52 18 0.113 Haande et

al. 2010

Napoleon Gulf 0°24’N 33°14E 205 79 175 265 0.22 Jazcé‘gzn
Nkuruba 0°31'N 30°18’E 38 16 334 003 0.0004g] Chapman et

al. 1998

Saka 0°41'N 30°15°E 85 3.6 32 015  0.000054 Mlegl;‘gk
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Figure 1.1 Map of Uganda showing all study sites: a) Lake Albert, b) Lake Edward, c¢) Lake
George, d) Lake Mburo, ¢) Murchison Bay, f) Napoleon Gulf, g) Lakes Nkuruba and Saka (small
crater lakes that are geographically close to one another). A more detailed map showing Lakes
Edward and George is found in Figure 1.2, and a more detailed map showing Murchison Bay and

Napoleon Gulf is found in Figure 1.3.
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Figure 1.2 Map of Lake Edward and Lake George. Water from Lake George enters Lake Edward
via the Kazinga Channel. The lake George study site was located near the centre of the open water,
while the nearshore Lake Edward study site (depth of 3.5 m) was located near the mouth of the
Kazinga Channel, and the offshore site (depth of 7.3 m) was located 2.5 km to the southwest.
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Figure 1.3 Map of northern Lake Victoria showing the Napoleon Gulf and Inner Murchison Bay
sampling sites. The cities of Kampala and Jinja are also shown. Note that the Victoria Nile

(indicated on map) exits Lake Victoria via Napoleon Gulf.
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Chapter 2
Physicochemical drivers of microcystin production in several

Ugandan lakes

2.1 Introduction

Globally, harmful cyanobacterial blooms are increasing both in frequency and magnitude (de Figueiredo
et al. 2004), often as a result of anthropogenic nutrient input (Fogg 1969, Paerl and Fulton 2006). Climate
warming can also cause shifts in phytoplankton community composition that favour bloom-forming
cyanobacteria that are often capable of toxin production (Paerl and Huisman 2009). The most common
cyanobacterial toxins produced in fresh and brackish water belong to the microcystin and nodularin
families—which are hepatotoxic cyclic peptides (Sivonen and Jones 1999). Aquatic microcystin
producing taxa include Microcystis, Anabaena, Anabaenopsis, Planktothrix (Oscillatoria), and Nostoc
(Sivonen and Jones 1999), and at least 80 congeners of microcystin have been identified, with varying

levels of toxicity (Dietrich and Hoeger 2005).

Microcystin production in a lake depends on both the presence of cyanobacteria capable of microcystin
production and the active synthesis of microcystin by these cyanobacteria (Sivonen and Jones 1999).
Toxin production has been related to a number of environmental factors including: light, temperature,
nutrient concentrations, nutrient ratios, and pH (Sivonen and Jones 1999). The factors driving cellular
microcystin production are complex and often appear to be contradictory, however, most evidence
supports the theory that microcystin synthesis tends to be highest where conditions are favourable for cell

growth (Orr and Jones 1998, Briand 2005).

To date, most studies of microcystin and the factors that encourage microcystin production have
focused on temperate systems (Sivonen and Jones 1999). As a result, considerably less is known about
microcystin dynamics in tropical lakes. Unlike in temperate lakes, where strong seasonal changes in
temperature, light and mixing allow for cyanobacterial dominance only in the summer and early fall
(Munawar and Munawar 1986), in tropical lakes, the conditions are such that there is the potential for
year-round dominance of potentially toxic cyanobacteria, often at high biomasses (Oliver and Ganf 2000,

Kling et al. 2001).

Uganda, East Africa, is home to many freshwater lakes, including some of Africa’s great lakes. Large

human populations rely on these lakes for drinking water, water for human domestic use, and fish for
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food (Mugidde et al. 2003). These lakes also provide drinking water for domestic and wild animals
(Mugidde et al. 2003). As such, water quality in these lakes is of critical importance for the tens of
millions of people who rely on them. Microcystin concentrations in water have been reported for some
East African lakes, particularly for Lake Victoria, where studies have detected microcystin in three
embayments: Mwanza Gulf (Tanzania; Sekadende et al. 2005), Napoleon Gulf (Uganda; Okello et al.
2009, 2010) and Murchison Bay (Uganda; Okello et al. 2009, 2010; Haande et a/l. 2010). Microcystin
concentrations have also been reported for Lake Edward, and several smaller Ugandan lakes (Okello et al.
2009, 2010), many of which are included in the current study. Also both microcystin and anatoxin were
detected in two Kenyan alkaline crater lakes (Lakes Sonachi and Simbi; Ballot et al. 2005). However, few
of these studies have sought to elucidate broad patterns in microcystin concentrations and the factors that
encourage microcystin production in these lakes. Also, given the spatial and temporal variability inherent
in microcystin concentrations (at both seasonal and inter-annual scales), this study will increase our

understanding of the range of microcystin concentrations that can occur in these lakes.

The current study includes six East African lakes, including the tropical great lakes Victoria and
Edward, as well as four smaller Ugandan lakes: Lake George, Lake Mburo, and the crater lakes Saka and
Nkuruba (see Figure 1.1 for a map indicating study site locations). By characterizing microcystin
concentrations, phytoplankton community composition, and physicochemical variables in a broad range
of lakes over a six-month period (during a time of year known to be conducive for cyanobacterial growth
in these lakes), insight will be gained into the cyanobacterial taxa responsible for toxin production, the
factors that determine the presence of these taxa, as well as the factors that encourage the active
production of microcystin. Also, I seek to determine whether microcystin concentrations in these lakes

represent a human health risk.

2.2 Methods

2.2.1 Study Sites

Detailed site descriptions as well as a map showing the location of the study sites can be found in Chapter
1 (Figure 1.1), and some general characteristics of the study lakes are outlined in Table 2.1. In Lake
Victoria, I collected samples from two embayments in the northern part of the lake, Murchison Bay and
Napoleon Gulf (Figure 1.3), which are the respective main water sources for Kampala and Jinja,
Uganda’s two largest cities. These embayments also receive wastewater from these cities, however,

Napoleon Gulf is well flushed with water from offshore Lake Victoria due to the outflow of the Victoria
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Nile from this embayment. In Napoleon Gulf, samples were collected from one site (18 m depth), and in
Inner Murchison Bay, three stations were sampled, however, there were no significant differences in any
variables among these three stations, and data from these stations were pooled for both statistical analysis

and interpretation of results.

Lake George is a highly productive shallow lake (mean depth of 2.4 m) that is dominated by
cyanobacteria year-round (Ganf 1974, Lehman et al. 1998). Some water from Lake George flows into the
larger, deeper and less productive Lake Edward via the Kazinga channel. Samples were collected from
central Lake George, nearshore Lake Edward (at the opening of the Kazinga Channel), and offshore Lake
Edward (approximately 2.5 km offshore; Figure 1.2). Meanwhile, Lake Mburo is a shallow and
productive lake that lies within Lake Mburo National Park (Bwanika et al. 2004). The lake is an
important source of drinking water for wild game and supports a large population of hippopotamuses

(Mbabazi et al. 2004).

Lakes Saka and Nkuruba are volcanic crater lakes in Western Uganda. Lake Saka’s catchment has been
highly impacted by deforestation and agriculture (Crisman et al. 2001, Campbell ef al. 2006), and the lake
has very high phytoplankton biomass (Campbell ef al. 2006). Meanwhile, Lake Nkuruba is a small lake
surrounded by an intact rainforest ecosystem; it has a maximum depth of 38 m and a permanently anoxic

hypolimnion (Chapman ef al. 1998).

2.2.2 Sample Collection and Physical Observations

Samples were collected on a monthly basis between September 2008 and February 2009 (except for
Murchison Bay and Napoleon Gulf, where samples were collected every two weeks). Secchi depth was
measured and vertical profiles of the water column were carried out with a spectral fluorometer (bbe
Fluoroprobe™) which measured temperature and the vertical distribution of algal classes as estimated by
fluorescence induced by excitation of different diagnostic pigments (Gregor and Marsalek 2004).
Integrated euphotic zone water samples were collected using a Niskin (water from just under the surface,
at Secchi depth and at twice the Secchi Depth was sampled and pooled). In Murchison Bay and Napoleon
Gulf, samples were always collected in the morning, while at the other sites samples were collected in the

morning where possible, but occasionally were collected later in the day.

Although I did not measure light attenuation using a light meter, I estimated this parameter based on
both chlorophyll @ concentrations (using the relationship of Silsbe et al. 2006; kpar = 0.20(Chl a)**?). 1

then estimated mean water column irradiance in the mixed layer as a proportion of surface light
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(Guildford et al. 2000) using estimated kpar and mixed depth (based on temperature profiles). Absolute
mean mixed layer irradiance was calculated assuming a surface irradiance of 50 000 mmol
photons/m?/day (from Guildford er al. 2000; representing the amount of light reaching the earth’s surface

at Lake Victoria’s latitude assuming a cloudless atmosphere).

2.2.3 Nutrient and Chlorophyll a Analysis

Water samples were processed through filtration, preservation and/or freezing as soon as possible on the
same day as sampling. Whole water samples were preserved with 0.0075 v/v H,SO, for analysis of total
phosphorus (TP) and total nitrogen (TN). TP samples were analyzed as in Stainton et al. (1977), while
TN samples were analyzed using a Lachat chemical analyzer (Lachat QuikChem® FIA+ Series 8000;
QuikChem® Method 31-107-04-1-C). For analysis of particulate silica (PartSi), whole water was filtered
through a Millipore 0.2 um polycarbonate filter, and the filter was frozen until analysis. The filtrate was
also frozen until analysis (within 30 days of sample collection) of ammonium (NH4-N, using the
indophenol method), soluble reactive phosphorus (SRP), and soluble reactive silica (SRSi). PartSi and all

dissolved nutrient concentrations were determined using the methods outlined in Stainton et al. (1977).

Whole water was filtered through Whatman glass fibre filters (nominal pore size of 0.7 pm) and filters
were frozen and kept until analysis of chlorophyll a (which was carried out through acetone extraction
and measured fluorometrically; Stainton et al. 1977) and particulate phosphorus (PartP; analyzed as in
Stainton et al. 1977). For analysis of particulate carbon and nitrogen, water was filtered through a
precombusted (at 450 °C for 4 hrs) Whatman glass fibre filter, and filters were stored frozen until drying
(at 65 °C for 24 hours), then were kept in a desiccator until analysis. Analysis was carried out at the
University of Waterloo (ON, Canada) using an elemental analyzer (Exeter CEC-440 CHN/O/S Elemental
Analyzer). Molar ratios of particulate (C:N, C:P, N:P) and total nutrient concentrations (TN:TP) were
calculated in order to assess potential nutrient deficiencies (I used the criteria for deficiency from Healey

1975, as outlined in Guildford and Hecky 2000).

2.2.4 Phytoplankton Community Composition

Whole water samples were preserved with Lugol’s iodine shortly after collection. Samples were settled in
an Utermohl chamber and phytoplankton were enumerated using an inverted microscope. Cell volume
was calculated using linear measurements of cells and established geometrical formulas (Wetzel and

Likens 1991), and biomass was calculated assuming a cell specific gravity of 1 g/lem® (Nauwerck 1963).
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2.2.5 Microcystin Analysis

Microcystin in water was measured using indirect competitive ELISA (enzyme-linked immunosorbent
assay; Abraxis LLC, Microcystins-ADDA ELISA kits, PN 520011). This is a congener-independent
ELISA based on the detection of the Adda side-chain found in microcystins and nodularins (Fischer et al.
2001). Total microcystin (cell-bound and dissolved) was measured in whole water, and dissolved
microcystin was measured in filtrate (filtered through Whatman glass fibre filter with a nominal pore size
of 0.7 um). Whole water samples were prepared for use in ELISA assays through chemical lysis (using
the Abraxis LLC QuikLyse method, Loftin et al. 2008). Cell specific microcystin concentrations (cell
quotas) were calculated as microcystin concentration divided by number of Microcystis spp. cells (as

determined through microscopy), and are expressed in units of fg MC/cell Microcystis.

2.2.6 Statistical Analyses

Data for all variables with the exception of mean water column temperature and station depth (which
were both normally distributed) were log-transformed prior to inclusion in statistical analyses. I used
analysis of variance to determine whether there were differences in mean values for physicochemical
variables between sampling sites, as well as across all sampling sites between months. Additionally I used
linear regression and correlation (where appropriate) to examine relationships between the variables
included in this study. All statistical analyses were carried out using R, version 2.11.1 (R Development

Core Team 2010).

2.3 Results

Table 2.2 includes a summary of the physicochemical observations for the study lakes, while results for
ANOVAs comparing each variable between sites (in order to determine general differences between the

study sites) are found in Table 2.3.

2.3.1 Physical Observations

Mean water column temperatures over the study period (Figure 2.1) were between 24.7 °C and 26.6 °C for
all sites except for the two crater lakes where mean water column temperatures were significantly
(ANOVA, P<0.001) lower than at the other sites (22.1 = 0.5 °C in Lake Saka and 22.8 + 0.4 °C in Lake
Nkuruba). These crater lakes are located in the foothills of the Rwenzori Mountains, where high elevation
and local conditions lead to lower air temperatures than other regions of Uganda (Chapman et al. 1998).

At all sites, water column temperatures remained stable throughout the study period (Figure 2.2) with the
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differences between the minimum and maximum mean water column temperatures observed ranging from
1.1 to 2.1 °C, except for in Lakes George (2.6 °C) and Edward nearshore, where there was a difference of
5.5 °C between the minimum and maximum values throughout the study period. Most sites had fully
mixed water columns when sampled (Figure 2.2). I defined stable stratification as the presence of a
thermocline where the temperature changes by more than 1°C; however, when such changes in
temperature were observed in the top 1 m of the water column, this was not considered to be stable
stratification and was instead attributed to diurnal stratification. Stable stratification was observed in
Napoleon Gulf on several occasions between late September and November, as well as in Lake Nkuruba,
where a persistent and well-defined thermocline was observed throughout the whole study period at a
depth ranging from 6.0-9.1 m (Figure 2.2). At many sites, although stable stratification was not observed,
the upper portion of the water column was often warmer than the underlying waters suggesting the early

stages of diurnal stratification.

Mean Secchi depth over the study period (Figures 2.1, 2.3) was deepest in Lake Nkuruba (1.8 + 0.4 m),
Napoleon Gulf (1.4 £ 0.2 m) and offshore Lake Edward (1.1 £ 0.3 m), and ranged from 0.4 m to 0.7 m at

the remaining sites.

Mean mixed layer irradiances based on attenuation calculated from chlorophyll a (as in Silsbe et al.
2006) were between 0.8 and 13.7 mmol photons/m?/day (2-39 % of surface irradiance) (Table 2.4). Mean
mixed layer irradiances were significantly lower in Napoleon Gulf and Murchison Bay than in either Lake
Nkuruba or nearshore Lake Edward (P<0.01). In Lake Nkuruba, mean mixed layer irradiance decreased
steadily over the study period, while in Lake Edward and Napoleon Gulf mean mixed layer irradiance

exhibited higher variability over the sampling season than at other sites (Figure 2.4).

2.3.2 Nutrient and Chlorophyll a Concentrations

Across all lakes, mean total phosphorus (TP) concentrations (Figures 2.5, 2.6) ranged from 35.6 to 186.5
pug/L. Mean TP exceeded 100 pg/L at the Lake Edward nearshore station, Lake George, Lake Mburo,
Murchison Bay and Lake Saka; while mean TP was just under 60 ug/L at both Lake Edward offshore and
Napoleon Gulf, and was lowest in Lake Nkuruba. Mean total nitrogen (TN) concentrations (Figure 2.5)
ranged from 1013 pg/L to 2440 pg/L, and were highest (>1900 pg/L) in Lake Saka, Murchison Bay and
Lake Mburo; intermediate (1500-1700 pg/L) in Lake Edward nearshore and Napoleon Gulf, and between
1000-1500 pg/L in offshore Lake Edward, Lake Nkuruba and Lake George. Total nitrogen

concentrations tended to exhibit a great deal of variability (much more than was observed in TP
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concentrations, Figure 2.6) and there were no statistically significant differences in TN concentrations

between study sites (Table 2.3).

Soluble reactive silica concentrations (Figures 2.5, 2.8) were significantly lower (ANOVA, P<0.001) in
Murchison Bay and Napoleon Gulf (usually under 1000 pg/L) than at any of the other study sites (where
concentrations were generally between 5000 and 10 000 pg/L). There were no significant differences in
concentrations between sites for ammonium (NH4-N) or soluble reactive phosphorus (SRP), although
NH4-N concentrations were generally higher in Murchison Bay, Napoleon Gulf and Lake Saka than at
other sites (Figure 2.5, Table 2.3). Across all sites, NH4-N concentrations (Figure 2.9) in September were
significantly lower than concentrations observed throughout the rest of the study period except for
February (P<0.01). Meanwhile, across all study sites SRP concentrations (Figure 2.10) were significantly
lower in October than in all other months but November (P<0.001). Unlike SRSi, which remained fairly
stable throughout the study period (Figure 2.8), NH4-N and SRP concentrations tended to be highly
variable, experiencing large peaks and troughs throughout the study period (Figures 2.9, 2.10), and were
the only variables for which analysis of variance revealed significant differences between sampling
months. Several of the total and dissolved nutrient concentrations were strongly correlated with one

another, and these relationships (as well as others) are summarized in Table 2.5.

Mean chlorophyll a concentrations were significantly (P<0.05) lower in Lake Nkuruba than at any
other site, and were significantly higher in Lakes George, Saka and Murchison Bay than in offshore Lake
Edward, Napoleon Gulf, and Lake Nkuruba (Figures 2.5, 2.11). In Lake Mburo and nearshore Lake
Edward, chlorophyll a concentrations were significantly higher (P<0.05) than those observed in offshore
Lake Edward (and Lake Nkuruba), but were not significantly different from those observed in Napoleon

Gulf (Table 2.3).

Across all lakes (including all data; n = 55), significant positive relationships were observed between
chlorophyll a and TP, PartP, PartSi, TN, PN:PP, total algal biomass, and Cyanophyta biomass (Table
2.5). Strong negative relationships were observed between chlorophyll a and Secchi depth, station depth,
mean mixed layer irradiance, and TN:TP ratio. At the within lake level, very few of these relationships

were statistically significant over the period of observation.

Station depth was negatively related to phosphorus, chlorophyll a, total phytoplankton biomass and
positively related to Secchi depth. All of these relationships were significant at the P<0.001 level, and had

r°q; values ranging from 0.48-0.66.
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Based on particulate and total nutrient ratios, both nitrogen deficiency and phosphorus deficiency
(using the deficiency indicators outlined by Guildford and Hecky 2000) were detected on several
occasions in the study lakes (Figures 2.12-2.16). Particulate C:N molar ratios suggested consistent
moderate nitrogen deficiency (C:N ratios from 8.3—14.6) in Lakes George and Edward (nearshore and
offshore). In Murchison Bay, Napoleon Gulf and Lake Saka, no N-deficiency was ever observed based on
C:N ratios, while in one sample from Lake Nkuruba, and in half of the samples from Lake Mburo,
moderate nitrogen deficiency was observed (Figure 2.13). Throughout the study period, all sites usually
had particulate C:P ratios (Figure 2.14) consistent with moderate P-deficiency; with ratios indicating

extreme P-deficiency (PP:PC > 258) or no P-deficiency (PP:PC < 159) observed only occasionally.

Based on particulate N:P ratios (Figure 2.15), phosphorus deficiency would not be expected in Lake
Edward (both nearshore and offshore). At the remainder of the study sites, PN:PP ratios indicate
occasional P-deficiency, and appear to follow seasonal patterns. With the exception of Lakes Edward and
George, P-deficiency appears to be rare at the beginning and the end of the sampling period, with a peak
in potential P-deficiency occurring in between. Meanwhile, based on TN:TP ratios and diagnostic values
from the literature (Figure 2.16), in Lake Nkuruba, the potential for phosphorus deficiency (TN:TP > 50)
was observed throughout much of the study period. On several occasions TN:TP ratios in Lake George
were below 20, indicating possible nitrogen deficiency. However, in most study lakes, intermediate
values (between 20-50) were generally observed, indicating that either nitrogen or phosphorus (or some

other factor, such as light) could be limiting.

2.3.3 Phytoplankton Community Composition

Cyanobacteria dominated the phytoplankton biomass throughout the whole study period in most lakes
(Figure 2.17). The mean percentage of total biomass made up by cyanobacteria ranged from 39 % in
offshore Lake Edward to 94 % in Lake George (and the overall range was from 17-99 %). All sites
experienced occasions when cyanobacteria made up more than 80 % of total biomass, and all sites except
nearshore Lake Edward and Napoleon Gulf experienced occasions where cyanobacterial biomass
exceeded 90 % of total biomass. Diatoms were also important contributors to the phytoplankton biomass,
making up between 0-78 % of total biomass. Diatoms were of particular importance in offshore Lake
Edward where they made up on average 50 % of total biomass. At Lake Edward offshore, diatoms were
dominant from mid-November until February, while in Murchison Bay and Lake Mburo diatoms were
dominant in mid-October. In Lake Saka, diatom biomass was similar to that of cyanobacteria in both

December and February. I also observed a strong positive relationship between diatom biomass and
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PartSi (n =55, rzadj = 0.46, P<0.001). Chlorophyta, Cryptophyta, Dinophyta and Euglenophyta were also

present at several of the study sites, however, generally at low biomasses.

The primary contributors to the cyanobacterial biomass at the study sites were Microcystis spp.,
Planktolyngbya spp., Anabaena spp., and occasionally Cylindrospermopsis spp. (Figure 2.18). In Lake
Saka, Planktothrix spp. was also an important component of the cyanobacteria. Planktolyngbya spp. was,
on average, the largest contributor to the cyanobacterial biomass in Lake George (mean + s.d.: 50 + 31
%), Lake Mburo (28 = 21 %), Napoleon Gulf (42 + 29 %), Lake Nkuruba (79 + 40 %), nearshore Lake
Edward (61 £ 13 %), and offshore Lake Edward (69 + 20 %). In Murchison Bay, Microcystis spp. was the
most important contributor to the cyanobacteria (67 + 14 %), and at all sites but Lake Nkuruba
Microcystis spp. made up an appreciable portion of the total biomass. In Lake Saka, Planktothrix spp. was
the dominant cyanobacterial taxon. Cylindrospermopsis spp. was an important contributor to the
cyanobacteria in nearshore Lake Edward (11 £ 13 %), offshore Lake Edward (23 + 15 %), and Lake
Nkuruba (21 + 40 %). Meanwhile, Anabaena spp. was of importance in Lake Mburo (22 + 21 %),
Murchison Bay (9 %), and Napoleon Gulf (42 + 29 %).

2.3.4 Microcystin

Throughout the study period, total microcystin concentrations ranged from a low of 0.1 pg/L in Lake
Nkuruba to a high of 166 pg/L in Lake Saka (Figure 2.19, Table 2.6), and analysis of variance revealed
significant differences in microcystin concentrations between many of the sampling sites. Microcystin
concentrations in Lake Nkuruba were significantly lower than at all other sites except for offshore Lake
Edward. Meanwhile, microcystin concentrations in Lake Saka significantly exceeded those observed at all
sites but Lake George and Murchison Bay. Also, in offshore Lake Edward, microcystin concentrations

were significantly lower than in Lake George and Murchison Bay.

While there was no significant influence of sampling month on microcystin concentrations across all
sites, concentrations exhibited fairly similar seasonal patterns within all sites with lower concentrations in
September through November, then higher concentrations in December through February (Figure 2.20).
However, in Lake George and nearshore Lake Edward, higher concentrations were observed beginning in
November; and in Murchison Bay, microcystin concentrations were already high in September,
coincident with a Microcystis flos-aquae bloom, but fell rapidly in October and then rose throughout the

remainder of the sampling period.
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At all sites, dissolved microcystin was present at low concentrations (mean concentrations ranged from
0.1 pg/L in Lake Nkuruba to 0.8 pg/L in Lake Saka). The mean proportion of the total microcystin that
was cell-bound ranged from 55 % in Lake Nkuruba to 96 % in Lake Saka. On average, cell-bound
microcystin accounted for more than 90 % of total microcystin at all sites except Lake Edward offshore,

Napoleon Gulf and Lake Nkuruba.

Cell quotas of microcystin in Microcystis spp. (fg microcystin/cell Microcystis) exhibited a wide range
over the study period (from 0.8-517 fg/cell). Cell quotas were not calculated for Lake Nkuruba as
Microcystis spp. was not present in this lake. Mean microcystin cell quotas were below 10 fg/cell in Lake
George and Murchison Bay; between 15 and 25 fg/cell in nearshore Lake Edward and Lake Mburo; and
between 100 and 200 in offshore Lake Edward, Napoleon Gulf and Lake Saka (Table 2.6, Figure 2.19,
2.21). Microcystin cell quotas were significantly higher (ANOVA, P<0.05) in Napoleon Gulf than in
Murchison Bay, Lake George and Lake Mburo; cell quotas in Lake Mburo were also significantly lower
than in Lake Saka and offshore Lake Edward. Across all study lakes, microcystin cell quotas were

significantly negatively related to Microcystis biomass (rzadj =0.22, P<0.001; Figure 2.21).

There were several environmental variables that were significantly related to microcystin
concentrations. These relationships are summarized in Table 2.7 for both among lake and within lake
levels, and the correlation coefficients for these relationships are found in Table 2.5. Across all lakes there
were significant positive relationships between microcystin and chlorophyll a, TP, PartP, PartSi, and
particulate N:P ratios. Meanwhile, site depth and Secchi depth were negatively related to microcystin
concentrations. At the within lake level, several variables were significant (P<0.05) predictors of
microcystin concentrations including chlorophyll a concentrations, nutrient concentrations and

temperature; however, no relationships were consistenly present within multiple study lakes (Table 2.7).

One of the strongest predictors for microcystin concentrations in the study lakes was Microcystis spp.
biomass (Table 2.5, Figure 2.22). Across all lakes, this relationship was highly significant (rzadj =0.69,
P<0.001), and this relationship was also observed to be significant (at P<0.05) at the within site level for
both offshore Lake Edward and Napoleon Gulf (Table 2.7). Furthermore, at all sites, seasonal changes in
Microcystis biomass were generally similar to the seasonal patterns observed for microcystin

concentrations (Figures 2.18 and 2.20).

The variables that were significantly related to Microcystis spp. biomass across all lakes are outlined in
Table 2.7. Significant positive relationships were observed with chlorophyll a (Figure 2.22), TP, and

PartP; while a significant negative relationship with Microcystis biomass was observed for Secchi depth
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and sampling site depth. Within lakes, no single variable was consistently a predictor of Microcystis

biomass in every lake (Table 2.7).

Across all lakes, significant negative relationships were observed between cell quota of microcystin
and Microcystis spp. biomass, chlorophyll a, total phytoplankton biomass, and Cyanophyta biomass.
Meanwhile significant positive relationships were observed with site depth and Secchi depth. As observed
for both microcystin concentrations and Microcystis biomass, there were no variables that were consistent
predictors of microcystin cell quota within all study lakes. However it is of interest to note that in

Napoleon Gulf mean water column irradiance was positively related (P<0.05) to microcystin cell quota.

2.4 Discussion

2.4.1 Physical Observations

Unlike in temperate lakes, where large seasonal changes in both temperature and solar irradiance strongly
affect the total biomass and taxonomic composition of phytoplankton communities, tropical lakes
(especially those that are shallow) experience much more stable conditions throughout the year (Oliver
and Ganf 2000). In Ugandan lakes, seasonality in conditions is largely driven by the oscillation of the
Inter-Tropical Convergence Zone (ITCZ) (Asnani 1993, Stager et al. 2005). Annual movement of the
ITCZ drives a bimodal rainfall pattern for Uganda, with increased rainfall during approximately March—
May and August-November (Stager et al. 2005). In the deeper offshore regions of the large and deep East
African lakes, there is strong seasonality in the stability of the water column, with seasonally present
stable thermal stratification followed by whole water column mixing. In offshore Lake Victoria, thermal
stratification is observed between September and April, with strong vertical mixing resulting in near
isothermal conditions from June until August, when there is a greater influence by the Southeast Trade
Winds (Talling 1965, Beadle 1981). In the deeper offshore waters, stratification can increase mean
mixed-layer irradiance and can reduce the light limitation experienced by phytoplankton during periods of
deeper mixing (Mugidde et al. 2003); however, nutrient limitation can become more prevalent during
prolonged stratification as phytoplankton draw down available nutrient stores in the mixed layer. These
changes in mixing can also impact phytoplankton community composition. Talling (1986) observed a
general pattern of diatom dominance after mixing and cyanobacterial dominance after restratification in
the offshore of Lake Victoria, however, less seasonality in phytoplankton abundance and composition

was observed in the shallow more enclosed embayments of the lake (Talling 1986), where daily whole
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water column mixing with diurnal stratification are common throughout the year (Silsbe 2004, Silsbe et

al. 2006).

The sites in this study are mostly shallow, nearshore areas of large lakes and small shallow lakes, and
as would be expected, full mixing was often observed at these sites, particularly during morning
sampling, when an isothermal water column was often observed. There was also evidence of diel patterns
in the thermal structure of the water column, given that when temperature profiles were carried out later
in the day, the top layer of the water column tended to be warmer than the lower waters and surface
accumulation of buoyant cyanobacteria was often observed. At some of the deeper stations sampled
(Napoleon Gulf and offshore Lake Edward in particular), I would expect that complete mixing (to site
depth) combined with light extinction (attributable to algal biomass and turbidity) may lead to inadequate
light for net primary production on average in the mixed layer (Mugidde et al. 2003, Silsbe et al. 2006,
Loiselle et al. 2007).

Stratification of the Napoleon Gulf station was observed on several occasions between late September
and November. Meanwhile, Lake Nkuruba’s small surface area (Table 2.1), protected location within a
steep-walled crater, and maximum depth (38 m) are all barriers to complete mixing, and can explain the

persistence of a stable thermocline throughout the period of observation (Chapman ef al. 1998).

Secchi depth at these study sites was strongly predicted by chlorophyll a concentrations (n=55, rzadj =
0.56, P<0.001), suggesting that changes in transparency in these lakes are strongly linked to changes in
phytoplankton biomass. Generally, mean mixed layer irradiance values (based on both chlorophyll a and
Secchi depth, Table 2.4, Figure 2.4) at all sites but Lake Nkuruba were at or near the range where
potential light limitation of phytoplankton growth would be expected (Hecky and Guildford 1984,
Guildford ef al. 2000). In Lake Nkuruba, low chlorophyll and increased water transparency reduced the
potential for light limitation despite a relatively deep mixed layer. Meanwhile, mean irradiance values for
Napoleon Gulf and Murchison Bay suggest that light limitation may be common at these sites, with
thermal stratification offering occasional relief from low-light conditions in the mixed layer of Napoleon
Gulf. In Lakes George, Mburo and Saka, where water columns are generally fully mixed, high
phytoplankton biomass and low light penetration can occasionally lead to light limitation of
phytoplankton growth; however, despite having comparable and often much higher phytoplankton
biomass than Murchison Bay or Napoleon Gulf, these lakes are shallower, and as such mean water

column irradiances are generally higher than at the Lake Victoria sites.
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The high variability observed for mean mixed layer irradiance in Lake Edward (both nearshore and
offshore, Figure 2.4) was likely a reflection of the high seasonal variability in chlorophyll a

concentrations (and therefore light attenuation) in this dynamic environment (Figure 2.11).

2.4.2 Nutrient and Chlorophyll Concentrations

All of these lakes are P rich relative to most temperate lake systems (Guildford and Hecky 2000), and
very high TP concentrations were observed in Lake George, Lake Mburo, nearshore Lake Edward,
Murchison Bay and Lake Saka, the shallowest study sites. In Murchison Bay, municipal and industrial
sources contribute to the high P concentrations (LVEMP 2002; 85% of TP in Murchison Bay from these
sources, 76 % of TN from these sources). Meanwhile, Napoleon Gulf has similar TP concentrations to
open Lake Victoria (Hecky et al. 2010). The anthropogenic input of nutrients and consequent
eutrophication of Lake Victoria has been well documented (Hecky 1993, Verschuren et al. 2002, Hecky
et al. 2010). Although Napoleon Gulf, which is flushed by the Nile River outflow, has suffered this
nutrient enrichment, it is not artificially affected by local anthropogenic wastes to the same extent as the

semi-confined and poorly flushed Murchison Bay.

Shallow Lake Saka’s catchment has been highly impacted by deforestation and agriculture (Crisman et
al. 2001, Campbell et al. 2006). On the other hand, Lake Mburo, located within a national park, is
naturally eutrophic, and the faeces of the sizeable hippopotamus population acts to increase soluble
reactive phosphorus in the lake (Mbabazi et al. 2004). There is limited human activity in the vicinity of
Lake George; and with no large anthropogenic inputs of nutrients present, it is likely that it is also a
naturally eutrophic lake. Furthermore, data from over forty years ago also indicate a condition of high
total phosphorus and chlorophyll @ concentrations in Lake George (Ganf 1972, Ganf 1974). For both of
the study stations in Lake Edward, much of the nutrient input is likely from the inflow of water from Lake
George via the Kazinga Channel, with the offshore station being affected by mixing with the much deeper

offshore waters of this large lake.

In Lake Victoria, TN concentrations are largely controlled by two processes: denitrification and
atmospheric nitrogen fixation (Mugidde ef al. 2003). Nitrogen fixation accounts for up to 80% of external
nitrogen inputs to Lake Victoria (Mugidde et al. 2003). The rate of nitrogen fixation in this lake is largely
influenced by the light conditions in the water column due to the high light requirements of this process;
nitrogen fixation is therefore greater in the shallow regions of the lake where light is available throughout
the mixed layer (Mugidde et al. 2003; Hecky et al. 2010). However, high phytoplankton biomass can lead
to self-shading throughout the whole lake, thus limiting N-fixation (Mugidde ef al. 2003). Nitrogen
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fixation has also been shown to contribute more than half of the total nitrogen input in Lake George
(Horne and Viner 1971), suggesting that the importance of nitrogen fixation to nitrogen dynamics is not
unique to Lake Victoria, it also is likely that light plays an important role in limiting nitrogen fixation at
all of the study sites. Phosphorus concentrations were very high in all of these lakes (with the exception of
Nkuruba) and nitrogen likely limits algal biomass. Consequently in most of these lakes the upper bound
on biomass should be set by nitrogen fixation by cyanobacteria which will in turn be determined by light

availability.

The lower total phosphorus concentrations observed in Lake Nkuruba can be attributable to three
factors: limited human impact on the lake (it is surrounded by intact rainforest; Chapman et al. 1998); a
small catchment area: lake area ratio which limits nutrient export to the lake from the catchment; and
permanent thermal stratification of the lake (Chapman et al 1998), which strongly reduces recycling of
nutrients from the hypolimnion into the mixed layer. Although dissolved nutrients concentrations were
very high in the hypolimnion (Poste unpublished data), there were no apparent substantial incursions of

this nutrient rich water into the epilimnion during the study period.

Analysis of sediment cores from Lake Victoria have shown that in the offshore, initially, increased
nutrient loading to Lake Victoria resulted in an increase in diatom biomass in the early 1950’s
(Verschuren et al. 1998). However, between 1960 and 1990, Si concentrations appear to have decreased
drastically in the offshore due to increased Si demands and high rates of Si burial (Verschuren et al.
1998). These paleolimnolgical results are consistent with the drastic declines observed in water column Si
in both the offshore and nearshore of the lake (Hecky et al. 2010), and with the low Si concentrations
observed in Napoleon Gulf and Murchison Bay in the current study. Si limitation is thought to have
played a role in the shift from dominance of the phytoplankton community by large diatoms (Talling
1965) to cyanobacteria (Verschuren et al., 1998, Kling et al. 2001, Hecky et al. 2010); however, it is
important to note that cyanobacteria have always been an important component of the nearshore
phytoplankton (Talling 1965). In the remainder of the study lakes, Si concentrations were several-fold
higher than at the Lake Victoria sites, however, these differences did not appreciably increase the
importance of diatoms in the phytoplankton communities of these lakes, with the exception of offshore

Lake Edward, which will be discussed later.

The high degree of seasonal variability in nutrient concentrations and the lack of consistent seasonal
patterns for these concentrations across all lakes can be explained by the importance of localized

conditions at the study sites. Rainfall and mixing events can lead to large influxes of nutrients, and given
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that most of the study sites are quite shallow, rapid episodic recycling of nutrients from the sediments is
to be expected. Additionally, the large standing crop of phytoplankton observed in most of these lakes is
capable of rapidly drawing down dissolved nutrient concentrations and redistributing nutrients between
dissolved and particulate phases. The particularly high variability in nutrient concentrations at the two
Lake Edward sites is likely a reflection of the dynamic nature of this region of the lake, with strong
changes in the relative influence of water from Lake George (via the Kazinga Channel) and the much

deeper offshore waters of the lake.

Chlorophyll a concentrations exhibited high variability over the study period, and several sites
experienced large fluctuations in chlorophyll @ concentrations that generally coincided with large changes
in cyanobacterial biomass, likely in response to mixing events and nutrient inputs, especially by nitrogen

fixation (Figures 2.11 and 2.17).

Using the trophic status classification system outlined in Vollenweider and Kerekes (1982), based on
Secchi depth, total phosphorus and chlorophyll @, Lake Nkuruba can be classified as mesotrophic, Lake
Edward offshore and Napoleon Gulf can be classified as eutrophic, and the remainder of the sites can be
classified as hypereutrophic. It is important to note that the shallowest sites are hypereutrophic, and the
deepest sites are eutrophic and mesotrophic. This trend largely reflects the fact that the shallowest sites
experience regular whole water column mixing with attendant rapid nutrient recycling from the
sediments. Also, these shallow sites allow for a higher standing crop of phytoplankton to develop before
limited by self-shading (Silsbe et al. 2006). Based on particulate and total nutrient ratios, there was no
evidence for consistent strong nitrogen or phosphorus limitation at most sites. The lack of conclusive
evidence for strong nutrient limitation, combined with the detectable (and often high) dissolved nutrient
concentrations in these lakes suggests that light may be the primary limiting factor for phytoplankton
growth in most of these systems. However, it is important to note that moderate phosphorus deficiency
was often observed at all study sites, while moderate nitrogen deficiency was uncommon at all sites
except Lakes Edward and George. This likely reflects the fact that nitrogen fixation is meeting any
deficiency in inorganic N at most sites, and suggest that phosphorus is more likely than nitrogen to
eventually limit phytoplankton biomass, even in these phosphorus-rich systems. The role played by
phosphorus in limiting primary production is also emphasized in Lake Nkuruba, where phytoplankton
biomass and phosphorus concentrations were significantly lower than at other study sites, but nitrogen

concentrations did not differ significantly from those observed at other sites. Furthermore, estimated
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mean mixed layer light intensities in Lake Nkuruba did not indicate a high likelihood of strong light

limitation of phytoplankton, suggesting that phosphorus was likely limiting phytoplankton growth.

2.4.3 Phytoplankton Community Composition

The cyanobacterial dominance observed in these study lakes is consistent with previous reports from
these lakes (Ganf 1974, Verschuren et al. 1998, Kling et al. 2001, Okello et al. 2009, Hecky et al. 2010).
Even in offshore Lake Edward, where diatoms were often dominant (> 50 % of total biomass),
cyanobacteria made up a large portion of the phytoplankton biomass. The proportion of the total biomass
that consisted of cyanobacteria tended to be highest at the hypereutrophic stations and lower at the
meso/eutrophic stations (offshore Lake Edward and Napoleon Gulf), with the exception of Lake Nkuruba
where cyanobacteria made up nearly all of the total biomass. Past studies found that the phytoplankton of
Lake Nkuruba was dominated by small cyanobacteria and chlorophytes (Chapman et al. 1998); however,
in the current study, chlorophytes were not found to be important contributors to the total phytoplankton
biomass (Figure 2.17). The relationship between cyanobacterial dominance and lake trophic status is
widely documented, as is the potential for year-round success of cyanobacteria in tropical systems (Ganf

1974).

Despite relatively high SRSi concentrations in the study lakes (with the exception of the Lake Victoria
sites), only in Lake Edward did diatoms consistently make up a substantial proportion of the total
phytoplankton biomass. In Lake Sakas, George, Mburo and nearshore Lake Edward, Si concentrations
and mixing are likely amenable to diatom growth, however, high biomasses of buoyancy regulating
cyanobacteria that are able to monopolize light are likely to generally outcompete diatoms at these sites.
Meanwhile, in Lake Nkuruba, the high stability of the water column would not be favourable for diatoms,
which require turbulent resuspension to stay within the euphotic zone. In Lake Edward, the prevalence of
diatoms can be explained by the combination of regular mixing, relatively high transparency (especially

at the offshore site) and high soluble reactive Si concentrations.

Cyanobacteria have many features that allow them to successfully dominate phytoplankton
communities. Some taxa are capable of fixing atmospheric nitrogen, allowing them to thrive even when
inorganic nitrogen concentrations in the water column may be low; meanwhile, other taxa are capable of
buoyancy control, whereby they can regulate their position in the water column (Walsby et al. 1997, Mur
et al. 1999). Buoyancy control is of particular importance for cyanobacteria in relatively shallow lakes

where they can rapidly ascend to upper waters where light is adequate for growth (Mur ef al. 1999).
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Cyanobacteria are also known to be effective competitors for both nitrogen and phosphorus (Mur et al.

1999).

The filamentous cyanobacteria Planktolyngbya spp. dominated the cyanobacterial biomass in most of
the study lakes. Planktolyngbya spp. is known to be tolerant of low light levels similar to those observed
in most of the study lakes (Reynolds 2006). Despite high light requirements, Microcystis spp. often co-
occurs with Planktolyngbya spp. due to the ability of this taxon to regulate buoyancy and rise to the upper
levels of the water column where light is not limiting (Reynolds 2006). Several cyanobacterial taxa
known to be capable of microcystin production were important contributors to the phytoplankton in these
lakes, including Microcystis spp., Planktothrix spp., Anabaena spp. and Cylindrospermopsis spp..

However, the relative importance of these taxa differed between lakes.

2.4.4 Microcystin Concentrations

Microcystin concentrations consistently exceeded the World Health Organization guideline for
microcystin in drinking water of 1.0 ug/L at all study sites except offshore Lake Edward, where
microcystin concentrations only occasionally exceeded 1.0 ug/L, and Lake Nkuruba where concentrations
were always much lower than the WHO guideline. The highest microcystin concentrations were observed
at the hypereutrophic sites, with intermediate concentrations observed at the eutrophic sites, and the

lowest concentrations observed in mesotrophic Lake Nkuruba.

The seasonal, spatial and inter-annual variability inherent in microcystin concentrations in water in
these study lakes is demonstrated by the differences between the concentrations observed in this study
and concentrations observed in previous studies. For example, Sekadende ef al. (2005) collected water
samples between May—August 2002 in Mwanza Gulf (Lake Victoria, Tanzania) and observed a range of
0-1 pg/L of microcystin, much lower than my observations in Napoleon Gulf and Murchison Bay. From
2007-2008, Okello et al. (2010) sampled several of the Ugandan lakes that are included in the current
study. When the September to February time period is considered (to allow for direct comparison with my
results), the microcystin concentrations reported by Okello et al. (2010) are generally lower than my
observed concentrations. In particular, microcystin concentrations in Lake George were much lower in
the Okello ef al. (2010) study than in the current study. It is important to note that the sampling locations
for the Lake George and Lake Edward study sites differed between the two studies, with Okello ef al.
(2010) collecting samples in a mostly-enclosed turbid embayment in Lake George (Hamukunga Bay;
Okello personal communication), while I collected samples from the open lake. Microcystis biomass and

toxin production may have been limited by light availability in the turbid embayment sampled by Okello
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et al. (2010), leading to lower microcystin concentrations. In Lake Edward, I collected samples from near
the mouth of the Kazinga channel, and then further offshore; while Okello et al. (2010) collected samples
in a shallow turbid area in the north of the lake (Okello personal communication). Both the influence of
the high productivity Kazinga channel and possibly lower turbidity at my chosen study site may explain
the elevated microcystin concentrations observed in the current study. At the remainder of the study sites,
both Microcystis cell numbers and biovolume were also lower in the Okello ef al. study, pointing to the
possibility that this is a result of inter-annual variability, and requiring further exploration of differences

in physical and chemical variables between years.

My observed microcystin concentrations in inner Murchison Bay also exceeded those reported by
Haande et al. (2008) where mean microcystin concentrations (in 2003—-2004) were found to be 1.1 pg/L
with a maximum observed concentration of 3.0 pg/L (much lower than my mean value for the study
period of 7.26 png/L). Some variability between study results may also be attributable to methodological
differences in microcystin determination. In the current study, I measured microcystin using anti-Adda
ELISA, while Okello et al. (2009) used high performance liquid chromatography-diode array detection,
and Haande et al. (2008) reported using Abraxis anti-Adda ELISA test kits, as in the current study.
Results from anti-Adda ELISA, which recognizes nearly all microcystin congeners with comparable
sensitivity (Fischer et al. 2001, Ernst et al. 2009), may exceed those observed using HPLC if standards
are not available for congeners that may be present (and detectable using anti-Adda ELISA). Although
higher precision is achievable for specific congeners through HPLC; the low-cost, high throughput,
sensitivity and reproducibility of anti-ADDA ELISA makes this method particularly attractive for
extensive studies (particularly for long-term studies in locations where specialized equipment may not be

available).

2.4.5 Drivers for microcystin concentration and production

There is general acceptance that the global increase in cultural eutrophication has also increased the
occurrence of microcystin producing blooms, especially blooms of Microcystis aeruginosa (de Figueiredo
et al. 2004). Microcystis biomass, chlorophyll a, total phosphorus and Secchi depth (all of which are
strongly related to Microcystis biomass) were the strongest predictors of microcystin concentrations in
these lakes (Figure 2.22). Field studies have shown associations between microcystin and TP, SRP, TN,
N:P, chlorophyll a, light, and dissolved oxygen (Kotak et al. 2000, Kardinaal and Visser 2005, Billam et
al. 2006); however, these relationships are highly variable, and the directionality of these relationships

can differ between studies. For example, although several studies have found positive relationships
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between TP and microcystin (Kotak et a/. 2000, Giani et al. 2005; as well as the current study), these

variables have also found to be negatively related (Oh et al. 2000) and even not related (Sivonen 1990).

Based on relationships between microcystin concentrations and biomass of cyanobacterial taxa known
to be capable of toxin production, Microcystis spp., Anabaena spp. and Planktothrix spp. emerged as the
most likely microcystin producers in these Ugandan lakes. However, given that Anabaena spp. was
significantly positively related to Microcystis spp. (rzadj =0.35, n=53, P<0.001), and the fact that a
relationship between Anabaena spp. and microcystin was not observed within any sites, it is likely that
the relationship between microcystin and Anabaena biomass was likely an artefact of the relationship
between these two cyanobacterial taxa. The co-occurrence of Microcystis and Anabaena has been widely
documented, and is likely attributable to nitrogen availability whereby the establishment of nitrogen-
fixing cyanobacteria allows the non N-fixing Microcystis to use fixed nitrogen made available by nitrogen
fixers, such as Anabaena (Paerl and Fulton 2006). The positive relationship between microcystin and
Planktothrix spp. was likely because Planktothrix spp. was an important component of the cyanobacterial
biomass only in Lake Saka, where microcystin concentrations were significantly higher than in other
lakes, furthermore, there was no significant relationship between microcystin and Planktothrix biomass
within Lake Saka. As such, Microcystsis spp. appears to have been the most important producer of
microcystin in these lakes. This is consistent with previous observations of regular occurrence of the
mcyB genotype responsible for microcystin production in Microcystis populations from several of the
study lakes (Okello ef al. 2010). In Lake Nkuruba, microcystin was detectable (albeit at very low levels)
despite the absence of Microcystis spp. in the lake, suggesting that some other cyanobacterial genera may
have been responsible for microcystin production. The strongest predictors for Microcystis spp. biomass
overlapped a great deal with the predictors for microcystin, suggesting that rather than controlling
microcystin concentrations directly, these variables may be indirectly controlling microcystin

concentrations through influencing Microcystis spp. biomass.

The cell-specific microcystin concentrations (referred to as cell quotas; fg microcystin/cell Microcystis)
observed at all study sites fell within the range of values reported in the global literature (e.g. Vasconcelos
and Pereira 2001, Millie et al. 2009), and were similar to those reported for similar study sites by Okello
et al. (2010), with the highest cell quotas observed in Napoleon Gulf and Lake Saka, and the lowest cell
quotas observed in Lake George. However, in the current study, cell quotas tended to be higher than those
observed by Okello et al. (2010), particularly in Lakes Edward, Lake George and Napoleon Gulf. In the

case of Lakes Edward and George, this may be due to differences in sampling locations (as previously
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described); meanwhile, given the high degree of temporal variability observed in microcystin cell quota in
Napoleon Gulf in both studies, the difference in cell quota between these two studies may be a reflection
of this variability. Okello et al. (2010) also found that cell quota of microcystin was strongly related to the
proportion of the mcyB genotype in the Microcystis population, with higher prevalence of the mcyB
genotype leading to higher cell specific microcystin concentrations; they also found that the proportion of
mcyB genotype present in the Microcystis population differed significantly between sites. Given the
strength of this relationship it is likely that much of the difference in cell quota between sites may be
attributable to differences in the genotypic composition of Microcystis (and the resulting capacity for
microcystin production). This is consistent with previous observations in the literature showing that cell
quota of microcystin can vary by several orders of magnitude due to shifts in the Microcystis genotypic
community toward more toxic strains (Zurawell et al. 2005). However, at the within site level there are
likely to be other factors that act to moderate cell quota of microcystin through influencing the degree of
microcystin production, including factors that are likely to regulate Microcystis growth such as light and
nutrient concentrations, given the evidence that higher cell quotas tend to be observed at higher
Microcystis growth rates (Orr and Jones 1998, Sivonen and Jones 1999, Deblois and Juneau 2010; but see

Millie et al. 2009).

The high variability in microcystin cell quotas observed within both Napoleon Gulf and Lake Edward
nearshore may reflect rapidly changing chemical and physical (especially mixing and light) conditions in
these dynamic environments where exchange with open lake water can occur in addition to inputs of
nutrient and chlorophyll-rich water from sheltered embayments in the case of Napoleon Gulf, and the
Kazinga channel in the case of Lake Edward. Also, at both of these sites, there is some evidence that light
may be an important factor in determining cell quota of microcystin. In Napoleon Gulf, mean water
column irradiance has a significant positive relationship with cell quota; while in Lake Edward, Secchi
depth has a significant positive relationship with cell quota. Additionally, in Napoleon Gulf, microcystin
cell quota and mean water column light intensity share a similar seasonal trend of relatively high values in
Sep—Oct (when stratification and relatively low phytoplankton biomass allow for high light conditions in

the mixed layer) and declining values throughout the reminder of the study period.

The negative relationships observed (both among and occasionally within sites) between cell quota and
Microcystis biomass (as well several other correlated variables including total biomass, Cyanophyta
biomass, chlorophyll a, and Secchi depth) suggest that when Microcystis biomass is lower, microcystin

production tends to be higher. These results are consistent with previous reports in the literature of
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negative relationships between cell quota and Microcystis spp. biomass (reviewed in Kardinaal and Visser
2005). These results may also reflect the importance of light in determining microcystin cell quota since
in many of these lakes the phytoplankton biomass is dominated by Microcystis spp., and where biomass is
low, reduced light attenuation by phytoplankton and higher light availability would be expected, allowing
for more rapid growth of Microcystis. Since microcystin production is thought to be highest where
conditions are most favourable for growth (Orr and Jones 1999, Briand 2005), adequate light conditions
would be expected to increase microcystin production. Although several studies have reported generally
negative relationships between photon irradiance and microcystin cell quota (Utkilen and Gjolme 1992,
Wiedner et al. 2003, Deblois and Juneau 2010), this relationship is largely observed at high photon
irradiance, where cellular production of microcystin may be inhibited, and both Wiedner et al. (2003) and
Deblois and Juneau (2010) observe an increase in cell quota of microcystin with increasing light up to the
point where maximum growth rate is achieved, with a negative relationship between light and cell quota
after this point. In the current study, there was evidence that light limitation of phytoplankton growth was
common, suggesting the potential for increased cell quota of microcystin with increasing irradiance in
these low transparency systems. Also, the lack of significant relationships between nutrient concentrations
and microcystin cell quotas may further support the importance of light availability in determining

cellular production of microcystin.

Based on the results of this study, I propose a general explanatory framework for microcystin
production in these lakes whereby: 1) at the shallow study sites, regular recycling of nutrients from the
sediments during mixing (as well as anthropogenic inputs of nutrients in the cases of Lake Saka and
Murchison Bay) lead to high nutrient concentrations; 2) high nutrient concentrations lead to high
phytoplankton (and particularly cyanobacterial) biomass; 3) phytoplankton growth (and biomass) is
limited due to self-shading, with shallower sites able to support higher phytoplankton biomass because of
higher mean mixed layer irradiance than deeper sites with comparable phytoplankton biomass; 4) low
light conditions favour Microcystis spp. which is able to regulate its position in the water column through
buoyancy control; 5) microcystin concentrations are determined by Microcystis biomass in addition to
cell quota of microcystin (which is in turn determined by the genotypic composition of Microcystis as
well as Microcystis growth rate, which is likely to be determined by light availability in these systems).
These processes give us insight into why microcystin concentrations (and Microcystis biomass) are
particularly high at the shallowest study sites (Lake Edward nearshore, Lake George, Lake Mburo,
Murchison Bay, Lake Saka). In Lake Saka in particular, the combination of conditions favourable for high

Microcystis biomass as well as the prevalence of toxigenic genotypes of Microcystis in this lake (Okello
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et al. 2010) can explain the extremely high microcystin concentrations observed in this lake, where
concentrations were occasionally more than 100-fold higher than the WHO recommended guideline for

microcystin in drinking water.

2.4.6 Health and Management Implications

The microcystin concentrations observed in this study consistently (and often substantially) exceeded the
WHO guideline for microcystin in drinking water in all lakes but Lake Nkuruba (Figure 2.19). These
concentrations suggest the potential for detrimental health effects for the human and animal populations
that rely on these water bodies. Although Okello ef al. (2010) suggest that because much of the
microcystin present in these study lakes belongs to the MC-RR congener, known to be less toxic than
MC-LR (which is a common microcystin congener in temperate lakes), water from these lakes pose less
of a risk to human consumers or livestock than in European lakes. However, the concentrations regularly
encountered at several of the study sites greatly exceed the WHO recommended guideline for drinking
water, confirming that even if the microcystin congeners present in these lakes are not the most toxic
congeners, at very high concentrations (such as those observed in the current study) they can still pose a
substantial risk to consumers. Additionally, Okello et al. (2010) found several previously uncharacterized

microcystin congeners in their samples, for which toxicity remains unknown.

In Uganda, many households in riparian communities collect raw lake water and boil it prior to
consumption. Given that microcystin is a heat stable compound (Harada 1996), boiling water does not
reduce the risk of exposure to microcystin. However, throughout the whole study period, most of the
microcystin measured was cell-bound, and as such, filtration through a cloth to remove the colonial
cyanobacteria (notably Microcystis spp.) would likely be a simple and effective way of reducing the risk
of exposure for consumers, given that cloth filtration has been shown to be effective at removing

pathogenic bacteria (notably cholera) and phytoplankton from water (Colwell et al. 2003).

Given the prevalence of Anabaena spp., Planktothrix spp., and Cylindrospermopsis spp. in these lakes,
it is highly plausible that other cyanotoxins, including anatoxin and cylindrospermopsin are being
produced in these systems, and could, in addition to acting independently, have interactive effects with
microcystin (Codd et al. 2005). These results highlight the importance of monitoring cyanotoxin
concentrations in lake water, of assessing the efficacy of microcystin removal by municipal water
treatment systems, and of educating the public about the risks of cyanotoxins in drinking water while

offering practical solutions for reducing the risk of exposure.
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Table 2.1 General morphological characteristics of the study lakes and sampling sites. Much of this

information is reproduced from Table 1.1 (Chapter 1) of this thesis.

yﬁf 1\L/1e;:n Site A Vol

ake ake rea olume

Lake Code Depth Depth Dgg;h (km?) (km?)

(m) (m)

Lake Edward ~ 120 33 ~ 2325 76.7
Nearshore EdN ~ ~ 3.5 ~ ~
Offshore EdO ~ ~ 7.3 ~ ~

Lake George G 7 2.4 2.8 250 0.5

Lake Mburo Mb 4 2 3.2 13 0.325

Lake Victoria ~ 75 39 ~ 66368 2598
Inner Murchison Bay Mu 7 3.2 5.2 18 0.113
Napoleon Gulf Na 20.5 7.9 17.5 26.5 0.22

Lake Nkuruba Nk 38 16 334 0.03 0.000481

Lake Saka S 8.5 3.6 3.2 0.15 0.000054
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Table 2.3 Statistical comparisons between sampling sites for physicochemical variables. Rows show
the lakes for which values for the given variable are significantly lower (ANOVA, P<0.05) than for
the lake indicated at the top of the column. Codes found in Table 2.1.

EdO EdN G Mb Mu Na Nk S
Temperature Nk, S Nk, S Nk, S S Nk, S Nk, S ~ ~
Secchi EdN, G, ~ - - EdN, G, 1]\5/[%)N1’\/[Cl;1’ C]?dll\\]/l’bEﬁ/Iou, ~
Depth Mb, S S ,S ’ ’ S, ’
Mean Water
Column Na Na, Mu ~ Mu, Na ~ ~ Mu, Na ~
Irradiance
EdN,
EdO, EdO, EdO, Mb,
P Na, Nk Mb, Mu, EdO, Nk EdO, Nk Nk - Mu, Na, Nk
Na, Nk
TN ~ ~ ~ ~ ~ ~ ~ ~
SRSi Mu, Na Mu, Na Mu, Na Mu, Na ~ ~ Mu, Na Mu, Na
NH,-N ~ ~ ~ ~ ~ ~ ~ ~
SRP ~ ~ ~ ~ ~ ~ ~ ~
EdN,
Chlorophyll EdO, EdO,
; ~ ~ Mb, Na, FdO, Nk Na, Nk ~ Na, Nk
Nk
Mb, Mu,
PC:PN Na, Nk, M“:SNa’ Mu, Na Mu ~ ~ ~ ~
S
PC:PP ~ ~ ~ ~ ~ ~ ~ ~
PN:PP ~ ~ ~ ~ ~ ~ ~ ~
TN:TP N ~ ~ ~ ~ ~ N .
Total EdN,
Biomass Nk Nk Na, Nk Nk Na, Nk ~ ~ Na, Nk
EdN,
Cyanophyta - EdO, Nk Nk - - F B0
iomass Na, Nk ,
Microcystis Nk Nk Nk Nk Nk Nk Nk Nk
Biomass
EdO, Mb,
MC ~ Nk EdO, Nk Nk EdO, Nk ~ ~ Na. Nk
MC Cell
Quota ~ - - - - Mb - -
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Table 2.4 Mean mixed layer irradiance for all study lakes. Light attenuation (kpsr) Was estimated
based on chlorophyll a concentrations (Silsbe ez al. 2006), and mean mixed layer irradiance was
calculated with an assumed incident surface irradiance of 50 000 mmol photons/m*/day (Guildford
et al. 2000). Abbreviations used: z,,;, = mixing depth, SD = Secchi depth, mean % I, = mean
proportion of irradiance incident on the lake’s surface that is present in the mixed layer (as % of
surface irradiance), and I ;. = mean mixed layer irradiance (in mmol photons/mz/min). Values

reported are in the form of mean + standard deviation.

Mean Chl a Kpar Mean =

Lake Zoix () SD (m) (ug/L) (m'l) % I, Lnixed
Edward 35 050+ 663+ 17+ 228+ 79+

Nearshore ’ 0.25 46.2 0.7 11.1 3.9
Edward 73 105+ 213+ 09+ 198+ 69+

Offshore : 0.27 228 0.5 11.6 4.0
G 23 0.37 + 138.0 + 2.6+ 15.8 + 55+

eorge : 0.08 39.1 0.4 8.1 2.8
048+ 486+ 15+ 208+ T2+

Mburo 3.2 0.10 10.1 0.2 22 0.8
Murchison 072+ 965+ 20+ 100+ 3.5+

Bay : 0.14 38.1 0.6 3.5 1.2
Napoleon 135 140+ 247+ 10+ 9.8+ 34+

Gulf : 0.23 18.4 0.4 6.3 22
180+ 62+ 05+ 248+ 86+

Nkuruba 8.2 0.39 22 0.1 72 25
044+ 900+ 20+ 160+ 56+

Saka 3.2 011 363 0.5 238 1.0
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Table 2.6 Summary of mean (% s.d.) Microcystis biomass, Microcystis cell numbers, microcystin
concentrations (in whole water) and microcystin cell quota for all study sites. No Microcystis was

observed in Lake Nkuruba.

Microcystis Microcystis Microcystin Cell Quota
Lake biomass (mg/L) (x 10° cells/L) (ng/L) (fg MC/cell
Microcystis)
Edward Nearshore 8.24 +8.54 0.30 = 0.39 5.81 +£5.86 249 +20.0
Edward Offshore 3.63 £8.01 0.11+0.24 0.97+1.10 165.1 = 149.7
George 221.3 +483.7 10.15+17.08 8.54 £ 6.36 7.8+99
Mburo 7.3+6.1 8.61 £6.91 2.48 £0.96 19.0+34.3
Murchison Bay 99.4 + 168.8 4.82+7.78 7.26 +£5.73 9.8+ 11.9
Napoleon Gulf 21+25 0.06 £0.08 1.75+£1.26 119.5+164.3
Saka 73.9+137.1 1.32+£2.04 61.2+734 112.6 £ 171.1
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Table 2.7 Summary of significant relationships (P<0.05) between physical and environmental
variables and Microcystis biomass, microcystin concentrations and microcystin cell quota at both

the among lake level (including all data, n=55) and the within lake level.

Positive Relationships Negative Relationships
Microcystis spp. Biomass
Among All Lakes Chl a, TP, PartP Depth, Secchi depth
Lake Edward Nearshore Chl a, PartP ~
Lake Edward Offshore ~ ~
Lake George Secchi, TP Temperature
Lake Mburo ~ ~
Murchison Bay ~ Secchi
Napoleon Gulf Chl a, Temperature ~
Lake Nkuruba ~ ~
Lake Saka PC:PP, TN:TP, TN ~

Microcystin Concentrations
Chl a, TP, PartP, PartSi, PN:PP,

Among All Lakes Microcystis, Cyanophyta, Total Depth, TN, Secchi
Biomass

Lake Edward Nearshore Chla ~

Lake Edward Offshore PC:PN, Microcystis ~

Lake George TP ~

Lake Mburo ~ ~
Murchison Bay TP, SRP TN, TN:TP
Napoleon Gulf Temperature, Microcystis ~

Lake Nkuruba SRSi ~

Lake Saka TN ~

Cell Quota of Microcystin

Among All Lakes Depth, Secchi Microcy S,?i;fl}];iﬁ;?:a’ Chla,
Lake Edward Nearshore SRP, Total Biomass, Secchi ~

Lake Edward Offshore ~ Microcystis
Lake George ~ ~

Lake Mburo ~ Anabaena, SRSi
Murchison Bay ~ ~
Napoleon Gulf Mean Mixed Layer Irradiance Microcystis, Chl a
Lake Nkuruba ~ ~

Lake Saka ~ ~
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Figure 2.1 Mean values (% s.d.) for a) mean water column temperature and b) Secchi depth for all
sites. Site codes are found in Table 2.1. (Open circles = means, bars = s.d.). Note the reversed y-axis

for the Secchi depth figure.
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Symbols and labels as in Figure 2.3.
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Figure 2.5 Mean values (% s.d.) for total nutrients, dissolved nutrients and Chlorophyll « at all sites.

Site codes are found in Table 2.1. (Open circles = means, bars = s.d.).
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Figure 2.7 Seasonality in TN for each site. Symbols and labels as in Figure 2.6.
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Figure 2.11 Seasonality in Chlorophyll a for each site. Symbols and labels are as in Figure 2.10.
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Figure 2.12 Mean values (£ s.d.) for particulate and total nutrient (C, N, P) ratios for all sites. Site

codes are found in Table 2.1. (Open circles = means, bars = s.d.).
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the boundary above which moderate N-deficiency would be expected.
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Figure 2.14 Seasonality in PC:PP for a) Edward offshore (+), Edward nearshore (A), George (O);
b) Mburo; ¢) Murchison Bay; d) Napoleon Gulf; ¢) Nkuruba; f) Saka. In the area bounded by the

two dashed lines moderate P-deficiency would be expected, with values above and below this region
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Figure 2.15 Seasonality in PN:PP for each site. Symbols and labels are as in Figure 2.14. Values
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Figure 2.16 Seasonality in TN:TP for a) Edward offshore (+), Edward nearshore (A), George (O);
b) Mburo; ¢) Murchison Bay; d) Napoleon Gulf; ¢) Nkuruba; f) Saka. In the area bounded by the
two dashed lines possible N and P colimitation (or no deficiency) would be expected, with values

above and below this region indicating possible P deficiency and possible N deficiency respectively.
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Figure 2.17 Seasonality in phytoplankton community composition for a) Edward offshore, b)
Edward nearshore, ¢) George, d) Mburo, €) Murchison Bay, f) Napoleon Gulf, g¢) Nkuruba and h)
Saka. Note that the y-axis scales differ. Blue = Cyanophyceae, yellow = Baccilariophyceae, green =

Chlorophyceae, light green = Euglenophyceae, pink = Dinophyceae, and red = Cryptophyceae.
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Figure 2.19 Mean values (£ s.d.) for a) microcystin concentrations and b) cell quota (fg MC/cell
Microcystis) for all sites. Site codes are found in Table 2.1. (Open circles = means, bars = s.d.). The

dashed line in plot a) represents the WHO guideline for MC in drinking water.
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Figure 2.20 Seasonality in microcystin concentrations for a) Edward offshore (+), Edward

nearshore (A), George (O); b) Mburo; ¢) Murchison Bay; d) Napoleon Gulf; e¢) Nkuruba; f) Saka.
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Figure 2.21 Seasonality in cell quota of microcystin (fg MC/cell Microcystis) for a) Lake Edward
offshore (+ with dotted line), Lake Edward nearshore (A with dashed line) and Lake George (O
with solid line); b) Lake Mburo, ¢) Murchison Bay, d) Napoleon Gulf, and e) Lake Saka. Note that
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Lake Nkuruba is not displayed since Microcystis was not present. In panel f) the negative

relationship between cell quota of microcystin and Microcystis spp. biomass (both log-transformed)

is shown (r’,q; = 0.22, P<0.001).
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Figure 2.22 Relationships between a) chlorophyll « and TP (rzadj =0.47, P<0.001), b) inverse Secchi
depth and chlorophyll a (1,4 = 0.76, P<0.001), ¢) chlorophyll « and Microcystis spp. biomass (r’,q; =

0.51, P<0.001), and d) Microcystis spp. biomass and microcystin concentrations in water (rzadj =
0.48, P<0.001).
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Chapter 3
Characterization and comparison of food web structure in several

Ugandan lakes using stable isotope analysis

3.1 Introduction

Understanding the food web structure of lakes is essential for several reasons. Lakes in East Africa are
critical sources of fish both for export and for local consumption. By understanding the current fish
community composition and trophic relationships, sound management decisions can be made. Also, by
having baseline data for aquatic food web structure, changes in this structure, which may be precipitated
by a warming climate, or by anthropogenic influences on lakes, can be monitored and the implications of
these changes can be assessed. In addition, it is critical to be familiar with the underlying food web
structure in order to understand the trophic transfer of compounds (including contaminants and toxins) in

aquatic systems.

Stable carbon (8"°C) and nitrogen (8'°N) isotope ratios can be used to characterize food webs and
trophic interactions (Peterson and Fry 1987, Fry 1991). Stable isotope ratios of carbon (8"°C) give an
indication of the primary source of organic carbon to consumers; and the source signature is largely
retained or only slightly enriched by trophic transfers (change of 0 to 1%o; Peterson and Fry 1987, Cabana
and Rasmussen 1994, Hecky and Hesslein 1995). There are several factors that influence *C/"*C of
aquatic primary producers, including isotopic fractionation during photosynthesis, photosynthetic
pathway, 83C of COq(aq), growth rate, boundary layer for diffusion of CO,, and CO,,q) concentrations
(Hecky and Hesslein 1995); while the ratio in terrestrial plants is more dependent on the photosynthetic
pathway alone. C-4 plants (including some aquatic macrophytes such as Cyperus papyrus) have 8"°C
values of -12 to -14 %o, while C-3 plants (including the water hyacinth, Eichhornia cassipes) have 8"C
values of -26 to -28 %o (Hecky and Hesslein 1995, Campbell et al. 2003a). Under idealized conditions of
no carbon limitation of growth and full equilibration with the atmosphere, phytoplankton would be
expected to have 8"°C values of -37 %o; however, these values are rarely achieved, particularly in tropical
systems, where CO,,q) is lower and growth rates are higher (Hecky and Hesslein 1995). Due to CO,
diffusion limitation by a boundary layer, benthic periphyton tend to have higher 8'"°C values than
phytoplankton, giving insight into the relative importance of benthic and pelagic energy for a consumer
(Hecky and Hesslein 1995). However, colonial and filamentous phytoplankton including cyanobacteria

can have significant boundary layers that can enrich their stable carbon isotopic signature. Furthermore,
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when growth rates are high, instantaneous 12C-limitation can lead to higher (enriched) 8"C values in

phytoplankton.

Stable nitrogen isotopic ratios (8'°N) are useful for characterizing the trophic level of an organism,
because with each trophic transfer, organisms selectively excrete the lighter nitrogen isotope ('*N),
leaving behind an enriched (more positive) 8'°N signal in the consumer (Minagawa and Wada 1984,
Peterson and Fry 1987). On average, with each trophic transfer there is an increase of 3.4 = 1.1 %o in 8"°N
(Minagawa and Wada 1984); however, this may vary based on food quality or the nutritional state of the
consumers. For example, starvation can lead to retention of the heavier isotope, yielding a higher than
expected 8'"°N value (Haubert ez al. 2005). Baseline 8"°N values for primary producers and microbes in a
system can be influenced by the input of nitrogen from human or animal waste (8'°N: 10—20 %o), organic
soil nitrogen (8"°N: -2-9 %o), commercial fertilizers (8"°N: -2.5-2 %o), and cyanobacterial fixation of
atmospheric nitrogen (8"°N: 0 %o) (Harrington 1998). As such, 8"°N values can provide information on
the primary source of the N supporting an organism as well its trophic position. Stable isotope analysis is
particularly valuable because, unlike gut content analysis, which yields only a ‘snapshot’ of the
organism’s diet, stable isotope analysis allows for an integrated long-term description of diet (Hesslein et

al. 1993, Kidd et al. 1995).

Results of stable isotope analysis can also be used to calculate the realized trophic level of an organism
based on its 8"°N value relative to a baseline established for the study site (Vander Zanden et al. 1997,
Post 2002), and by calculating the realized trophic level of the top predator in the lake, one can gain an
estimate of food chain length (Vander Zanden et al. 2007) if the baseline value is known or can be
estimated. Calculated trophic levels for a species can be compared between lakes to gain insight into
differences in dietary habits, and in the potential for the accumulation of contaminants or toxins. Food

chain lengths can also be compared between lakes.

Stable isotope analysis has been successfully applied in food-web contaminant studies in several
tropical, temperate and arctic systems (Kidd et al. 1995, Atwell ef al. 1998, Campbell ef al. 2003b, Kidd
et al. 2003, Campbell et al. 2006, Campbell ef al. 2008). In the current study, the food web structure as
determined using stable isotope analysis will be used to explore the accumulation and trophic transfer of
both mercury (Chapter 4) and the cyanotoxin microcystin (Chapter 5) in several East African lakes. To
my knowledge, this is the first study to pair characterization of microcystin concentrations in fish with

stable isotope analysis.

59



Among East African lakes of interest to the current study, food webs have been described using stable
isotope analysis for Napoleon and Winam Gulfs in Lake Victoria (Campbell ef al. 2003), Ugandan crater
lakes Saka and Nkuruba (Campbell et al. 2006), Lake Albert (Campbell et al. 2005), and Lake Mburo
(Mbabazi ef al. 2004). The current study revisits all of these sites except Winam Gulf, and also includes
sites where stable isotope analysis of food webs has not previously been done, including the tropical great
lake Edward, Lake George and Murchison Bay, an embayment in northern Lake Victoria. By including
all of these sites I will gain insight into the temporal stability of food webs that have already been
described, as well as data that are directly comparable to my microcystin and mercury concentrations
(Chapters 4, 5 this thesis). Also, food chain lengths and trophic levels have not previously been calculated
based on 8"°N values for any of these sites, yielding further insight into the structure of these food webs,
the differences between these sites, and the factors that may determine food chain length in tropical lakes.
The inclusion of Lake Edward, George and Murchison Bay will also yield important baseline data on

food web structure for these sites, which all support economically and locally important fisheries.

3.2 Methods

Fish samples were collected from Lake Albert in April and May of 2007. Some samples were collected
from Butiaba (in the northeast of the lake) in April of 2007, and were purchased directly from fishermen
as they landed with their catch. Meanwhile, the majority of the samples were collected from Lake Albert
near Kaiso (Ngassa spit), in the central eastern portion of the lake, in May of 2007 in conjunction with

Uganda’s National Fisheries Resources Research Institute using gillnets.

Fish and food web samples from Lakes Edward, George, Mburo, Victoria (Murchison Bay and
Napoleon Gulf), Nkuruba and Saka were collected between September 2008 and February 2009. Fish
were purchased directly from fishermen (either while still on the water, or immediately after landing) and
general location of the catch was confirmed (although this was not always possible for Murchison Bay).
Plankton samples were collected using vertical net hauls (20 pm mesh for phytoplankton; 80 pm and 153
um for zooplankton), and samples were subsequently filtered onto pre-combusted quartz-fibre filters
(nominal pore size 0.7 pm). Debris was visually removed from phytoplankton and zooplankton samples,
and samples were examined microscopically to confirm sample composition. Chaoborus, a dipteran
zooplanktivore, was visually detected and separated from zooplankton samples. Epilithic algae from Lake
Nkuruba was scraped off of rocks in the littoral zone, resuspended in deionized water and filtered onto
precombusted quartz-fibre filters. Benthic invertebrates were collected using a ponar grab. Because these

samples were also used for mercury analysis, trace metal clean sampling protocols were used throughout.
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Subsamples of dorsolateral muscle tissue were taken from fish for use in stable isotope analysis. For
intermediate-sized haplochromine cichlids, whole fillets of axial muscle tissue were collected for analysis.
For very small haplochromine cichlids, whole fish, with the viscera removed, were kept. For
Rastrineobola argentea and other very small fish (<5 cm), it was not possible to separate muscle tissue or
remove the viscera, and whole fish were used for analysis. Whole invertebrates were used for analysis,

except for gastropods (from Murchison Bay and Lake Nkuruba), where the shells were removed.

Fish and invertebrate samples were oven-dried at 60 °C for at least 24 hours (until weights stabilized)
and then were ground into a fine powder using a ball mill grinder. Filters with plankton and periphyton
samples were oven-dried as for fish and invertebrate samples, but were not ground. Samples were not
acidified prior to analysis, as these samples were all biotic, and were not expected to contain appreciable
amounts of carbonate. Stable carbon and nitrogen isotopic ratios were determined using a Micromass
Isochrom Elemental Analyzer-Isotope Ratio Mass Spectrometer (EA-IRMS) at the Environmental Isotope
Laboratory, University of Waterloo, ON, Canada. To determine variability between runs, standards for
carbon (IAEA-CHG6 (sugar), EIL-72 (cellulose) and EIL-32 (graphite)) and nitrogen (IAEA-N1 and
IAEA-N2, both ammonium sulphate) were analyzed. Meanwhile, one in every ten samples was run in
duplicate to measure variability within runs. Mean standard deviations for standard material are + 0.2 %o

for 8"°C and + 0.3 %o for 8'°N. Mean standard deviations of duplicated samples were £ 0.05 %o for 8"°C

and £ 0.21 %o for 8'°N.

The delta notation used (8'°N and 8"°C) represents the difference (in parts per thousand, %o) between
the measured isotopic ratio of the sample and the isotopic ratio of the reference standard (PeeDee
belemnite for 8"°C and atmospheric nitrogen for '°N), and is calculated using the following equation (as
in Campbell 2001):

Eq. 3.1 8"C or 8"°N = [(Rample — Rotandard)/(Rstandara) 11000

where R="C0,/"*CO; for 8" C or R="N/"N of N, for §"°N.
Food web structure was graphically displayed by plotting 8'°N values against §'°C values. Then,
corrections for '°N values were made where there were strong baseline relationships between 8'°N and
d"C. Trophic level (TL) was calculated for all samples based on their '°N values relative to a baseline
organism with an assumed trophic level (ideally a long-lived primary consumer; Vander Zanden ef al.
2007). Meanwhile, food chain length (FCL) was calculated for all lakes based on the mean 8'"°N value of
the top predator in the lake relative to the mean 8'°N value of a baseline organism with an assumed

trophic level. The equations used for TL and FCL calculations are as follows:
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Eq.3.2 TLgampte = (8" "Nample = 8" Niaseline)/3.4 + A

Eq.3.3 FCL = (8" Niop predator = 8" Npasetine)/3.4 + A
where A is the assumed trophic level of the baseline organism, and 3.4 is the assumed isotopic
fractionation of nitrogen from one trophic level to the next (Minagawa and Wada 1984, Cabana and
Rasmussen 1996, Vander Zanden et al. 2007, Gantner 2009). Linear regression was used in order to
explore whether there were relationships between FCL and productivity (chlorophyll ¢ and total
phosphorus concentrations), ecosystem size (lake area) or productivity x ecosystem size (information

used in these regressions is found in Table 3.1) for these sites (Post et al. 2000, Vander Zanden et al.

2007).

To determine whether there were differences in baseline nitrogen isotopic ratios, '°N values were
regressed against calculated trophic level for all lakes. Given that isotopic fractionation was assumed to
be 3.4 %o per trophic level for all lakes, these regressions have identical slopes; however, the differences
between the intercepts for these regression lines represent differences in baseline 8'°N values between

lakes.

To explore possible differences in baseline 8"°C values between lakes, an ANOVA was carried out
comparing the 8'"°C values for net phytoplankton (>20 pm) between the study sites. Similarly, an
ANOVA was carried out comparing 8"°C values for tilapiine cichlids (including Oreochromis esculentus,
O. leucostictus, O. niloticus, O. variabilis and T. zilli) between the study sites. Generally, plant material
forms an important part of the diet of tilapiine cichlids (Greenwood 1958). Despite the variability in diet
expected among tilapiine cichlids both within and among sites, given that fish integrate isotopic values
over longer time periods, I can gain a clearer understanding of average 8"°C values in phytoplankton by
examining these primary consumers. I also explored the relationship between observed stable isotopic
ratios for both phytoplankton and tilapiine cichlids through linear regression (i.e. 8"°C of tilapiines vs.

8"°C of phytoplankton, and likewise for 8"°N).

To determine whether fish species were occupying similar trophic positions in different lakes, an
analysis of variance (ANOVA) was carried out for each fish species comparing calculated trophic levels
between sites. Post-hoc tests were carried out to determine pair-wise significant differences between
lakes. To confirm that differences in the fish length distributions within species between sites were not
introducing a bias into my comparison of trophic level, ANOVAs were also carried out for each fish

species comparing total length between sites.
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Regressions between stable carbon and nitrogen isotopic ratios and total length were done for each
species in each lake. These results indicate whether these fish experience ontogenetic changes in dietary C
and N sources as they grow. I also carried out analyses of covariance for each species (8'°N or §'*C~site +
total length + site x total length) in order to determine whether shifts in diet with growth are similar or

different between lakes.

All statistical analyses were carried out using R, version 2.11.1 (R Development Core Team 2010).

3.3 Results

There was a strong negative relationship between 8'°N and 8"°C of phytoplankton in Lake Edward
(Figure 3.2c, rzadj =0.92, P<0.001). These differences in isotopic ratios were attributable to spatial trends,
with phytoplankton with significantly lower 8'°N (P<0.05) and higher 8"°C (P<0.001) at the near shore
site (where the Kazinga Channel enters Lake Edward) than at the offshore site. Carbon and nitrogen
isotopic ratios for near shore Lake Edward phytoplankton were not significantly different than those
observed in Lake George. Due to this trend in baseline 8'°N values and in order to accurately calculate
trophic level and food chain length, the '"°N values from Lake Edward were corrected such that the
baseline nitrogen isotopic ratio was equal for all samples (using the mean 8"°N value for Lake Edward
offshore phytoplankton as the new baseline). The §'"°N correction equation applied was as follows:

Eq.3.4 8" Nearreered = 0" Naampre T (67°Cro = 8" Caie) X b

0" Neomeewa: coOrrected 8N value for the sample

3" Nuumpie: Original 8N value for the sample

0"C,,: 6"C value for offshore Lake Edward (-18.97 %o)

3"Cmpe: 0"°C value for the sample

b: 8N vs §°C regression slope for L. Edward phytoplankton (-0.37986)
Lake Edward’s food web based on the corrected 8'°N values (Figure 3.2d) can be compared with the
uncorrected food web (Figure 3.2b). The corrected 8'°N values for Lake Edward were used in all
subsequent analyses, calculations and plots. No other corrections were necessary given that for no other
lake was there a strong relationship observed between 8'°N and §'°C values for phytoplankton. No
phytoplankton samples were available for Lake Albert (another large lake with multiple water sources
such as the Victoria Nile, which enters the lake near Butiaba), and so this relationship could not be tested

there.
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Trophic level (TL, not to be confused with total length: L) and food chain length (FCL) calculations
were carried out using equations 3.2 and 3.3 and the information in Table 3.3. Because this study
compared TL and FCL between lakes, it was important to be consistent in my choice of a baseline
organism for 8N values. I was not able to obtain molluscs or definitively herbivorous zooplankton
samples from all lakes. As such, I chose to use net phytoplankton as a baseline organism for trophic level
calculation, and I collected phytoplankton samples on at least a monthly basis (often twice-monthly) over
a six-month period in order to capture the temporal variability in phytoplankton 8"°C and 8"°N values.
Due to high variability in the highly eutrophic Murchison Bay (Silsbe et al. 2005), "°N values (range
4.0-9.2 %o), zooplankton collected with a 153 pm net was used as a baseline (7.7 %o), incidentally the
mean "N value for Bellamya sp., a gastropod, was identical to that observed for the zooplankton,
suggesting that this is a reliable baseline 8'°N value representative of primary consumers. Standard
deviations for phytoplankton 8'°N values ranged from 0.2—1.0 %o at the sites where it was used as a
baseline (Table 3.2). In Lake Albert, plankton samples were not available; therefore, Brycinus nurse was
used as a baseline organism because as an obligate zooplanktivore, a trophic level of 3 can be assumed.
However, because Lake Albert’s food web was not sampled exhaustively, several known piscivores are
absent or underrepresented in my sample set, so I did not calculate FCL for Lake Albert. Food chain
lengths (FCL, expressed in number of trophic levels between primary producers and top piscivores)
ranged from 2.8—4.3. FCL values were lowest in Murchison Bay (2.8) and highest in Lakes Edward (4.3),
George (3.9) and Saka (3.6). Intermediate FCL values were observed for Napoleon Gulf (3.4), Lake
Mburo (3.3), and Lake Nkuruba (3.2). There were no statistically significant relationships found between
FCL and productivity (chlorophyll a and total phosphorus concentrations; Table 3.1), ecosystem size

(lake area; Table 3.1), or productivity x ecosystem size.

When 8"N is plotted against trophic level, the differences among sites in y-intercepts are indicative of
differences in baseline 8'°N values between lakes. For my study lakes, baseline '°N values spanned a
range of nearly 6 %o (Figure 3.3). Baseline 8"°N values were lowest in Lakes Saka, George and Mburo,

intermediate in Lakes Nkuruba, Edward, Albert and Napoleon Gulf, and highest in Murchison Bay.

Baseline 8"°C was compared between sites in two ways. First, I carried out an ANOVA on 8"3C values
from phytoplankton from all sites (Figure 3.4a). Then I carried out an ANOVA on 8"°C values from
tilapiine cichlids (including Oreochromis esculentus, O. leucostictus, O. niloticus, O. variabilis and
Tilapia zilli) from all sites (Figure 3.4b). Among phytoplankton samples, 8"°C values were significantly
lower in Lake Nkuruba (-26.0 = 0.9 %o) than in all other lakes (ANOVA, P<0.001). Napoleon Gulf (-16.9
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+ 2.5 %o), offshore Lake Edward (-19.0 £ 2.8 %o) and Lake Saka (-20.7 = 1.5 %0) were not significantly
different from one another, but were significantly higher than Lake Nkuruba, and significantly lower than
the remainder of the sites. The highest 8"3C values were observed in Lake George (-9.6 = 1.6 %o0) and
nearshore Lake Edward (-11.3 + 2.4 %0) where values were significantly higher than nearly all other sites.
Murchison Bay had intermediate 8"°C values (-15.6 + 1.5 %o) that were not significantly different than

those observed in Lake Mburo or Napoleon Gulf.

Among tilapiine cichlids there was generally less variability in 8'°C values than for phytoplankton
(Figure 3.4). The relative position of mean 8"C values for tilapiine cichlids was similar to what was
observed for phytoplankton samples. Lake George had significantly higher 8'"°C values than at any other
site. '"°C values in tilapiines from Lake Mburo were the second highest of any site, and were significantly
different than all other sites. Similarly, Napoleon Gulf’s tilapiine cichlids had the third highest 8"°C
values of all sites, and were significantly different than all other sites. The only sites that were not
significantly different than all other sites were Lake Edward, Lake Albert and Murchison Bay, which
grouped together as significantly lower than Lakes George, Mburo and Napoelon Gulf and significantly
higher than all other lakes. The lowest §'°C values in tilapiine cichlids were observed in Lake Nkuruba
followed by Lake Saka. There was a strong positive relationship (rzadj =0.93, P<0.001, slope=1.05)
between site means for §'°C of tilapiine cichlids and 8"°C of phytoplankton (Figure 3.5a). Meanwhile,
there was a significant positive relationship (rzadj = 0.68, P<0.05, slope=0.67) between site means of 3N

of tilapiine cichlids and 8'°N of phytoplankton (Figure 3.5b).

In comparing the calculated trophic levels for fish species in different lakes (Figure 3.6), I found that
some fish species were located at similar calculated trophic levels (not significantly different in an
ANOVA at P<0.05) in all lakes where they were present (including Bagrus docmac, Clarias gariepinus,
Oreochromis esculentus, and Synodontis afrofischeri). Meanwhile, other species of fish did exhibit
significant (ANOVA, P<0.05) differences in calculated trophic levels between lakes. Protopterus
aethiopicus had a higher TL in Lake George than in Murchison Bay; however, no other significant
differences were seen in TL for P. aethiopicus between sites. Unlike Synodontis afrofischeri, which were
at similar trophic levels in both of the embayments in northern Lake Victoria, Synodontis victoriae were
at a significantly higher TL in Napoleon Gulf than in Murchison Bay. Lates niloticus from Murchison
Bay appeared to be feeding at lower trophic levels than in Lakes Albert or Saka. Similarly, in Napoleon

Gulf L. niloticus had significantly lower calculated TL values than in Lake Saka.
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Among the tilapiine cichlids, Oreochromis leucostictus from Napoleon Gulf had a lower mean TL
value than in Lakes Albert or Nkuruba; also, O. leucostictus collected from Lake Albert were
significantly smaller than those collected from any other lake except for Lake Nkuruba (ANOVA,
P<0.05). Similarly, T zilli from Lake Nkuruba had a higher mean TL than in Lake Albert, Murchison Bay
or Napoleon Gulf, and 7. zi/li from Lake Nkuruba were significantly smaller than those collected from
Murchison Bay (ANOVA, P<0.05). For both O. leucostictus and T. zilli, | observed significant negative
relationships between trophic level and total length (rzadj =0.16 and P<0.05 for both) across all sites. For
Oreochromis niloticus, significantly higher TL values were observed in Lake Edward, Mburo and Saka
than in Napoleon Gulf or Murchison Bay, while TL values for O. niloticus from Lake Mburo exceeded

those observed in Lake George.

The haplochromine cichlids sampled also exhibited differences in trophic level between sites.
Haplochromis squamipinnis had significantly higher mean calculated trophic level in Lake Edward than
in Lake George, however, H. squamipinnis individuals collected from Lake Edward also had significantly
higher mean total length than those from Lake George (ANOVA, P<0.05). I also sampled unidentified
haplochromines from several other lakes (referred to as Haplochromis (?) spp. in this study, and taken to
exclude H. squamipinnis). In Lakes Edward and George these fish were significantly larger (ANOVA,
P<0.05) and at a significantly higher trophic level (ANOVA, P<0.05) than those from any other site.
Although there were no other significant differences in trophic level for Haplochromis spp. between sites,

in Lake Saka, the Haplochromis spp. sampled were significantly smaller than at any site but Napoleon
Gulf.

Relationships between stable carbon and nitrogen isotopic values and total length are summarized in
Table 3.4 and shown in Figure 3.7. Lates macrophthalamus in Lake Albert and L. niloticus in Napoleon
Gulf both demonstrated significant increases in 8'°N values with growth (1°,g values of 0.96 and 0.40
respectively). Meanwhile, a positive trend (although not statistically significant) was observed between
8N and total length for L. niloticus from Lake Albert and Murchison Bay (Figure 3.7a). No such
relationship was observed for Lake Saka. In Lake Edward, 8'°N values for both Haplochromis sp. and
Protopterus aethiopicus increased significantly with length (rzadj values of 0.67 and 0.64 respectively)),
while 8"C values decreased significantly with total length (rzadj values of 0.72 and 0.50 respectively).
Significant positive relationships were observed between 8'°C and total length for L. macrophthalamus
and Schilbe intermedius in Lake Albert, and O. niloticus in Lake Saka; while a significant negative

relationship was observed between 8"°C and total length for O. leucostictus in Lake Nkuruba.
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Oreochromis niloticus experienced an increase in & °N values with increasing length in Lakes George

(rzadj:O.24), Mburo (rzadj20.27) and Murchison Bay (rzadj:0.22).

The slopes and directions of the 8'°N—total length regressions for O. niloticus differed greatly between
sites, and were significantly higher in Lakes George and Mburo than in Murchison Bay (ANCOVA,
P<0.01), and were not significantly different between Lakes George and Mburo (Figure 3.7b).
ANCOVAs comparing the relationship between both 8'°N and total length and 8"°C and total length

between sites revealed many significant differences in intercepts between these regressions.

For Lates spp. (including L. macrophthalamus and L. niloticus) the regression slope for 8"°N vs. total
length was lower in Lake Saka than in Napoleon Gulf (ANCOVA, P<0.05), however there were no other
significant differences in slope for Lates spp. between any other sites (including Albert, Murchison Bay,
Napoleon Gulf and Lake Saka). This indicates that despite the lack of statistically significant relationships
between 8'°N and total length observed for Lates spp. at most sites, an increase in 8'°N with growth

appears to be occurring at similar rates at all sites except for Lake Saka.
3.4 Discussion

3.4.1 Differences in baseline 8'3C and §'°N values

The differences in observed baseline 8'°C and 8'"°N values between study sites are attributable to several
processes. Different nitrogen sources (including human and animal waste, organic soil nitrogen,
commercial fertilizers and atmospheric nitrogen) have distinctive 8'°N signals, with nitrogen from human
and animal waste having high 8"°N values compared to organic soil nitrate, and atmospheric nitrogen
(either incorporated in commercial fertilizers or fixed by N-fixing cyanobacteria) having 8"°N values that
approximate 0 %o (Harrington 1998). As such, anthropogenic input of nutrients to lakes as well as rates of
cyanobacterial N-fixation can influence the 8'"°N values observed in phytoplankton as well as the rest of
the food web. The lowest 8'°N values were observed in Lakes Saka, George, and Mburo, which are all
hypereutrophic lakes where N-fixing cyanobacteria are present (Chapter 2, this thesis). While Lake
Saka’s catchment has been heavily impacted by deforestation and agriculture (Crisman and Chapman
2001), Lakes George and Mburo are not likely to be receiving large amounts of human waste, given that
both lakes are at least partially contained within protected areas, although animal waste may be of
importance to these lakes (Lehman ef al. 1998, Mbabazi et al. 2004). Conversely, Murchison Bay had the

highest baseline 8'°N values, which reflects the large amount of human waste that the inner bay receives
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from the nearby city of Kampala (projected 2010 population of 1.8 million; Nyakaana et al. 2007),
however, the observed baseline 8'°N value for phytoplankton in the inner bay is still well below published
8N values for dissolved inorganic nitrogen from human waste (10-20 %o), suggesting that this influence
may in part be counteracted by high levels of atmospheric nitrogen fixation. 8'"°N values for
phytoplankton in Murchison Bay were much more variable than at any other study site, reflecting
temporal and spatial variability in pulses of anthropogenic nutrients as well as blooms of N-fixing
cyanobacteria. Based on human population densities and their likely impact, of all sites, Murchison Bay,
Napoleon Gulf and Lake Saka would be expected to receive the most nitrogen from human waste.
Although, Napoleon Gulf is expected to be well-flushed owing to its location at the outflow of Lake
Victoria to the Victoria Nile river, and may experience less local anthropogenic influence than either
Murchison Bay or Lake Saka. Lake Saka may also be receiving commercial fertilizer (which typically has
8"°N values ranging from -2.5 to 2.0 %o; Harrington 1998) given that there is a prison farm within the
catchment (Crisman and Chapman 2001). At all sites, differences in input of anthropogenic and natural
nitrogen sources, as well as rates of atmospheric nitrogen fixation were responsible for the range of

baseline 8'°N values observed among (and likely within) lakes.

Differences in baseline 8'°C values are similarly indicative of several different processes and carbon
sources, with C-4 plants and C-limited primary producers (particularly benthic periphyton, rapidly
growing phytoplankton, and colonial cyanobacteria which may have increased boundary layers limiting
diffusion of CO,) having higher 8"°C values, and phytoplankton that is not affected by substantial carbon
limitation (i.e. in more oligotrophic lakes with lower phytoplankton biomass) having much lower 8"°C
values (Hecky and Hesslein 1995). In the current study, phytoplankton tended to have lower 8"C values
in less productive lakes (e.g. Lake Nkuruba and Lake Edward offshore); however, hypereutrophic Lake
Saka also had relatively low 8"°C values. It is possible that COy () concentrations in Lake Saka are high
enough to reduce the possibility of instantaneous carbon limitation, leading to lower 8'"°C values in Lake
Saka than those observed in the other hypereutrophic lakes included in this study. These increased COy(q)
concentrations may be driven by high rates of decomposition of biogenic carbon in this hypereutrophic
lake, or by the cooler temperatures (where CO, is more soluble; Lourey ef al. 2004) observed in Lake
Saka relative to the other highly productive lakes sampled (see chapter 2 of this thesis). Lakes Mburo and
George were also possibly receiving a subsidy of C-4 plant detritus (C. papyrus is prevalent in both lakes)
from the extensive adjacent wetlands as well as the faeces of the large hippopotamus populations resident

in these lakes (Mbabazi et al. 2004); and this source of enriched organic carbon would only reinforce the
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food web dependence on isotopically heavy carbon. Furthermore, hippopotamus faeces may provide
nutrients, which can sustain high phytoplankton growth, leading to C-limited photosynthesis and more

positive 8"°C values in the food web.

The processes leading to differences in baseline 8'°N and 8'"°C values are particularly evident in Lakes
George and Edward, where 8"°N values were low in Lake George, intermediate in nearshore Lake Edward
near the mouth of the Kazinga Channel, and higher in offshore Lake Edward. This decreasing trend is
likely attributable to lower rates of atmospheric nitrogen fixation in offshore Lake Edward than in Lake
George. Also, in near shore Lake Edward, higher light availability in the shallower water may allow for
higher rates of N-fixation (which has high light requirements; Mugidde ef a/. 2003) than in the deeper
mixed layer depth in offshore Lake Edward. The opposite trend was observed for 8"°C values, where the
highest values were in Lake George, and the lowest values were in offshore Lake Edward, possibly due to
the decreasing influence of both '*C-limited primary productivity supported by high nutrient

concentrations and CO, derived from the degradation of isotopically heavy C-4 plant detritus.

3.4.2 Lake Albert Food Web Structure

Lake Albert’s food web has been previously described using stable isotope analysis paired with gut
content analysis (Campbell ef al. 2005). The food web that emerged from the Campbell et al. (2005)
study was triangular, with piscivorous fish (particularly Hydrocynus forskahlii) at the apex, integrating
both benthic and pelagic dietary sources, and was very similar to the food web structure observed in the
current study. Although there were some differences in 8'°N and 8'"°C values between fish collected by
Campbell et al. (2005) and those included in the current study, the relative trophic positions of the fish
were similar in both studies, and were consistent with expected trophic positions based on published diets.
As in Campbell et al. (2005), there was a great deal of overlap in '°N values between species, suggesting
a high rate of omnivory and few obligate feeding relationships. Hecky et al. (2010) observed that in Lake
Victoria, nearshore phytoplankton tended to have higher 8"°C and lower 8"°N values (due to differences in
mixing depths, with deeper mixing depths leading to light limitation of both phytoplankton biomass and
atmospheric nitrogen fixation). This is a general trend that is likely extends to other large Ugandan lakes
(including Lakes Albert and Edward). While the current study confirms this trend in Lake Edward, given
that I do not have data on the isotopic ratios of phytoplankton in Lake Albert, it is difficult to assess

spatial patterns in phytoplankton 8'"°C and 8'°N for this large lake.
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The tilapiine cichlids had the lowest 8'°N values of all fish from Lake Albert, which is consistent with
their known dietary preference for phytoplankton, benthic algae, detritus and occasionally invertebrates
(Greenwood 1958). These fish displayed a wide range in 8'"°C values in Lake Albert suggesting the
inclusion of both benthic and pelagic food sources (or possibly nearshore and offshore sources). In
particular, 7. zilli and some O. leucostictus had enriched 8'"°C values relative to other fish sampled,
indicating a possible dietary preference for macrophytic debris, benthic primary consumers, or the
possibility that these fish are feeding closer to shore. The range in 8'"°N values observed for tilapiine
cichlids (O. leucostictus in particular) suggests that primary consumers may be an important source of
prey for some of these fish, however this range could indicate spatial differences in feeding locations as

well.

Brycinus nurse, Neobola bredoi and Alestes baremose are all known to rely heavily on zooplankton
(Greenwood 1958). As expected, the 8'°N values for these fish are similar to one another, and to the
values observed for other secondary consumers (including Schilbe intermedius and Barbus bynni), while

these fish all had higher 8"°N values than the detritivorous tilapiine cichlids.

The piscivorous fish sampled included Bagrus bayad, Lates niloticus, Lates macrophthalamus, and
Hydrocynus forskahlii. The "°C values for B. bayad suggest the inclusion of benthic sources of primary
carbon, which is consistent with the published diet for this fish, which includes both small fish and insect
larvae from inshore areas (Greenwood 1958). Both L. niloticus and L. macrophthalamus had §"°N values
consistent with feeding on primary consumers, however one 70 cm long individual of L.
macrophthalamus had a much higher 8"°N value (11.1 %o) than any other fish sampled, suggesting that
this fish may be feeding on zooplanktivorous fish. Hydrocynus forskahlii also appeared to be consistently
piscivorous. Based on calculated trophic levels, all of the piscivorous fish sampled appear to be feeding
mostly on primary consumers, with some fish (particularly the largest L. macrophthalamus) feeding on
secondary consumers. Due to the lack of data on the range of 8'"°C values present in phytoplankton and
benthic “algae” from Lake Albert, it is particularly difficult to determine the source of differences in 8"°C

values in fish at this site.

3.4.3 Lakes Saka and Nkuruba Food Web Structure

The food web structures for Lakes Saka and Nkuruba were described, based on stable isotope analysis, by
Campbell et al. (2006). As for Lake Albert, my results were similar to those previously reported. In both

Lake Saka and Lake Nkuruba, the 8"°C values observed in fish closely reflect the range of values
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observed in phytoplankton in each of these lakes, suggesting strong reliance of these food webs on

pelagic primary production.

Zooplankton collected with an 80 um net had carbon and nitrogen isotopic ratios (calculated trophic
level of 2.0) consistent with a diet of phytoplankton, while zooplankton collected with an 153 pm net had
a calculated trophic level of 2.3, suggesting that these samples included both herbivorous and carnivorous
zooplankton. Chaoborus from this lake appears to be feeding on both phytoplankton and zooplankton in

their different instar stages.

For the three species of fish in the lake, 8'°N and §'°C values were very similar to those observed by
Campbell ez al. (2006). Based on 8"C values, all fish in Lake Nkuruba appear to be very strongly
dependent on planktonic primary carbon. With respect to 8'°N values, O. leucostictus tended to have
lower values than 7. zilli, indicating differences in the relative importance of primary producers and
primary consumers in the diet of these fish. Meanwhile, P. reticulata, a zoobenthivore (Campbell ef al.
2006), had 8"°N values consistent with its role as a secondary consumer, although given the low 8'"°C
values observed for this fish, the primary consumers upon which it feeds are likely primarily reliant on

pelagic primary production.

Campbell et al. (2006) found that in Lake Saka, L. niloticus occupied the top trophic position, but did
not appear to be relying on haplochromine cichlids as major prey, as they have done in the past in Lake
Victoria (Ogutu-Ohwayo 1990). The carbon and nitrogen isotopic ratios observed for fish from Lake Saka
in the current study are once again very similar to those observed by Campbell ef al. (2006). In the current
study, O. niloticus appears to be feeding on a range of dietary items including phytoplankton, detritus and
benthic invertebrates. Surprisingly, one Nile tilapia (O. niloticus) had a higher 8" °N value than the highest
value observed for L. niloticus, which may reflect feeding on fish eggs, or on higher trophic level benthic

invertebrates (which is supported by the high 8"°C value observed for this individual).

The haplochromine cichlids sampled in this study (4statoreochromis alluaudi as well as other
unidentified haplochromine cichlids) grouped together isotopically, although these fish occupied a broad
range of 8'°N and 8"°C values. The isotopic ratios observed within this group suggest that they are feeding
on a range of detritus, phytoplankton and primary consumers. While in some lakes Astatoreochromis
alluaudi is known to feed predominantly on molluscs, in Lake Saka, this species is known to feed on
insects, plant matter and possibly yolk-sac brood (Binning ef al. 2009). Meanwhile the other

haplochromines included are known to be mostly primary consumers (Campbell ef al. 2006). Lates
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niloticus had somewhat higher 8'"°N values than the other fish sampled, although there was a great deal of
overlap in "N between L. niloticus and haplochromine cichlids, indicating that L. niloticus in Lake Saka
do not feed exclusively on secondary consumers (e.g. haplochromine cichlids), but are incorporating
primary consumers into their diet as well. Also, both the 4. alluaudi and Haplochromis (?) spp. yolk-sac
brood had much lower 8"°C values than their parents or than bulk phytoplankton samples, likely as a
result of their high lipid content (lipids are known to have lower 8"°C values than muscle tissue, Post ez al.

2007).

3.4.4 Napoleon Gulf Food Web Structure

The food web structure of Napoleon Gulf based on stable isotope analysis was described by Campbell et
al. (2003). The current study included a wider range of species than previously sampled. With the
exception of Yssichromis laparograma, 1 sampled all species included in Campbell ef al. (2003), as well
as Astatoreochromis alluaudi, Bagrus docmac, Brycinus sadleri, Mormyrus kannume, Oreochromis

leucostictus, Oreochromis variabilis, Synodontis afrofischeri, and Synodontis Victoriae.

In eutrophic systems, benthic production is often greatly reduced (Vadeboncoeur 2003). In Napoleon
Gulf, the §"°C values observed in fish span a range that is comparable to that observed for phytoplankton
at this study site; which gives support to the expectation that the food web in this gulf is primarily
supported by planktonic primary carbon sources. The differences in 8"°C values in fish are likely a
reflection of the inherent seasonal and spatial variability in 8"C values in phytoplankton from Napoleon
Gulf, as well as differences in 8"°C between different phytoplankton taxa (which were not analyzed
separately). Also, spatial trends in both 8"C and §"N of particulate organic matter have been observed in
Lake Victoria, with higher 8"3C and lower 8'"°N values nearshore as compared to offshore; due to
differences in phytoplankton biomass, nitrogen fixation rates and mixing depths (Hecky ef al. 2010). It is
very likely that this pattern is also true for the other large lakes sampled (Albert and Edward). As such,
differences in stable isotopic ratios between species may reflect differences in preferred feeding locations.
Species with particularly enriched 8"°C values included B. docmac, M. kannume, the three Oreochromis
spp., R. argentea and T. zilli. Meanwhile B. sadleri, Haplochromis sp., L. niloticus, P. aethiopicus, and

the two Synodontis spp. had lower 8"°C values.

The three Oreochromis species sampled (O. leucostictus, O. niloticus and the rare O. variabilis) had
8"°N values consistent with a diet based on phytoplankton and detritus. Tilapia zilli had a calculated

trophic level of 2.5, suggesting a diet including phytoplankton/detritus as well as some primary
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consumers. Haplochromine cichlids from Napoleon Gulf appeared to have a dietary range consistent with

a diet mostly based on primary consumers.

Rastrineobola argentea had 8'"°N values that were below what would be expected based on obligate
zooplanktivory, which may suggest the inclusion of some lower 8"°N food sources, including
phytoplankton/detritus, or chironomids (which had 8"°N values comparable to phytoplankton in Napoleon
Gulf). Meanwhile Brycinus sadleri, a fish known to primarily consume chironomid pupae (Greenwood
1958), had a §"°N value consistent with feeding on low 8"°N chironomids. Isotopic ratios for Mormyrus
kannume grouped tightly together, with '"°N values suggesting a diet of primary consumers with a narrow
range in 8"°N and 8"°C values. Synodontis afrofischeri, S. Victoriae, and Astatoreochromis alluaudi are all
known molluscivores, with the Synodontis species known to include some insect larvae in their diets
(Greenwood 1958, Mbabazi 2004b). This published dietary characterization is consistent with calculated

trophic levels based on 8"°N values, which were close to 3 (secondary consumers) for all of these species.

Lates niloticus in Napoleon Gulf had 8'°N values consistent with feeding on primary consumers, with
little dietary incorporation of secondary consumers. This is similar to what was observed by Campbell et
al. (2003). Protopterus aethiopicus had a large range in 8"°N values, consistent with a range in prey from
invertebrates up to fish. One P. aethiopicus specimen had a calculated trophic level of 4.3, suggesting that
this fish was feeding on secondary consumers, likely haplochromine cichlids or juveniles of other species

(given that P. aethiopicus tend to eat smaller fish; Greenwood 1958).

3.4.5 Murchison Bay Food Web Structure

I am not aware of any study to date that has used stable isotope analysis to elucidate food web structure in
Murchison Bay in northern Lake Victoria. Both Napoleon Gulf and Murchison Bay have similar species
assemblages and many of the same species were sampled in both embayments. In Murchison Bay there
was a great deal of overlap in 8"°N values between the species sampled. As such, no obligate feeding
relationships emerged, and omnivory is likely very common in the bay. Many of the fish species in
Murchison Bay exhibited larger ranges in 8'"°N values than in Napoleon Gulf, which is possibly a
reflection of the broad range of 8'°N values (4.0-9.2 %o) observed in phytoplankton from Murchison Bay.
Also, it is possible that some fish had been feeding primarily outside of inner Murchison Bay, where there
may be different baseline 8'°N values due to reduced influence of anthropogenic nitrogen, and different

rates of atmospheric nitrogen fixation.
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Despite some species being known to rely more heavily on benthic sources of carbon, in Murchison
Bay all fish samples were depleted in "°C relative to phytoplankton (between 0.3 and 3.1 %o lower). This
may be a further indication of the movement of fish in and out of the inner bay. 8"°C values in the outer
bay would be expected to be lower (due to lower phytoplankton biomass and lower associated '>C-limited
photosynthesis than in the inner bay), and fish incorporating carbon from outside of the inner bay would
reflect this lower 8"°C source. All benthic invertebrates sampled in Murchison Bay had lower 8"°C values
than phytoplankton, although given that each of these organisms were sampled on only one occasion, this

difference may be due to the high variability in §'°C of phytoplankton from Murchison Bay.

The three species of tilapiine cichlids sampled (O. leucostictus, O. niloticus and T. zilli) had large
ranges in ' °N values, which could be attributable to differences in their degree of omnivory, as well as
differences in the relative amount of time spent feeding outside of the inner bay. The range of "N values
observed suggests that some fish sampled were feeding exclusively on phytoplankton, while others were
feeding more heavily on primary consumers. There were some fish with 8"°N values that were similar to
those observed for phytoplankton in the bay. This may be due to higher levels of feeding by these
individual fish on °N-depleted nitrogen-fixing cyanobacteria, which are known to be an important
component of the phytoplankton community in Murchison Bay (see Chapter 2, this thesis). Based on
calculated trophic levels, O. leucostictus and T. zilli appeared to incorporate more primary consumers in
their diet than did O. niloticus. Haplochromine cichlids in Murchison Bay had a calculated trophic level
consistent with a diet based on primary consumers, with the possibility of inclusion of some

detritus/phytoplankton in their diets.

As in Napoleon Gulf, Rastrineobola argentea had "N values that were lower than expected given that
it is known to be a zooplanktivore. However, I purchased these fish in the market and could not confirm
their catch location. If they were from outside of inner Murchison Bay, they may have lower 8N values
due to reduced incorporation of "N enriched anthropogenic nitrogen sources. Alternatively, they may be
ingesting phytoplankton in addition to zooplankton, given that the size range of cyanobacterial colonies

can overlap with that of zooplankton.

Calculated trophic levels for Synodontis afrofischeri were higher and more variable than for S. victoriae
in Murchison Bay. Both species exhibited a range in §'°N values that suggested that while some of these

fish were feeding mostly on primary consumers, others appeared to be feeding at a much lower trophic
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level. Given the extremely low 8'°N values observed for chironomids for Murchison Bay, it is possible

that these form an important source of food for some Synodontis.

Protopterus aethiopicus had a mean calculated trophic level of 2.8 in Murchison Bay, consistent with a
diet based on primary consumers, likely including both invertebrates and small fish. Lates niloticus
specimens from Murchison Bay had the largest range in 8'"°N values observed for any species sampled in
the bay and had calculated trophic level values ranging from 1.6-3.2. There are several factors that are
likely influencing this variability including ontogenetic dietary shifts, variability in baseline 8'°N within
inner Murchison Bay, and the importance of food sources from outside of the inner bay, where baseline

8N is expected to differ.

3.4.6 Lake Mburo Food Web Structure

Mbabazi et al. (2004) provided a description of the food web in Lake Mburo based on stable isotope
analysis, with results that were very similar to those found in the current study. Calculated trophic levels
for fish were consistent with the isotopic and gut content analysis results from Mbabazi et al. 2004, with
Clarias gariepinus, Bagrus docmac, Haplochromis (?) sp., and Protopterus aethiopicus approximately
occupying the role of a secondary consumer (TL of 3). Given the wide ranges in carbon and nitrogen
isotopic values observed for many of these species (particularly for C. gariepinus and P. aethiopicus), and
the overlapping values between species, omnivory appears to be common in Lake Mburo. The three
Oreochromis species sampled had 8"°N values that suggested a diet mostly of primary producers and
detritus, although the range in 8'°N values within these species suggests variable rates of dietary inclusion
of primary consumers by these fish (especially for O. niloticus). Also, based on 8"C values, O.
leucostictus appeared to be relying more on phytoplankton as compared to the other Oreochromis species,
whose enriched 8'°C signatures suggest inclusion of more C-4 detritus or benthic algae in their diet,
however, these fish may just be reflecting variability in phytoplankton 8'"°C values. In addition to O.
niloticus and O. esculentus, B. docmac and Haplochromis (?) spp., had mean 8"°C values that were
enriched relative to phytoplankton, while chironomids had 8"°C values that were depleted relative to

phytoplankton.

Three individual fish had isotopic signatures that were unexpected and very different from the other
fish observed. One O. niloticus had a very high 8'"°N value, which may be due to an individual dietary
preference for either high 8"°N invertebrates or possibly fish eggs. Meanwhile, one C. gariepinus and one

P. aethiopicus also had outlying stable isotopic ratios. Both of these fish had very depleted 8'"°C values
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relative to other fish or even the lowest values observed for phytoplankton, while the C. gariepinus had a
much higher 8"°N value than any other fish sampled. Given the flexible feeding habits of these fish, they
may have been consuming eggs from secondary consumers (although even feeding at this trophic level
would not account for the high 8"°N value observed for the C. gariepinus individual, which had a
calculated trophic level of nearly 5). In Lake Saka, I observed that haplochromine cichlid brood had much
lower 8'"°C values than their parents or other fish, which is likely to be the case in Lake Mburo as well,

given that brood are lipid rich, and lipids tend to be isotopically depleted relative to muscle tissue (Post ef

al. 2007).

3.4.7 Lakes George and Edward Food Web Structure

Lake Edward is one of the least studied large lakes of the world. To the northeast, Lake George, a shallow
hypereutrophic lake is connected to Lake Edward via the Kazinga channel. To my knowledge, stable
isotope analysis has not previously been used to explore food web structure in either lake. Comparing the
food web structure of Lakes Edward and George is of considerable interest given that although they have
very similar species assemblages (and are connected), the two lakes have very different limnological

characteristics (particularly with respect to morphology, chemistry and phytoplankton biomass).

In hypereutrophic Lake George, low light conditions will limit the spatial extent of benthic primary
production (Vadeboncoeur ef al. 2003), and as such, Lake George’s food web should be largely based on
planktonic primary production. Based on 8'"°C values, many fish from Lake George appear to be
incorporating carbon that is more isotopically enriched than the phytoplankton samples analyzed.
However, given the high variability of 8"°C in phytoplankton and the hypereutrophic conditions in Lake
George, which can lead to C-limited photosynthesis, a primarily planktonic diet cannot be discounted for
the apparently isotopically-enriched fish in this lake. It is also possible that some fish incorporate C-4
plant detritus from Lake George’s extensive papyrus wetlands. Mbabazi et al. (2004) found that fish in
Lake Mburo appeared to rely on a diet of both phytoplankton and some papyrus detritus, with papyrus
detritus tending to have similar 8"°C values and much higher 8'"°N values than phytoplankton. However,
given that I do not have live or detrital papyrus samples, the possible dietary inclusion of this C-4 plant is

difficult to confirm.

In Lake George, tilapiine cichlids all had isotopic signatures consistent with feeding on a mix of
phytoplankton, detritus and primary consumers. 8'"°N values for O. niloticus and O. leucostictus indicated

that some fish were likely feeding almost exclusively on primary producers, while others were reliant on
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primary consumers. Meanwhile, based on 8'"°N values, T. zilli and O. esculentus (a native tilapia) both

appeared to be feeding primarily on phytoplankton.

C. gariepinus and P. aethiopicus had very similar ranges in 8"°C and 8"°N. C. gariepinus is known to
feed on small fish, mollusks, insects and detritus, while P. aethiopicus is known to feed on small fish,
insects, and gastropods (Greenwood 1958). The range in 8'°N values observed for these fish was
consistent with their published diet, with dietary sources including fish, benthic invertebrates and detritus.
There was one P. aethiopicus and one C. gariepinus that had very depleted 8'"°C values when compared to
the rest of the food web, these fish also had higher 8"°N values. It is possible that these fish may have
migrated from L. Edward, where baseline 8'°N values tend to be higher and 8"°C values tend to be lower.
There are also some fish (including one each of C. gariepinus, O. niloticus, O. esculentus and T. zilli) that
have intermediate values of 8"°C, in between what is normally seen for Lake George and what was seen
for the two outlying fish described above. These fish may have spent time in both Lake Edward and Lake
George, or may be feeding preferentially on phytoplankton that is experiencing higher isotopic

discrimination against °C (or on primary consumers feeding on such phytoplankton).

Bagrus docmac from Lake George exhibited a narrow range of 8'"°N and 8"°C values, and appeared to
be feeding primarily on small fish with the inclusion of some primary consumers. The haplochromine
cichlids (including Haplochromis squamipinnis as well as unidentified Haplochromis (?) spp.) in Lake
George along with B. docmac were at the highest trophic level in the lake. Based on 8'"°N values,
piscivory appears to be common among Lake George’s haplochromine cichlids. H. squamipinnis is
known to eat small fish and insects (Mbabzi et al. 2004), a putative diet that is consistent with its 8"C and
8"°N isotopic values. In this lake, the range in 8'"°N for these fish is likely a reflection of the variability in
the proportion of the diet that is made up by fish. Based on 8"°N values and calculated trophic level, the
unidentified Haplochromis (?) sp. appears to be a tertiary consumer that is likely piscivorous based on the
food web sampled. One specimen of Haplochromis (?) sp. in Lake George that had a much higher §"°N
value than any other fish sampled, suggesting the dietary inclusion of other haplochromine cichlids, or

possibly of fish eggs.

In Lake Edward there was a very wide range in 8"°C values. This appears to be due to the influence of
inflowing water from Lake George via the Kazinga Channel, with baseline carbon and nitrogen isotopic
values in nearshore Lake Edward intermediate between the baseline values observed in Lake George and

those observed in offshore Lake Edward. As observed for Lake Victoria by Hecky et al. (2010),
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phytoplankton from nearshore Lake Edward tended to have higher 8"°C and lower 8'°N than in offshore
Lake Edward; likely due to differences in nutrient concentrations, phytoplankton biomass, and mixing
depth. The wide range in observed carbon and nitrogen isotopic ratios in Lake Edward’s food web
suggests that fish are relying on carbon from both nearshore and offshore sources, or are spending time
feeding in the Kazinga Channel or Lake George which have higher levels of phytoplankton productivity.
It is also possible that toward the enriched end of the 8'°C spectrum, fish may be consuming benthic algal
sources of carbon. However, given that in eutrophic lakes, benthic primary production is likely reduced,
and since the range in 8'"°C observed in fish is within the range of 8'°C observed for phytoplankton from
Lake Edward, phytoplankton likely dominates the base of Lake Edward’s food web, with fish that have

elevated 8"C values likely feeding primarily in the nearshore of the lake or the Kazinga Channel.

Based on 8'"°C values of fish in Lake Edward, isotopically enriched sources of carbon appear to be very
important for several species. In particular, B. bynni, B. docmac and P. aethiopicus are feeding primarily
on high 8"C carbon sources (either nearshore or possibly benthic), while O. niloticus, O. leucostictus,
haplochromine cichlids and C. gariepinus are more reliant on low 8"°C sources. For zooplankton, the
carbon source appeared to be entirely offshore and pelagic, and their 8'"°N values were consistent with

their role as a primary consumer.

Based on "N values, among tilapiine cichlids, both O. niloticus and O. leucostictus appeared to have
dietary ranges extending from exclusive consumption of phytoplankton/detritus, to exclusive
consumption of primary consumers. Barbus bynii appeared to rely more heavily on ">C enriched carbon
sources than many of the other fish sampled. These fish are known to feed on aquatic plants, mollusks
and insects (Greenwood 1958), however, based on their 8"°N signature, they appear to be relying

primarily on a diet of primary consumers, rather than a diet heavily based on aquatic plants.

P. aethiopicus, B. docmac, and C. gariepinus all have wide ranges in carbon isotopic ratios, suggesting
dietary variation between individual fish, which is consistent with their known omnivory (Greenwood
1958). Based on their high 8'°N values, these fish appear to be predominantly feeding on fish, or a mix of
invertebrates and fish. As in Lake George, the haplochromine cichlids had the highest 8'°N values
observed for the whole food web, suggesting a high degree of piscivory for both H. squamipinnis and
Haplochromis (?7) sp. Given that mean trophic level values for these cichlids are higher than TL = 4, it is

possible that their diets may include other haplochromines, or potentially fish eggs.
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Within the species sampled, individual fish exhibited a wide range of 8"°C and §"°N values, suggesting
intra-specific differences in feeding preferences with regard to location (particularly nearshore vs.

offshore) and prey.

3.4.8 Food Chain Length

The difference in 8"°N values (A 8"°N) between phytoplankton and the fish with the highest mean values
can provide an indicator of food chain length. A §"°N ranged from a low of 4.8 %o in Murchison Bay to a
high of 11.1 %o in Lake Edward (Table 3.3). While differences in A 8"°N values between lakes may reflect
real differences in food chain length, they may also reflect spatial differences in baseline 8"°N values and
differences in the trophic fractionation of stable nitrogen isotopes. Additionally, herbivory has been
shown to be associated with lower nitrogen isotopic fractionation than carnivory (Vander Zanden ef al.
2001), suggesting that where herbivory is common (e.g. in hypereutrophic lakes with many primary
consumers), lower isotopic fractionation may be expected. Aside from the confounding effects of
variability of baselines at the within lake level as well as differences in fractionation of stable nitrogen
isotopes, A 8'°N may reflect the prevalence of piscivory in top predators and the degree of omnivory in
these food webs. In Lakes Edward and George, where A 8'"°N values were particularly high, the top
predators appeared to be feeding very heavily on tertiary consumers (likely fish). While, in Murchison
Bay, the extremely low A 8"°N value may reflect either a high degree of omnivory in the top predators of
this lake, or preferential feeding on herbivorous fish by piscivores. However, due to the high variability of
phytoplankton 8'°N in Murchison Bay, and the fact that fish may be feeding outside of the sewage
enriched (high 8"°N) inner bay where phytoplankton samples were collected, it is difficult to be confident

that the 8'°N values that I am using as the “base” of the food web are accurate.

Food chain length can also be calculated as the number of trophic levels between primary producers
and top predators by assuming consistent isotopic fractionation of nitrogen from one trophic level to the
next. While this is somewhat artificial given that fractionation is known to vary widely both within and
between systems (Vander Zanden et al. 2001 and see above), 3.4 %o is a widely used value in the

literature that allows for between system comparisons.

There are several hypotheses concerning the factors that determine food chain length in aquatic systems
(see Post et al. 2000, Post et al. 2007, Vander Zanden ef al. 2007). Many studies have suggested that
available energy (productivity) limits the number of trophic levels (these studies are reviewed in Vander

Zanden et al. 2007). Ecosystem size has also been suggested as a predictor of FCL, where larger
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ecosystems support longer food chains (Vander Zanden et al. 1999, Post et al. 2000). The productive
space hypothesis suggests that food chains will be longer in lakes that have higher productivity x
ecosystem size (Schoener 1989, Vander Zanden et al. 2007). However, when the calculated food chain
lengths in the current study were regressed against productivity (both chlorophyll a and total phosphorus
concentrations; Table 3.1), ecosystem size (lake area; Table 3.1), and productivity x ecosystem size, no
statistically significant relationships emerged, suggesting that these factors are not important drivers of

food chain length in these lakes.

Vander Zanden ef al. (2007) explored global patterns in food chain lengths for lakes, streams and
marine systems, and found a mean FCL in lakes of 3.95 £ 0.5. In the current study, mean FCL was 3.5 +
0.5 trophic levels (range: 2.8—4.3), similar to that observed by Vander Zanden et al. (2007), although
slightly lower, which is consistent with the global study’s (not statistically significant) observation of
lower food chain lengths in the tropics than in temperate and arctic lakes (Vander Zanden et al. 2007).
This pattern is likely due to the prevalence of both herbivory and omnivory in these productive tropical
lakes relative to higher latitude lakes (Jeppesen et al. 2010), however the Ugandan ichthyofauna is known

to include several strongly piscivorous fish (Greenwood 1958).

3.4.9 Comparing trophic levels within species among lakes

As with calculated food chain lengths, calculated trophic levels may be strongly influenced by inaccurate
estimates of baseline organism 8'°N values and by isotopic fractionation rates that differ from the
assumed rate of 3.4 %o per trophic level for 8'°N. However, the ability to compare calculated trophic level
for a given species within sites is particularly appealing, as long as possible sources of error are not

ignored.

Differences in calculated trophic level between sites were observed for several species. For P.
aethiopicus, which had a higher trophic level in Lake George than in Murchison Bay, this may be due to
increased piscivory in Lake George as compared to Murchison Bay. However, in Murchison Bay, the
baseline 8"°N value was based on organisms collected in inner Murchison Bay, which receives "N
enriched sewage, while large mobile organisms may be feeding outside of the inner bay, where the effect
of sewage on 8"°N of phytoplankton is expected to be less pronounced. However, this is further
complicated by the opposite effect that mixing depth has on baseline isotopic ratios, with phytoplankton
from deeper-mixing offshore sites tending to have higher baseline 8'°N values than nearshore due to

decreased rates of atmospheric nitrogen fixation (Hecky ef al. 2010). This makes it difficult to ascertain
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whether differences in trophic level for a species between sites reflect dietary differences or differences in
8"°N baseline values for individual fish, which are overlooked by assuming a standard baseline value at a
study site. This may have been the case for S. victoriae, which had a higher calculated trophic level in
Napoleon Gulf than in Murchison Bay, even though they may have had identical diets in both
embayments. Similarly, the low calculated trophic levels for L. niloticus in Murchison Bay relative to
other sites could be indicative of time spent feeding outside of inner Murchison Bay rather than an actual
difference in trophic level. The high calculated trophic levels for L. niloticus from Lake Saka were likely
due to the dietary inclusion of haplochromine cichlids, which are small secondary consumers in Lake
Saka. This contrasts with L. niloticus in Lakes Albert, Murchison Bay and Napoleon Gulf, where these
fish seem to be feeding mostly on primary consumers. These observations are consistent with the results
of dietary studies in northern Lake Victoria, which have described a shift in a diet based primarily on
haplochromine cichlids to higher levels of omnivory and reliance on the prawn Caridina nilotica (Ogutu-

Ohwayo 1990).

The significant negative relationships between trophic level and total length for both O. leucostictus
and T. zilli, explain why for O. leucostictus calculated trophic level was highest in Lakes Albert and
Nkuruba, where fish were the smallest of any site. Similarly, 7. zilli were smallest in Lake Nkuruba, and
had the highest mean TL of any site. These fish may be feeding more heavily on benthic invertebrates
while at small sizes, and shifting to a diet based more heavily on phytoplankton and detritus as they grow.
However, another possible explanation for the negative relationship observed between calculated trophic
level and total length for these species is that the smaller fish were sampled in higher transparency lakes
(see Chapter 2, this thesis), where benthic primary productivity would be expected to be higher
(Vadeboncoeur et al. 2003). O. niloticus appeared to be feeding at lower trophic levels in Napoleon Gulf
and Murchison Bay than in Lakes Edward, Mburo or Saka. This may either be as a result of increased
dietary reliance on low 8'°N cyanobacteria, or in the case of Murchison Bay, may be due to feeding
outside of these embayments where there would be less influence of high 8"°N nitrogen from human

waste.

The differences in calculated trophic level (and total length) for the unidentified haplochromine cichlids
are likely due to the fact that I was sampling different species in the different lakes, with piscivorous
haplochromines in Lakes George and Edward (TL = 4), and fish with calculated trophic levels of
approximately 3 in the other lakes, but with likely differences in dietary preferences, size, and

morphology. The sizes and types of haplochromine cichlids caught in these lakes were also reflective of
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sampling style, with gill-nets used in Lakes Mburo, Edward and George, fish traps used in Lake Saka, and

primarily as by-catch from the Rastrineobola argentea fishery in northern Lake Victoria.

The strong (nearly 1:1) relationship between 8"°C of phytoplankton and 8'"°C of tilapiine cichlids across
all study sites suggests that tilapiine cichlids are strongly reliant on pelagic phytoplankton as a food
source. This is further supported by the strong relationship between 8'°N values of both phytoplankton

and tilapiine cichlids across lakes.

3.4.10 Ontogenetic dietary shifts

Some fish (such as Lates) are known to experience ontogenetic dietary shifts as they grow and are able to
consume larger prey, while others are not expected to experience such shifts (Campbell et al. 2003). For
all Lates spp. from all sites with the exception of Lake Saka, positive relationships between 8'°N and total
length suggested that these fish were shifting from lower trophic level prey to higher trophic level prey as
they grew. These relationships were not always statistically significant; however, regression slopes for
these relationships did not generally differ between sites. In Lake Saka, there was no relationship
observed between total length and 8"°N for L. niloticus, which suggests that in this lake these fish are not
experiencing significant dietary shifts with growth, however, only 4 individual fish were collected from
this lake, making it difficult to draw any conclusions about dietary shifts with growth. Also, as previously

outlined, in Lake Saka, L. niloticus appeared to have different dietary habits than at other study sites.

In Lake Edward, both P. aethiopicus and Haplochromis sp. experienced an increase in 8"°N values
with total length, likely due to increasing reliance on piscivory. A concurrent decrease in 8'°C values with
growth may also reflect that larger fish tend to rely more on food sources from offshore Lake Edward
than from the nearshore. These relationships were not observed in other lakes suggesting that this
relationship is not universal. In Lake Saka, the significant positive relationship between 8"°C and total
length for O. niloticus suggests that as these fish grow, they incorporate more "*C limited sources of
carbon in their diet (possibly benthic, or C-limited pelagic sources). In Lake Albert, where significant
positive relationships were observed between 8'"°C and total length (for L. macrophthalamus and S.
intermedius) there were few replicates, and the range in 8"°C values was not very broad (Table 3.2),
making it difficult to ascertain the importance of these observed relationships. However, these trends may
reflect an increase in reliance on nearshore carbon, which is likely to be enriched in BC relative to
offshore carbon as was observed in the current study for Lake Edward, and has been previously reported

for Lake Victoria (Hecky et al. 2010).
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The significant positive relationships observed between 8'"°N and total length for O. niloticus from
Lakes George, Mburo and Murchison Bay are possibly due to increasing dietary incorporation of primary
consumers, or more "N enriched phytoplankton as these fish grow. Based on differences in slopes of the
8'*N—total length relationships, in Murchison Bay, O. niloticus did not experience as rapid of a shift in
8"°N values with growth as in Lakes George and Mburo, which may reflect that as fish grow, they feed
more outside of the inner bay on lower 8"°N nitrogen sources, alternatively, they may be preferentially
ingesting N-fixing cyanobacteria in Murchison Bay. Given the differences between sites in the slopes and
directions of regressions between 8'°N and total length, there do not appear to be universal trends in

dietary shifts with growth among O. niloticus.

3.4.11 General Conclusions

The food webs observed for the Ugandan lakes included in this study had several general characteristics:
with the exception of Lakes George and Edward, predominantly piscivorous fish appeared to be rare,
meanwhile omnivory was very common, with few obligate feeding relationships observed. There were
also strong differences in baseline 8'°N and 8"C between sites. Differences in 8'°N were dependent on
several factors, including the influence of high '°N human waste, rates of atmospheric N-fixation by
cyanobacteria, and the prevalence of other nitrogen sources. Baseline 8'"°C values were largely dependent
on the degree of carbon isotopic fractionation during photosynthesis, with high phytoplankton biomass
and growth rates tending to lead to reduced isotopic discrimination during photosynthesis due to
instantaneous carbon limitation. This study would have benefitted from better characterization of stable
isotopic ratios in long-lived primary consumers, or more frequent measurements of phytoplankton in

order to determine reliable baseline values that account for strong spatial and temporal variation.

The sites included in this study were all eutrophic or hypereutrophic, with the exception of mesotrophic
Lake Nkuruba. Stable isotope ratios in fish generally reflected a dietary reliance on planktonic primary
production (with 8"°C values of phytoplankton spanning the range of the consumer food web at all study
sites), with no strong evidence that benthic carbon plays an important role in supporting these food webs.
This is consistent with the general expectation that in eutrophic lakes, benthic primary production tends to
be reduced due to high planktonic chlorophyll a, reduced transparency, and a concurrent decrease in
substrate that is adequately lit for benthic photosynthesis (Vadeboncoeur et al. 2003). Decreased

transparency can also increase the prevalence of omnivory through reducing the selectivity of foraging.
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Given the strong similarities in food web structure and dietary linkages observed in the current study
with previously reported results from Napoleon Gulf, crater lakes Saka and Nkuruba, Lake Mburo and
Lake Albert, there appears to be temporal stability in the food webs of these systems. While in Murchison
Bay, Lake Edward and Lake George this study provides important information about the aquatic food
webs at these sites which can help to inform fisheries management decisions and can act as a baseline to
which potential future changes in species assemblages or trophic relationships can be compared. Results
of stable isotope analysis and knowledge of food web structure in these lakes can also provide context for
the assessment of accumulation and trophic transfer of compounds including mercury (Chapter 4, this
thesis) and microcystin (Chapter 5, this thesis). The fact that in all study lakes (including mesotrophic
Lake Nkuruba), food webs appeared to be supported primarily by phytoplankton is of direct relevance to
the potential for food web exposure to microcystin. Given that in these study lakes Microcystis spp. (a
planktonic cyanobacterial taxa) appears to be the dominant microcystin producer (Chapter 2, this thesis),
the reduced importance of benthic trophic pathways in these lakes may reduce the ability of the consumer

food web to lower their exposure to microcystin through alternative feeding strategies.
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Table 3.1 Selected site characteristics of study lakes (all data in this table are taken from Chapter 2

of this thesis, with the exception of Lake Albert, where data are taken from Mugidde et al. 2007).

Total phosphorus and chlorophyll a concentrations for Lake Edward are for the offshore station.

These values were used to explore potential relationships between calculated food chain length

(FCL) and lake productivity and size.

Lake Areza Total Phosphorus Chlorophyll a
(km”) (ng/L) (ng/L)

Lake Albert 5600 323+24 192+34
Lake Edward 2325 58.9+9.2 213+£22.8
Lake George 250 186.5+26.2 138.0 £ 39.1
Lake Mburo 13 106.8 + 11.1 48.6 £ 10.1
Inner Murchison Bay (Victoria) 18 (66368) 100.3 +£22.5 96.5 +38.1
Napoleon Gulf (Victoria) 26.5 (66368) 60.0 + 16.2 247+ 184
Lake Nkuruba 0.03 35.6+8.6 6.2+2.2
Lake Saka 0.15 175.0 +32.2 89.0 +36.3
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Table 3.2 Results of stable isotope analysis and trophic level calculations for fish and food web
samples. Published diet is based on Greenwood (1958), and dietary items are labeled as follows: Ph:
photosynthesis, P: phytoplankton, Z: zooplankton, HNF: hetertrophic nanoflagellates, I: insects,
BI: benthic invertebrates, M: macrophytes, Mo: mollusks, F: fish, PB: benthic “algae”, D: detritus,
G: gastropods. Asterisks indicate that each replicate represents 5 fish pooled. Each benthic

invertebrate sample also represents several pooled individuals.

Name n  Code Published Diet 8N (%) 8"C (%) Trophic Level
p+sd p+s.d. p =+ s.d.
Lake Albert
Alestes baremose 1 Ab Z,1LF 8.9 -20.0 2.9
Barbus bynii 2 Bb M, Mo, 1 7.9-7.9 -19.9t0-19.2 2.6-2.6
Bagrus bayad 2 Bba F 8.6-9.4 -18.3t0-17.8 2.8-3.1
Brycinus nurse 13 Bnu V4 9.1+£0.3 -19.0+0.6 3.0+0.1
Hydrocynus forskahlii 2 Hf F 9.3-10.2 -18.6 to -18.6 3.1-33
Labeo horie 1 Lh D 8.1 -19.3 2.7
Lates macrophthalamus 4 Lm F, BI 94+0.9 -19.4+0.6 3103
Lates niloticus 6 Ln F,BL,Z, P 9.5+0.9 -19.1+0.6 3.1+0.3
Oreochromis leucostictus 2 Ol P,D 7.3-8.5 -19.0 to -16.1 2.5-2.8
Oreochromis niloticus 1 On P, D, BI 6.4 -18.5 2.2
Neobola bredoi 6 Rb zZ 8.7+04 -19.7+0.5 29+0.1
Schilbe intermedius 3 Si F, 1 8.6+0.2 -19.5+0.1 2.8+0.1
Tilapia zilli 6 Tz P,PB,D, M 6.60.7 -15.8+2.3 23+0.2
Lake Edward
Barbus bynni 9 Bb M, Mo, 1 8.6+0.7 -12.1+1.2 3.1+£0.2
Bagrus docmac 9 Bd BL F 114+1.5 -142+24 39+0.5
Clarias gariepinus 9 Cg F, Mo, I,D 9.7+13 -152+2.0 34+04
Haplochromis (?) spp. 6 H I 120+£1.6  -154+2.0 4.1+05
Haplochromis squamipinnis 10 Hs F, 1 126 +1.1 -16.2+2.0 43+03
Oreochromis leucostictus 4 0Ol P,D 65+04 -16.6 £0.9 2.5+0.1
Oreochromis niloticus 15 On P, D, BI 69+1.0 -17.1+£1.2 2.6+0.3
Protopterus aethiopicus 10 Pa I,G,F 92+0.8 -133+24 33+0.2
Nearshore phytoplankton 4 Pn Ph -1.4+£0.6 -11.3+24 1
Offshore phytoplankton 5 Po Ph 1.5+0.7 -19.0+2.8 1
Zooplankton (>80 um) 3 Zgo P, Z, HNF 4.0+0.9 -20.0+£2.8 1.7+£0.3
Zooplankton (>153 pm) 3 Z153 P, Z, HNF 45+0.7 -21.0+ 1.7 1.9+0.2
Lake George
Bagrus docmac 10 Bd BL F 8.3+0.7 -84+1.6 3.8+0.2
Clarias gariepinus 9 Cg F, Mo, I,D 62+1.2 -9.7+6.1 32+03
Haplochromis (?) spp. 7 H I 8.6+ 1.1 -7.1+£25 39+03
Haplochromis squamipinnis 6 Hs F, 1 74+1.1 -8.6+2.1 3603
Oreochromis esculentus 2 Oe P,D 2.8-2.9 -16.7 t0 -9.5 2222
Oreochromis leucostictus 6 0Ol P,D 3.6+£0.7 -10.1£2.1 25+0.2
Oreochromis niloticus 18 On P, D, BI 2.7+0.7 -59+£26 22+0.2
Protopterus aethiopicus 9 Pa I,G,F 6.8+ 1.0 -10.5+6.4 34+03
Tilapia zilli 1 Tz P,PB,D, M 3.0 -16.0 2.3
Phytoplankton 5 p P -13+04 -9.6+1.6 1



Name n Code  Published Diet 8"N (%o) 81°C (%) Trophic Level
p+sd p+s.d. p =+ s.d.
Chaoborus 1 c zZ 3.8 -9.4 2.5
Lake Mburo
Bagrus docmac 1 Bd BL F 6.0 -10.5 2.9
Clarias gariepinus 7 Cg F, Mo, I,D 72+24 -12.8+29 33+0.7
Haplochromis (?) spp. 10 H LZ,P 6.0+0.7 -10.8 £ 0.8 29+0.2
Oreochromis esculentus 10 Oe P,D 41+0.5 -10.6 £0.9 23+0.1
Oreochromis leucostictus 10 Ol P,D 4.1+0.6 -13.5+1.1 24+0.2
Oreochromis niloticus 15 On P, D, BI 48+1.5 -11.0+1.2 26+04
Protopterus aethiopicus 10 Pa I,G,F 63+1.7 -129+3.1 3.0+0.5
Phytoplankton 6 p Ph -05+0.2 -12.6+1.3 1
Chironomidae 1 ch P, D, BI 2.4 -14.3 1.8
Lake Victoria
(Murchison Bay)
Clarias gariepinus 1 Cg F, Mo, I,D 8.8 -18.7 23
Haplochromis (?) spp. 9 H P, 1 9.8+ 1.1 -16.7+ 0.8 26+03
Lates niloticus 18 Ln F,I,BL,Z,P 94=+1.6 -16.2+1.2 2.5+0.5
Oreochromis leucostictus 5 Ol P,D 8.5+1.1 -17.1+0.8 22+0.3
Oreochromis niloticus 24 On P, D, BI 7.7+1.5 -16.3+1.5 20+04
Protopterus aethiopicus 9 Pa I,G,F 105+1.1 -16.1+1.3 28+0.3
Rastrineobola argentea 1*  Ra zZ 8.6 -15.9 23
Synodontis afrofischeri 8 Sa Mo, BI 102+1.5 -17.0+ 0.6 2.7+0.5
Synodontis victoriae 7 Sv Mo, BI 9.0+0.8 -16.1+£2.3 24+0.2
Tilapia zilli 7 Tz P,PB,D, M 8.7+1.3 -17.0+1.5 23+04
Phytoplankton 21 p Ph 5610 -15.6+ 1.5 1.4
Zooplankton (>80 um) 1 Zgo P, Z, HNF 7.6 -15.3 2.0
Zooplankton (>153 pm) 1 Z)s3 P, Z, HNF 7.7 -15.3 2.0
Mayflies (Povilla) 1 g P,D 6.1 -19.1 1.5
Leeches 1 h BI 9.2 -17.3 24
Snails (Bellamya) 1 b P 7.7 -17.8 2.0
Chironomidae 1 ch P, D, BI 3.7 -17.6 0.8
Lake Victoria
(Napoleon Gulf)
Astatoreochromis alluaudi 1 Aa Mo 7.4 -16.0 2.8
Bagrus docmac 1 Bd BL F 9.3 -14.2 34
Brycinus sadleri 1 Bs I 6.5 -16.7 2.5
Haplochromis (?) spp. 8 H ILZ,P 7.6+0.7 -154+1.5 2.8+0.2
Lates niloticus 23  Ln F,I,BL,Z,P 7.9+1.0 -153+1.2 29+03
Mormyrus kannume 5 Mk BI 8.1+03 -14.6 £ 0.5 3.0+0.1
Oreochromis leucostictus 2 Ol P,D 43-4.6 -15.41t0-12.9 1.9-2.0
Oreochromis niloticus 24 On P, D, BI 4.6+0.7 -13.8+1.0 2.0+0.2
Oreochromis variabilis 9 Ov P,D 4.0+0.5 -14.5+£0.6 1.8+0.2
Protopterus aethiopicus 10 Pa I,G,F 82+ 1.7 -16.4+0.9 3.0+0.5
Rastrineobola argentea 5% Ra zZ 6.9+04 -14.0+0.8 2.6+0.1
Synodontis afrofischeri 3 Sa Mo, BI 8.3+0.1 -15.4+0.04 3.1+0.02
Synodontis victoriae 4 Sv Mo, BI 7.5+04 -16.9+0.3 2.8+0.1
Tilapia zilli 10 Tz P,PB,D,M 64+1.3 -13.6£ 1.5 25+04
Phytoplankton 10 p Ph 1.3+1.0 -16.9+2.5 1.0
Zooplankton (>80 um) 3 Zgo P, Z, HNF 53+04 -15.8+ 1.8 22+0.1
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Name n  Code Published Diet "N (%)  37C (%) Trophic Level
p+sd p£s.d. p+s.d.
Zooplankton (>153 pm) 3 Z153 P, Z, HNF 52+03 -153+2.0 22+0.1
Chironomidae 1 ch P, D, BI 2.8 -17.2 1.4
Lake Nkuruba
Oreochromis leucostictus 5 Ol P,D 6.1£0.6 -28.1+£09 2.6+0.2
Poecelia reticulata 1* Pr BI 7.9 -28.2 3.2
Tilapia zilli 9 Tz P,PB,M 75+13 -26.0+0.9 30+04
Phytoplankton 6 p Ph 0.5+0.5 -27.8+0.7 1.0
Epilithic Phytoplankton 1 Pb Ph 2.0 -11.3 1.4
Zooplankton (>80 um) 6 Zgo P, Z, HNF 39+0.8 -28.7+1.0 2.0+0.2
Zooplankton (>153 pm) 6 Z)s3 P, Z, HNF 51+05 -29.1+0.7 23+0.2
Chaoborus 1 c Z 5.8 -26.4 2.5
Snails 1 g P 3.0 -26.7 1.7
Lake Saka
Astatoreochromis alluaudi 10 Aa Mo 5.7+£0.7 -20.1+1.0 3.1+£0.2
Barbus neumayerii 1 Bn BI, M, D 5.7 -23.8 3.1
Haplochromis (?) spp. 10 H LZ,P 53+0.7 -20.5+0.8 3.0+0.2
Lates niloticus 4 Ln F 73+£0.4 -19.7+£0.3 3.6+ 0.1
Oreochromis niloticus 16 On P,D, 1 31+1.3 -189+0.8 24+04
Tilapia zilli 2 Tz P,PB,D, M 2.94.1 -21.2to -18.8 2.3-2.7
Phytoplankton 5 p Ph -1.6+£0.2 -20.7+ 1.5 1.0
A. alluaudi yolk-sac brood 1 aay Yolk 4.7 -21.9 2.9
Haplochromis (?) spp. yolk- 1 hy Yolk 36 5.0 31

sac brood
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Table 3.3 Summary of baseline and top predator organisms used in trophic level (TL) and food
chain length (FCL) calculations (see text for equations). “3'°N Range” refers to the difference

between the 8'°N values of top piscivores and of phytoplankton at a study site.

Baseline d"°N Food

Lake Baseline Organism Organism Top Predator Range Chain

Trophic Level (%0)  Length
Lake Albert Brycinus nurse 3 Not Determined ~ ~
Lake Edward Phytoplankton 1 Haplochromis squamipinnis ~ 11.1 43
Lake George Phytoplankton 1 Haplochromis spp. 9.9 3.9
Lake Mburo Phytoplankton 1 Clarias gariepinus 7.7 33
Murchison Bay  Zooplankton (153 pum) 2 Protopterus aethiopicus 4.8 2.8
Napoleon Gulf  Phytoplankton 1 Bagrus docmac 8.0 34
Lake Nkuruba  Phytoplankton 1 Poecelia reticulata 7.4 3.2
Lake Saka Phytoplankton 1 Lates niloticus 8.9 3.6

Table 3.4 Summary of significant relationships observed between §"°N, 3"C and total length (L).

Lake Species 8"Nvs. L rzadj P d°Cvs. L rzadj P
Albert L. macrophthalamus + 0.96  <0.05 + 0.99 <0.01
Albert S. intermedius + 0.99 <0.05
Edward Haplochromis sp. + 0.67  <0.05 - 0.72 <0.05
Edward P. aethiopicus + 0.64  <0.01 - 0.50 <0.05
George O. niloticus + 0.24  <0.05

Mburo O. niloticus + 0.27  <0.05

Murchison  O. niloticus + 0.22  <0.05

Napoleon L. niloticus + 0.40  <0.01

Nkuruba O. leucostictus - 0.73 <0.05
Saka O. niloticus + 0.35 <0.01

&9



- 4 a) Lm vc:] b) Cg
LnHin
2 L: 2 On
tn Pa
Ly Ban B,  Bba © Pa Pa
@ 7] B Ab " PaF'an
n i Bagn ol © Cg Cth .ﬁ‘cg
n" i Pa HH
Lh
©
Rb gy Bb opl o, PaO|@§l 09%8”
Tz < ol
ol ol Q5Pe
~ Tz 1z
o~ ch
On Tz
© - Tz
° P R P P
Tz p
T T T T T T T T T T
-20 -18 -16 -14 -20 -18 -16 -14 -12 -10
c Sa d Pa
SH I ) % Ln Pa Pa SE )
sa SBH oo ko °
S ¥ Sﬁ] H ip T Lnpgy - LnBd
T H & i‘ OrIT Eh Ln n, ’?-L L
’é‘ . §h§ On 3 © Pa s Rl '—Aﬂﬁ“‘ n
]
s n Fﬁ?ﬁs%ﬁ\’r@hrﬁa on s PNy Papa | TR THER
o - ol P a
pd on o © 2 EFZ On
i Tz T Gn & B B g on
v—ao n o ol Ov ol n ol Tz
© g Ln On On PP ®n < (Sgﬂmn(gqm" o
On ;9” P op P P OnOn
p
on PP PP o P »
+ - P P PPp P P
ch o P
T T T T T T T T T T T
-20 -18 -16 -14 -12 -20 -18 -16 -14 -12 -10
©
€) 2 f) Ly on
© P i H a Ln
- . a A
T7z © A a
T
P Bn Aa ra " A2pa
© B A Aa H
Jcax- LTI b Aa
215815 Tz < H Tz
< - 0 L FBp " orbn on
T2 On 9@" on  On
pg On
280 3V
o~ pb
p P
o - P o
g p pP
) o P
T T T T T T T T
-30 -25 -20 -15 -24 -22 -20 -18
13
8'3C (%0)

Figure 3.1 Graphical representation of food web structure using stable carbon and nitrogen
isotopic ratios for a) Lake Albert, b) Lake Mburo, ¢) Murchison Bay, d) Napoleon Gulf, e) Lake
NKkuruba, and f) Lake Saka. Codes used as labels are found in Table 2
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Figure 3.2 Graphical representation of food web structure using stable carbon and nitrogen

isotopic ratios for a) Lake George, and b) Lake Edward (with uncorrected 6N values). Regression

of 6N vs. 8°C for Lake Edward phytoplankton from nearshore (p.) and offshore (p.) sampling sites

is shown in panel ¢) (r’.; = 0.92, P<0.001). The slope of the regression was used to correct Lake

Edward 6"N values (see Equation 3.4 in text). Graphical representation of food web structure using

stable carbon and nitrogen isotopic ratios for Lake Edward with corrected 8“N values is shown in

panel d). Codes used as labels are found in Table 3.2.
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assumed increase in 8"°N of 3.4 %o per trophic level, the slopes of these regressions are all 3.4 %o /

trophic level.
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Figure 3.4 8"C values for a) phytoplankton and b) tilapiine cichlids from each study site (A=Albert,
E=Edward mean (En=Edward nearshore, Eo=Edward offshore), G=George, M=Murchison Bay,
Mb=Mburo, Na=Napoleon Gulf, Nk=Nkuruba, S=Saka).
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Figure 3.5 Linear regressions of a) 3"3C values of tilapiine cichlids against 3"C values of
phytoplankton (slope: 1.05, rzadj =0.93, P<0.001); and b) 3"°N values of tilapiine cichlids against
3N values of phytoplankton (slope: 0.67, rzadj = 0.68, P<0.05). Labels represent sites (A=Albert,
E=Edward, G=George, M=Murchison Bay, Mb=Mburo, Na=Napoleon Gulf, Nk=Nkuruba,
S=Saka). The data points represent mean isotopic ratios, while the error bars represent standard

deviation in isotopic ratios.
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Figure 3.6 Boxplots of trophic level for selected fish species among sites (site codes are the same as
in Figures 4 and 5). The centre of these boxplots represents median TL, the outside edges of the
boxes represent upper and lower quartiles, and the whiskers extend to the highest and lowest values

that are not outliers. Qutliers are shown as open circles.
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Figure 3.7 Regressions of 6N vs. total length for a) Lates spp. (L.m. is L. macrophthalamus, and L.n.

is L. niloticus) and b) Oreochromis niloticus from indicated study sites.
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Chapter 4
Bioaccumulation and biomagnification of mercury in several Ugandan

lakes: the importance of lake trophic status

4.1 Introduction

Globally, anthropogenic activities have led to an increase in the release of mercury to the environment;
and while industrial controls in Europe and North America have led to decreased emissions, on a global
scale total mercury emissions continue to rise due to increasing emissions from Asia, Africa and South
America (Pacyna ef al. 2006). In East Africa, biomass burning, coal combustion, metal processing, and
long-range atmospheric transport are expected to be important sources of mercury to aquatic ecosystems

(UNEP 2002, Campbell ef al. 2003a. AMAP/UNEP 2008).

Methyl mercury (MeHg) is a highly bioaccumulative neurotoxic compound that is known to
biomagnify through aquatic and terrestrial food webs. The majority of the total mercury in freshwater fish
muscle tissue is in the form of methyl mercury (Bloom 1992), and fish consumption is a dominant source
of mercury exposure to human (WHO 1990). Mercury concentrations in fish are influenced by a number
of factors, outlined in Chapter 1 of this thesis. In particular, the bioavailability of mercury in a system
(and methylation rates), the food web structure, the productivity of the system, and fish growth-rate and
life-span are likely to be important determinants of mercury concentrations in fish (Meili et al. 1991,
Cabana and Rasmussen 1994, Stafford and Haines 2001, Pickhardt et al. 2002, Kidd et al. 2003,
Herendeen and Hill 2004, Simoneau et al. 2005).

In order to understand the trophic transfer of contaminants in aquatic systems, it is critical to have a
comprehensive understanding of the underlying food web. It has been demonstrated that stable carbon
(8"C) and nitrogen (8'°N) isotope ratios can be used to characterize food webs and trophic interactions
(Peterson and Fry 1987, Fry 1991). A detailed outline of the principles behind the use of stable isotope
analysis in food web studies can be found in Chapter 3 of this thesis. Stable isotope analysis has been
successfully applied in food-web contaminant studies in several tropical, temperate and arctic systems
(Kidd et al. 1995, Atwell et al. 1998, Campbell et al. 2003a, Kidd et al 2003, Campbell et al. 2006,
Gantner 2009).

Mercury contamination has been well studied in temperate systems with low to intermediate primary

productivity; however, the behaviour of this contaminant in eutrophic tropical systems lacks the same
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level of understanding. This study includes several East African lakes that range from mesotrophic to
hypereutrophic and in size from small crater lakes to some of East Africa’s largest lakes. By including a
wide range of lakes, I seek to explore the factors that influence the accumulation and biomagnification of
mercury in tropical lakes, and that ultimately determine mercury concentrations in fish. In particular, the
inclusion of hypereutrophic tropical lakes where phytoplankton biomass and growth is high year-round
will hopefully provide insight into the potential for biomass and/or growth dilution of mercury (Meili
1991, Pickhardt et al. 2002, Herendeen and Hill 2004) in lakes such as these. Mercury concentrations in
fish have been previously reported for three of the eight study sites (Napoleon Gulf in northern Lake
Victoria, Campbell et al. 2003a; and the crater lakes Saka and Nkuruba, Campbell et al. 2006). However,
this study is the first that I know of that describes mercury concentrations in fish from the remaining five
study sites: the great lakes Albert and Edward, the smaller lakes George and Mburo (both of which
sustain important subsistence fisheries), and Murchison Bay (an embayment in northern Lake Victoria

that provides fish for export as well as water and fish for the most densely populated region of Uganda).

4.2 Methods

4.2.1 Sampling Methodology

Water and food web samples were collected from Lake Albert in April and May of 2007. Most of the fish
sampled from Lake Albert were collected at Kaiso, in the central eastern portion of the lake, using gillnets
set by Uganda’s National Fisheries Resources Research Institute. The remaining fish were purchased

directly from fishermen at Butiaba, in the northeast of the lake.

Water and food web samples from Lakes Edward, George, Mburo, Victoria (Murchison Bay and
Napoleon Gulf), Nkuruba and Saka were collected between September 2008 and February 2009. Fish

were purchased directly from fishermen and the general location of the catch was confirmed.

Water samples for analysis of total mercury (THg) were collected using trace-metal clean sampling
methods (U.S. EPA 2004) at approximately 15 cm below surface. Certified trace-metal clean glass bottles

were lowered to the sampling depth; then were opened, filled, and re-sealed at depth.

Subsamples of dorsolateral muscle tissue were taken from fish and were kept frozen until analysis in
Canada. Where fish were too small to isolate dorsolateral muscle tissue, whole fillets of axial musculature
were collected. Where this was not possible (generally when fish were less than 5 cm long), they were
analyzed whole. At all sites, plankton samples were collected using vertical net hauls (20 um mesh for

phytoplankton; 80 um and 153 pm for zooplankton), and samples were subsequently filtered onto
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precombusted quartz-fibre filters (nominal pore size 0.7 pm). Chaoborus was visually detected and
separated from zooplankton samples. Benthic invertebrates were collected using a Ponar grab. Plankton
and invertebrate samples were kept frozen until freeze-dried in Canada. Care was taken to avoid mercury

contamination during the collection and processing of all food web samples.

4.2.2 Sample Analysis

Total mercury concentrations in water samples were determined at the National Water Research Institute
(Burlington, Canada) using EPA method 1631 (U.S. EPA 1999). NIST 1641c was used as a standard and
was on average within 3.1 % of the expected value. Quality control acceptance criteria (U.S. EPA 1999)
were met for all sample runs, and it was not necessary to discard any sample data. The precision for
samples run in duplicate was on average = 9.7 % and the mean standard deviation for replicates within

study sites was + 0.07 ng/L.

Stable carbon (8'°C) and nitrogen (8'°N) isotopic ratios were determined for all fish and food web
samples as described in Campbell et al. (2003b). Stable isotope analysis was carried out at the
Environmental Isotope Laboratory at the University of Waterloo, and a detailed description of
methodology is found in Chapter 3 of this thesis. Mean standard deviations from expected values for
standard material are + 0.2 %o for 8"°C and % 0.3 %o for 8'°N. Mean standard deviations of samples run in
duplicate were = 0.05 %o for 8'"°C and + 0.21 %o for 8"°N. Detailed quality control information for stable

isotope analysis is found in Chapter 3 of this thesis.

Total mercury (THg) concentrations in biotic samples were determined according to EPA Method 7473
(U.S. EPA 1998), using a DMA-80 direct mercury analyzer at the National Water Research Institute in
Burlington, ON, Canada. Fish tissue was analyzed wet (with the exception of fish from Lake Albert,
where fish tissue was analyzed dry). All other biotic samples were freeze-dried prior to analysis.
Zooplankton material was gently scraped off of filters and analyzed, while phytoplankton filters were run
whole. Blank filters were also analyzed in order to account for the trace amounts of mercury present on
filters, and a filter blank correction of 0.03 ng Hg was applied. Dry-weight THg concentrations for fish,
invertebrates, and zooplankton/phytoplankton were converted to wet-weight concentrations using

conversion factors of 0.31, 0.25, and 0.1 respectively (Campbell et al. 2003a, Evans et al. 1996).

For THg analysis of biotic samples, standard reference materials (SRMs) were analyzed in each run in
order to determine between-run variability (SRMs included DORM-1, NIST 1556b, TORT-2, DOLT-2,

and orchard leaves). Data were used where reference materials were within = 10 % of certified value; and
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where this was not the case, samples were re-analyzed. Also, approximately one in every twenty samples
was run in duplicate to estimate variability within runs, and the mean coefficient of variation for

duplicated samples was 3.1 £ 2.8 %.

4.2.3 Calculations and Statistical Analyses

Trophic level (TL) was calculated for all biotic samples, using a standard trophic transfer enrichment
factor of 3.4 %o, based on sample 8'°N values relative to a baseline organism (from the same study site)
with an assumed well-defined trophic level (ideally a long-lived primary consumer with an obligate
feeding behaviour; Post 2002). Meanwhile, food chain length (FCL) was calculated for all lakes based on
the mean 8"°N value of the top predator (highest 8'°N) in the lake relative to the mean 8'°N value of a
baseline organism with an assumed trophic level. The equations and baseline/top predator organisms used

for TL and FCL calculations are outlined in Chapter 3 of this thesis (Table 3.3).

Phytoplankton bioconcentration factors (BCFs; the concentration of a compound in an organism
relative to the aqueous concentration of the compound in the environment) for THg were calculated for all
sites but Albert (where I did not have phytoplankton THg data) by dividing measured THg concentrations
in net phytoplankton (in ng/kg wet weight) by dissolved THg concentrations in water (in ng/L). Since
whole water samples were analyzed for THg, dissolved THg concentrations in water were estimated
based on whole water THg concentrations, THg concentrations in phytoplankton, and estimated

phytoplankton biomass (based on microscopy, Chapter 2, this thesis).

To quantify and compare biomagnification of mercury and the bioavailability and uptake of mercury at
the base of the food web in these lakes, I carried out linear regressions of log-transformed total mercury
(THg) concentrations against both 8'°N and calculated trophic level (TL) for fish. The regression slope
for log(THg) vs. "N has been widely used as a measure of the rate of biomagnification through the food
web in many studies from around the world (Kidd et al. 1995, Campbell et al. 2003a, Campbell et al.
20006), and is useful in the comparison of biomagnification between study sites. However, given that there
are often differences in the baseline 8'"°N values of lakes (see Chapter 3), although log(THg)-5""N
regression slopes are comparable between sites, regression intercepts are not. The regression of log (THg)
against calculated trophic level (TL) allows for more direct comparison of the movement of mercury
through the food web (indicated by regression slope) and uptake of mercury at the base of the food web
(indicated by y-intercept) between study sites, given that using calculated trophic level provides a

correction for differences in baseline 8'°N values between lakes.
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The slopes and intercepts of the log(THg)-TL regressions were compared between lakes using analysis
of covariance (ANCOVA). Trophic magnification factor (TMF) was calculated for each lake as follows:
TMF = 10°; where b is the slope of the log(THg)-TL regression for fish

To determine whether biomass or growth dilution was taking place, I explored the relationship between
the predicted log(THg) values at TL=1 (based on log(THg)-TL regressions) with total mercury
concentrations in water as well as chlorophyll a concentrations. I assume that these predicted values
represent time-integrated mean mercury concentrations at the first trophic level (primary producers).
Since sampling was only carried out on a monthly basis over six months of the year, mean measured
mercury concentrations in phytoplankton may not accurately integrate the range of values likely to occur
throughout the year. Also, since log(THg)-TL regressions were calculated using only fish, where MeHg
makes up most of the total mercury present (Bloom 1992), predicted phytoplankton mercury values at
TL=1 may more accurately reflect MeHg rather than THg concentrations in phytoplankton, given that
compared to fish much less of the mercury present in phytoplankton is in the form of methyl mercury. As
such, these predicted values will be referred to as “MeHg” rather than THg. This is valuable since MeHg
is more directly relevant for biomagnification than is THg. If biomass or growth dilution is taking place,
water THg concentrations will positively contribute to the predicted mercury concentrations at TL =1,
while chlorophyll @ should negatively contribute to the predicted concentrations. I also explored the
relationship between log(THg)-TL regression slopes and chlorophyll @ to determine whether trophic

status influenced biomagnification rate across study sites.

Linear regressions were carried out in order to determine whether there were relationships between
total mercury in different fish species and 8'"°C, "N, or total length within sites. All statistical analyses

were carried out using R, version 2.11.1 (R Development Core Team 2010).

4.3 Results

Mean total mercury concentrations in water from the study lakes ranged from 0.38 ng/L (in offshore Lake
Edward) to 1.30 (in Murchison Bay; Table 4.1). There was a strong positive relationship between mean
mercury concentrations in water and mean chlorophyll a concentrations (rzadj =0.75, P<0.001, n=9).
Results of stable carbon (8"°C) and nitrogen (8'°N) isotopic analysis are given in Table 4.2 and are

described and discussed in detail in Chapter 3 of this thesis.

There was a strong negative relationship between 8'°N and 8"°C of phytoplankton from Lake Edward,

primarily due to differences in stable carbon and nitrogen isotopic ratios between nearshore and offshore
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phytoplankton. To account for this trend in baseline values, a correction factor (outlined in Chapter 3) was
applied to 8"°N values for all fish and other biotic samples from Lake Edward. Corrected values were

used in all subsequent plots and calculations.

Site means for total mercury concentrations in phytoplankton ranged from 1.9-3.1 ng/g (wet weight),
and THg values in zooplankton overlapped with those observed for phytoplankton (1.1-4.5 ng/g wet
weight) (Table 4.2). Bioconcentration factors for THg in phytoplankton ranged from 1465-8026 L/kg (on
a wet weight basis), and were negatively related to chlorophyll a concentrations (P<0.01, rzadj =0.59,
Figure 4.1). Benthic invertebrates exhibited a wide range in THg values, with concentrations generally
exceeding those observed for phytoplankton and zooplankton. Mean THg for mollusc tissue collected
from Lake Albert ranged from 6.4—40.9 ng/g wet weight. In Murchison Bay, mayflies, leeches and
chironomids had THg concentrations of 5.9, 10.7 and 14.3 ng/g respectively; while chironomids from

Napoleon Gulf had THg concentrations of 17.1 ng/g wet weight (Table 4.2).

Total mercury concentrations in fish (Table 4.2) ranged from 0.8 ng/g (in an individual O. niloticus
from Lake George), to a maximum of 855 ng/g (in an individual Haplochromis squamipinnis from Lake
Edward). Individual fish with THg concentrations exceeding 200 ng/g (WHO guideline for at-risk
populations) were observed in Lake Albert (Lates macrophthalamus and Lates niloticus); Lake Edward

(Bagrus docmac, Clarias gariepinus and H. squamipinnis), and in Napoleon Gulf (Synodontis victoriae).

To determine overall differences in THg in fish between sites, I compared mean THg concentrations
among sites on a species by species basis (using direct comparison of concentrations as well as analysis of
variance). I found that concentrations tended to be highest in Lake Albert followed by Lake Edward, were
often intermediate in Murchison Bay, Lake Nkuruba and Napoleon Gulf, lower in Lakes Mburo and Saka,

and were generally lowest in Lake George (Figure 4.2, Table 4.3).

Within sites, several fish species exhibited increasing mercury concentrations with increasing total
length (using log-transformed THg data), including all of the species indicated above as occasionally
having THg concentrations that exceed 200 ng/g. These relationships are summarized in Table 4.4. Many
other species of fish at all sites also showed positive, albeit not statistically significant, trends for this
relationship. Based on analysis of covariance (ANCOVA), for L. niloticus, the slopes of the
log(THg)~total length (L) regressions are not significantly different for Lake Saka, Napoleon Gulf, or
Murchison Bay. Meanwhile, the log(THg)~L regression slope for L. niloticus from Lake Albert is higher

than the three other sites where L. niloticus was present. Given that there were no consistent log(THg)-
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total length relationships within all species or across all sites, mercury data have not been normalized to a

standard length.

Log-transformed THg values in fish were significantly negatively related to 8'°C for fish from several
of the study sites, including Lake Albert, Lake Edward, Lake George, Lake Mburo, Napoleon Gulf and
Lake Saka (Figure 4.3, Table 4.5). This relationship was not observed in Lake Nkuruba or in Murchison
Bay (Figure 4.3, Table 4.5).

Slopes for regressions of log-transformed total mercury concentrations against 8'°N ranged from 0.08
to 0.22 (Figure 4.4, Table 4.6). Regressions of log-transformed total mercury concentrations against
calculated trophic level were also used to quantify the biomagnification of mercury through the food webs
of the study sites. Baseline 8" "N values differ between lakes due to differences in anthropogenic inputs of
nitrogen and atmospheric nitrogen fixation rates (see Chapter 3 for a detailed treatment of baseline 8'"°N
in these systems). In using calculated trophic level rather than 8"°N in these regressions, I am able to
correct for these differences in baselines, allowing direct comparison of both regression slope and
regression intercepts. For all sites, significant positive relationships were observed between log(THg) and
calculated trophic level (Table 4.6). Trophic magnification factors (TMFs) for total mercury, calculated
based on the slope of the log(THg)-TL regression for a study site, ranged from 1.89 to 5.58 (Table 4.6).

ANCOVA analyses comparing log(THg)-TL regression slopes revealed two distinct groups of sites
(Figure 4.5). Slopes for Lake George, Lake Mburo, Murchison Bay and Lake Saka (Group A) did not
differ significantly from one another. Meanwhile regression slopes for Lake Albert, Lake Edward, Lake
Nkuruba and Napoleon Gulf (Group B) were all significantly higher than those observed for the previous
group of sites and were not significantly different from one another. Across all sites, the slope of the
log(THg)-TL regressions was negatively related to chlorophyll a concentrations at the P<0.1 level. The
regression equation was as follows:

log(THg) vs. trophic level slope =
0.572 - 0.003(Chlorophyll a)
("2 = 0.41, P<0.1, n="7)

Given that comparison of intercepts in ANCOVA requires that the slopes not be significantly different
from one another, regression intercepts were compared within the two groups of sites (group A and group
B). Within group A, Murchison Bay had a significantly higher y-intercept than the other two sites. Within

group B, there were no significant differences in y-intercepts between sites.
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In considering whether biomass dilution was taking place, I found that predicted “MeHg” values at TL
=1 (based on log(THg)-TL regressions) were not significantly related to mercury concentrations in water
or to chlorophyll a concentrations. However, when a multiple linear regression was carried out, together,
mercury concentrations in water and chlorophyll a concentrations explained 92.7 % of the variability in
the predicted mercury concentrations in primary producers. The overall relationship was significant at the
P<0.05 level, while the beta-coefficients for both THg in water and chlorophyll a were significant at the
P<0.001 level. The resulting regression equation was as follows:

predicted “MeHg” at TL 1 =
-2.248 + 11.291(THg in water) — 0.063(Chlorophyll a)
(g = 0.93, P<0.01, n=8)

4.4 Discussion

4.4.1 Mercury in Water

At all study sites, total mercury concentrations in water were very low, ranging from 0.38—1.3 ng/L. In
Napoleon Gulf, measured THg concentrations in water (Table 4.1) were generally lower than those
previously reported for the gulf by Ramlal ez al. (2003) and Campbell et al. (2003a), both of whom used
comparable analytical methods. However, my sampling station was near the entry to the Buvuma
Channel, where Campbell et al. (2003a) observed the lowest mercury concentrations (0.7 ng/L, very
similar to my observed concentrations). Meanwhile, Ramlal et al. (2003) collected water samples from
Bugaia Island, where Campbell et al. (2003a) also observed elevated mercury concentrations relative to
many of their other sampling stations. To my knowledge, THg concentrations in water have not

previously been reported for the remaining study sites.

The highest total mercury concentrations in water (Table 4.1) were observed in Murchison Bay, which
is likely attributable to the region’s dense urban and industrial development as well as the inflow of
wastewater from Uganda’s capital city, Kampala (Haande ef al. 2010). Although Lake George is located
primarily within Queen Elizabeth National Park, given the history of nearby copper mining and heavy
metal contamination in Lake George (Denny et al. 1995, Lwanga et al. 2003), it is not surprising that
Lake George had THg concentrations that were close to those observed in Murchison Bay. THg
concentrations were lowest in offshore Lake Edward, which is surrounded by largely undeveloped
protected areas and is unlikely to be strongly affected by local anthropogenic activities. Meanwhile,

mercury concentrations at the nearshore Lake Edward study site (where the Kazinga Channel enters Lake
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Edward from Lake George) were intermediate between those observed in Lake George and those in
offshore Lake Edward as might be expected with the strong hydrological connection between Lake
George and the nearshore Lake Edward site. The elevated mercury concentrations at the nearshore site
relative to the offshore site suggest the possibility of mercury inputs to Lake Edward from Lake George
or the Kazinga Channel. However, concentrations at all study sites were nevertheless quite low (never

exceeding 2 ng/L), suggesting low levels of direct mercury contamination of water.

I observed a strong positive relationship between total mercury concentrations in water and chlorophyll
a concentrations; however, I did not observe a correlation between phytoplankton bound THg (in ng/L,
calculated from measured THg in phytoplankton and phytoplankton biomass) and THg in whole water
samples, suggesting that this relationship is not a reflection of differences in the amount of
phytoplankton-bound mercury included in these samples. One possibile explanation is that when
anthropogenic input of nutrients and resultant algal biomass are high, there may also be increased
anthropogenic input of mercury. There are several other factors that may also act to determine mercury
concentrations in water, including the extent of wetlands, stratification, mixing, and site depth. In
particular, shallow non-stratified sites (including Murchison Bay, Lake Mburo, Lake George and Lake

Saka) are more likely to experience frequent re-suspension of sediment-borne mercury.

4.4.2 Mercury in Plankton and Benthic Invertebrates

Total mercury concentrations in phytoplankton were low, and bioconcentration factors for phytoplankton
(range: 1465-8026 L/kg wet weight, or log-transformed BCF: 3.2-3.9) were generally an order of
magnitude lower than other reported values for THg (Watras and Bloom 1992, Chen et al. 2000). This
difference may be due to reduced mercury in phytoplankton due to growth dilution and/or biomass
dilution in these productive tropical lakes, or differences in the proportion of THg that is in the form of
methyl mercury. It is also important to note that I estimated dissolved THg concentrations based on whole
water THg and phytoplankton-bound THg; if an appreciable amount of the THg pool in the whole water
samples was bound to non-phytoplankton particulate matter, phytoplankton BCFs may be underestimated.
The significant negative relationship that I observed between phytoplankton THg bioconcentration factors
and chlorophyll @ may reflect reduced mercury concentrations in phytoplankton relative to water due to
either growth or biomass dilution. It is particularly difficult to determine whether growth or biomass
dilution is primarily responsible for differences in mercury concentrations at the base of the food web,

and indeed these processes are not likely to be mutually exclusive.
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Total mercury concentrations in zooplankton largely overlapped with those determined for
phytoplankton (Table 4.2). This overlap in concentrations may be due to the fact that for plankton
samples, mass analyzed as well as mercury concentrations tended to be very low (and often approached
the methodological detection limit). However, this is also likely a reflection of the high intrinsic

variability (both spatial and temporal) in mercury concentrations in plankton.

In Lake Albert, molluscs had THg concentrations that were comparable to those observed for fish
species with calculated trophic levels close to 2 (including O. niloticus, O. leucostictus, and T. zilli),
which is consistent with their known trophic position as primary consumers. However, there was a great
deal of variability in total mercury concentrations both within and between species for molluscs from
Lake Albert (Table 4.2). This is likely due to the low number of replicates, and the lack of a

representative size range within species.

In Murchison Bay, mayflies (Povilla sp.) had very low total mercury concentrations, consistent with
their expected diet of phytoplankton and detritus (Roy and Sharma 1982). Meanwhile, leeches had low
THg concentrations despite the fact that they are known to feed on benthic invertebrates and their
calculated trophic level approached that of L. niloticus and was equal to that of S. victoriae, species which
both had much higher THg concentrations than the leeches sampled. Low mercury concentrations in
leeches relative to other benthic invertebrates have been observed in several studies from temperate
systems (summarized in McNicol ef al. 1997). Also, given that leeches were only collected from
Murchison Bay on one occasion, this may be a reflection of seasonal mercury concentrations in prey (see
Sarica ef al. 2005 for an example of rapid changes in mercury concentrations in temperate leeches).
Chironomids from Murchison Bay had THg concentrations that were comparable to those observed in
other primary consumers from the same site (e.g. tilapiine cichlids). However, in Napoleon Gulf, THg in
chironomids generally exceeded the concentrations observed in other primary consumers (including O.
leucostictus, O. variabilis, and T. zilli). Chironomids are known to have diverse feeding habits (Pinder

1986), and these differences may reflect differences in the species collected at each site.

4.4.3 Mercury in Fish

Published total mercury concentrations in fish are available for several species of fish from Napoleon
Gulf (Campbell et al. 2003a, Ramlal et al. 2003), Lake Nkuruba and Lake Saka (Campbell et al. 2006).
To my knowledge, mercury concentrations in fish have not been reported in detail for the remainder of

the study sites.
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In comparing THg concentrations in fish observed in the current study with observations made by
Campbell et al. (2003a), I find that while in both studies reported concentrations for Rastrineobola
argentea that were very similar, for most species for which comparisons were possible, THg
concentrations in the current study tended to be lower than those observed by Campbell et al. (2003a)
(Figure 4.6). Species for which this was the case included: Haplochromis (?) spp., T. zilli, P. aethiopicus,
O. niloticus, and L. niloticus. There are several factors that may be responsible for this difference in
observed THg concentrations: mercury inputs to Napoleon Gulf may have decreased, primary
productivity in Napoleon Gulf may have increased (leading to biomass dilution of mercury), or these
differences may reflect differences in methodology (in Campbell et al. (2003a) fish were oven-dried prior
to analysis and analyzed using different methodology). Also, in the case of Haplochromis (?) spp., it is
possible that different species of haplochromine cichlids (with different dietary exposures to mercury)
may have been included in the two studies. These differences do not appear to be due to differences in the
size of sampled fish between studies, given that when O. niloticus and L. niloticus from the current study
are divided into the same size classes used by Campbell et al. (2003a), across all size classes THg
concentrations are still lower in the current study. Also, based on stable isotope analysis there does not
appear to have been an obvious change in food web structure in Napoleon Gulf (see Chapter 3). Campbell
et al. (2003c) observed a decline in sedimentary mercury in two sediment cores from Lake Victoria (one
nearshore and one offshore) that appeared to begin in the 1980’s, although the study was not able to
determine whether this was due to a decline in mercury inputs to the lake, or to an increase in
sedimentation rate due to eutrophication of the lake. Given that mercury concentrations in water and fish
from Napoleon Gulf were lower than in samples collected in the late 1990’s by Campbell ef al. (2003a)
and Ramlal et al. (2003), there seems to be some evidence that mercury concentrations in Lake Victoria
are declining. Although reduced mercury concentrations in fish may also reflect increased

biomass/growth dilution of mercury due to increased primary productivity.

Several additional species, not previously sampled for Hg analysis, were included in the current study.
For example, in addition to O. niloticus, three other tilapiine cichlids were sampled, including the rare
native tilapia O. variabilis as well as O. leucostictus and T. zilli. While THg concentrations were fairly
similar among all four of the tilapiine cichlids sampled, the differences in THg concentrations between
species were consistent with differences in calculated trophic levels for these species. 7. zilli had both the
highest calculated trophic level and the highest mercury concentrations, while O. variabilis and O.
leucostictus had the lowest calculated trophic levels and mercury concentrations, and O. niloticus had

intermediate values. Some of the highest THg concentrations observed for fish from Napoleon Gulf were
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in fish that have not been included in previous studies, including Bagrus docmac, Brycinus sadleri,
Mormyrus kannume, Synodontis afrofischeri, and Synodontis victoriae. All of these species are generally
secondary consumers. With the exception of the largest specimen of S. victoriae, with THg of 340.9 ng/g

wet weight, no fish in Napoleon Gulf exceeded the WHO guideline for at-risk populations of 200 ng/g.

THg concentrations in fish have been documented for several regions of Lake Victoria including
Napoleon Gulf near the Buvuma Channel (Campbell ef al. 2003a), Thruston Bay in Napoleon Gulf
(Campbell et al. 2004), and Winam Gulf, in Kenya (Campbell ef al. 2003a). However, mercury
concentrations in the food web of Murchison Bay (in northern Lake Victoria) have yet to be reported,
despite the high degree of anthropogenic influence on this embayment by the city of Kampala and the
large commercially and locally important fishery sustained by these waters. THg concentrations in fish
from Murchison Bay were very similar to the concentrations observed in Napoleon Gulf, with only O.
leucostictus having a statistically significant difference in THg concentrations between the two
embayments (on average this species had higher mercury concentrations in Murchison Bay than in
Napoleon Gulf). The species composition and food web structure of Murchison Bay is fairly similar to
that of Napoleon Gulf (see Chapter 3, this thesis). Given that mercury concentrations in water are higher
in Murchison Bay than in Napoleon Gulf, I expected that mercury concentrations in fish would similarly
be higher in Murchison Bay; however, this was not the case. This may be due to differences in the
availability of MeHg in each embayment, differences in phytoplankton biomass and growth rate
(Murchison Bay is hypereutrophic and Napoleon Gulf is not), or to differences in biomagnification rate

(higher in Napoleon Gulf, Figure 3.5).

I found that among fish from Murchison Bay, the highest THg concentrations were observed in L.
niloticus, Synodontis spp., R. argentea, and some individual haplochromine cichlids. These enriched
mercury concentrations are consistent with the relatively high calculated trophic levels for these fish,
indicating that fish feeding higher on the food web tended to have higher mercury concentrations. The
one exception to this trend was P. aethiopicus, which despite high calculated trophic levels in both
Murchison Bay and Napoleon Gulf, tended to have low mercury concentrations. One possible explanation
is that P. aethiopicus from Lake Victoria that were included in this study were generally caught in the
nearshore in mats of water hyacinth (Eichhornia crassipes). Campbell et al. (2003a) found low THg (and
low proportions of MeHg) in water from a water hyacinth dominated site in Napoleon Gulf relative to
other areas of Napoleon Gulf, suggesting that these macrophytes may act locally to reduce mercury

concentrations in both water and food webs.
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While only a few fish from Napoleon Gulf had mercury concentrations that exceeded the WHO
guideline for at-risk populations of 200 ng/g, there were no fish from Murchison Bay that exceeded this
limit. It should be appreciated and noted that the WHO guidelines assume a certain intensity of fish
consumption that may be exceeded by individuals or even communities that rely on fish as a major
portion of their dietary intake. However, Campbell et al. (2003a) concluded, that in general, risk of
mercury intoxication from consuming Lake Victoria fish was quite low, and the results of the current

study are in agreement with this assessment.

Mercury concentrations in fish and food web samples were reported for the western Ugandan crater
lakes Saka and Nkuruba by Campbell et al. (2006). For all fish species sampled in Lake Nkuruba, the
THg concentrations observed in the current study are similar to, although generally lower than, those
observed previously (Figure 4.6). Meanwhile, in Lake Saka, 4. alluaudi had very similar concentrations
between studies. Meanwhile, B. neumayerii, Haplochromis (?) sp. and O. niloticus all had higher
concentrations in the current study than those observed by Campbell ez al. (2006). On the other hand, in
the Campbell ef al. (2006) study, L. niloticus were found to have higher THg concentrations than I
observed. However, it is important to note that sample sizes for some species were very small in both

studies, or differed greatly between studies, making unbiased comparisons difficult.

Although Campbell ef al. (2005) published a detailed account of the food web of Lake Albert based on
stable isotope analysis, no concentrations of mercury in fish have been published for Lake Albert to date.
In the current study, mercury concentrations in fish from Lake Albert were generally higher than those
observed in other lakes, with the highest concentrations observed in L. macrophthalamus and L. niloticus,
consistent with their roles as top predators. Intermediate concentrations were observed in the
zooplanktivorous Neobola bredoi, and Brycinus nurse as well as the invertivore Schilbe intermedius and
the cichlid Thoracochromis mahagiensis. Tilapiine cichlids (including O. leucostictus, O. niloticus and T.
zilli) along with Hydrocynus forskahlii had the lowest observed THg concentrations in Lake Albert.
While it is not surprising that the detritivorous tilapiine cichlids exhibited low mercury concentrations, H.
Jforskahlii is a known piscivore (Campbell ef al. 2005), which would be expected to have high mercury
concentrations. However, given that only two very small juveniles were sampled (n=2, total length range:
9.5-13.9 cm), these results do not accurately reflect mercury concentrations in this species. Mercury
concentrations in both Lates species occasionally exceeded the WHO guideline for populations at risk of
200 ng/g wet weight, while one individual L. niloticus (total length (L) = 52.8 cm) had a THg

concentration of 609 ng/g w.w, exceeding the acceptable limit for international markets of 500 ng/g.
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Lake Mburo is located within a national park, and is surrounded by extensive papyrus wetlands. There
is very little anthropogenic interference in the lake basin and the lake is hypereutrophic (Mbabazi ef al.
2004). Total mercury concentrations in fish from Lake Mburo were very low (the highest concentration
measured was 32.2 ng/g wet weight, in C. gariepinus). Higher concentrations were observed in fish that
are known to feed on invertebrates and occasionally small fish (B. docmac, C. gariepinus, Haplochromis
(?) sp., and P. aethiopicus; Greenwood 1966). Meanwhile, mercury concentrations in the three species of
Oreochromis sampled, which are all known to feed heavily on phytoplankton and detritus (Greenwood
1958) were generally lower than in other species from Lake Mburo. Total mercury concentrations in fish
from Lake Mburo were generally higher in organisms feeding at higher trophic levels, based on both

published fish diet and results of stable isotope analysis.

Fish from Lake George also had very low mercury concentrations. The highest concentrations (18.8 +
24.3 ng/g) were observed in the piscivorous Haplochromis squamipinnis, while intermediate
concentrations (mean THg from 4.4-5.8 ng/g) were observed in B. docmac, C. gariepinus, Haplochromis
(?) sp., and P. aethiopicus. The tilapiine cichlids (including three species of Oreochromis and T. zilli) had

the lowest mercury concentrations of all fish sampled.

Despite being connected to Lake George via the Kazinga Channel, and having a very similar species
assemblage and food web structure, total mercury concentrations in fish from Lake Edward were much
higher than those observed in the same species in Lake George. This is in spite of the fact that THg
concentrations in water from Lake George exceeded those observed in Lake Edward. In fact, the highest
mercury concentrations in fish collected from all study sites were for H. squamipinnis from Lake Edward
(mean of 188.3 = 254.4 ng/g, range: 13.7-855.3 ng/g). Meanwhile, intermediate mercury concentrations

were observed in B. docmac, C. gariepinus, and Haplochromis (?) sp..

H. squamipinnis, B. docmac, and C. gariepinus all occasionally exceeded the WHO guideline for
populations at risk of 200 ng/g. The largest H. squamipinnis collected had a mercury concentration of
855.3 ng/g, which exceeds the acceptable limit for international markets. Similar to several other study
sites, the lowest mercury concentrations were observed in the detritivorous O. leucostictus and O.
niloticus. Unlike Lakes George or Mburo, but as in the two Lake Victoria study sites, P. aethiopicus in
Lake Edward had very low mercury concentrations (comparable to those of primary consumers) despite

having a high mean calculated trophic level.

When THg concentrations in fish were compared between sites at the within species level, fish from

Lakes Albert and Edward tended to have the highest THg concentrations of all study sites. These large
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lakes are not impacted by urban areas or industrial developments and are characterized by low mercury
concentrations in water. Consequently, anthropogenic inputs of mercury are not likely to be the source of
elevated mercury concentrations in fish. At the other end of the spectrum, Lake George has a known
history of heavy metal contamination due to copper mining activities, and had the second highest
observed mercury concentrations in water; however, THg concentrations in fish were the lowest of all
sites. These trends may reflect differences in the diet of a species between sites, differences in the
accumulation of mercury at the base of the food web (due to biomass/growth dilution and mercury
bioavailability), and differences in biomagnification rate. In addition to having the lowest mercury
concentrations in fish, lakes Saka, Mburo and George are also all small, shallow lakes with extensive
wetlands, which may influence the availability of mercury. Given that the lakes with the highest mercury
concentrations in fish tended to have lower phytoplankton biomass (as measured by chlorophyll @) than in
hypereutrophic lakes, biomass/growth dilution of mercury may play an important role in determining

mercury concentrations in fish.

4.4.4 THg vs. Fish Length

Positive relationships between total length (L) and mercury concentrations are often observed within
species of fish (MacCrimmon et al. 1983). These relationships are attributable to two processes: some fish
species experience ontogenetic dietary shifts, where they feed on progressively larger and higher trophic
level organisms as they grow (Campbell ef al. 2003a, b); and mercury is slowly depurated from muscle
and therefore accumulates in fish over their life-time, with larger, older fish tending to have higher
mercury concentrations than younger, smaller fish (MacCrimmon ef al. 1983). Although positive trends
were observed between total length (L) and log-transformed THg concentrations for many species of fish
at all sites, many of these relationships were not particularly strong. Based on previous studies (Campbell
et al. 2003a), I had expected that L. niloticus in particular would display increasing mercury
concentrations with growth. I found that, although not always statistically significant, there were positive
relationships between log(THg) and total length for L. niloticus in all study lakes where present.
Additionally, based on an ANCOVA, the slopes of these relationships did not differ significantly between
sites, suggesting that in my study lakes, L. niloticus is consistently experiencing growth related increases

in mercury concentrations.

Where statistically significant relationships were observed between log(THg) and total length, there
was rarely a corresponding statistically significant positive relationship between total length and 8" N.

This suggests that among many of the species sampled, increases in mercury concentrations in fish with
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increasing total length may be primarily attributable to the long-term accumulation of mercury in fish

over time, rather than ontogenetic dietary shifts.

4.4.5 THg vs. 8"°C

Benthic and pelagic primary producers tend to have divergent carbon isotopic ratios, with benthic
periphyton tending to have higher 8"°C values than pelagic phytoplankton (Hecky and Hesslein 1995).
However high growth rates during phytoplankton blooms and reduced carbon isotopic discrimination due
to instantaneous carbon limitation can also lead to higher 8"°C values in phytoplankton (Hecky and
Hesslein 1995). These differences in 8"°C values are passed on to consumers, giving insight into their
dietary carbon sources. Since all but one of the study sites are eutrophic or hypereutrophic (Table 4.1)
with high phytoplankton biomass and low transparency, substantial benthic algal contribution to the food
web would not be expected since the amount of substrate with adequate light for benthic photosynthesis is
often limited in eutrophic lakes (Vadeboncoeur et al. 2003, and see Chapter 3, this thesis). In Lake
Victoria, 8"°C values in seston are strongly a function of mixing depth, where deeper mixing depth can
lead to light limitation of phytoplankton, reducing the likelihood of carbon limitation, and allowing for
increased isotopic discrimination relative to nearshore phytoplankton (Hecky ef al. 2010). As a result,
nearshore phytoplankton tends to have higher 8"°C values than offshore phytoplankton. Based on stable
isotope analysis of phytoplankton from both nearshore and offshore, this trend is also apparent in Lake

Edward (Chapter 3, this thesis); and is also likely to apply for Lake Albert.

The strong negative relationship between total mercury and 8"C for fish within several of the study
sites may reflect that fish that generally feed in the nearshore tend to have lower mercury concentrations
than fish that feed more offshore. It is possible that fish feeding nearshore (or in more productive areas of
the lake) are feeding more heavily on "*C-enriched phytoplankton with high growth rates and biomass,
where biomass/growth dilution of mercury may be occurring, leading to lower mercury concentrations in
fish relying on this food source. However, given that this negative relationship is observed in lakes that
have very different chlorophyll a concentrations, and lakes where there are not expected to be substantial
spatial differences in phytoplankton biomass (e.g. Lakes George, Mburo and Saka), it is likely that
differences in phytoplankton growth rate can account for the negative slope in most of these systems. This
indicated that growth dilution rather than biomass dilution may be the dominant process acting to reduce
mercury concentrations at the base of the food web; however, these processes are highly related and

difficult to differentiate. The lack of a negative relationship between mercury concentrations in fish and
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8"C in Murchison Bay may reflect the fact that although phytoplankton biomass, growth rate, and 8'°C
values are expected to be higher in the inner bay, baseline mercury concentrations (from anthropogenic
sources) are also likely to be higher here, and feeding in this productive environment may not reduce the
mercury exposure of fish relative to fish feeding in lower productivity (but also lower mercury) regions of

the lake.

4.4.6 THg vs. 8"°N

The regression slope of log(THg) against 8" °N (as a measure of trophic level) has been widely used to
quantify and compare the biomagnification rate of mercury among systems (see Kidd 1998). Meanwhile
the intercepts of this regression can give us insight into nitrogen cycling in these lakes, with baseline 8'°N
values being influenced by anthropogenic input of nutrients to these systems as well as by fixation of
atmospheric nitrogen. Differences in baseline §'°N values are treated in detail in Chapter 3 of this thesis.
In the current study, these regressions revealed statistically significant positive relationships between log-
transformed total mercury concentrations and the 8'"°N values for fish for all sites, confirming the
occurrence of biomagnification. In the current study, the observed slopes for these regressions (using fish
only) ranged from 0.081 in Lake George to 0.220 in Lake Albert (Table 4.6). These values can be
contrasted with one another and with those reported in other studies in order to gain insight into the

differences and similarities in biomagnification rates between systems.

Previous studies have reported log(THg)~8""N regression slopes ranging from 0.12 to 0.26 in African
lakes (Campbell et al. 2003a, Kidd et al. 2003, Campbell et al. 2004, Campbell et al. 2006, Poste et al.
2008, Campbell et al. 2008). Meanwhile, slopes ranging from 0.11 to 0.48 have been reported for
freshwater and marine systems around the world (Bowles et al. 2001, Power et al. 2002, Kidd et al.

1995).

Campbell et al. (2006) reported log(THg)~d""N regression slopes of 0.13 and 0.14 for Lakes Saka and
Nkuruba respectively, while my observed slopes were 0.08 for Lake Saka and 0.13 for Lake Nkuruba. In
both studies Lake Nkuruba had very similar regression slopes; however, the slope for Lake Saka in the
current study was much lower than that observed by Campbell et al. (2006). This may be due to
differences between studies in both the species included as well as the number of replicates collected for
each species. While Campbell ef al. (2006) were able to sample 9 individuals of L. niloticus, the current
study only included 4. Meanwhile, Campbell et al. (2006) included one O. niloticus in their study, the

current study included 16. These differences likely had a strong influence on the regression slope since
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these species are at the extreme ends of the range for the regression. Campbell et al. (2003a) reported a

regression slope for Napoleon Gulf of 0.16, very similar to the 0.15 observed in the current study.

Among lower productivity large East African lakes, log(THg)~"°N regression slopes have been
reported for Lake Malawi (0.23-0.25, Kidd et al. 2003), and Lake Tanganyika (0.22, Campbell et al.
2008). These values are very similar to the slope observed in the current study for Lake Albert (0.22) and
to a lesser extent for Lake Edward (0.15) and Napoleon Gulf (0.15). This suggests that there may be
common factors among these lakes that are involved in determining biomagnification rates; including

primary productivity, presence of piscivores, large ecosystem size and possibly similar fish growth rates.

4.4.7 THg vs. Trophic Level

As for log(THg)~8""N regressions, the slopes of log(THg)~calculated trophic level regressions were
always positive, indicating that biomagnification (increasing mercury concentrations with increasing
trophic level) was taking place. Among my study lakes, I found that log(THg)~TL regression slopes
(taken to indicate biomagnification rate) were significantly lower for Lake George, Lake Mburo,
Murchison Bay and Lake Saka (group A) than for Lake Albert, Lake Edward, Napoleon Gulf and Lake
Nkuruba (group B). These two groups can also be divided based on trophic status, with group A
consisting entirely of hypereutrophic lakes (chlorophyll @ > 25 pg/L), and group B consisting entirely of
lakes where chlorophyll a concentrations are less than 25 pg/L (indicating mesotrophic/eutrophic
conditions) (Vollenweider and Kerekes 1982). This, as well as the negative relationship observed between
regression slope and chlorophyll a concentrations among lakes (rzadj =0.41, P<0.1), suggests that in lakes
with higher phytoplankton biomass (as measured by chlorophyll a concentrations), biomagnification is
occurring at a lower rate. These differences are unlikely to be due to differences in food web structure,
especially given that despite nearly identical fish species assemblages and food web structure (based on
stable isotope analysis) Lakes Edward and George have highly divergent regression slopes. Similarly,
regression slopes for Napoleon Gulf and Murchison Bay (two embayments in northern Lake Victoria with
similar food web structure but different phytoplankton biomass) are significantly different from one
another. These differences may be an indication that growth dilution through the consumer levels is
occurring, that is to say, in higher productivity systems fish are growing more quickly, and as such, have
lower mercury concentrations than otherwise expected (Kidd et al. 2003, Stafford and Haines 2001,

Simoneau et al. 2005).

In the current study I calculated trophic magnification factors (TMFs) for total mercury in fish at all

study sites as the antilog of the slope of log(THg)~calculated trophic level (TL) regressions. A positive
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slope for log(THg)~TL regressions indicates that biomagnification is taking place, and since TMF is
calculated as the antilog of this slope, TMF > 1 (where slope > 0) also indicates biomagnification. TMF
values for my study lakes ranged from 1.89 in Lake George to 5.58 in Lake Albert (all higher than 1.0),
confirming (once again) that biomagnification is occurring at all study sites, with higher TMF values
indicating higher rates of biomagnification. Given that my log(THg)~TL regressions are based only on
fish, and in fish most mercury is in the form of methyl mercury (MeHg; Bloom et al. 1992), my
calculated TMFs for THg should be roughly comparable to TMFs for MeHg for these study sites.

Predicted mercury concentrations at TL = 1 (based on log(THg)~TL regressions) should yield a
estimate of average mercury concentrations in primary producers at a site, assuming that biomagnification
rate and nitrogen isotopic fractionation is consistent across the whole food web. Since the log(THg)~TL
regressions included only fish muscle tissue, where most mercury is present as methyl mercury; the
predicted values at TL = 1 are more likely to reflect phytoplankton MeHg rather than THg concentrations,
which are often much lower than THg concentrations in phytoplankton. By using predicted values rather
than actual phytoplankton THg concentrations, I gain a time-integrated estimate of mercury
concentrations in phytoplankton, which is helpful since mercury concentrations in short-lived fast-

growing organisms can vary greatly in both time and space (Kirkwood ef al. 1999).

Based on these predicted values, I was able to test the influence of both mercury concentrations in
water and chlorophyll a concentrations on mercury concentrations in phytoplankton. I observed that,
alone, neither of these factors were significant predictors of estimated phytoplankton mercury
concentrations; however, when combined, these factors were strong predictors of phytoplankton mercury,
with total mercury concentrations in water positively contributing to phytoplankton mercury
concentrations and chlorophyll a concentrations negatively contributing to the estimated phytoplankton
mercury concentrations. This could be evidence of biomass dilution, whereby high phytoplankton
biomass effectively dilutes the mercury on a per biomass basis (Pickhardt ef al. 2002). However,
phytoplankton growth rates may also be higher in high chlorophyll systems, leading to growth dilution of
mercury, where rapidly dividing cells may not fully equilibrate with available methyl Hg concentrations

(Herendeen and Hill 2004).

Biomass dilution and growth dilution at the first trophic level can lead to low mercury concentrations
throughout the food web, even in top predators (Meili et al. 2001, Pickhardt ef al. 2002). This may
explain why the highest mercury concentrations in fish that I observed were in lakes where mercury

concentrations in water, but also chlorophyll @ concentrations and phytoplankton 8'"C values (as an
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indicator of growth rate, Hecky and Hesslein 1995), tended to be lower. For example, despite having very
similar food webs, and despite mercury concentrations being higher in Lake George, fish in less
productive Lake Edward have much higher mercury concentrations. Similarly, Napoleon Gulf and
Murchison Bay have very similar mercury concentrations in fish tissue even though mercury
concentrations in water for Murchison Bay are more than 2-fold higher than those in Napoleon Gulf. Lake
Albert also has very high mercury concentrations in fish despite very low concentrations in water. This
was also observed by Campbell et al. (2006) in lakes Nkuruba and Saka, where fish in Lake Saka tended

to have lower mercury concentrations despite higher concentrations in water.

Both TMF and food chain length (FCL, number of trophic levels between the base of the food web and
top predators) have been found to be important factors in explaining inter-lake variability in the
biomagnification of mercury (summarized in Gantner 2009), where top predators from lakes with higher
TMF values and longer food chains tended to have higher mercury concentrations. However, given that
FCL was highest in Lake Edward (where mercury concentrations in fish were highest) and second highest
in Lake George (where mercury concentrations in fish were lowest) (Table 4.1), it is likely that while
FCL may influence mercury concentrations at the top of the food web, growth/biomass dilution and

biomagnification rate are likely much stronger predictors of Hg in top predators in these study lakes.

4.4.8 General Conclusions

The low total mercury concentrations in fish observed at the study sites in this study are consistent with
previous reports of low mercury concentrations in fish from East African lakes including Winam and
Napoleon Gulfs (L. Victoria, Campbell ef al. 2003c¢), Lake Kyoga (Campbell et al. 2004), Lake Malawi
(Kidd et al. 2003), Lake Tanganyika (Campbell et al. 2008), Lake Awassa (Desta et al. 2007), and in
several other small lakes (Campbell ez al. 2003b, 2006). Low THg concentrations in fish have also been
observed in meso/eutrophic Chinese reservoirs, with mean THg concentrations in Oreochromis
mossambicus of 9.0 £ 4.0 ng/g wet weight (Yan et al. 2010), which are similar concentrations to those
that I observed for tilapiine cichlids in the current study. As in other studies in tropical systems, I found
lower mercury concentrations in top predators from my study sites than have been reported for arctic or
temperate lakes, despite comparable mercury concentrations in water, food chain lengths and

biomagnification rates (Campbell et al. 2003c).

Reduced mercury concentrations in fish from tropical lakes relative to temperate and arctic lakes are
likely attributable to combination of factors including: growth dilution of mercury both in primary

producers and consumer trophic levels due to high growth rates (Herendeen and Hill 2004) as well as
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possible biomass dilution of mercury. Many of my study lakes are hypereutrophic, and unlike temperate
or arctic lakes, are continuously productive throughout the year. Also, the shorter lifespan of tropical fish
relative to temperate fish can also act to reduce the maximum potential mercury concentrations in these
systems (Kidd et al. 2003). Processes occurring at the base of the food web (growth and biomass dilution)
appear to be strong determinants of mercury concentrations throughout these food webs and these results
indicate that eutrophication may act to reduce the potential for high mercury concentrations in fish.
Among the 8 study sites, only a very small number of fish from Lake Albert, Lake Edward and Napoleon
Gulf had mercury concentrations in excess of 200 ng/g w.w. (the WHO guideline for at-risk individuals),

suggesting that fish from these lakes do not pose a mercury exposure risk to consumers.
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Table 4.1 Total mercury concentrations in water (just under surface), chlorophyll @ concentrations

(from Chapter 2), and food chain length (FCL; from Chapter 3).

Lake THg in Water Chlorophyll a FCL (number of
(ng/L) (ng/L) trophic levels)

Lake Albert 046+0.11 (n=9) 192+34 ~

Lake Edward (all) 0.52 (n=3) 43.8 4.3
Edward nearshore 0.65(n=1) 66.3 +46.2 ~
Edward offshore 0.38+0.01 (n=2) 21.3+£22.8 ~

Lake George 1.09+0.11 (n=2) 138.0 +39.1 3.9

Lake Mburo 0.62+0.04 (n=2) 48.6 + 10.1 3.3

Murchison Bay 1.30 £ 0.09 (n=3) 96.5 +38.1 2.8

Napoleon Gulf 0.53+£0.07 (n=3) 247+ 18.4 34

Lake Nkuruba 045(n=1) 62+22 3.2

Lake Saka 0.81+0.07 (n=4) 90.0 £ 36.3 3.6
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Table 4.2 Total mercury concentrations, stable carbon (8"C) and nitrogen (8'°N) isotope ratios,

and calculated trophic levels for fish, benthic invertebrates and plankton.

N 85N (%) 5°C (%0) Trophic THg THg
ame n Code tsd ted Level (ng/g ww) (ng/g ww)
=S H=s.c p+s.d. p =+ s.d. Range
Lake Albert
Alestes baremose 1 Ab 8.9 -20.0 2.9 79.9 ~
Barbus bynii 2 Bb 79-79  -199t0-19.2  2.6-2.6 38.6-40.1 38.6-40.1
Bagrus bayad 2 Bba 8694 -183t0-17.8 2.8-3.1 28.4-29.5 28.4-29.5
Brycinus nurse 13 Bnu 9.1+03 -19.0+ 0.6 3.0+0.1 81.4+256 363-1164
Hydrocynus forskahlii 2 Hf 9.3-102 -18.6t0o-18.6  3.1-33 20.0+10.3 12.7-27.3
Labeo horie 1 Lh 8.1 -19.3 2.7 62.7 ~
Lates macrophthalamus 4 Lm 95+1.1 -19.3+0.6 3.1+£03 165.6+169.3 68.7-419.3
Lates niloticus 6 Ln 9.5+£0.9 -19.1+£0.6 31+£03 257.5+206.8 86.4-609.4
Oreochromis leucostictus 2 Ol 7.3-85 -19.0to-16.1 2.5-2.8 26.6-35.6 26.6-35.6
Oreochromis niloticus 1 On 6.4 -18.5 2.2 19.9 ~
Neobola bredoi 6 Rb 87+04 -19.7+0.5 29+0.1 37.9+10.8 23.8-55.8
Schilbe intermedius 3 Si 8.6+0.2 -19.5+0.1 29+0.1 513+7.6 44.4-59.5
Thoracochromis 2 Tm ~ ~ ~ 473-78.0  47.3-78.0
mahagiensis
Tilapia zilli 6 Tz 6.6+0.7 -15.8+£2.3 23+0.2 22.7+8.5 9.6-33.7
Unknown clam 1 ~ ~ ~ 14.3 ~
Bellamya sp. 3 ~ ~ ~ 14.1+£6.0 9.4-20.8
Byssandodonta sp. 4 ~ ~ ~ 6.7+2.8 4.1-10.7
Cleopatra sp. 2 ~ ~ ~ 10.4-21.2 10.4-21.2
Gabbia sp. 2 ~ ~ ~ 31.8-49.9 31.8-49.9
Melanoides sp. 1 ~ ~ ~ 6.4 ~
Lake Edward
Barbus bynni 9 Bb 8.6=+0.7 -12.1+1.2 3.1+£0.2 11.6£4.0 6.4-19.8
Bagrus docmac 9 Bd 114+15 -142+24 39+£0.5 70.7+£106.0  3.5-277.1
Clarias gariepinus 9 Cg 9.7+13 -152+2.0 34+£04 53.7+91.9 6.1-296.4
Haplochromis (?) spp. 6 H 120+1.6 -154+2.0 41+05 27.3+£309 5.7-86.0
Haplochromis squamipinnis 10 Hs  12.6+1.1  -162+2.0 43+03 188.3+2544 13.7-8553
Oreochromis leucostictus 4 Ol 6.5+0.4 -16.6 £ 0.9 2.5+0.1 56=+0.5 5.0-6.1
Oreochromis niloticus 15 On 69+1.0 -17.1+1.2 2.6+03 84+27 3.7-13.9
Protopterus aethiopicus 10 Pa 9.2+0.8 -133+24 33+0.2 52+28 1.9-11.0
Nearshore phytoplankton 3 Pa 1.7+0.2 -11.3+24 1 29+1.2 2.04.2
Offshore phytoplankton 2 Po 1.2-1.8 -238t0-18.6  0.9-1.1 3.0-3.1 3.0-3.1
Zooplankton (80 um net) 2 Zg0 3748 -227t0-21.0 1.6-2.0 1.3-23 1.3-23
Zooplankton (153 pm net) 2 zs3 3.04.8 -232to-17.7 1420 1.1-4.5 1.1-4.5
Lake George
Bagrus docmac 10 Bd 83=+0.7 -84+1.6 3.8+0.2 49+44 1.6-15.9
Clarias gariepinus 9 Cg 6.2+1.2 -9.7+6.1 32+03 49+3.7 0.9-12.3
Haplochromis (?) spp. 7 H 8.6=+1.1 -7.1£25 39+03 58+23 3.7-9.5
Haplochromis squamipinnis 6 Hs 74+1.1 -8.6+2.1 3.6+0.3 18.8+24.3 3.8-67.7
Oreochromis esculentus 2 Oe 2.8-2.9 -16.7t0 -9.5 2222 29+0.2 2.8-3.1
Oreochromis leucostictus 6 Ol 3.6+0.7 -10.1+2.1 25+0.2 33+22 1.9-7.1
Oreochromis niloticus 18  On 2.7+£0.7 -59+2.6 22+0.2 1.6+1.4 0.8-7.1
Protopterus aethiopicus 9 Pa 6.8+ 1.0 -10.5+6.4 34+£03 44+79 1.1-25.3

119



N 85N (%0) 5C (%) Trophic THg THg
ame n Code Level (ng/g ww) (ng/g ww)
wsd pEs.d p+s.d. p =+ s.d. Range
Tilapia zilli 1 Tz 3.0 -16.0 23 2.9 ~
Phytoplankton 4 p -1.3+£05 -10.1+ 1.5 1.0+ 0.1 2.6+1.0 1.6-3.6
Chaoborus 1 c 3.8 -9.4 2.5 ~ ~
Lake Mburo
Bagrus docmac 1 Bd 6.0 -10.5 2.9 7.9 ~
Clarias gariepinus 7 Cg 72+24 -12.8+2.9 33+£0.7 10.9 +10.5 2.6-32.2
Haplochromis (?) spp. 10 H 6.0+0.7 -10.8 £ 0.8 29+0.2 9.1+89 1.6-27.3
Oreochromis esculentus 10 Oe 41+05 -10.6 £ 0.9 23+0.1 3.7+45 1.7-16.4
Oreochromis leucostictus 10 Ol 4.1+0.6 -13.5+ 1.1 24+0.2 54+18 3.2-8.8
Oreochromis niloticus 15 On 48+1.5 -11.0+1.2 26+04 4.0+22 1.5-9.9
Protopterus aethiopicus 10 Pa 63+1.7 -12.9+3.1 30£0.5 8.4+8.5 1.7-31.4
Phytoplankton 6 p -05+£02 -126+13 1 27+14 1.5-5.5
Chironomidae 1 ch 24 -14.3 1.8 ~ ~
Lake Victoria
(Murchison Bay)
Clarias gariepinus 1 Cg 8.8 -18.7 23 17.3 ~
Haplochromis (?) spp. 9 H 9.8+ 1.1 -16.7+0.8 2.6+0.3 189453 12.9-25.9
Lates niloticus 18 Ln 9.4+1.6 -162+1.2 25405 42.0+£22.0 17.6-101.1
Oreochromis leucostictus 5 Ol 85=+1.1 -17.1+0.8 22+03 11.0+£5.7 52-19.4
Oreochromis niloticus 24 On 7.7+1.5 -16.3+ 1.5 20+04 14.1 £18.8 3.5-915
Protopterus aethiopicus 9 Pa 105+1.1 -16.1+13 2.8+0.3 7.6+2.8 4.4-139
Rastrineobola argentea 1* Ra 8.6 -15.9 23 49.1 ~
Synodontis afrofischeri 8 Sa 102+15 -17.0+0.6 2.7+0.5 40.8+19.9 10.1-59.2
Synodontis victoriae 7 Sv 9.0+0.8 -16.1+£2.3 24+0.2 279+21.5 6.2-69.6
Tilapia zilli 7 Tz 87+1.3 -17.0+ 1.5 23+04 124+6.4 7.0-25.4
Phytoplankton 6 p 5.8+0.9 -13.9+2.7 14+03 1.9+0.7 1.3-2.7
Zooplankton (80 um net) 1 Z30 7.6 -15.3 2.0 ~ ~
Zooplankton (153 pm net) 1 Z)s3 7.7 -15.3 2.0 ~ ~
Mayflies (Povilla) 1 g 6.1 -19.1 1.5 59 ~
Leeches 1 h 9.2 -17.3 2.4 10.7 ~
Snails (Bellamya) 1 b 7.7 -17.8 2.0 ~ ~
Chironomidae 1 ch 3.7 -17.6 0.8 14.3 ~
Lake Victoria
(Napoleon Gulf)
Astatoreochromis alluaudi 1 Aa 7.4 -16.0 2.8 7.3 ~
Bagrus docmac 1 Bd 93 -14.2 34 279 ~
Brycinus sadleri 1 Bs 6.5 -16.7 2.5 85.3 ~
Haplochromis (?) spp. 8 H 7.6+0.7 -154+1.5 28+02  304+185 17.0-73.1
Lates niloticus 23  Ln 79+1.0 -153+1.2 29+0.3 34.8+13.0 15.3-71.3
Mormyrus kannume 5 Mk 81+03 -14.6 £ 0.5 3.0+0.1 31.7+29.1 9.4-82.3
Oreochromis leucostictus 2 Ol 4346 -154t0-129 1.9-2.0 3.1+0.5 2.8-3.5
Oreochromis niloticus 24 On 4.6+0.7 -13.8+ 1.0 2.0+£0.2 12.8£36.3 2.7-182.5
Oreochromis variabilis 9 Ov 4.0+0.5 -14.5+0.6 1.8+0.2 32+0.7 2.04.1
Protopterus aethiopicus 10 Pa 82=+1.7 -16.4+0.9 3.0+0.5 7.1+5.6 1.9-20.7
Rastrineobola argentea 5% Ra 6.9+04 -14.0+ 0.8 2.6+0.1 17.0£9.5 8.1-31.2
Synodontis afrofischeri 3 Sa 83+0.1 -154+0.04 3.1+0.1 28.6+6.1 22.7-34.9
Synodontis victoriae 4 Sv 7.5+04 -16.9+0.3 28+0.1 111.5+152.9 27.0-340.5
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N 85N (%0) 5C (%) Trophic THg THg
ame n  Code Level (ng/g ww) (ng/g ww)
wsd pEs.d p+s.d. p =+ s.d. Range
Tilapia zilli 10 Tz 64+13 -13.6+ 1.5 25+0.4 9.3+3.38 3.7-14.6
Phytoplankton 6 p 1.0+0.8 -16.3+2.8 09+0.2 2.0+1.0 0.6-3.1
Zooplankton (80 um net) 3 Z30 53+04 -15.8+ 1.8 2.2+0.1 ~ ~
Zooplankton (153 pm net) 3 zis3  52+03 -153+2.0 2.2+0.1 ~ ~
Chironomidae 1 ch 2.8 -17.2 1.4 17.1 ~
Lake Nkuruba
Oreochromis leucostictus 5 Ol 6.1£0.6 -28.1+£0.9 2.6+0.2 10.8+7.2 6.4-23.6
Poecelia reticulata 1* Pr 7.9 -28.2 32 20.1 ~
Tilapia zilli 9 Tz 75+13 -26.0+ 0.9 3.0£04 11.7+5.3 5.4-20.9
Phytoplankton 1 p -0.03 -27.4 0.8 3.1 ~
Epilithic Phytoplankton 1 Pb 2.0 -11.3 1.4 ~ ~
Zooplankton (80 um net) 3 Z30 43+0.6 -28.5+0.6 2.1+£0.2 2.1+04 1.6-2.5
Zooplankton (153 pm net) 5 z1s3 5.1%0.6 -29.0+0.7 23+0.2 2.1+0.7 1.5-3.1
Chaoborus 1 c 5.8 -26.4 2.5 ~ ~
Snails 1 g -26.7 3.0 1.7 ~ ~
Lake Saka
Astatoreochromis alluaudi 10  Aa 5.7+£0.7 -20.1 £ 1.0 3.1+£0.2 9.7+8.8 4.5-33.9
Barbus neumayerii 1 Bn 5.7 -23.8 3.1 49.2 ~
Haplochromis (?) spp. 10 H 53+0.7 -20.5+0.8 3.0+£0.2 9.1+9.6 2.9-31.7
Lates niloticus 4 Ln 73+£04 -19.7+£0.3 3.6+0.1 8.0+49 4.1-14.8
Oreochromis niloticus 16  On 3.1+13 -18.9+0.8 24+04 7.8+10.4 1.9-39.2
Tilapia zilli 2 Tz 2941 -212t0-18.8 2.3-2.7 12.9+10.8 5.2-20.5
Phytoplankton 4 p -1.5+0.1 204+ 1.5 1.0 1.3+0.5 0.8-2.0
A. alluaudi yolk-sac brood 1 aay 4.7 -21.9 2.9 14.8 ~
H. (?) spp. yolk-sac brood 1 h, 3.6 -25.0 3.1 20.0 ~
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Table 4.3 Statistical comparisons between sites for mercury concentrations in different species. The
rows show the lakes for which mercury concentrations in the given fish species are significantly
lower (ANOVA, P<0.05) than for the lake indicated at the top of the column. Where no lakes are
listed, there are no significant differences between the lakes. Lake codes are as follows: A=Albert,

Ed=Edward, G=George, Mb=Mburo, Mu=Murchison, Na=Napoleon, Nk=Nkuruba, S=Saka.

A Ed G Mb Mu Na Nk S
B. docmac ~ G ~ ~ ~ ~ ~ ~
C. gariepinus ~ G ~ ~ ~ ~ ~ ~
H. (?) spp. ~ ~ ~ - Mb, S G, g/lb, N B
L. niloticus Mu, Na, S ~ ~ ~ S S ~ ~

. Ed, G, Mb,

O. leucostictus Na, Nk ~ G, Na ~ G ~
O. niloticus G G, Mb ~ G G, g/lb’ G ~ G
P. aethiopicus ~ ~ ~ G G G ~ ~
T. zilli G, Na ~ ~ ~ ~ ~ ~ ~
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Table 4.4 Summary of signficant relationships between total length (L) and log-transformed total

mercury concentrations (log(THg)) in fish.

Site Species log(THg) vs. L rzadj P
Albert L. macrophthalamus + 0.99 <0.01
Albert L. niloticus + 0.97 <0.001
Edward B. docmac + 0.75 <0.01
Edward C. gariepinus + 0.25 <0.1
Edward Haplochromis sp. + 0.88 <0.01
Edward Haplochromis squamipinnis + 0.79 <0.001
Mburo O. niloticus + 0.18 <0.1
Murchison L. niloticus + 0.28 <0.05
Murchison S. victoriae + 0.80 <0.01
Napoleon S. victoriae + 0.88 <0.05
Nkuruba O. leucostictus + 0.95 <0.01
Saka A. alluaudi - 0.39 <0.05
Saka L. niloticus + 0.76 <0.1

Table 4.5 Summary of log(THg)~613C regressions for fish from all study sites.

Lake log(THg):613C rzadj P
regression equation

Lake Albert -0.08 - 0.10(3"C) 0.15 <0.01
Lake Edward 0.21 - 0.06(8"C) 0.07 <0.05
Lake George 0.21-0.03(8"C) 0.09 <0.05
Lake Mburo -0.05 - 0.06(5"°C) 0.14 <0.01
Murchison Bay 1.33+0.01(3"C) 0 N.S.
Napoleon Gulf -0.72 - 0.12(8"°C) 0.12 <0.001
Lake Nkuruba 2.99 +0.07(8"C) 0.16 N.S.
Lake Saka -1.34-0.11(3"°C) 0.09 <0.05
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Table 4.6 Summary of log(THg)~8"°N and log(THg)~TL (trophic level) regressions for fish,
including trophic magnification factor (TMF).

Lake log(THg):BlsN log(THg):TL P P TMF
regression equation regression equation
Lake Albert -0.14 + 0.22(8"N) -0.39 + 0.75(TL) 043 <0.01 5.58
Lake Edward -0.30 + 0.15(8"°N) -0.58 + 0.53(TL) 043 <0.01 3.35
Lake George 0.01 + 0.08(3"°N) -0.37 + 0.28(TL) 025 <0.01 1.89
Lake Mburo 0.20 + 0.09(3"°N) -0.14+ 0.30(TL) 020 <0.01 2.01
Murchison Bay  0.45 + 0.09(3"°N) 0.52 + 0.29(TL) 0.14 <0.01 1.95
Napoleon Gulf ~ 0.11 + 0.15(3"°N) -0.20 + 0.51(TL) 033 <0.01 3.20
Lake Nkuruba 0.13 +0.13(3"°N) -0.23 + 0.43(TL) 0.55 <0.01 2.72
Lake Saka 0.41 + 0.08(5"°N) -0.004 + 0.28(TL) 0.11 <0.05 1.92
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Figure 4.1 Linear regression of phytoplankton bioconcentration factors (BCFs) for THg against
chlorophyll a concentrations (rzadj = (.55, P<0.05). Lake codes are as follows: EdAA=Edward
nearshore, EdB=Edward offshore, Ed=Edward (all), G=George, Mb=Mburo, Mu=Murchison,
Na=Napoleon, Nk=Nkuruba, S=Saka. BCFs were calculated by dividing phytoplankton THg
concentrations (ng/kg) by estimated dissolved THg in water (ng/L).
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Figure 4.2 Total mercury concentrations in selected species of fish at all study sites. Bar height
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Figure 4.3 Regressions between log-transformed total mercury concentrations and stable carbon
isotopic ratios (8"C) for fish from a) Lake Albert, b) Lake Edward, c) Lake George, d) Lake
Mburo, ) Murchison Bay, f) Napoleon Gulf, g) Lake Nkuruba, h) Lake Saka. Codes used as labels

are found in Table 4.2. Detailed information about regressions is found in Table 4.5.
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Figure 4.5 Regressions of log-transformed total mercury concentrations against calculated trophic
level for fish from several study sites. Based on analysis of covariance, sites with red regression lines
(group A) had significantly lower regression slopes than sites with black regression lines (group B),

but within each group of sites there were no significant differences in regression slopes.
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Figure 4.6 Comparisons between log-transformed mercury concentrations observed for indicated
fish species in the current study (black lettering) and those previously observed (grey lettering) in
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Nkuruba (Campbell ez al. 2006, samples collected in 2000). Species codes are found in Table 4.2.
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Chapter 5
Accumulation, trophic transfer, and seasonality of microcystin in fish

from several Ugandan lakes

5.1 Introduction

Globally, cultural eutrophication is leading to an increase in the cyanobacterial dominance of freshwater
systems and in the occurrence of toxic cyanobacterial blooms (deFigueiredo et al. 2004). Additionally,
climate warming is expected to further exacerbate the frequency and duration of these blooms (Paerl and
Huisman 2008, 2009). Cyanobacterial blooms can threaten the ecological integrity and social value of
freshwater systems through beach fouling, oxygen depletion, changes in food web structure and species

assemblages, as well as through the production of harmful toxins.

Cyanobacteria are known to produce a wide range of toxins, however the most common cyanotoxins
produced in fresh water belong to the hepatotoxic microcystin family, while in brackish waters the closely
related hepatotoxin nodularin is widespread (Sivonen and Jones 1999). Several cyanobacterial taxa are
known to be capable of microcystin production, including Microcystis, Anabaena, Anabaenopsis,

Planktothrix (Oscillatoria), and Nostoc (Sivonen and Jones 1999).

Microcystin exerts toxic effects through the inhibition of protein phophatases 1 and 2A in animals
(MacKintosh et al. 1990, Williams et al. 1997, Sivonen and Jones 1999). Although microcystin cannot
passively cross the membranes of animal, plant or bacterial cells, active transport through membranes
does occur, particularly in mammalian hepatocytes (deFigueiredo et al. 2004, Cazenave et al. 2005,
Babica et al. 2006). As a result, microcystin displays selective accumulation in liver tissue, and subjects
the liver to the severe toxic effects and damage (deFigueiredo ef al. 2004, Cazenave ef al. 2005).
Additionally, there is evidence that microcystin can act as a liver tumour promoter, and chronic exposure
to this toxin may pose serious health risks (Nishiwaki-Matsushima et al. 1992, Falconer and Humpage

1996).

Accumulation of microcystin has been observed in zooplankton, gastropods, fish, macrophytes and
even terrestrial crops irrigated with contaminated water (Kotak et al. 1996, Prepas et al. 1997, Magalhaes
et al. 2003, deFigueiredo et al. 2004). Ibelings and Chorus (2007) provide a comprehensive review of
studies exploring the accumulation of microcystin in freshwater organisms. Fish can be exposed to

microcystin through direct ingestion of toxic cyanobacteria, indirectly through the food web or by direct
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uptake of dissolved microcystin through the gills or skin (Cazenave et al. 2005, Ibelings and Chorus
2007, Smith et al. 2008). However, dietary exposure to microcystin is expected to be of greater
importance than direct uptake of dissolved microcystin given the relatively hydrophilic nature of this
toxin (Smith et al. 2008). The accumulation of microcystin in fish muscle tissue has been found to begin
shortly after exposure and to increase with time (Cazenave ef al. 2005). There is also some evidence that
fish are able to depurate microcystin when no longer exposed; however, depuration rates appear to differ
greatly among species, and toxin concentrations can occasionally continue to increase during the early
stage of depuration (Ibelings and Chorus 2007, Martins and Vasconcelos 2009). There is little evidence of
biomagnification of microcystin in aquatic food webs (Kotak et al. 1996, Ibelings et al. 2005, Zhang et al.
2009; but see Xie et al. 2005), and some studies have suggested that microcystin may instead undergo
biodilution, with decreasing concentrations at higher trophic levels (Karjalainen et al. 2005, Ibelings and

Havens 2008).

The World Health Organization has set a provisional total daily intake value (TDI) based on chronic
exposure of 0.04 ng/kg body weight per day (Falconer ef al. 1999, WHO 1998). Based on this TDI, and
the assumption that 80% of daily intake can be attributed to drinking water, the current WHO guideline
value for microcystin in drinking water is 1 pg/L (Falconer et al. 1999, WHO 1998). Despite the fact that
microcystin is known to accumulate in fish, very little is known about the risk of microcystin exposure
posed by fish consumption, and no widely accepted guidelines have been established for microcystin

concentrations in fish tissue (although some values have been suggested by Ibelings and Chorus 2007).

The factors that determine microcystin concentrations in fish remain poorly resolved, and there is no
consensus about how fish diet, absorption of microcystin from the gut and depuration can interact to
influence microcystin concentrations in fish. Although there have been several studies that have explored
microcystin concentrations and dynamics in fish (Kotak et al. 1996, Xie et al. 2005, Chen et al. 2006,
Smith and Haney 2006, Deblois et al. 2007, Amé et al. 2010, Semyalo et al. 2010; and others reviewed in
Ibelings and Chorus 2007), many studies to date have focused on one (and occasionally a few) fish
species, often with few replicates and few sampling dates, making it difficult to make any broad

conclusions regarding the factors that determine microcystin concentrations in fish.

In particular, little is known about microcystin in water and fish from tropical African lakes. In tropical
lakes, there is the potential for the year-round presence of toxic cyanobacteria at high biomasses (Oliver
and Ganf 2000, Kling et al. 2001), increasing the potential magnitude and duration of food web exposure

to microcystin. In the current study, I measured microcystin concentrations in water and several species of
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fish from seven Ugandan study sites over a six-month period. The study sites included the tropical great
lakes Edward and Victoria (where both Murchison Bay and Napoleon Gulf were sampled), as well as
Lake George, Lake Mburo, and the crater lakes Saka and Nkuruba. All of these lakes are described in
detail in the Chapter 1 of this thesis. These sites were selected in order to provide a range in trophic status
as well as in the prevalence and persistence of cyanobacterial blooms. Mean microcystin and chlorophyll
a concentrations for the study sites are shown in Table 5.1 (data taken from Chapter 2). By collecting a
comprehensive set of fish and water samples from several lakes over several months, I hope to gain

insight into the accumulation and possible trophic transfer of microcystin in tropical lakes.

5.2 Methods

5.2.1 Sampling methods

Fish were collected from all study sites between September 2008 and February 2009. This sampling
period includes the months when cyanobacteria is expected to be particularly abundant (in the large, deep
lakes sampled) due to elevated nutrient concentrations after the mixing period in June—August, and
increased water column stability favouring buoyant cyanobacteria throughout September—April (Mugidde
2002). Sampling of Lakes Edward, George, Mburo, Nkuruba and Saka was carried out on a monthly
basis, while samples were generally collected from Murchison Bay and Napoleon Gulf every two weeks.
Fish were purchased directly from fishermen and, where possible, the general location of the catch was
confirmed. Fish were chosen in order to ensure a broad set of species from all trophic levels, and a

representative size range within species.

5.2.2 Sample processing

Subsamples of dorsolateral muscle tissue were taken from the fish collected. Where fish were too small to
isolate dorsolateral muscle tissue, whole fillets of axial musculature were collected, and where fish were
too small to fillet (generally when under 10 cm in length), they were analyzed whole. All fish samples
were initially frozen and then were oven dried at 60 °C for at least 24 hours (until weight stabilized) at the
National Fisheries Resources Research Institute in Jinja, Uganda. Dried fish samples were placed in clean
plastic bags, which were then placed in larger sealed bags containing dessicant for transport to Canada.

Prior to analysis, dried fish samples were homogenized using a ball-mill grinder.
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5.2.3 Microcystin in Fish

Microcystin in fish muscle tissue was analyzed using methanol extraction followed by competitive
indirect ELISA (Fischer et al. 2001) based on the method described in Wilson et al. (2008) with some
modifications. Homogenized fish muscle tissue was extracted twice, first for 2 hours using 75 %
methanol, and then for 24 hours using 75 % methanol in addition to glacial acetic acid (0.002 v/v). After
each extraction, samples were centrifuged and supernatant was removed and pooled. The pooled
supernatant was filtered to remove particulates, subsampled, and the solvent was evaporated using a
Turbovap LV. After evaporation, the remaining solids were resuspended in de-ionized water and analyzed
for microcystins/nodularins using Abraxis anti-ADDA ELISA test kits (Abraxis LLC, PN 520011). This
is a “congener independent” ELISA based on the detection of the Adda side-chain found in microcystins
and nodularins (Fischer et al. 2001). The detection range for the ELISA test kits was 0.1-5.0 ug/L.
Extracts for analysis were kept within the detection range by adjusting the mass of fish extracted and by
diluting extracts where necessary. Measured dry-weight microcystin concentrations in fish were
converted to wet-weight concentrations using a conversion factor of 0.31 (Campbell ef al. 2003). Each
standard and sample was run in duplicate in order to assess test reproducibility. Coefficients of variation
(CVs) for standards were on average 7.0 = 6.4 % (n=75), while CVs for samples were on average 6.3
7.8 % (n=432). Several fish samples were extracted twice to determine the variability associated with
extraction, and CVs for duplicate extractions were on average 12.4 + 11.3 %. To determine between-run
variability, extract from a control fish was included in each run; the coefficient of variation for
microcystin concentrations in the extract between runs was 13.5 % (1.5 = 0.2 pg/L). Additionally,

adjusted r-squared values for standard curves always exceeded 0.98.

5.2.4 Stable Isotope Analysis

Stable carbon (8"°C) and nitrogen (8'°N) isotopic ratios were determined for all fish and food web
samples as described in Campbell et al. (2003). Stable isotope analysis was carried out at the
Environmental Isotope Laboratory at the University of Waterloo, and a detailed description of
methodology is found in Chapter 3 of this thesis. Corrected 8'°N values were used for Lake Edward (as
outlined in Chapter 3). Mean standard deviations from expected values for standard material are + 0.2 %o
for 8"°C and + 0.3 %o for 8'°N. Mean standard deviations of samples run in duplicate were + 0.05 %o for

8"C and + 0.21 %o for 8'"°N. Trophic level was calculated based on 8'°N values as described in Chapter 3.
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5.2.5 Calculations and statistical analyses

Whole or gutted fish are expected to have elevated microcystin concentrations relative to muscle tissue
(Martins and Vasconcelos 2009). To remove this potential source of error, unless otherwise indicated,
only fish muscle tissue samples were included in statistical analyses. Additionally, microcystin

concentrations in fish were normalized prior to use in statistical analyses through log-transformation.

In order to explore the influence of sampling site on microcystin concentrations in fish, a one-way
analysis of variance (ANOVA) was used to compare microcystin concentrations in fish from different
sites on a species-by-species basis. The set of species used in this ANOVA were commonly encountered
at several study sites and included B. docmac, C. gariepinus, Haplochromis (?) spp., L. niloticus, O.
leucostictus, O. niloticus, P. aethiopicus and T. zilli, and will hereafter be referred to as the “common”
species. Subsequently I carried out a one-way ANOVA to compare microcystin concentrations among

species on a site-by-site basis (including all species sampled for each site).

Murchison Bay and Napoleon Gulf had very similar species assemblages, so I carried out a two-way
ANOVA with microcystin concentrations in fish as the response variable, and both species and site as
factors, using all species that were present at both study sites (including R. argentea, which were analyzed

whole at both sites). A similar analysis was repeated for Lake Edward and Lake George.

To determine whether there were any seasonal trends in microcystin concentrations in fish, I plotted
microcystin concentrations in fish by date, and compared the general patterns that emerged with the
seasonality of microcystin in water at these sites (as described in Chapter 2). I carried out one-way
ANOVAs between microcystin concentrations and date for O. niloticus on a site-by-site basis to look for
significant differences in microcystin concentrations in this species among dates. Oreochromis niloticus
was chosen for this analysis given that it was present at all sites but Lake Nkuruba, and was collected in

triplicate on each sampling date.

Regressions of microcystin concentrations in fish against 8" °N and calculated trophic level (TL; as
calculated in Chapter 3 of this thesis) were carried out in order to reveal trends in the trophic transfer of
microcystin, in particular, to determine whether biomagnification or biodilution is taking place. For each
site, I carried out linear regressions between log-transformed microcystin concentrations in fish
(log(MC)) and both TL and 8"°N at several levels, including: all fish sampled, within sampling dates,
within O. niloticus (and L. niloticus where present), and within O. niloticus (or L. niloticus) within

sampling dates. To assess the effects of dietary carbon source on microcystin concentrations in fish, linear
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regressions were done between log(MC) and 8"°C as outlined above for 8'°N and trophic level. Linear
regression was also used to explore whether there were relationships between fish length and microcystin
concentrations. Regressions between log(MC) and total length (L) were done within sites for each
species, with a focus on species for which there were high replicates (i.e. O. niloticus and L. niloticus).
These relationships were also explored within sampling dates in order to control for temporal variability

in microcystin concentrations within sites.

All statistical analyses were carried out using R, version 2.11.1 (R Development Core Team 2010).

5.3 Results

Microcystin concentrations in fish from the study lakes ranged from 0.5-198 pg/kg wet weight (ng/kg
w.w.) in filleted muscle tissue, 3.4-1189 png/kg w.w. in fish with guts and heads removed, and 2.8-898.7
in whole fish (Table 5.2). Where comparison was possible, I found that whole and gutted (guts and head
removed) fish often had higher microcystin concentrations than filleted muscle tissue samples. However,
there were some exceptions to this general pattern (notably in Haplochromis (?) spp. in Murchison Bay,
O. niloticus and T. zilli in Napoleon Gulf, and 4 alluaudi in Lake Saka). R. argentea (from Murchison
Bay and Napoleon Gulf) and P. reticulata (from Lake Nkuruba), both small species that were analyzed
whole, had much higher microcystin concentrations than fish with similar calculated trophic levels from

the same study sites.

5.3.1 Influence of Site and Species on microcystin concentrations in fish

On average, microcystin concentrations in fish were higher in Murchison Bay and Lake Saka than at other
sites, however, few of these differences were statistically significant. I observed a wide range of
microcystin concentrations in fish at both the species and site level. Microcystin concentrations (within
sites) for the set of “common” species sampled are graphically displayed in Figure 5.1. Of these
“common” species, Lake Saka had the highest mean microcystin concentrations for Haplochromis (?) sp.,
L. niloticus and O. niloticus (these were the only three “common” species collected from Lake Saka).
Mean microcystin concentrations in C. gariepinus, Haplochromis (?) sp., L. niloticus, O. leucostictus, O.
niloticus, and T. zilli were higher in Murchison Bay than at any other site except Lake Saka; this is true all
of the “common” species sampled from Murchison Bay with the exception of P. aethiopicus, where
concentrations were highest in Lake Edward. Surprisingly, microcystin concentrations in fish from Lake
Nkuruba were comparable to those observed in fish from other sites, even though microcystin

concentrations in water from this lake were consistently very low or undetectable (Chapter 2, this thesis).
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Analysis of variance between log-transformed microcystin concentrations and site on a species-by-
species basis (using the suite of “common” species) revealed significant differences for Haplochromis (?)
sp., which had significantly higher concentrations in Lake Saka than in Lakes Edward, George, Mburo or

Napoleon Gulf. There were no other significant differences between sites for any species.

Using ANOVA to compare microcystin concentrations between species on a site-by-site basis
(graphically displayed in Figure 5.2 and summarized in Table 5.3) I found that in Murchison Bay, P.
aethiopicus had significantly lower microcystin concentrations than Haplochromis (?) sp., Synodontis
afrofischeri and O. leucostictus. In Napoleon Gulf, P. aethiopicus had significantly lower concentrations
than M. kannume or S. afrofischeri. Meanwhile in Lake Saka, microcystin concentrations in
Haplochromis (?) sp. were significantly higher than those observed in O. niloticus, and in Lake Mburo, P.

aethiopicus had significantly lower microcystin concentrations than O. esculentus or C. gariepinus.

Given that Napoleon Gulf and Murchison Bay have very similar species assemblages, I carried out a
two-way ANOVA with microcystin concentrations as the dependent variable, and with site and species as
the predicting factors. Only species that were present at both sites were included in the analysis. I found
that both site (P<0.05) and species (P<0.01) were significant predictors of microcystin concentrations in
fish, and there was no significant interaction between site and species. Microcystin concentrations in fish
from Murchison Bay were significantly higher than in fish from Napoleon Gulf. With regard to
differences between species across both sites, R. argentea had significantly higher microcystin
concentrations than did L. niloticus, O. leucostictus, O. niloticus, T. zilli, S. victoriae and P. aethiopicus.
Meanwhile, S. afrofischeri had significantly higher microcystin concentrations than L. niloticus, O.
niloticus and P. aethiopicus. Lungfish (P. aethiopicus) in Murchison Bay and Napoleon Gulf had
significantly lower microcystin concentrations than any of the other species included in the analysis with

the exception of Tilapia zilli.

The two-way ANOVA described above was repeated for Lake George and Lake Edward. I found that
while there was no significant difference in microcystin concentrations between sites, across both sites P.
aethiopicus had significantly lower microcystin concentrations than either O. leucostictus or O. niloticus

(P<0.05). There was no significant interaction between site and species.
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5.3.2 Seasonality of microcystin in fish

Based on analysis of variance I found no significant differences in microcystin concentrations in O.
niloticus among sampling dates for any of the study sites, with the exception of Napoleon Gulf, where

concentrations were significantly higher on December 29, 2008 than on January 29, 2009 (P<0.05).

Although not statistically significant, there appeared to be some consistent temporal patterns in
microcystin concentrations in fish within some of the study sites. This is most notable in Napoleon Gulf
and Lake Edward, where microcystin concentrations in several species of fish tended to increase and
decrease in concert (Figure 5.3), and also tended to loosely follow temporal changes in microcystin

concentrations in water (Figure 5.4).

In Napoleon Gulf, microcystin concentrations in fish were relatively stable from September to mid-
December; then, in several species, a peak in concentrations was observed between late-December and
mid-January, followed by a decrease in concentrations in late-January (Figure 5.3). This peak in
microcystin concentrations was also seen in water from Napoleon Gulf, where concentrations peaked
from December to mid-January and then fell considerably by late-January (Figure 5.4). Some fish species
experienced earlier peaks in concentration than others, with O. niloticus and M. kannume appearing to
respond more quickly to increases in microcystin concentrations in water than L. niloticus. Through the
characterization of seasonal changes in microcystin concentrations in fish from Napoleon Gulf, several
previously obscured differences in microcystin concentrations between species became more readily
apparent: O. variabilis tended to have the highest microcystin concentrations, followed by M. kannume
and O. niloticus, followed by L. niloticus and T. zilli, and finally P. aethiopicus tended to have the lowest

microcystin concentrations (Figure 5.3).

In Lake Edward, similar seasonal trends were observed across multiple species, with concentrations
that are intermediate in October, fall in November, rise to a peak in December, and then fall again in
January (Figure 5.3). However, this trend was not observed in O. niloticus. This pattern of rising and
falling concentrations is similar to the rises and falls seen in microcystin concentrations in water over the
study period (Figure 5.4). However, while the peaks and troughs in microcystin concentrations in fish
correspond with those observed for microcystin in water from offshore Lake Edward, they are inversely
related to those observed in water from near shore Lake Edward. When seasonality is taken into account,
previously imperceptible patterns in the relative microcystin concentrations of species emerge, with O.

niloticus tending to have consistently high microcystin concentrations relative to other fish, and with C.
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gariepinus and B. docmac tending to have higher microcystin concentrations than B. bynni or P.

aethiopicus (Figure 5.3).

In Lake George, there is no apparent seasonality in microcystin across all species of fish. In B. docmac,
C. gariepinus, and P. aethiopicus, concentrations tended to decrease over the study period, while in O.
niloticus there is a general increase from the beginning of the study period to the end (Figure 5.3). The
temporal trend observed in O. niloticus has some similarities to the pattern observed for microcystin in
water, where low microcystin concentrations were observed in September and October, and higher
microcystin concentrations were observed from November to February, with a maximum in January
(Figure 5.4). In Lake Mburo, there is a gradual increase in microcystin concentrations in water from a low
in September to a high in January/February (Figure 5.4), which appears to be reflected by microcystin
concentrations in O. esculentus and O. leucostictus, but is not seen for any other species of fish (Figure

5.3).

In Murchison Bay, there appear to be no consistent seasonal patterns among species, although there is a
clear decrease in microcystin concentrations in L. niloticus throughout the whole study period (Figure
5.3). In Lake Nkuruba (not graphically displayed), the consistently low microcystin concentrations in
water, the small number of species sampled, and the low number of replicates made it impractical to look
for seasonal patterns in microcystin in fish from this lake. Meanwhile, in Lake Saka, microcystin
concentrations in water were lowest in September and October, slightly higher in November and early-
December, and very high in late-December through February (Figure 5.4). However, among fish, this
increasing trend was only shared by A. alluaudi, although in O. niloticus microcystin concentrations
appear to be slightly higher in November through February as compared to September/October (Figure
5.3).

5.3.3 Trophic level and microcystin concentrations

Within site regressions of log-transformed microcystin concentrations in fish against calculated trophic
level (and 8'"°N) revealed weak negative trends (not statistically significant) between these variables at all
sites but Lake Saka, where a weak positive trend (not statistically significant) was observed (Figure 5.5).
When the relationship between microcystin in fish and trophic level was explored within dates, as for the
previous regressions, no statistically significant relationships emerged, and the log(MC)~trophic level
relationship within dates was not always negative, with positive relationships observed on several

sampling dates within sites.
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Aggregating all sampling dates, for L. niloticus from Murchison Bay, there was a significant (P<0.05)
negative relationship between microcystin concentrations and calculated trophic level (Figure 5.6), and
weak (not statistically significant) positive trend between these variables for O. niloticus. In Napoleon
Gulf, a weak positive relationship was observed for O. niloticus and a weak negative relationship was
observed for L. niloticus, neither of which was statistically significant (Figure 5.6). Within O. niloticus
from Lakes Edward, George, Mburo and Saka, there were non-significant negative trends between log-

transformed microcystin concentrations and calculated trophic level.

When the relationship between microcystin concentrations and trophic level within species were
considered on a date-by-date basis the relationships that emerged did not tend to be statistically
significant. For O. niloticus, at most sites these relationships were generally negative, with the exception
of Murchison Bay, where on half of all sampling dates this relationship was positive, and Napoleon Gulf,
where this relationship was positive on all sampling dates. For L. niloticus this relationship was generally
negative in Murchison Bay, and negative on half of all sampling dates in Napoleon Gulf (with weak

positive relationships on the remainder of the sampling dates).

5.3.4 Dietary carbon source and microcystin concentrations

Based on linear regression, 8"°C (as an indicator of dietary carbon source) was not a significant predictor
of microcystin concentrations in fish at either the within site level, or within both site and sampling date.
However, at the within site level, there were weak (not statistically significant) negative relationships
between log-transformed microcystin concentrations and 8'"°C at all sites but Lakes George and Nkuruba,
where there was a non-significant positive trend between these variables (Figure 5.7). When this
relationship is explored within both site and date, this relationship is weakly positive on some occasions

and weakly negative on others.

Also, there were no statistically significant relationships observed between microcystin concentrations
in fish and 8"C within O. niloticus or L. niloticus at any site. For O. niloticus, weak positive relationships
were observed for all sites but George and Saka. Meanwhile, for L. niloticus weak negative relationships
were observed between microcystin concentrations in fish and 8'"°C values at both Murchison Bay and

Napoleon Gulf (Figure 5.8).

5.3.5 Fish length and microcystin concentrations

When regressions of log transformed microcystin concentrations in fish tissue against total length were

carried out for each species within sites, some statistically significant relationships emerged: in Lake
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Edward, there was a negative relationship between log(MC) and total length for C. gariepinus (P<0.05).
Meanwhile in Lake George, microcystin concentrations were negatively related to fish length from both
O. niloticus and H. squamipinnis. Finally, in Napoleon Gulf this relationship was significant and negative
for O. niloticus and O. variabilis. Additionally, although there were no other statistically significant
relationships between microcystin concentrations in fish and total length, the direction of this relationship

was generally negative. These relationships are summarized in Table 5.4.

In order to account for seasonal variability, these regressions were also carried out on a date-by-date
basis for O. niloticus (at sites where present), and for L. niloticus from Murchison Bay and Napoleon
Gulf. For both of these species at all sites, there were generally weak (not statistically significant)
negative relationships between microcystin concentrations and total length, although for O. niloticus from

Lake Saka, this relationship was only negative for half of all sampling dates.

5.4 Discussion

Microcystin concentrations in fish muscle tissue in the current study (range: 0.5-198 pg/kg w.w.) were
comparable to concentrations reported for fish muscle in other studies from around the world (reviewed in
Ibelings and Chorus 2007). To date, the only reported microcystin concentrations in fish from East
African lakes are from O. niloticus from Murchison Bay and Lake Mburo (Nyakairu et al. 2009, Semyalo
et al. 2010) and in L. niloticus from Murchison Bay (Nyakairu et al. 2009), all based on samples collected
in 2004-2005. The microcystin concentrations for fish from Murchison Bay reported by these two studies
fell within the ranges (but below the mean values) observed in the current study. However, both Nyakairu
et al. (2009) and Semyalo et al. (2010) occasionally found concentrations in O. niloticus from Lake
Mburo that exceeded those observed in the current study, demonstrating the inter-annual variability

inherent in microcystin concentrations in both water and fish.

Other reported microcystin concentrations from tropical study sites include data from O. niloticus from
an Egyptian fish farm (Mohamed and Carmichael 2003), where values were generally found to be higher
(45.7-102 pg/kg) than those observed for O. niloticus in the current study. There have also been some
South American studies that have characterized microcystin concentrations in fish. In a Brazilian coastal
lagoon a maximum microcystin concentration in fish of 39.6 ng/kg was observed (Magalhaes ef al. 2003).
Meanwhile, in two Brazilian hydroelectric reservoirs Deblois et al. (2008) reported microcystin
concentrations ranging from 0.9-12.0 pg/kg w.w. in tilapiine cichlids (O. niloticus and Tilapia rendalli).
Also, in a shallow Argentinian lake, Odontesthes bonariensis was found to have a mean microcystin

concentration in muscle of 2.2 pg/kg w.w. (Amé et al. 2010). These values fall within the range of values
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observed in the present study, however, this study often observed much higher microcystin concentrations

in fish muscle tissue than did the South American studies.

Microcystin concentrations in fish have also been reported for several Chinese lakes. In Lake Chaohu,
microcystin concentrations were reported for 8 species of fish, which had maximum microcystin
concentrations ranging from 26—-497ug/kg (Xie et al. 2005). Microcystin concentrations in six species of
fish were characterized in Lake Taihu (Zhang et al. 2009), Carassium auratus had the highest mean
microcystin concentration (20.8 pg/kg), while the other five species had much lower microcystin
concentrations. While the values reported for these two Chinese lakes overlap with the range of
concentrations observed in the present study, observed concentrations were generally lower than those
observed in Lake Chaohu (Xie ef al. 2005), but higher than those reported for Lake Taihu (Zhang et al.
2009).

In the temperate Laurentian Great Lakes, my own data from Lake Ontario (Bay of Quinte, range: 0.5—
25.8 pg/kg w.w.) and Lake Erie (Maumee Bay, range: 1.5-43.6 ng/kg w.w.) fall within the range of
observed values for several Ugandan study sites. Meanwhile, microcystin concentrations in Perca
flavescens (yellow perch) collected in 2006 from the western basin of Lake Erie were found to range from
0.04-1.25 pg/kg w.w. (Wilson et al. 2008), concentrations that are generally below the range of

concentrations observed in my Ugandan study lakes.

The elevated microcystin concentrations that I often observed in whole and gutted fish relative to
muscle tissue in the current study were consistent with results from a broad range of studies that have
found higher microcystin concentrations in fish livers, guts, blood and bile as compared to fish muscle
tissue (Xie et al. 2005, Zhang et al. 2009, Amé et al. 2010). This is largely a reflection of the fact that
once absorbed by the digestive tract, microcystin is rapidly distributed throughout the fish by the blood
stream, with the liver and other highly vascularized organs experiencing particularly high levels of
exposure to microcystin (Martins and Vasconcelos 2009). Particularly high microcystin concentrations
were observed in fish that were analyzed whole (notably R. argentea, P. reticulata and some
haplochromine cichlids). In addition to the presence of internal organs with high microcystin
concentrations, these fish may also have appreciable amounts of cyanobacteria present in their guts or in
their slime, which would act to further increase measurable microcystin in these fish. However, given that
these small fish are generally eaten whole, the concentrations measured through the analysis of whole fish
most accurately reflect the exposure risk posed through consumption of these fish. The remainder of the

discussion focuses on microcystin concentrations in fish muscle tissue tissue unless otherwise indicated.
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5.4.1 Comparing sites

Generally, microcystin concentrations in fish were highest in the lakes where microcystin concentrations
in water were also highest (Table 5.1). In particular, fish from Lake Saka (and to a lesser extent,
Murchison Bay) tended to have higher microcystin concentrations than fish from other sites. This
indicates that high microcystin concentrations in water can lead to elevated microcystin concentrations in

fish.

When microcystin concentrations in fish from Murchison Bay and Napoleon Gulf (both embayments in
northern Lake Victoria) were compared on a species-by-species basis, fish from Murchison Bay had
higher microcystin concentrations than fish from Napoleon Gulf. This is consistent with the higher
microcystin concentrations in water observed in Murchison Bay relative to Napoleon Gulf (Table 5.1).
Given that these study sites have very similar species assemblages and food web structure (Chapter 3, this
thesis), the reduction of the variability associated with differences in the species present and their trophic

relationships facilitates the interpretation of comparisons between these two sites.

Lake Edward and Lake George are connected via the Kazinga Channel and have nearly identical
species assemblages and trophic structure (Chapter 3, this thesis). Despite these similarities, there are
substantial differences between these two lakes with respect to size, depth and trophic status, and
microcystin concentrations in Lake George are much higher than those observed in offshore Lake Edward
(Table 5.1). However, contrary to what was observed for Napoleon Gulf and Murchison Bay, the
differences in microcystin concentrations in water between Lake Edward (offshore) and Lake George did
not lead to different microcystin concentrations in fish from these lakes. There was no significant
difference in microcystin concentrations in fish between the two sites. One possible explanation for this
unexpected result is that cell quota of microcystin in Microcystis spp. in Lake Edward is much higher than
cell quota in Lake George (Chapter 2), suggesting that organisms consuming (either directly or indirectly)
comparable amounts of toxin-producing cyanobacteria will ingest much more microcystin in Lake
Edward than in Lake George. Alternatively, the fish sampled in Lake Edward may more closely reflect
microcystin concentrations in near-shore Lake Edward (and the Kazinga Channel), which are similar to
those observed in Lake George, and much higher than the concentrations routinely encountered in

offshore Lake Edward.

Microcystin concentrations in fish from Lake Nkuruba were comparable to, and occasionally higher
than, the concentrations observed at other study sites. This was unexpected, given that microcystin

concentrations in epilimnetic water from Lake Nkuruba were consistently very low or undetectable.
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Additionally, during the study period, Microcystis spp. (the cyanobacterial genus that is primarily
responsible for microcystin production in the other study lakes, see Chapter 2) was not observed in Lake
Nkuruba, suggesting that other cyanobacterial taxa may be responsible for microcystin production in this
lake. One possibility is that high stability in the water column (see Chapter 2) of Lake Nkuruba allows for
the congregation of microcystin producing cyanobacteria at discrete depths in the water column, which I
may have missed in my sampling. Several species of Planktothrix spp. are known to be capable of
forming dense metalimnetic blooms (Mur et al. 1999), which have been found to have the potential to be
extremely toxic (Fastner et al. 1999). However, although not included in the current study, I also carried
out discrete sampling at several depths, including at the thermocline, but did not find any obvious
differences in microcystin concentrations between depths, nor did I find any peaks in biomass of potential
microcystin producers (Poste, unpublished data). Alternatively, benthic cyanobacteria may be responsible
for toxin production in this lake, which would explain the low microcystin concentrations observed in the
water column (especially given that samples were collected from the middle of the lake). Microcystin
production by benthic cyanobacteria (generally either Oscillatoria or Phormidium species) is known to
occur, particularly in lakes with increased water clarity (Mez ef al. 1997, Mur et al. 1999). I observed that
periphyton is extensive along the rocky margins of Lake Nkuruba. However, stable carbon isotopic ratios
for fish from Lake Nkuruba suggest a food web based primarily on phytoplankton rather than benthic

“algal” sources. As such, further study is needed to determine the source of microcystin in this lake.

When microcystin concentrations in fish were compared between sites on a species by species basis,
only Haplochromis (?) sp. had significantly different microcystin concentrations at different sites, with
higher concentrations in Lake Saka and Murchison Bay. It is difficult to identify whether this is primarily
due to differences in microcystin exposure between sites (with Haplochromis (?) sp. from Lake Saka and
Murchison Bay tending to have higher dietary microcystin exposure), or whether this difference is a
reflection of differences in fish diet or even fish species between the sites. I observed that Haplochromis
(?) sp. from Lakes Edward and George were significantly larger and at significantly higher trophic levels
than Haplochromis (?7) sp. from any other site, and that Haplochromis (?) sp. from Lake Saka were
smaller than those sampled from all sites but Napoleon Gulf (this is described in detail in Chapter 3).
These differences in both size and trophic level suggest that Haplochromis (?) sp. from different sites
(and possibly within sites) could represent different species, with different dietary habits and consequent
microcystin exposure, making it difficult to draw any conclusions about differences in microcystin
concentrations in fish between sites based on differences observed in Haplochromis (?) sp. The lack of

significant differences between sites (within species) despite differences in microcystin concentrations in
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water is likely a result of several sources of variability. These may include seasonal variability in
exposure to and depuration of microcystin (Smith and Haney 2006), dietary variability within species,
differences in the diet of a species between sites, and differences in the exposure history of fish due to

migratory feeding behavior.

5.4.2 Comparing species

This study included a wide range of fish species from all sites ranging from phytoplanktivores up to top
piscivores. These species should also experience a wide range in dietary exposure to microcystin, with
fish feeding at lower trophic levels (particularly those capable of feeding on cyanobacteria) more likely to
experience high microcystin exposure than those that feed at higher trophic levels especially considering

lack of biomagnification observed in this study.

When microcystin concentrations were compared between species on a site-by-site basis, there was a
great deal of overlap between species within the study sites, and few statistically significant differences
emerged. However, there were some general trends that were observed at several study sites: where
present, S. afrofischeri, M. kannume, Haplochromis (?) sp. and tilapiine cichlids (notably O. leucostictus,
O. esculentus and O. variabilis) tended to have relatively high microcystin concentrations, while P.
aethiopicus tended to have particularly low microcystin concentrations. Also, as previously mentioned, R.
argentea and P. reticulata tended to have much higher microcystin concentrations than other fish from
the same study sites, likely due in part to their planktivorous diet, as well as to the fact that they were

analyzed whole.

Meanwhile, the other species for which microcystin concentrations tended to be high included tilapiine
cichlids known to feed primarily on phytoplankton and detritus, known molluscivores (M. kannume and
S. afrofischeri), and Haplochromis (?) sp., which are often facultative feeders (Greenwood 1958). In
particular, phytoplanktivorous, detritivorous and molluscivorous fish (especially those feeding primarily
on bivalves) would be expected to have diets that increase the risk of exposure to pelagic cyanobacteria.
Meanwhile, the lungfish (P. aethiopicus) is known to have an omnivorous diet that includes insects, small
fish and gastropods (Greenwood 1958). This diet may result in low microcystin exposure due to reliance
on benthic primary production, as gastropods are generally expected to rely more on benthic rather than
pelagic sources of phytoplankton (Post 2002). Additionally, P. aethiopicus are often associated with near-
shore wetlands, where benthic food sources are expected to be more widely available for both lungfish

and their prey. However, given that stable isotope analysis suggests that fish in these lakes are relying to a
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high degree on pelagic carbon sources, it is possible that P. aethiopicus may not readily absorb

microcystin from the gut, or may have an enhanced ability to depurate microcystin.

Although there were few statistically significant differences in microcystin concentrations between
species, this does not necessarily imply that these fish are experiencing similar microcystin exposure or
accumulation. It is known that fish differ in their responses to microcystin exposure, with some species
more capable at detoxifying and depurating microcystin than others (Tencalla and Dietrich 1997, Xie et
al. 2004, Smith and Haney 2006). These competing influences (dietary exposure, accumulation and
depuration) as well as strong seasonal variability in dietary exposure greatly complicated between-species

comparisons of microcystin concentrations in fish.

5.4.3 Seasonality of microcystin in fish

In temperate lakes, strong seasonal changes in temperature, light and mixing allow for cyanobacterial
dominance (and associated toxin production) primarily in the late summer and early fall (Munawar and
Munawar 1986). Meanwhile, in tropical lakes, the conditions are such that there is the potential for the
year-round presence of toxic cyanobacteria at high biomasses (Oliver and Ganf 2000, Kling et al. 2001).
Despite the relatively stable conditions experienced in Ugandan lakes throughout the year, there are
seasonal patterns in stratification, mixing, nutrient concentrations, phytoplankton community composition
and biomass (Talling 1966, 1986, Beadle 1981, Mugidde 2002). At my study sites, I observed temporal
variation in the biomass of toxin-producing cyanobacteria as well as in microcystin concentrations in both
water and fish. Generally, it would be expected that the seasonality of microcystin in fish should reflect
the seasonality of microcystin in water; however, the time that it takes for concentrations in fish to
respond to the concentrations in water, as well as the capacity for detoxification and depuration of
microcystin by fish are also expected to affect the temporal trajectory of microcystin concentrations in

fish throughout the study period.

In examining the seasonality of microcystin in fish, there were three general patterns observed: 1)
consistent seasonal patterns in microcystin concentrations were seen across several species as well as in
water (observed in Lake Edward and Napoleon Gulf), 2) microcystin concentrations in a small number of
species appeared to follow microcystin concentrations in water (observed in Lakes Mburo and George),
and 3) no obvious seasonal patterns in microcystin in fish (observed in Murchison Bay, Lake Nkuruba,

and Lake Saka).
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In Napoleon Gulf, based on similarities in the seasonality of microcystin in both water and fish,
microcystin concentrations in fish appear to be responding quickly to changes in microcystin
concentrations in water. This is particularly evident in the peak in microcystin concentrations (in both
water and fish) observed in late-December through mid-January, as well as in the substantial drop in
microcystin concentrations in water between mid- and late-January, when concentrations in fish also fall
quickly. This pattern was observed in fish from all trophic levels, although L. niloticus (a secondary
consumer) experienced a later peak in microcystin concentrations than O. niloticus (a primary consumer),
indicating that there may have been a slight lag in the accumulation of microcystin in higher trophic level
organisms, given that their exposure would be expected to be via their prey rather than through direct
consumption of toxin-producing cyanobacteria. The fact that microcystin concentrations in fish declined
in concert with concentrations in water indicates that these fish depurated microcystin effectively,

lowering microcystin concentrations in muscle tissue to pre-peak levels.

In Lake Edward, microcystin in several species of fish followed a seasonal trajectory that was very
similar to that observed for microcystin in water from offshore Lake Edward, although it is also possible
that these fish are responding to changes in microcystin concentrations in water from near-shore Lake
Edward with a time-lag. However, this is not the case for O. niloticus, which has consistent (and
relatively high) microcystin concentrations throughout the whole study period. The lack of seasonality in
microcystin concentrations in O. niloticus may reflect a dietary source of microcystin with more
consistent concentrations than pelagic cyanobacteria (possibly detritus), or may be due to opportunistic
feeding on cyanobacterial blooms where they occur (with fish migrating between near-shore Lake
Edward, and the Kazinga Channel). Regardless of whether the rises and falls in microcystin
concentrations in fish are reflective of concentrations in offshore Lake Edward, or of concentrations in
near-shore Lake Edward (with a time lag), the fact that concentrations in fish show distinct increases and
decreases suggests that these fish do respond to changes in microcystin concentrations in water, and that
reduced exposure combined with depuration can lead to decreases in microcystin concentrations in fish in

Lake Edward.

In Lake George, only O. niloticus shared a general seasonal trend in microcystin concentrations with
concentrations in water. Meanwhile in Lake Mburo, O. esculentus and O. leucostictus followed a trend
similar to that observed in water. These tilapiine cichclids are known to consume both live and detrital
cyanobacteria (Greenwood 1958, Trewavas 1983, Nagayi-Yawe et al. 2006, Semyalo et al. 2010), which

may explain the faster reponse of microcystin concentrations in these fish to changes in microcystin
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concentrations in the water. The lack of similarity between the seasonality of microcystin concentrations
in water and most species of fish at these sites may be due to the monthly sampling frequency; short-lived
toxic cyanobacterial blooms may occur between sampling dates, and while evidence of these blooms may
no longer be present in the water column, there may not have been enough time for significant depuration
of microcystin in fish to occur. Meanwhile, in Lakes Saka and Nkuruba, small sample sizes made it

difficult to ascertain seasonal patterns in microcystin concentrations in fish.

In Murchison Bay, there were no obvious trends that were present over several species, or that matched
the seasonal trends observed for microcystin in water. This may in part be due to the difficulty of
knowing whether fish had been feeding primarily within inner Murchison Bay, where water samples were
collected, or outside of the inner bay, which tends to have very different characteristics (Haande et al.
2010). Additionally, confirming catch location for fish was difficult given the nature of the landing site (a

hectic urban fish market with a large number of fishermen).

Some of the variability observed in microcystin concentrations within species within the study sites
does appear to be related to seasonal changes in microcystin concentrations in fish; however, the
interpretation of these seasonal patterns must consider the dynamics of microcystin accumulation and

depuration in fish as well as the spatial and temporal heterogeneity of toxic cyanobacterial blooms.

5.4.4 Trophic level and microcystin concentrations

Biomagnification is the process by which a compound is concentrated as it moves up the food web, such
that concentrations in organisms at higher trophic levels exceed those at lower trophic levels (Mackay and
Fraser 2000). Biomagnification is commonly observed for lipophilic compounds (such as PCBs), but is
generally not expected to occur for hydrophilic compounds such as microcystin (Ibelings and Havens
2008). However, it is important to note that some microcystin congeners are more lipophilic than others,
and their toxicity and propensity to accumulate in aquatic organisms may differ (Dietrich and Hoeger
2005, Amé et al. 2010). There is little evidence of biomagnification of microcystin in laboratory or field
studies (Ibelings et al. 2005, Zhang et al. 2009, Kotak et al. 1996, but see Xie et al. 2005), and Ibelings
and Havens (2008) and Karjalainen et al. (2005) suggest that microcystin may undergo biodilution as is
moves through the food chain, where concentrations decrease at each successive trophic level due to the
metabolization and excretion of microcystin. Additionally, fish at higher trophic levels would also be

expected to experience lower dietary microcystin exposure than those feeding at lower trophic levels.
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Log-transformed contaminant concentrations are often regressed against " °N or calculated trophic
level in order to explore whether a compound is undergoing biomagnification or biodilution in food webs.
I carried out similar regressions for log-transformed microcystin concentrations (log(MC)) in fish at my
study sites and found non-significant weak negative slopes for all study sites with the exception of Lake
Saka. These results indicate that biodilution may be occurring at these study sites, albeit only weakly.
These results are in sharp contrast to the results for regressions between log-transformed total mercury
and calculated trophic level for these same fish, where statistically significant biomagnification was

observed at all sites (see Chapter 4).

On a within species level, for both L. niloticus and O. niloticus, microcystin concentrations had
negative (but not statistically significant) relationships with trophic level at all sites where they were
present, with the exception of O. niloticus from Napoleon Gulf and Murchison Bay, where positive
relationships were observed between log(MC) and trophic level. The negative relationships observed
support the possibility that fish feeding on lower trophic levels will have higher dietary exposure to
microcystin, leading to higher microcystin concentrations. However, the elevated microcystin
concentrations observed in O. niloticus with higher '"°N values in both Napoleon Gulf and Murchison
Bay may indicate that these individual fish were relying on food sources based on phytoplankton

supported by anthropogenic nitrogen (human waste tends to have enriched 8'"°N values, Harrington 1998).

Although there was no strong evidence of biodilution in the food webs examined, these food webs
considered only fish. The inclusion of phytoplankton, zooplankton and other primary consumers such as
bivalves and gastropods would likely reveal much stronger biodilution patterns across the whole food

web than across fish alone (see Ibelings et al. 2005).

5.4.5 Dietary carbon source and microcystin concentrations

Stable carbon isotopic analysis is often used to indicate dietary carbon source, with higher 8"°C values
tending to indicate benthic or rapidly growing '*C-limited phytoplanktonic carbon sources (Hecky and
Hesslein 1995, and see Chapter 3). The 8"3C values in fish from all study sites were consistent with the
range of 8"°C observed in phytoplankton, suggesting that the food webs sampled were all highly reliant on
pelagic food sources (see Chapter 3). Given that Microcystis (the main microcystin producer in these
study lakes, see Chapter 2) is a pelagic cyanobacterium, the strongly pelagic diet of fish in these lakes

may lead to elevated dietary microcystin exposure (and accumulation).
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With the exception of Lakes George and Nkuruba, relationships between log-transformed microcystin
concentrations and 8'"°C values within the study sites were negative (although generally not statistically
significant). It is possible that this reflects the fact that fish feeding primarily on pelagic sources of carbon
are likely to be exposed to higher levels of microcystin than those that feed primarily on benthic carbon
sources. However, low transparency in these highly productive lakes is not expected to allow for
substantial benthic production (Vadeboncoeur ef al. 2003) and based on 8"C values the food webs in

these lakes are fully supportable by phytoplankton.

In Lake Nkuruba, where Microcystis spp. was absent and microcystin concentrations in the water
column were often undetectable (see Chapter 2), the positive relationship observed between microcystin
and §"°C may support the possibility that microcystin production in this lake was attributable to either
benthic cyanobacteria or a dense *C-limited metalimnetic bloom of toxin-producing cyanobacteria, given
that fish with enriched 8"C values (possibly due to the incorporation of benthic carbon) tended to have
higher microcystin concentrations. However, given that only two species were included in the analysis

and the narrow range in 8'"°C values represented by these species, these data are inconclusive.

In Lake George, the positive relationship between microcystin and 8"°C could reflect that fish with
higher microcystin concentrations have a history of feeding opportunistically on heavy blooms of
phytoplankton where reduced isotopic discrimination led to high 8"°C values. However, given that O.
niloticus (the lowest trophic level species in Lake George) had the highest 8'°C values of any species in
the lake, this positive relationship is likely to be mostly attributable to high dietary microcystin exposure

in a low trophic level species with high 8'"°C values.

5.4.6 Pairing stable isotope analysis with microcystin determination

To understand the trophic transfer of a compound, it is critical to have an understanding of the underlying
food web. Stable carbon and nitrogen isotope analysis can provide insight into the dietary relationships
between organisms, with 8"°N acting as an indicator of realized (rather than assumed) trophic level, and
8'°C acting as an indicator of dietary carbon source. Such an approach has not previously been used for
microcystin in food webs; however, by using stable isotope analysis as an indicator of fish diet, I can
examine relationships between fish diet and microcystin concentrations in fish tissue, and can characterize
the trophic transfer of microcystin among many species without needing to make restrictive assumptions

about fish diet and trophic level.
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Stable isotope analysis provides a time-averaged representation of both dietary habits and changes in
baseline stable isotopic ratios that can range from days (in primary producers) to years (in slow-growing
fish with long tissue-turnover times) (Hesslein 1993, O’Reilly and Hecky 2002). However, microcystin
concentrations in fish are likely to represent only recent exposure to this toxin, especially in tropical lakes,
where temperature dependent depuration (Ibelings and Havens 2008) can act to quickly reduce

concentrations in fish when no longer exposed.

5.4.7 Fish length and microcystin concentrations

Where fish experience ontogenetic dietary shifts, feeding on progressively higher trophic level organisms
as they grow, dietary exposure to microcystin would be expected to be lower in larger fish. In the western
basin of Lake Erie, Wilson ef al. (2008) found that microcystin concentrations in yellow perch muscle

tissue were negatively related to fish length, as would be expected based on the fact that yellow perch are

known to experience dietary shifts with growth.

Generally, I found that within species there tended to be weakly negative (although rarely statistically
significant) relationships between log-transformed microcystin concentrations and total length within
sites. Due to the potential confounding influence of seasonal variability in microcystin concentrations in
fish, I also evaluated the relationship between log(MC) and total length for L. niloticus and O. niloticus
on a date-by-date basis (within sites). In Napoleon Gulf and Murchison Bay, on most sampling dates
there were weakly negative relationships between log(MC) and total length for L. niloticus. Meanwhile,
for O. niloticus, on a date-by-date basis (within sites) the relationship between log(MC) and total length
was generally negative at all sites, although in Lake Saka, Napoleon Gulf and Murchison Bay,
occasionally this relationship was positive. However, when L. niloticus from both Murchison Bay and
Napoleon Gulf are divided into two size classes (TL<25 cm and TL>25 cm), the relationship between fish
length and microcystin concentrations for this species becomes clearer. Small (<25 cm) L. niloticus in
Napoleon Gulf had mean microcystin concentrations of 15.7 pg/kg w.w., while large (>25 cm) L.
niloticus from the same site had mean microcystin concentrations of 5.9 ug/kg w.w. Meanwhile, in
Murchison Bay, small and large L. niloticus had mean microcystin concentrations of 27.7 and 9.4 ng/kg
w.w. respectively. These results suggest that generally, smaller fish tended to have higher microcystin
concentrations. This is of importance given that smaller fish tend to be less commercially marketable and
as such, are more likely to be consumed by subsistence fishers and their families, increasing their

microcystin exposure.
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5.4.8 General conclusions and risk evaluation

There are several factors that appear to have an effect on microcystin concentrations in fish, including:
microcystin concentrations in water (and associated seasonality), fish species, fish diet (trophic level and
relative importance of pelagic food sources), fish size, as well as physiological interactions with
microcystin (including accumulation, detoxification and depuration rates). This complex set of factors can
have interacting and often competing effects on microcystin concentrations in fish, making it particularly
difficult to predict microcystin concentrations in fish based only on microcystin concentrations in water,
highlighting the importance of monitoring microcystin concentrations in fish in order to gain an

understanding of the microcystin exposure risks posed by fish consumption.

Based on the current WHO TDI for microcystin of 0.04 ng/kg body weight, fish where microcystin
concentrations exceed 24 ng/kg w.w. would cause a consumer (weighing 60 kg and eating 100 g of fish)
to exceed this guideline value. Several fish from all study sites (including many species from a wide range
of trophic levels) exceeded this reference concentration (see Table 5.2). This suggests that although
microcystin is not biomagnifying in these lakes, trophic transfer and accumulation of microcystin occurs
throughout the entire food web, and in tropical lakes there is the potential for year-round exposure of
aquatic food webs to microcystin. Furthermore, microcystin in fish can be an important source of
microcystin exposure for humans, particularly in riparian, and especially fishing, communities where fish

is consumed regularly.
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Table 5.1 Mean microcystin and chlorophyll a concentrations in epilimnetic water (from Chapter 2,

this thesis).

MC in Water Chlorophyll a
bake (he/L) (hg/L)
Lake Edward (all) 3.61+4.90 43.8

Edward nearshore 5.81 +5.86 66.3 £46.2

Edward offshore 0.97+1.10 21.3+£22.8
Lake George 8.54 +£6.36 138.0+39.1
Lake Mburo 248 +£0.96 48.6 + 10.1
Murchison Bay 7.26 +5.73 96.5 £ 38.1
Napoleon Gulf 1.75 £ 1.26 247+ 18.4
Lake Nkuruba 0.24 £ 0.06 6.2+22
Lake Saka 61.2+734 90.0 + 36.3
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Table 5.2 Mean (£ s.d.) microcystin concentrations, total length, stable carbon (613C) and nitrogen
(8"°N) isotope ratios, and calculated trophic levels for fish from all study lakes. Only those fish for
which microcystin concentrations were analyzed are included, as such, 8"°C and 3"°N values may
differ from those reported in Chapter 3. Sample type (whole, filleted or gutted (heads and viscera
removed)) is indicated. Species codes in this table are used on subsequent figures. Asterisks indicate
that each replicate represents 10 pooled individual fish. 'Of the three individual Haplochromis (?)
spp. from Napoleon Gulf, one did not yield enough material for both microcystin and stable isotope

analysis, so 8'°N and 8"*C values are for 2 samples and MC values are for 3.

Total 15 13 Trophic MC
Name n Code Length (cm) o Ij: (%dO) o i (({;") Level (ng/kg)
min—max H=S H=sd p+£s.d. p =+ s.d.
Lake Edward
Bagrus docmac 5 Bd 26.0-65.0 11.7+2.0 -146+29 4.0+ 0.6 6.2+3.0
Barbus bynni 4 Bb 30.2-38.0 85+0.8 -12.3+0.7 3.0+0.2 53+3.1
Clarias gariepinus 5 Cg 36.0-78.0 9.6+1.6 -15.5+£22 34+£0.5 8.6+7.5
Haplochromis spp. 5 H 14.7-23.0 122+1.6 -15.7+2.1 4.1+0.5 10.0+3.2
Haplochromis squamipinnis 5 Hs 16.0-26.8 122+12 -148+2.1 41+03 8.6+34
Oreochromis leucostictus 4 Ol 23.5-26.5 6.5+0.4 -16.6 £ 0.9 25+0.1  21.9+30.7
Oreochromis niloticus 15 On 20.0-34.0 69+1.0 -17.1+1.2 2.6+03 8.0=x45
Protopterus aethiopicus 5 Pa 51.0-83.0 93+1.0 -14.1+3.1 33+03 53+49
Lake George
Bagrus docmac 9 Bd 26.0-60.0 8.4+0.6 -7.9+0.8 39+0.2 9.1+49
Clarias gariepinus 5 Cg 35.8-52.0 6.0+0.6 -9.6+49 32402 6.9+2.0
Haplochromis squamipinnis 4 yo 146017 79409  -86+23  37£03 6735
(filleted)
Haplochromis squamipinnis 1 Hs 3.0 57 105 31 11.8
(gutted)
Oreochromis esculentus 2 Oe 13.6-17.5 2.8-2.9 -16.7t0 -9.5 2222 6.3-11.4
Oreochromis leucostictus 5 Ol 13.2-21.0 3.5+0.7 -9.8+£22 24+02 21.2+£323
Oreochromis niloticus 18  On 17.8-33.0 2.7+£0.7 -59+2.6 22+0.2 102 +£8.6
Protopterus aethiopicus 5 Pa 47.0-82.5 64+1.0 -79+24 33+03 24+1.2
Tilapia zilli 1 Tz 19.0 3.0 -16.0 23 2.0
Lake Mburo
Bagrus docmac 1 Bd 57.0 6.0 -10.5 2.9 13.4
Clarias gariepinus 5 Cg 17.9-67.0 7.5+29 -13.6 3.1 34+£0.8 20.6+19.5
Haplochromis spp. 2 H 177192 5370 -11210-89 2732 2556
(filleted)
Haplochromis spp. 2 H 90134 4867 -l1l.1to-109 2631  54-118
(gutted/head removed)
Haplochromis spp. 1 H 11.6 6.1 1106 2.9 12.1
(whole)
Oreochromis esculentus 5 Oe 19.7-27.0 43+0.5 -10.0+0.4 24+0.1 179+ 12.1
Oreochromis leucostictus 5 Ol 18.3-24.6 44+05 -13.1+1.0 2.5+0.1 84+6.7
Oreochromis niloticus 15 On 18.2-40.5 48+1.5 -11.0+1.2 2.6+0.4 74+7.6
Protopterus aethiopicus 5 Pa 53.0-102.0 59+2.0 -11.3+2.0 2.9+0.6 25+2.1
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Total 15 B o Trophic MC
Name n Code Length (cm) 8 Ij: (%dO) 3 i ({;") Level (ng/kg)
min—max H=S H=sd p+£s.d. p =+ s.d.
Lake Victoria
(Murchison Bay)
Clarias gariepinus 1 Cg 57.5 8.8 -18.7 2.4 239
Haplochromis spp. 4 H  124-148 103+08 -163+04 28+02 356+363

(filleted)

Haplochromis spp. 1 H 6.0 7.8 1158 2.0 19.9

(whole)

Lates niloticus 18 Ln 19.0-96.0 9.4+1.6 -16.2+1.2 25405 13.5+11.6
Oreochromis leucostictus 5 Ol 15.2-25.5 85+1.2 -17.1+0.8 22+03 303+18.1
Oreochromis niloticus 24 On 15.0-38.0 7.7+15 -16.3+1.5 20+£04 13.7+£125
Protopterus aethiopicus 5 Pa 37.7-79.0  109+0.7 -159+0.8 29+0.2 41+24
Rastrineobola argentea % B ) ) .

(whole/dry from market) 2 Ra apx. 3.5 6.1-8.6 159t0-13.9 1.5-2.3 36.241.2

Synodontis afrofischeri 5 Sa 14.7-20.1 9.8+ 1.6 -173+£0.5 2.6+05 28.8+21.9
Synodontis victoriae 5 Sv 17.1-24.5 87+03 -15.8+2.7 23+0.1 16.7+9.4
Tilapia zilli 5 Tz 15.3-26.5 8.6+1.1 -16.6 £ 1.0 23+03 155+10.8
Lake Victoria
(Napoleon Gulf)
Astatoreochromis alluaudi 1 Aa 19.5 7.4 -16.0 2.8 6.2
Bagrus docmac 1 Bd 26.5 93 -14.2 34 15.1
Brycinus sadleri 1 Bs 12.7 6.5 -16.7 2.5 24.6
Haplochromis spp. 2 H 1474172 6777  -168t0-147 2629  13.0-17.1

(filleted)

; T
Haplochromis spp. 3 H 38110  7.0-71 -165t0-147 2727 153111

(whole)

Lates niloticus 22 Ln 130635 79%10 -153£13  29+03  73%6.1

(filleted)

Lates niloticus

(autted/head removed) 1 Ln 9.7 7.8 -14.7 2.9 12.9
Mormyrus kannume 5 Mk 16.3-31.0 8.1+03 -14.6 £ 0.5 3.0+0.1 21.1+£7.1
Oreochromis leucostictus 2 Ol 21.1-253 4346 -154t0-12.9 1.9-2.0 3243
Oreochromis niloticus 23 On 146345 46+07 -139+10 2.0+02  98+78

(filleted)

Oreochromis niloticus

(autted/head removed) 1 On 13.5 3.0 -12.1 1.5 6.1
Oreochromis variabilis 5 Ov 17.8-22.1 3.8+0.5 -14.7+ 0.8 1.7+0.2  30.1+342
Protopterus aethiopicus 5 Pa 50.0-100.0 8.5+23 -16.3+1.0 3.1+0.7 28+13
Rasirineobola argentea 44 g, 40 70410  -146+14  27£03 8374379

(whole/wet)

Rastrineobola argentea %

(whole/dry from market) 1 Ra 3.5 7.2 13.9 2.7 61.4
Synodontis afrofischeri 3 Sa 13.0-15.4 83+0.1 -154+0.04 3.1+0.02 31.0+199
Synodontis victoriae 4 Sv 17.1-23.5 7.5+04 -16.9+0.3 2.8+0.1 16.7+8.3
Tilapia zilli (filleted) 4 Tz 13.3-23.5 6.0+1.1 -13.9+0.5 24+0.3 84+39
Tilapia zilli (gutted) 1 Tz 14.5 4.8 -10.2 2.0 34

Lake Nkuruba
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Total 15\7 /0 B o Trophic MC
Name n Code Length (cm) 8 Ij: M’d") 3 i ({;") Level (ng/kg)
min—max H=S H=sd p+£s.d. p =+ s.d.
Oreochromis leucostictus 4o 186200 59403 -285+04 26+01  83+43
(filleted)
Oreochromis leucostictus
(autted/head removed) 1 Ol 9.2 7.1 -26.7 2.9 17.2
Poecelia reticulata 2 Pr 38 7379 28210265 3032 45733
(whole)
Tilapia il 4 Tz 9.0-190 6611  263£09  28+03 11733
(filleted)
Tilapia =il; 1Tz 52 6.7 26.7 28 425
(whole)
Lake Saka
Astatoreochromis alluaudi 713+
_ - + +
(filleted) 3 Aa 8.8-10.6 58+1.1 20.4+0.5 32+03 109.5
Astatoreochromis alluaudi
(eutted/head removed) 1 Aa 11.4 5.5 -18.9 3.1 10.5
Astatoreochromis alluaudi 1 Aa 6.4 56 215 31 325
(whole)
Barbus neumayerii
(autted/head removed) 1 Bn 7.0 5.7 -23.8 3.1 9.5
Haplochromis spp. )
(filleted) 1 H 10.1 5.3 19.7 3.0 52.1
Haplochromis spp. N . ) ) . B
(autted/head removed) 2 H 7.2-8.8 5.0-6.2 20.91t0-20.9  3.0-3.3  23.2-1189.3
Haplochromis spp. 2 H 2535 4147 208t0-200 2728 2132152
(whole)
Lates niloticus 4 Ln 25.2-63.1 73+£04 -19.7+0.3 3.6+0.1 16.4+18.3
Oreochromis niloticus 16 On 19.1-38.0  3.1+1.3 -18.9+0.8 24404 17.0+16.7
Tilapia zilli
(filleted) 1 Tz 24.6 4.1 -18.8 2.7 4.9
Tilapia zill 1T 6.8 29 212 23 898.7
(whole)
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Table 5.3 Summary of significant differences in microcystin concentrations (in muscle tissue)
between the “common” fish species within each study sites. Species codes used are found in Table

5.2.

Differences Between Species

Site (P<0.05)
Edward ~
George ~
Mburo Pa <Cg, Oe
Murchison Pa<H, Ol Sa
Napoleon Pa <Mk, Sa
Nkuruba ~

Saka On<H

Table 5.4 Summary of significant (P<0.05) relationships between log-transformed microcystin

(log(MC)) concentrations in fish muscle tissue and total length (L).

log(MC) vs. 2

Site Species L i P

Edward Clarias gariepinus - 0.88 <0.05
George Oreochromis niloticus - 0.29 <0.05
George Haplochromis squamipinnis - 0.95 <0.05
Napoleon Oreochromis niloticus - 0.19 <0.05
Napoleon Oreochromis variabilis - 0.75 <0.05
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Figure 5.1 Microcystin concentrations in selected species of fish at all study sites. Data are grouped
by species. Bar height represents mean values, while error bars represent standard deviation.

Species codes are found in Table 5.2.
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Figure 5.3 Seasonal patterns in microcystin concentrations in indicated fish species for a) Lake
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(Lake Nkuruba is not displayed).
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Figure 5.4 Seasonal patterns in microcystin concentrations in water for a) Lake Edward, b) Lake
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Figure 5.5 Regressions between log-transformed microcystin concentrations in fish and trophic
level for a) Lake Edward, b) Lake George, c¢) Lake Mburo, d) Murchison Bay, ¢) Napoleon Gulf
and f) Lake Saka (Lake Nkuruba is not displayed). Species codes are found in Table 2. Note that

none of these regressions are statistically significant. Note that x-axis scales differ.
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Figure 5.6 Regressions between log-transformed microcystin concentrations in fish and trophic
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these regression lines are not statistically significant.
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Figure 5.7 Regressions between log-transformed microcystin concentrations in fish and 8"C for a)
Lake Edward, b) Lake George, ¢) Lake Mburo, d) Murchison Bay, e¢) Napoleon Gulf and f) Lake
Saka (Lake Nkuruba is not graphically displayed). Species codes are found in Table 2. Note that

none of these regressions are statistically significant. Note that x-axis scales differ.
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Chapter 6

Evaluation of microcystin exposure risk through fish consumption

6.1 Introduction

As anthropogenic input of nutrients to freshwater systems continues to alter the total biomass and the
composition of algal communities, there are a number of ecological and public health concerns that
emerge. Globally, cyanobacterial dominance of freshwater phytoplankton is increasing, as is the
occurrence of hazardous blooms of toxic cyanobacteria (de Figueiredo ef al. 2004); and it is expected that
a warming climate will further exacerbate the frequency and duration of such blooms (Paerl and Huisman
2009). The cyanotoxin microcystin is present in a broad range of aquatic systems (Sivonen and Jones
1999) and is a potent hepatotoxin and a potential tumour promotor (de Figueiredo et al. 2004, Falconer

and Humpage 2006, Chen et al. 2009).

The World Health Organization has set a provisional total daily intake value (TDI) for microcystin of
0.04 pg/kg body weight (WHO 1998, Falconer ef al. 1999), and has set a guideline value for microcystin
in drinking water of 1 ug/L, based on the assumption that 80 percent of exposure is attributable to water
consumption (WHO 1998, Falconer ef al. 1999). Although accumulation of microcystin in fish and other
aquatic organisms is known to occur (de Figeuiredo et al. 2004, Ibelings and Chorus 2007, Kotak et al.
1996, Magalhaes et al. 2003), no widely accepted guidelines have been established for microcystin
concentrations in fish tissue, and most microcystin exposure scenarios do not consider potential exposure

through fish consumption.

I conducted a survey of microcystin in water and fish in two temperate great lakes (Erie and Ontario),
three tropical great lakes (Victoria, Albert and Edward) and four other smaller Ugandan lakes (George,
Mburo, Nkuruba, Saka). The large lakes sampled all support substantial commercially important fisheries,
including the largest temperate (Lake Erie) and tropical (Lake Victoria) lake fisheries in the world. The
smaller Ugandan lakes support subsistence fisheries that provide a critically important source of protein
and income for riparian communities. These lakes provided a continuum of trophic status, and the fish
sampled (491 fish from 33 species) were representative of several trophic levels ranging from

planktivores to top predators.
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6.2 Methods

Integrated epilimnetic water samples (see Chapter 2 for a detailed description of water sampling
methodology) and fish were collected from all Ugandan study sites in April-May of 2007, and then again
on a monthly basis between September 2008 and February 2009 for all sites but Lake Albert. The sites
sampled included two embayments in northern Lake Victoria (Murchison Bay and Napoleon Gulf), Lake
Albert, Lake Edward (nearshore and offshore), Lake George, Lake Mburo, and two crater lakes, Saka and
Nkuruba. Water was collected from Maumee Bay (Lake Erie) and the Bay of Quinte (Lake Ontario)
during the summers (May—September) of 2006 and 2007. Fish from these sites were caught during
research trawls during July— September of 2006 and 2007.

Water was analyzed for chlorophyll a and nutrient concentrations as in Stainton et al. (1977).
Microcystin in water was measured using indirect competitive ELISA (Abraxis LLC, Microcystins-
ADDA ELISA kits, PN 520011). This is a congener-independent ELISA based on the detection of the
Adda side-chain found in microcystins and nodularins (Fischer ef al. 2001). Whole water samples were
prepared for use in ELISA assays through chemical lysis (using the Abraxis LLC QuikLyse™ method,
Loftin et al. 2008). These methods are described in detail in Chapter 2 of this thesis.

Several species of fish from different trophic levels were collected from each lake, with care taken to
ensure a representative size range within species. Dorso-lateral fish muscle tissue was dried and
homogenized. Where fish were very small and typically consumed whole (including Rastrineobola
argentea, Poecelia reticulata, and fish less than approximately 10 cm in total length), whole dried fish
were homogenized. Microcystin in fish muscle tissue was analyzed using methanol extraction followed
by ELISA based on the method described in Wilson et al. (2008) with slight modifications (extracts were
dried using a Turbovap LV rather than vacuum evaporation, and Abraxis Microcystins-ADDA ELISA

kits were used to measure microcystin). This method is described in detail in Chapter 5 of this thesis.

It should be noted that the water chemistry results, and microcystin concentrations in fish in the current
chapter will differ from those reported for the same study sites in Chapters 3 and 5 of this thesis because
the current chapter includes water and fish samples collected in 2007 in addition to the 2008—2009
sampling period reported in the other chapters. Additionally, because the objective of the current chapter
is to evaluate potential exposure to microcystin for human consumers, microcystin concentrations in
whole small fish (generally <10 cm) are included in overall mean values for fish given that these fish

would typically be consumed whole.
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6.3 Results and Discussion

Secchi depth, total phosphorus and chlorophyll @ concentrations are often used to indicate lake trophic
status (Vollenweider and Kerekes 1982). Based on the physicochemical observations for the study sites
(Table 6.1) Lake Nkuruba, Lake Albert, and the Bay of Quinte were found to be meso/eutrophic, while
Maumee Bay, Napoleon Gulf, and offshore Lake Edward were eutrophic. The remaining sites (Lake

George, Lake Mburo, Murchison Bay, Lake Saka, and nearshore Lake Edward) were hypereutrophic.

Microcystin concentrations in water consistently exceeded the WHO recommended guideline for
microcystin in drinking water at several of the study sites (Table 6.1), including Lake Victoria, which
provides drinking water for more than ten million people (Mugidde ef al. 2003). While the meso-
eutrophic lakes had the lowest observed microcystin concentrations, the highest microcystin
concentrations were observed in the hypereutrophic lakes. Across all study sites (both tropical and
temperate), significant positive relationships were observed between microcystin concentrations and
chlorophyll a concentrations (log transformed data, rzadj =0.50,n =72, P<0.001) as well as microcystin
concentrations and total phosphorus concentrations (Figure 6.1, log transformed data, rzadj =0.40,n=72,
P<0.001). Also, chlorophyll a showed a strong positive relationship with total phosphorus (log
transformed data, rzadj =0.69, n =73, P<0.001). These results confirm that microcystin concentrations
were higher where algal biomass and total phosphorus concentrations were high, suggesting that
eutrophication can increase the prevalence and magnitude of microcystin producing cyanobacterial

blooms.

Microcystin was found to have accumulated in muscle tissue from fish at all of the study sites, and
observed concentrations ranged from 0.5-1917 ng/kg of wet weight (Table 6.2, Figure 6.2). Microcystin
concentrations in fish tended to be higher in lakes where microcystin concentrations in water were also
high. Within lakes, microcystin concentrations in fish exhibited a great deal of variability. This variability
is largely attributable to the seasonal variability in microcystin in water, the differences in diet between

the species sampled, and the wide range in size within species (see Chapter 5).

In the Ugandan lakes, the highest microcystin concentrations were observed in Rastrineobola argentea,
a small zooplanktivorous cyprinid that now dominates landings in Lake Victoria (Kolding ef al. 2008).
Microcystin concentrations in these fish ranged from 36.2—41.2 pg/kg w.w. in Murchison Bay, and from
39.0-129 pg/kg w.w. in Napoleon Gulf (Table 6.2, Figure 6.2). These concentrations would cause a
consumer (weighing 60 kg and consuming 100 g of fish daily) to exceed the WHO TDI for microcystin

by a factor of 1.5-5.4. R. argentea is typically consumed whole, and as such, I analyzed whole fish for
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microcystin because this most accurately represents the exposure risk to consumers. Microcystin
concentrations were likely high due to cyanobacteria present in the gut of these small fish. High
microcystin concentrations were also observed in the muscle tissue of small (<25 cm) Lates niloticus
(Nile perch), Haplochromis spp., and to a lesser extent, some tilapiine cichlids (Oreochromis spp. and
Tilapia zilli) (Table 6.2, Figure 6.2). These trends are of importance because the fish with the highest
observed microcystin concentrations represent the less commercially marketable and less profitable fish
that tend to be consumed by low-income local residents and those living in fishing communities. Large
Lates niloticus, which are economically important fish for export (Kolding et al. 2008), pose no risk to
consumers given the low microcystin concentrations observed in fish exceeding a total length of 25 cm
(mean concentrations of 8.0, 5.9, and 6.7 pg/kg w.w. in Murchison Bay, Napoleon Gulf and Lake Albert

respectively).

Microcystin concentrations in fish collected in summer from embayments on the North American great
lakes experiencing seasonal cyanobacterial blooms (see Watson et al. 2008) can reach levels similar to
those observed at the Ugandan study sites (Table 6.2, Figure 6.2). In the western basin of Lake Erie, the
highest microcystin concentrations were observed in walleye (5.3-41.2 ng/kg w.w.), white bass (4.2-27.1
pg/kg w.w.) and smallmouth bass (1.5-43.6 pg/kg w.w.). In the Bay of Quinte (Lake Ontario), the
zooplanktivorous alewives had the highest microcystin concentrations (20.0-37.5 ug/kg w.w.), followed
by northern pike (1.6-25.8 ng/kg w.w.). Many of these fish are important species for both sport and
commercial fisheries, and, if eaten, several of the fish sampled would cause a consumer to exceed the

WHO TDI for microcystin.

Figure 6.3 displays estimates of potential daily microcystin exposure based on an individual (weighing
60 kg) consuming water (2 L) and fish (100 g) from each of the study lakes. The fish used in the exposure
estimates were those with the highest mean microcystin concentrations, as this provides a worst-case
scenario of potential daily exposure. At all sites but Lake Albert, such daily exposure estimates exceeded

the WHO TDI for chronic exposure.

At the majority of study sites, potential exposure from water exceeded potential exposure from fish. So
where people are getting drinking water and fish from the same lake, water tends to be the main source of
exposure. However, fish can represent a significant and sometimes dominant source of microcystin to
consumers, particularly where people are consuming species with higher concentrations. Based on the
scenario outlined in Figure 6.3, fish were the dominant exposure source in Lake Albert, Napoleon Gulf

(Lake Victoria), Lake Nkuruba, and the Bay of Quinte (Lake Ontario), indicating that even where
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chlorophyll and microcystin concentrations in the water are relatively low, exposure from fish may
increase total daily exposure to potentially detrimental levels. Given the high potential exposure from fish
at several of the study sites, avoiding or treating drinking water would not eliminate the risk of
microcystin exposure. For example, in Napoleon Gulf, an individual eating 100 g of R. argentea would be
exposed to 8.1 pg of microcystin, which is high enough to greatly exceed the recommended WHO TDI
before even considering potential exposure from drinking water. Avoiding the consumption of some fish
species (such as R. argentea and Haplochromis spp.) may be necessary to reduce significant exposure
risk; however, in many households this may not be an option. Also, it is of importance to note that
because microcystin is a heat stable compound, neither boiling water nor cooking fish prior to

consumption can reduce the risk of microcystin exposure (Harada 1996, Zhang et al. 2010).

From a chronic exposure standpoint, year round presence of microcystin in the water and food webs of
the Ugandan lakes is a likely scenario, given that algal blooms can occur year-round in tropical lakes
(Kling et al. 2001, Oliver and Ganf 2000), indicating the potential for persistent exposure of fish (and
their human consumers) to possibly harmful levels of microcystin. However, in temperate lakes, where
algal biomass is much lower during winter periods (Munawar and Munawar 1986), year-round chronic
exposure of aquatic food webs and human consumers to microcystin would not be expected. Although
observed microcystin concentrations and potential daily microcystin exposure values for Maumee Bay
and the Bay of Quinte sometimes exceeded the WHO TDI for chronic exposure to microcystin, these
values were based on samples collected in the summer and early fall, which is likely to represent the
highest microcystin concentrations experienced throughout the year. Because fish are able to depurate
microcystin when no longer exposed (Tencalla and Deitrich 1997, Xie et al. 2004), microcystin
concentrations in fish are likely to decline in concert with microcystin in water as the winter season
approaches. Also, in the Ugandan lakes, the likelihood that an individual is consuming both water and
fish daily from the same lake is much higher than for the North American study sites, where individuals
often have alternative sources of drinking water and food. These differences between the tropical and
temperate study sites suggest that while the daily exposure scenario in Figure 6.3 is realistic for Ugandan
consumers, North American consumers are unlikely to experience chronic exposure to microcystin that

exceeds WHO TDI guidelines.

These results demonstrate the broad prevalence of microcystin in water and fish from temperate and
tropical lakes that support important commercial, sport, and subsistence fisheries as well as being critical

sources of drinking water. My observed microcystin concentrations in fish and water fall within the range
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of concentrations reported in other studies from around the world, including previously reported data
from East Africa, North America, Egypt, Brazil, Argentina, and China (Magalhaes et al. 2003, Mohamed
et al. 2003 Sekadende et al. 2005, Xie et al. 2005, Deblois et al. 2008, Okello et al. 2009, Zhang et al.
2009, Amé et al. 2010, Semyalo et al. 2010), confirming that accumulation of microcystin in fish is of
global concern. As such, current guidelines for quantifying risk may not adequately reflect the potential
for fish to make up a considerable proportion of microcystin exposure. Of particular concern are riparian
fishing communities consuming water and small fish from the tropical study sites, where there is risk of

chronic year-round exposure to microcystin, and potential detrimental health effects.
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Table 6.1 Summary of select physicochemical properties of study lakes, including microcystin

concentrations in water. Values are reported as mean = s.d., while n is the sample size. Trophic

status was determined based on Vollenweider and Kerekes (1982), and reported as: H

(hypereutrophic), E (eutrophic), and M/E (mesotrophic/eutrophic; in these lakes some trophic

status indicators suggest eutrophic conditions while others suggest mesotrophic conditions).

Site Secchi Trophic Microcystin
Lake n Depth Depth Chl a (ng/L) TP (ng/L) in Water
Status
(m) (m) (ug/L)
Albert 2 12.0 1.6 +0.3 19.2+3.5 325+2.2 M/E 0.1+£0.02
Edward
Nearshore 7 3.5 0.5+0.2 67.7+42.3 131.5+504 H 5.0£5.7
Offshore 5 7.3 1.1+0.3 23.5+275 589+9.2 E 1.0+ 1.1
George 7 2.8 04+0.1 124.7 £40.7 188.7 +£24.6 H 73+6.6
Mburo 7 3.2 0.5+0.1 68.5+39.0 121.3 +£39.7 H 22+1.1
Victoria
Murchison Bay 10 5.2 0.7+0.1 101.8 £48.3 106.2 +£28.0 H 7.3+£5.7
Napoleon Gulf 12 17.5 1.4+0.2 24.0+18.0 58.8+14.6 E 1.5+1.3
Nkuruba 7 334 1.7+£04 79+35 34.4+8.5 M 0.2+0.1
Saka 7 3.2 04+0.1 133.8 £84.5 182.0+34.7 H 57.1+£67.9
Bay of Quinte 4 3.9 2.1£0.8 11.2+8.4 24.1+6.4 M/E 09+1.0
Maumee Bay 4 3.5 1.5+0.7 9.5+7.0 46.0 +24.7 E 1.3+£23
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Table 6.2 Microcystin concentrations in fish from all study sites. Asterisks beside n values indicate
that at least one specimen was analyzed whole. For R. argentea and P. reticulata all specimens were

analyzed whole.

Microcystin (ug/kg wet weight)

Name
n mean = s.d. range
Lake Albert
Lates niloticus (> 25 cm) 5 6.7+3.5 3.9-11.6
Tilapia zilli 5 40+1.3 2.7-6.2
Lake Edward
Bagrus docmac 5 6.2+3.0 2.1-93
Barbus bynni 5 5527 1.3-8.6
Clarias gariepinus 5 86+75 2.0-21.3
Haplochromis spp. 5 10.0 3.2 5.2-13.6
Haplochromis squamipinnis 5 8.6+34 3.7-12.6
Oreochromis leucostictus 4 21.9 = 30.7 2.9-67.7
Oreochromis niloticus 20 6.7+4.5 1.1-16.7
Protopterus aethiopicus 5 5349 1.4-13.4
Lake George
Bagrus docmac 5 9469 44-21.2
Clarias gariepinus 5 6.9=2.0 44-99
Haplochromis spp. 5* 5.6+4.7 2.6-13.7
Haplochromis squamipinnis 5 7.7+38 2.9-11.8
Oreochromis esculentus 4 13.8+6.5 6.3-21.5
Oreochromis leucostictus 5 21.2+323 0.9-78.4
Oreochromis niloticus 18 10.2 £ 8.6 1.7-33.9
Protopterus aethiopicus 5 24+1.2 1.5-4.6
Tilapia zilli 1 2.0 ~
Lake Mburo
Bagrus docmac 1 13.4 ~
Clarias gariepinus 5 20.6 + 19.5 3.0-51.3
Haplochromis spp. 5 7.6+42 2.5-12.1
Oreochromis esculentus 6 239+ 184 1.3-54.2
Oreochromis leucostictus 5 8.4 +6.7 2.2-16.2
Oreochromis niloticus 15 74 +7.6 1.3-23.6
Protopterus aethiopicus 5 23+2.1 0.8-6.1
Lake Victoria (Murchison Bay)
Clarias gariepinus 1 23.9 ~
Haplochromis spp. 5% 32.5+21.1 9.0-88.9
Lates niloticus (<25 cm) 7 21.2+14.8 3.1-49.5
Late niloticus (> 25 cm) 17 8.0+£6.8 1.3-25.0
Oreochromis leucostictus 5 30.3 = 18.1 14.9-59.8
Oreochromis niloticus 28 128 +11.9 1.4-57.7
Protopterus aethiopicus 5 41=x24 1.7-7.7
Rastrineobola argentea 2% 38.7+3.5 36.2-41.2
Synodontis spp. 10 22.8+17.1 3.8-64.4
Tilapia zilli 5 15.4 +10.8 7.1-33.8

Lake Victoria (Napoleon Gulf)
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Microcystin (ug/kg wet weight)

Name
n mean = s.d. range
Astatoreochromis alluaudi 1 6.2 ~
Bagrus docmac 1 15.1 ~
Brycinus sadleri 1 24.6 ~
Haplochromis spp. 5% 152 +8.0 2.8-24.2
Lates niloticus (<25 cm) 6 124+7.0 3.9-23.5
Lates niloticus (> 25 cm) 17 59+49 0.5-16.7
Mormyrus kannume 5 21.1+7.1 12.5-29.8
Oreochromis leucostictus 2 3.8+£0.8 3.2-43
Oreochromis niloticus 24 9.7+7.6 1.2-29.1
Oreochromis variabilis 5 30.1 = 34.1 3.5-87.6
Protopterus aethiopicus 5 28+1.3 1.1-4.5
Rastrineobola argentea 8* 80.9 £ 36.0 39.0-128.5
Synodontis spp. 7 22.8+15.0 8.2-44.9
Tilapia zilli 5 74 +4.0 3.4-14.1
Lake Nkuruba
Oreochromis leucostictus 10 72+5.1 1.6-17.2
Poecelia reticulata 2% 38.9 £48.6 4.5-73.3
Tilapia zilli 12* 19.8 £ 18.9 2.1-62.3
Lake Saka
Astatoreochromis alluaudi 5% 514 +825 7.1-197.7
Barbus neumayerii 1 215.2 ~
Haplochromis spp. 10* 600.5 = 750.1 21.3-1917
Lates niloticus (> 25 cm) 4 16.4 = 18.3 4.1-43.7
Oreochromis niloticus 19 193+194 0.8-63.42
Tilapia zilli 2% 451.8 +632.0 4.9-898.7
Lake Ontario (Bay of Quinte)
Alosa pseudoharengus (alewife) 3 25.9 +10.1 20.0-37.5
Ameiurus nebulosus (brown bullhead) 6 44 +0.6 3.3-5.0
Aplodinotus grunniens (freshwater drum) 3 0.8+0.3 0.5-1.1
Esox lucius (northern pike) 8 102 +7.6 1.6-25.8
Lepomis gibbosus (pumpkinseed) 4 1.9+1.0 0.7-2.9
Lepomis macrochirus (bluegill) 1 4.8 ~
Morone americana (white perch) 9 45+4.1 0.7-14.8
Perca flavescens (yellow perch) 7 3.1£20 0.5-5.6
Pomoxis nigromaculatus (black crappie) 2 1.7+ 0.3 1.5-1.9
Stizostedion vitreum (walleye) 14 2.1+1.6 0.5-6.1
Lake Erie (Western Basin)
Aplodinotus grunniens (freshwater drum) 2 24+6.0 1.7-10.1
Coregonus clupeaformis (whitefish) 5 41+1.0 2.9-54
Micropterus dolomieu (smallmouth bass) 5 134 +17.8 1.5-43.6
Morone americana (white perch) 6 5649 1.9-15.0
Morone chrysops (white bass) 5 18.3 £ 8.7 4.2-27.1
Perca flavescens (yellow perch) 4 5014 3.6-7.0
Stizostedion vitreum (walleye) 5 239+17.2 5.3-41.2
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Figure 6.1 Regression of microcystin concentrations against total phosphorus concentrations from
all study sites (rzadj : 0.40, n=72, P<0.001). Site labels in Figure 1 are indicated as follows: A (Lake
Albert), E_n (Lake Edward nearshore), E_o (Lake Edward offshore), G (Lake George), Mb (Lake
Mburo), M (Murchison Bay, Lake Victoria), N (Napoleon Gulf, Lake Victoria), Nk (Lake
Nkuruba), S (Lake Saka), MB (Maumee Bay, Lake Erie), Q (Bay of Quinte, Lake Ontario).
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Figure 6.2 Microcystin concentrations in several species of fish. The red line represents the
concentration of microcystin in fish that would cause a consumer to exceed total daily intake (TDI)
values recommended by the WHO for chronic exposure (0.04pg/kg body weight/day; which yields a
threshold concentration of microcystin in fish of 24 pg/kg wet weight for an individual weighing 60

kg and consuming 100 g of fish/day).
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Figure 6.3 Potential daily microcystin exposure for individuals consuming water and fish from the
study lakes. The reference line indicates the threshold value at which a 60 kg consumer would
exceed the WHO TDI. Exposure from water is indicated in black, and is based on a daily
consumption of 2 L. Exposure from fish is indicated in grey, and is based on a daily consumption of
100 g of the fish species with the highest mean microcystin concentrations at the given study site.
The species used in calculating exposure from fish are indicated as follows: Ln (Lates niloticus), H
(Haplochromis spp.), O (Oreochromis spp.), Ra (Rastrineobola argentea), Pr (Poecelia reticulata), A

(alewife), W (walleye).
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Chapter 7

General Conclusions and Recommendations

7.1 Summary and general conclusions

As eutrophication of freshwater systems continues to alter the composition and total biomass of
phytoplankton communities, there are a number of public health concerns that emerge. Of particular
concern is the occurrence of the cyanobacterial toxin microcystin, a potent hepatotoxin that is common in
freshwaters worldwide. This thesis reports the results of an extensive survey of microcystin
concentrations in water and fish from several Ugandan lakes (as well as some data from two temperate
eutrophic embayments), including lakes that support some of the largest freshwater fisheries in the world
and are critical sources of drinking water. My results yield important insight into the factors that

determine microcystin concentrations in both water and fish.

Microcystin concentrations in nearly all of the Ugandan study lakes consistently exceeded the WHO
recommended guideline for microcystin in drinking water of 1.0 pg/L (Chapter 2). Microcystin in these
lakes was primarily produced by Microcystis spp., and as such, microcystin concentrations were strongly
related to Microcystis biomass and growth dynamics. Microcystis biomass was highest at the shallowest
study sites, where high nutrient concentrations and shallow depth can sustain much higher phytoplankton
biomass as compared to deeper sites with comparable nutrient concentrations where self-shading would
be expected to lead to light limitation at lower phytoplankton biomass. However, the importance of
nutrient concentrations in addition to light in controlling Microcystis biomass was most evident in
mesotrophic Lake Nkuruba, where Microcystis was not present and where low nutrient concentrations
were likely limiting total and cyanobacterial biomass, since estimated mean mixed layer light intensity
did not indicate the potential for light limitation. Due to the influence of both nutrient concentrations and
light on Microcystis biomass, microcystin concentrations were highest at the shallow hypereutrophic

study sites.

To explore the trophic transfer of microcystin, the underlying food webs in these study lakes were
described using stable isotope analysis (Chapter 3). The food webs in these tropical East African lakes
were characterized by a high degree of omnivory, and the 8"*C values observed in fish from these lakes
were generally consistent with strong reliance on pelagic primary organic carbon sources, with little
evidence of strong contribution of benthic carbon to these food webs. Given that these lakes are all

eutrophic and hypereutrophic (with the exception of Lake Nkuruba), this is consistent with previous
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observations in the literature of reduced availability and importance of benthic food sources in lakes with
high phytoplankton biomass (Vadeboncoeur et al. 2003). This has particularly important implications
with respect to potential food web exposure to microcystin, since microcystin in these lakes is
predominantly produced by the pelagic Microcystis. The dominance of pelagic trophic pathways in these
lakes suggests that fish at all trophic levels may be susceptible to exposure to and accumulation of

microcystin.

The distribution and trophic transfer of mercury in the Ugandan study lakes was also described
(Chapter 4), both to increase the body of knowledge on mercury trophodynamics in tropical eutrophic
lakes (which are not as well-studied as temperate and arctic systems), and to provide a valuable
comparison for microcystin trophodynamics in these systems. By characterizing the movement of a
relatively well-studied compound (mercury) through the food webs of these lakes, I was able to directly
contrast the accumulation and trophic transfer (and potential for biomagnification) of microcystin in these
same lakes (using the same fish). Total mercury concentrations in fish from all of the Ugandan study sites
were low, and would not likely pose a risk to even the most frequent fish consumers. Mercury
concentrations in fish appeared to be more strongly determined by processes at the base of the food web
than by mercury concentrations in water. My results suggest that year-round high phytoplankton biomass
and growth rates in eutrophic tropical lakes may act to mitigate the potential for high mercury
concentrations in fish; whereby growth and possibly biomass dilution can act to reduce mercury
concentrations at the base of the food web, and growth dilution of mercury at consumer trophic levels can
act to reduce the realized biomagnification rate of mercury. Indeed the highest mercury concentrations
were observed in the lakes with the lowest phytoplankton biomass (and often the lowest mercury
concentrations in water). These results have many implications regarding the relationship between lake
trophic status and trophodynamics of mercury, and it would be useful to explore the extent to which these

processes extend to higher-latitude lakes.

In contrast to mercury, microcystin did not biomagnify in the fish food webs of the Ugandan study
lakes, and strong biodilution of microcystin was not observed either (Chapter 5; also Figure 7.1).
Microcystin accumulated in fish from all trophic levels, suggesting that although biomagnification of
microcystin does not occur, trophic transfer of microcystin can be substantial. Although there was no
strong evidence for biodilution of microcystin through the fish food webs, the inclusion of phytoplankton
(and zooplankton and other primary consumers such as mollusks) in this analysis would likely reveal

much stronger biodilution patterns. Figure 7.1 highlights the fact that although eating fish from lower on
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the food web will reduce exposure to biomagnifying compounds such as mercury (or other persistent
organic pollutants), this strategy will not reduce exposure to microcystin. Microcystin in fish was also
observed to be highly seasonally variable, and in some lakes, concentrations in fish closely mirrored
seasonal changes in microcystin concentrations in water, highlighting the ability of fish to respond
quickly to increases and decreases in microcystin concentrations in water. Rapid response to changing
microcystin concentrations in water also explains why few strong relationships were observed between
microcystin concentrations in fish and fish diet as characterized by stable isotope analysis, since
integrated long-term dietary information may not reflect the recent diet (and associated microcystin

exposure) of these omnivorous fish with dietary plasticity.

Microcystin exposure estimates for individuals consuming water and fish from the Ugandan study lakes
as well as from the two temperate eutrophic embayments (Maumee Bay and Napoleon Gulf) indicate that
at nearly all of the study sites, there is the potential for chronic exposure to microcystin exceeding the
WHO recommended tolerable daily intake (Chapter 6). Microcystin was detected in all fish sampled (491
fish representing 33 species), establishing that microcystin accumulation in fish is pervasive at these study
sites. My results also indicate that fish can be an important and sometimes dominant source of
microcystin exposure to human consumers. I found that in many lakes, fish consumption alone has the
potential to expose consumers to levels of microcystin that may be detrimental to human health. This
challenges the current paradigm that water is the primary source of microcystin exposure to humans, and
highlights the need to consider potential exposure to microcystin through fish consumption in order to
adequately assess human exposure and risk. In particular, risk of chronic microcystin exposure is high in
riparian fishing communities regularly consuming water and fish from the tropical study sites, where

year-round microcystin exposure of both aquatic food webs and human consumers is likely.

In general, the Ugandan study sites can be divided into two groups with distinct characteristics. The
first group of sites (Lake Albert, Lake Edward offshore, Napoleon Gulf and Lake Nkuruba) tended to
have deeper mixing depths, lower chlorophyll a (due to a combination of lower nutrient concentrations
and higher potential for light limitation at lower phytoplankton biomass), lower Microcystis biomass, and
lower microcystin concentrations. These sites also had significantly higher mercury biomagnification
rates that at the other study sites, and mercury concentrations in fish from these sites were often higher
than at more productive sites with comparable or higher mercury concentrations in water. The sites in the
second group (Lake Edward nearshore, Lake George, Lake Mburo and Lake Saka) were shallower, and

had higher chlorophyll a (due to a combination of nutrient and light availability), Microcystis biomass
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and microcystin concentrations. Meanwhile, mercury biomagnification rates and mercury concentrations
in fish from these sites tended to be low, even where mercury concentrations in water were elevated
relative to other sites. Although the highest microcystin concentrations in fish were observed in
hypereutrophic Murchison Bay and Lake Saka, the consistent detection of microcystin in fish from all
study sites highlights the potential for fish to be a source of microcystin exposure to human consumers

even where microcystin concentrations in water are low.

7.2 Future Research

1. Microcystin concentrations in fish from the current study could also be measured using HPLC for
confirmation of and comparison with ELISA results. These alternative detection methods would also

allow for an examination of the microcystin congeners present in fish muscle tissue.

2. It is very likely that other cyanotoxins are being produced in these systems, and these toxins should

also be characterized in both water and fish.

3. The relationship between phytoplankton biomass and mercury accumulation/biomagnification should
be explored further. It would be of particular interest to examine whether these relationships are also

observed in temperate systems, where mercury concentrations in fish are often higher.

4. Microcystin concentrations should be characterized in all levels of these food webs in order to gain
further insight into the trophic transfer of microcystin (particularly through the analysis of non-fish food

web components).

5. Gut content analysis of fish should be carried out in order to explore whether recent fish diet (as
determined through examination of gut contents) is related to microcystin concentrations in muscle tissue.

This may further our understanding of how fish diet influences microcystin exposure and accumulation.

6. It would be useful to conduct high frequency sampling with many replicates in a single system in order
to examine accumulation and depuration of microcystin in fish, and to characterize short- and long-term

responses to changing microcystin concentrations in water.

7.3 Recommendations for Public Health and Management

Microcystin in both water and fish should be monitored, particularly in lakes where microcystin is
expected to be persistently present. Also, riparian communities should be educated about both the risks
posed by cyanotoxins, as well as simple and cost-effective measures for risk-reduction (e.g. cloth

filtration of water prior to boiling in order to remove cell bound microcystin). Also, it may be necessary to
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discourage consumption of fish species known to have consistently high microcystin concentrations (e.g.
Rastrineobola argentea). However, this may not be economically feasible for many families, and the
benefits of regular protein-intake may outweigh the risks posed by chronic exposure to microcystin.
Finally, the development of risk assessment frameworks and guideline values for microcystin exposure
should take into account the potential for microcystin exposure through fish consumption, which, based

on my results, can be considerable.
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Figure 7.1 Regressions of log-transformed total mercury vs. calculated trophic level (open circles,
solid regression lines) and log-transformed microcystin concentrations vs. calculated trophic level
(solid black circles, dashed regression lines) for fish muscle samples from a) Lake Albert, b) Lake
Edward, c) Lake George, d) Lake Mburo, ¢) Murchison Bay, f) Napoleon Gulf, g) Lake Saka and h)
Lake Nkuruba. Data for this figure are taken from Chapters 4, 5 and 6. The fish shown are those
for which data were available for THg, MC and §"°N.

182



References

Amada, L and J Monserrat. 2010. Oxidative stress generation by microcystins in aquatic animals: Why

and how. Environment International 36:226-235.

AMAP/UNEP. 2008. Technical background report to the Global Atmospheric Mercury Assessment.
Arctic Monitoring and Assessment Programme / UNEP Chemicals Branch. 159 pp.

Amé, M, L Galanti, M Menone, M Gerpe, V Moreno, and D Wunderlin. 2010. Microcystin-LR, -RR, -
YR and -LA in water samples and fishes from a shallow lake in Argentina. Harmful Algae 9 (1):66—
73.

Andersen, R, H Luu, D Chen, C Holmes, M Kent, M Leblanc, F Taylor, and D Williams. 1993. Chemical

and biological evidence links microcystins to salmon Netpen Liver-Disease. Toxicon 31:1315-1323.

Asnani, G. 1993. Tropical Meteorology. India: G. C. Asnani, c¢/o Indian Institute of Tropical
Meteorology.

Atwell, L, K Hobson, and H Welch. 1998. Biomagnification and bioaccumulation of mercury in an arctic
marine food web: Insights from stable nitrogen isotope analysis. Canadian Journal of Fisheries and

Aquatic Sciences 55:1114-1121.

Babica, Pavel, L Blaha, and B Marsélek. 2006. Exploring the natural role of microcystins—a review of

effects of photoautotrophic organisms. Journal of Phycology 42:9-20.

Ballot, A, L Krienitz, K Kotut, C Wiegand, and S Pflugmacher. 2005. Cyanobacteria and cyanobacterial
toxins in the alkaline crater lakes Sonachi and Simbi, Kenya. Harmful Algae 4:139-150.

Beadle, L. 1981. The Inland Waters of Tropical Africa. England: Longman Group Limited.

Billam, M, L Tang, Q Cai, S Mukhi, H Guan, P Wang, Z Wang, C Theodorakis, R Kendall, and J] Wang.
2006. Seasonal variations in the concentration of microcystin-LR in two lakes in western Texas, USA.

Environmental Toxicology and Chemistry 25:349-355.

Binning, SA, LJ Chapman, and A Cosandey-Godin. 2009. Specialized morphology for a generalist diet:
Evidence for Liem's paradox in a cichlid fish. Journal of Fish Biology 75:1683—1699.

Blom, J and F Juttner. 2005. High crustacean toxicity of microcystin congeners does not correlate with

high protein phosphatase inhibitory activity. Toxicon 46:465-470.

183



Bloom, N. 1992. On the chemical form of mercury in edible fish and marine invertebrate tissue.

Canadian Journal of Fisheries and Aquatic Sciences 49:1010-1017.

Bowles, K, S Apte, W Maher, M Kawei, and R Smith. 2001. Bioaccumulation and biomagnification of
mercury in Lake Murray, Papua New Guinea. Canadian Journal of Fisheries and Aquatic Sciences

58:888-897.

Briand, J-F, S Jacquet, C Flinois, C Avois-Jacquet, C Maisonnette, B Leberre, and J-F Humbert. 2005.
Variations in the microcystin production of Planktothrix rubescens (cyanobacteria) assessed from a

four-year survey of Lac du Bourget (France) and from laboratory experiments. Microbial Ecology 50

(3):418-428.

Bwanika, G, B Makanga, Y Kizito, L Chapman, and J Balirwa. 2004. Observations on the biology of Nile
tilapia, Oreochromis niloticus L., in two Ugandan crater lakes. Afiican Journal of Ecology 42 (S1):

93-101.

Cabana, G and J Rasmussen. 1994. Modelling food chain structure and contaminant bioaccumulation

using stable nitrogen isotopes. Nature 372:255-257.

Cabana, G and J Rasmussen. 1996. Comparison of aquatic food chains using nitrogen isotopes.

Proceedings of the National Academy of Sciences 93:10844—-10847.

Campbell, L. 2001. Mercury in Lake Victoria (East Africa:) Another emerging issue for a beleaguered
lake? Ph.D. Thesis, University of Waterloo, Waterloo, Canada.

Campbell, L, D Dixon, and R Hecky. 2003a. A review of mercury in Lake Victoria, East Africa:
Implications for human and ecosystem health. Journal of Toxicology and Environmental Health, Part

B 6:325-356.

Campbell, L, J Balirwa, D Dixon, and R Hecky. 2004. Biomagnification of mercury in fish from Thruston
Bay, Napoleon Gulf, Lake Victoria (East Africa). African Journal of Aquatic Science 29 (1):91-96.

Campbell, L, O Osano, R Hecky, and D Dixon. 2003b. Mercury in fish from three rift valley lakes
(Turkana, Naivasha and Baringo), Kenya, East Africa. Environmental Pollution 125:281-286.

Campbell, L, P Verburg, D Dixon, and R Hecky. 2008. Mercury biomagnification in the food web of
Lake Tanganyika (Tanzania, East Africa). Science of the Total Environment 402:184—191.

Campbell, L, R Hecky, D Dixon, and L Chapman. 2006. Food web structure and mercury transfer in two
contrasting Ugandan highland crater lakes (East Africa). African Journal of Ecology 44:337-346.

184



Campbell, L, R Hecky, J Nyaundi, Rose Muggide, and D George Dixon. 2003c. Distribution and food-
web transfer of mercury in Napoleon and Winam Gulfs, Lake Victoria, East Africa. Journal of Great

Lakes Research 29 (52):267-282.

Campbell, L, R Hecky, R Mugidde, D Dixon, and P Ramlal. 2003d. Variation and distribution in water

sediment and soil from northern Lake Victoria. Biogochemistry 65:195-211.

Campbell, L, R Hecky, and S Wandera. 2003e. Stable isotope analyses of food web structure and fish diet
in Napoleon and Winam Gulfs, Lake Victoria, East Africa. Journal of Great Lakes Research 29
(S2):243-257.

Campbell, L, S Wandera, R Thacker, D G Dixon, and R E Hecky. 2005. Trophic niche segregation in the
nilotic ichthyofauna of Lake Albert (Uganda, Africa). Environmental Biology of Fishes 74:247-260.

Carmichael W. W. 1992. Cyanobacteria secondary metabolites - the cyanotoxins. Journal of Applied
Bacteriology 72:445-459.

Cazenave, J, D Wunderlin, M Bistoni, M Amé, E Krause, S Pflugmacher, and C Wiegand. 2005. Uptake,
tissue distribution and accumulation of microcystin-RR in Corydoras paleatus, Jenynsia multidentata

and Odonesthes bonariensis: A field and laboratory study. Aquatic Toxicology 75:178—190.

Chapman, L, C Chapman, T Crisman, and F Nordlie. 1998. Dissolved oxygen and thermal regimes of a
Ugandan crater lake. Hydrobiologia 385:201-211.

Chen, C, R Stemberger, B Klaue, J Blum, P Pickhardt, and C Folt. 2000. Accumulation of heavy metals
in food web components across a gradient of lakes. Limnology and Oceanography 45 (7):1525-1536.

Chen, J, P Xie, D Zhang, Z Ke, and H Yang. 2006. In situ studies on the bioaccumulation of microcystins
in the phytoplanktivorous silver carp (Hypophthalmichthys molitrix) stocked in Lake Taihu with dense
toxic Microcystis blooms. Aquaculture 261:1026-1038.

Chen, J, P Xie, L Li, and J Xu. 2009. First identification of the hepatotoxic microcystins in the serum of a
chronically exposed human population together with indication of hepatocellular damage.

Toxicological Sciences 108:81-89.

Clarkson, T. 1997. The toxicology of mercury. Critical Reviews in Clinical Laboratory Sciences 34
(3):369-403.

Codd, G A, J Lindsay, F Young, L Morrison, and J Metcalf. 2005. Harmful cyanobacteria. In Harmful
Cyanobacteria. Eds. J Huisman, H Matthijs, and P Visser. Netherlands: Springer.

185



Colwell, R, A Huq, M sslam, K Aziz, M Yunus, N Khan, A Mahmud, et al. 2003. Reduction of cholera in
Bangladeshi villages by simple filtration. Proceedings of the National Academy of Sciences 100
(3):1051-1055.

Crisman, TL, LJ Chapman, and CA Chapman. 2001. Cultural eutrophication of a Ugandan highland
crater lake: A 25-year comparison of limnological parameters. Verh. Int. Verein. Limnol. 27:3574—

3578.

Davies-Colley, R, W Vant, and D Smith. 1993. Colour and Clarity of Natural Waters: Science and
Management of Optical Water Quality. London: Ellis Horwood.

Deblois, C, R Aranda-Rodriguez, A Giani, and D Bird. 2008. Microcystin accumulation in liver and

muscle of tilapia in two large Brazilian hydroelectric reservoirs. Toxicon 51:435-448.

Deblois, C and P Juneau. 2010. Relationship between photosynthetic processes and microcystin in

Microcystis aeruginosa grown under different photon irradiances. Harmful Algae 9.

Denny, P, R Bailey, E Tukahirwa, and P Mafabi. 1995. Heavy metal contamination of Lake George
(Uganda) and its wetlands. Hydrobiologia 297:229-239.

Desta, Z, R Borgstrom, B Rosseland, and E Dadebo. 2007. Lower than expected mercury concentration in
piscivorous african sharptooth catfish Clarias gariepinus (Burchell). Science of the Total Environment

376:134-142.

Dietrich, D and S Hoeger. 2005. Guidance values for microcystins in water and cyanobacterial
supplement products (blue-green algal supplements): A reasonable or misguided approach?

Toxicology and Applied Pharmacology 203:273-289.

Ernst, B, S Hoeger, E O’Brien, and D Dietrich. 2009. Abundance and toxicity of Planktothrix rubescens

in the pre-alpine Lake Ammersee, Germany. Harmful Algae 8:329-342.

Evans, M, M Arts, and R Robarts. 1996. Algal productivity, algal biomass, and zooplankton biomass in a
phosphorus-rich, saline lake: Deviations from regression model predictions. Canadian Journal of

Fisheries and Aquatic Sciences 53:1048—1060.

Evans, J. H. 1997. Spatial and seasonal distribution of phytoplankton in an African Rift Valley lake (L.
Albert, Uganda, Zaire). Hydrobiologia 354:1-16.

186



Falconer, I, J Bartram, I Chorus, T Kuiper-Goodman, H Utkilen, M Burch, and G Codd. 1999. Safe levels
and safe practices. In Toxic Cyanobacteria in Water: A Guide to Their Public Health Consequences,

Monitoring and Management. Eds. I Chorus and J Bartram. London: E&FN Spon.
Falconer, I and A Humpage. 1996. Tumour promotion by cyanobacterial toxins. Phycologia 35 (6): 6-11.

Fastner, J, U Neumann, B iirsing, J] Weckesser, C Wiedner, B Nixdorf, and I Chorus. 1999. Microcystins
(hepatotoxic heptapeptides) in German fresh water bodies. Environmental Toxicology 14 (1): 13-22.

de Figueiredo, D, U Azeiteiro, S Esteves, F Gongalves, and M Pereira. 2004. Microcystin-producing

blooms—a serious global public health issue. Ecotoxicology and Environmental Safety 59:151-163.

Fischer, W, S Altheimer, V Cattori, P Meier, D Dietrich and B Hagenbuch. 2005. Organic anion
transporting polypeptides expressed in liver and brain mediate uptake of microcystin. Toxicology and

Applied Pharmacology 203: 257-263.

Fischer, W, I Garthwaite, C Miles, K Ross, J Aggen, A Chamberlin, N Towers, and D Dietrich. 2001.
Congener-independent immunoassay for microcystins and nodularins. Environmental Science and

Technology 35:4849-4856.

Fogg, G. 1969. The Leeuwenhoek Lecture, 1968: The physiology of an algal nuisance. Proceedings of the
Royal Society of London B 173:175-189.

Friedli, H, A Arellano, S Cinnirella, and N Pirrone. 2009. Initial estimates of mercury emissions to the

atmosphere from global biomass burning. Environmental Science and Technology 43:3507-3513.
Fry, Brian. 1991. Stable isotope diagrams of freshwater food webs. Ecology 72 (6): 2293-2297.

Ganf, G. 1972. The regulation of net primary production in Lake George, Uganda, East Africa. In
Productivity Problems of Freshwaters. Eds. Z Kajak and A Hillbricht-Ilkowska. Warszawa-Krakow:
PWN Polish Scientific Publishers.

Ganf, G G. 1974. Diurnal mixing and the vertical distribution of phytoplankton in a shallow equatorial
lake (Lake George, Uganda). Journal of Ecology 62 (2): 611-629.

Gantner, N. 2009. Effects of climate change on mercury concentrations in arctic char (Salvelinus alpinus)

in the high arctic. Ph.D. Thesis. University of Guelph, Guelph, Canada.

Giani, A, D Bird, Y Prairie, and J Lawrence. 2005. Empirical study of cyanobacterial toxicity along a
trophic gradient of lakes. Canadian Journal of Fisheries and Aquatic Sciences 62:2100-2109.

187



Greenwood, P H. 1958. The Fishes of Uganda. Kampala, Uganda: The Uganda Society.

Gregor, J and B Marsalek. 2004. Freshwater phytoplankton quantification by chlorophyll a: A

comparative study of in vivo and in situ methods. Water Research 38:217-522.

Guildford, S, H Bootsma, E Fee, and G Patterson. 2000. Phytoplankton nutrient status and mean water
column irradiance in Lakes Malawi and Superior. Aquatic Ecosystem Health & Management 3 (1):35—

45.

Guildford, S and R Hecky. 2000. Total nitrogen, total phosphorus, and nutrient limitation in lakes and
oceans: Is there a common relationship? Limnology and Oceanography 45 (6):1213-1223.

Haande, S. 2008. On the ecology, toxicology, and phylogeny of cyanobacteria in Murchison Bay of Lake
Victoria, Uganda. Ph.D. Thesis. University of Bergen, Bergen, Norway.

Haande, S, T Rohrlack, R Semyalo, P Brettum, B Edvardsen, A Lyche-Solheim, K Serensen, and P
Larsson. 2010. Phytoplankton dynamics and cyanobacterial dominance in Murchison Bay of Lake
Victoria (Uganda) in relation to environmental conditions. Limnologica.

doi:10.1016/j.1imno.2010.04.001.

Harada, K, K Tsuji, M Watanabe, and F Kondo. 1996. Stability of microcystins from cyanobacteria.
Effect of pH and temperature. Phycologia 35 (S6):83—88.

Harrington, RR, BP Kennedy, C Chamberlain, JD Blum, and CL Folt. 1998. >N enrichment in
agricultural catchments: Field patterns and applications to tracking Atlantic salmon (Salmo salar).

Chemical Geology 147:281-294.

Haubert, D, R Langel, S Scheu, and L Ruess. 2005. Effects of food quality, starvation and life stage on
stable isotope fractionation in Collembola. Pedobiologia 49:229-237.

Healy, F. 1975. Physiological indicators of nutrient deficiency in algae. Fish. Mar. Serv. Res. Div. Tech.
Rep. 585:30.

Hecky, R. 1993. The eutrophication of Lake Victoria. Verh. Int. Ver. Limnol. 25:39-48.

Hecky R.E., F.W.B. Bugenyi, P. Ochumba, J.F. Talling, R. Mugidde, M. Gophen, and L. Kaufman. 1994.
Deoxygenation of the Deep-Water of Lake Victoria, East Africa. Limnology and Oceanography
39:1476-1481.

188



Hecky, R, R Mugidde, P Ramlal, M Talbot, and G Kling. 2010. Multiple stressors cause rapid ecosystem
change in Lake Victoria. Freshwater Biology 55 (S1):19-42.

Hecky, R and R Hesslein. 1995. Contributions of benthic algae to lake food webs as revealed by stable
isotope analysis. Journal of the North American Benthological Society 14 (4):631-653.

Hecky, R and S Guildford. 1984. Primary productivity of Southern Indian Lake before, during, and after
impoundment and Churchill River diversion. Canadian Journal of Fisheries and Aquatic Sciences

41:591-604.

Herendeen, R and W Hill. 2004. Growth dilution in multilevel food chains. Ecological Modelling
178:349-356.

Hesslein, R and K Hallard. 1993. Replacement of sulfur, carbon, and nitrogen in tissue of growing broad
whitefish (Coregonus nasus) in response to a change in diet traced by 8**S, 8"°C, and 8'°N. Canadian

Journal of Fisheries and Aquatic Sciences 50:2071-2076.

Hu,Z.Q., Y. D. Liu, and D. H. Li. 2004. Physiological and biochemical microcystin-RR toxicity to the

cyanobacterium Synechococcus elongatus. Environmental Toxicology 19:571-577.

Ibelings, B, K Bruning, J Jonge, K Wolfstein, L Pires, J Postma, and T Burger. 2005. Distribution of
microcystins in a lake foodweb: No evidence for biomagnification. Microbial Ecology 49 (4): 4877-

500.

Ibelings, B and I Chorus. 2007. Accumulation of cyanobacterial toxins in freshwater “seafood” and its

consequences for public health: A review. Environmental Pollution 150:177-192.

Ibelings, B and K Havens. 2008. Cyanobacterial toxins: A qualitative meta—analysis of concentrations,
dosage and effects in freshwater, estuarine and marine biota. In Cyanobacterial Harmful Algal

Blooms: State of the Science and Research Needs. New York: Springer.

Jackson, T. 1997. Long-Range atmospheric transport of mercury to ecosystems, and the importance of
anthropogenic emissions—a critical review and evaluation of the published evidence. Environmental

Reviews 5:99-120.

Jackson, V. 2004. The production and fate of picoplankton and protozoa in the pelagic food web of
Napoleon Gulf, Lake Victoria, East Africa. M.Sc. Thesis. University of Waterloo, Waterloo, Canada.

Jeppesen, E, M Meerhoff, K Holmgren, I Gonzéalez-Bergonzoni, F Teixeira-de Mello, AJ Declerck, L De
Meester, M Sendergaard, T Lauridsen, R Bjerring, J Conde-Porcuna, N Mazzeo, C Iglesias, M

189



Reizenstein, H Malmquist, Z Liu, D Balayla, and X Lazzaro. 2010. Impacts of climate warming on

lake fish community structure and potential effects on ecosystem function. Hydrobiologia 646:73-90.

Kardinaal, W and P Visser. 2005. Dynamics of cyanobacterial toxins. In Harmful Cyanobacteria. Eds. J
Huisman, H Matthijs, and P Visser. Netherlands: Springer.

Karjalainen, M, M Reinikainen, L Spoof, J] Meriluoto, K Sivonen, and M Viitasalo. 2005. Trophic
transfer of cyanobacterial toxins from zooplankton to planktivores: Consequences for pike larvae and

mysid shrimps. Environmental Toxicology 20 (3): 354-362.

Kidd, K, R Hesslein, R Fudge, and KA Hallard. 1995. The influence of trophic level as measured by d3°N

on mercury concentrations in freshwater organisms. Water 80:1011-1015.

Kidd, KA, HA Bootsma, RH Hesslein, WL Lockhart, and RE Hecky. 2003. Mercury concentrations in
the food web of Lake Malawi, East Africa. Journal of Great Lakes Research 29 (S2): 258-266.

Kirkwood, A, P Chow-Fraser, and G Mierle. 1999. Seasonal mercury levels in phytoplankton and their
relationship with algal biomass in two dystrophic shield lakes. Environmental Toxicology and

Chemistry 18 (3):523-532.

Post, D, C Layman, D Arrington, G Takimoto, J Quattrochi, and C Montafia. 2007. Getting to the fat of
the matter: models, methods and assumptions for dealing with lipids in stable isotope analysis.

Oecologia 152:179-189.

Kling, H, R Mugidde, and R Hecky. 2001. Recent changes in the phytoplankton community of Lake
Victoria in response to eutrophication. In The Great Lake of the World (GLOW): Food-Web, Health
and Integrity. Eds. M Munawar and R Hecky. Leiden, Netherlands: Backhuys Publishers.

Kolding, J, P van Zwieten, O Mkumbo, G Silsbe, and R Hecky. 2008. Are the Lake Victoria fisheries
threatened by exploitation of eutrophication? Towards an ecosystem based approach to management.

In The Ecosystem Approach to Fisheries. Eds. G Bianchi and H Skjodal. Wallingford: CABI.

Kotak, B, A Lam, E Prepas, and S Hrudey. 2000. Role of chemical and physical variables in regulating
microcystin-LR concentration in phytoplankton of eutrophic lakes. Canadian Journal of Fisheries and

Aquatic Sciences 57:1584—1593.

Kotak, B, R Zurawell, E Prepas, and C Holmes. 1996. Microcystin-LR concentration in aquatic food web
compartments from lakes of varying trophic status. Canadian Journal of Fisheries and Aquatic

Sciences 53:1974-1985.

190



LeBlanc, S, F Pick, and R Aranda-Rodriguez. 2005. Allelopathic effects of the toxic cyanobacterium

Microcystis aeruginosa on duckweed, Lemna gibba L. Environmental Toxicology 20:67-73.

Lehman, J. 2004. Application of Satellite AVHRR to water balance, mixing dynamics, and the chemistry
of Lake Edward, East Africa. In The East African Great Lakes: Limnology, Paleolimnology and
Biodiversity. Eds. Odada, E and D Olago. Netherlands: Springer.

Lehman, J, A Litt, R Mugidde, and D Lehman. 1998. Nutrients and plankton biomass in the rift lake
sources of the White Nile: Lakes Albert and Edward. In Environmental Change and Response in East
African Lakes. Ed. ] Lehman. Netherlands: Kluwer Academic Publishers.

Loftin, K, M Meyer, F Rubio, L Kamp, E Humphries, and E Whereat. 2008. Comparison of two cell lysis
procedures for recovery of microcystins in water samples from Silver Lake in Dover, Delaware, with

microcystin producing cyanobacterial accumulations. USGS Open-File Report 2008—-1341, 9p.

Loiselle, S, N Azza, A Cézar, L Bracchini, A Tognazzi, A Dattilo, and C Rossi. 2008. Variability in
factors causing light attenuation in Lake Victoria. Freshwater Biology 53:535-545.

Lourey, M, T Trull, and B Tilbrook. 2004. Sensitivity of 8"3C of Southern Ocean suspended and sinking
organic matter to temperature, nutrient utilization, and atmospheric CO, Deep Sea Research Part |

51:281-305.

Lukac, M and R Aegerter. 1993. Influence of trace metals on growth and toxin production of Microcystis

aeruginosa. Toxicon 31:293-305.

LVEMP. 2002. Integrated water quality/limnology study of Lake Victoria: Final technical report.
Denmark: COWI/DHI.

Lwanga, M, F Kansiime, P Denny, and J Scullion. 2003. Heavy metals in Lake George, Uganda, with

relation to metal concentrations in tissues of common fish species. Hydrobiologia 499: 83-93.

MacCrimmon, H, C Wren, and B Gots. 1983. Mercury uptake by lake trout, Salvelinus namaycush,
relative to age, growth, and diet in Tadenac Lake with comparative data from other precambrian shield

lakes. Canadian Journal of Fisheries and Aquatic Sciences 40:114-120.

Mackay, D and A Fraser. 2000. Bioaccumulation of persistent organic chemicals: Mechanisms and

models. Environmental Pollution 110:375-391.

191



MacKintosh, C, K Beattie, S Klumpp, and P Cohen, and G Codd. 1990. Cyanobacterial microcystin-LR is
a potent and specific inhibitor of protein phosphatases 1 and 2A from both mammals and higher

plants. Federation of European Biochemical Societies Letters 264 (2): 187-192.

Magalhaes, V F, M M Marinho, P Domingos, A C Oliveira, S M Costa, L O Azevedo,and SM F O
Azevedo. 2003. Microcystins (cyanobacteria hepatotoxins) bioaccumulation in fish and crustaceans

from Sepetiba Bay (Brasil, RJ). Toxicon 42 (3): 289-295.

Malbrouck, C., and P. Kestemont. 2006. Effects of microcystins on fish. Environmental Toxicology and

Chemistry 25:72-86.

Martins, Jose C and Vitor M Vasconcelos. 2009. Microcystin dynamics in aquatic organisms. Journal of

Toxicology and Environmental Health, Part B 12 (1): 65-82.

Mbabazi, D, F L Orach-Meza, B Makanga, R E Hecky, J Balirwa, R Ogutu-Ohwayo, P Verburg, G
Namuleno, E Muhumuza, and J Luyiga. 2004a. Trophic structure and energy flow in fish communities

of two lakes of the Lake Victoria basin. Uganda Journal of Agricultural Sciences 9:348-359.

Mbabazi, D, R Ogutu-Ohwayo, SB Wandera, and Y Kiziito. 2004b. Fish species and trophic diversity of
haplochromine cichlids in the Kyoga satellite lakes (Uganda). African Journal of Ecology 42:59—68.

McNicol, D, M Mallory, G Mierle, A Scheuhammer, and A Wong. 1997. Leeches as indicators of dietary
mercury exposure in non-piscivorous waterfowl in central Ontario, Canada. Environmental Pollution

95 (2): 177-181.

Meili, M. 1991. The coupling of mercury and organic matter in the biogeochemical cycle—towards a

mechanistic model for the boreal forest zone. Water 56:333-347.

Meisner K., E. Dittmann, and T. Borner. 1996. Toxic and non-toxic strains of the cyanobacterium
Microcystis aeruginosa contain sequences homologous to peptide synthetase genes. FEMS

Microbiology Letters 135:295-303.

Melack, J. 1978. Morphometric, physical and chemical features of the volcanic crater lakes of western

Uganda. Archiv Fur Hydrobiologie 84:430-435.

Mez, K, K Beattie, G oodd, K Hanselmann, B Hauser, H Naegeli, and H Preisig. 1997. Identification of a
microcystin in benthic cyanobacteria linked to cattle deaths on alpine pastures in Switzerland.

European Journal of Phycology 32 (111-117).

192



Millie, D, G Fahnenstiel, J] Dyble Bressie, R Pigg, R Rediske, D Klarer, P Tester, and L Litaker. 2009.
Late-Summer phytoplankton in western Lake Erie (Laurentian Great Lakes): Bloom distributions,

toxicity, and environmental influences. Aquatic Ecology 43:915-934.

Minagawa, M and E Wada. 1984. Stepwise enrichment of "°N along food chains: Further evidence and

the relation between "°N and animal age. Geochimica Et Cosmochimica Acta 48:1135-1140.

Mohamed, Z, W W Carmichael, and A Hussein. 2003. Estimation of microcystins in the freshwater fish
Oreochromis niloticus in an Egyptian fish farm containing a Microcystis bloom. Environmental

Toxicology 18 (2): 137-141.

Morel, F, A Kraepiel, and M Amyot. 1998. The chemical cycle and bioaccumulation of mercury. Annual
Review of Ecology and Systematics 29:543-566.

Mugidde, R. 2002. Nutrient status and planktonic nitrogen fixation in Lake Victoria, Africa. Ph.D. Thesis.

University of Waterloo, Waterloo, Canada.

Mugidde, R., R. E. Hecky and G. Magezi. 2007. The limnology of Lake Albert shifts over the last 40

years. Unpublished manuscript.

Mugidde, R, R Hecky, L Hendzel, and WD Taylor. 2003. Pelagic nitrogen fixation in Lake Victoria (East
Africa). Journal of Great Lakes Research 29 (52):76-88.

Munawar, M and I Munawar. 1986. The seasonality of phytoplankton in the North American Great
Lakes, a comparative synthesis. Hydrobiologia 138:85-115.

Mur, L, O Skulberg, and H Utkilen. 1999. Cyanobacteria in the environment. In Toxic Cyanobacteria in
Water: A Guide to Their Public Health Consequences, Monitoring and Management. Eds. 1 Chorus
and J Bartram. London: E&FN Spon.

Nagayi-Yawe, K, R Ogutu-Ohwayo, Y Kizito, and J Balirwa. 2006. Population characteristics of
Oreochromis esculentus in the Victoria and Kyoga lake basins: Implications for conservation and

improvement of the stocks. African Journal of Ecology 44:423-430.

Nauwerck, A. 1968. Die beziehungen zwischen zooplankton und phytoplankton im see erken. Symb. Bot.

Upsal. 17 (5):163.

Nishiwaki-Matsushima, R, T Ohta, S iishiwaki, M Suganuma, K Kohyama, T Ishikawa, W Carmichael,
and H Fujiki. 1992. Liver tumor promotion by the cyanobacterial cyclic peptide toxin microcystin-LR.

Journal of Cancer Research and Clinical Oncology 118:420-424.

193



Nicholls, K, L Heintsch, and E Carney. 2002. Univariate step-trend and multivariate assessments of the
apparent effects of P loading reductions and zebra mussels on the phytoplankton of the Bay of Quinte,
Lake Ontario. Journal of Great Lakes Research 28:15-31.

Nyakaana, A, H Sengendo, and S Lwasa. 2007. Population, urban development and the environment in

Uganda: the case of Kampala city and its environs. PRIPODE Workshop, Nairobi, Kenya.

Nyakairu, G, C Nagawa, and ] Mbabazi. 2009. Assessment of cyanobacteria toxins in freshwater fish: A
case study of Murchison Bay (Lake Victoria) and Lake Mburo, Uganda. Toxicon.
doi:10.1016/j.toxicon.2009.07.024.

Nyakoojo, C and S Byarujali. 2010. An ecological study of two shallow, equatorial lakes: Lake Mburo
and Lake Kachera, Uganda. African Journal of Ecology. doi: 10.1111/1.1365-2028.2010.011215.x

Oberemm, A., J. Fastner, and C. E. W. Steinberg. 1997. Effects of microcystin-LR and cyanobacterial
crude extracts on embryo-larval development of zebrafish (Danio rerio). Water Research 31:2918-

2921.

Ogutu-Ohwayo, R. 1990. The decline of the native fishes of Lakes Victoria and Kyoga (East Africa) and
the impact of introduced species, especially the Nile perch, Lates niloticus, and the Nile tilapia,

Oreochromis niloticus. Environmental Biology of Fishes 27:81-96.

Oh, H, S Lee, M Jang, and B Yoon. 2000. Microcystin production of Microcystis aeruginosa in P-limited
chemostat. Applied Environmental Microbiology 66:176—179.

Okello, W, C Portmann, M Erhard, K Gademann, and R Kurmayer. 2009. Occurrence of microcystin-

producing cyanobacteria in Ugandan freshwater habitats. Environmental Toxicologydoi:10.1002/tox.

Okello, W, V Ostermaier, C Portmann, K Gademann, and R Kurmayer. 2010. Spatial isolation favours
the divergence in microcystin net production by Microcystis in Ugandan freshwater lakes. Water

Researchdoi:10.1016/j.watres.2010.02.018.

Oliver, R and G Ganf. 2000. Freshwater blooms. In The Ecology of Cyanobacteria. Eds. B Whitton and
M Potts. Netherlands: Kluwer Academic Publishers.

O'Reilly, C, R Hecky, A Cohen, and P Plisnier. 2002. Interpreting stable isotopes in food webs:
Recognizing the role of time averaging at different trophic levels. Limnology and Oceanography 47

(1):306-309.

194



Orr, P and G Jones. 1998. Relationship between microcystin production and cell division rates in

nitrogen-limited Microcystis aeruginosa cultures. Limnology and Oceanography 43 (7): 1604-1614.

Ouellette, A. J. A., S. M. Handy, and S. W. Wilhelm. 2006. Toxic Microcystis is widespread in Lake Erie:
PCR detection of toxin genes and molecular characterization of associated cyanobacterial

communities. Microbial Ecology 51:154-165.

Pacyna, E, J Pacyna, F Steenhuisen, and S Wilson. 2006. Global anthropogenic mercury emission

inventory for 2000. Atmospheric Environment 40:4048—4063.

Paerl, H. 2007. Nutrient and other environmental controls of harmful cyanobacterial blooms along the
freshwater-marine continuum. In Proceedings of the Interagency, International Symposium on
Cyanobacterial Harmful Algal Bloooms. Ed. H Hudnell. Advances in Experimental Medicine and
Biology.

Paerl, H and J Huisman. 2009. Climate change: A catalyst for global expansion of harmful cyanobacterial

blooms. Environmental Microbiology Reports 1 (1):27-37.
Paerl, H and J Huisman. 2008. Blooms like it hot. Science 320 (5872): 57-58.

Paerl, H and R Fulton. 2006. Ecology of harmful cyanobacteria. In Ecology of Harmful Marine Algae.
Eds. E Graneli and J Turner. Berlin: Springer-Verlag.

Peterson, B and B Fry. 1987. Stable isotopes in ecosystem studies. Annual Review of Ecology and
Systematics 18:293-320.

Pflugmacher, S. 2002. Possible allelopathic effects of cyanotoxins, with reference to microcystin-LR, in

aquatic ecosystems. Environmental Toxicology 17:407-413.

Pickhardt, P, C Folt, C Chen, B Klaue, and J Blum. 2002. Algal blooms reduce the uptake of toxic
methylmercury in freshwater food webs. Proceedings of the National Academy of Sciences 99 (7):
4419-4423.

Pinder, L. 1986. Biology of freshwater chironomidae. Annual Review of Entomology 31:1-23.

Post, D. 2002. Using stable isotopes to estimate trophic position: Models, methods, and assumptions.

Ecology 83 (3): 703-718.

Post, D. 2007. Testing the productive-space hypothesis: Rational and power. Oecologia 153.

195



Post, D, M Pace, and N Hairston. 2000. Ecosystem size determines food-chain length in lakes. Nature

405:1047-1049.

Poste, A. 2008. Biomagnification of mercury in a West African crater lake (Lake Bosomtwe, Ghana).

Verh. Int. Ver. Limnol. 30 (4): 647—650.

Power, M, G Klein, K Guiguer, and M Kwan. 2002. Mercury accumulation in the fish community of a
sub-arctic lake in relation to trophic position and carbon sources. Journal of Applied Ecology 39:819—

830.

Prepas, E, B Kotak, L Campbell, J Evans, S Hrudey, and C Holmes. 1997. Accumulation and elimination
of cyanobacterial hepatotoxins by the freshwater clam Anodonta grandis simpsoniana. Canadian

Journal of Fisheries and Aquatic Sciences 54:41-46.

R Development Core Team. 2010. R: A language and environment for statistical computing. Austria: R

Foundation for Statistical Computing. www.R-project.org.

Ramlal, P, F Bugenyi, G Kling, J Nriagu, J] Rudd, and L Campbell. 2003. Mercury concentrations in
water, sediment, and biota from Lake Victoria, East Africa. Journal of Great Lakes Research 29 (S2):

283-291.

Rantala, A, D Fewer, M Hisbergues, L Rouhianen, J Vaitomaa, T Borner, and K Sivonen. 2004.
Phylogenetic evidence for the early evolution of microcystin synthesis. Proceedings of the National

Academy of Sceinces 101 (2):568-573.
Reynolds, C. 2006. Ecology of Phytoplankton. Cambridge: Cambridge University Press.

Rinta-Kanto, J. M., A. J. A. Ouellette, G. L. Boyer, M. R. Twiss, T. B. Bridgeman, and S. W. Wilhelm.
2005. Quantification of toxic Microcystis spp. during the 2003 and 2004 blooms in western Lake Erie
using quantitative real-time PCR. Environmental Science & Technology 39:4198-4205.

Roy, S and U Sharma. 1982. Studies on the food and feeding biology of mayfly nymphs (Insecta:

Ephemeroptera) and their role in aquatic ecosystems. Enfomon 7:145-149.

Sarica, J, M Amyot, L Hare, P Blanchfield, R Bodaly, H Hintelmann, and M Lucotte. 2005. Mercury
transfer from fish carcasses to scavengers in boreal lakes: The use of stable isotopes of mercury.

Environmental Pollution 134:13-22.

Schoener, T. 1989. Food webs from the small to the large: The Robert H. MacArthur Award Lecture.
Ecology 70 (6): 1559-1589.

196



Sekadende, B, T Lyimo, and R Kurmayer. 2005. Microcystin production by cyanobacteria in the Mwanza
Gulf (Lake Victoria, Tanzania). Hydrobiologia 543:299-304.

Semyalo, R, T Rohrlack, C Naggawa, and G Nyakairu. 2010a. Microcystin concentrations in Nile tilapia
(Oreochromis niloticus) caught from Murchison Bay, Lake Victoria and Lake Mburo: Uganda.

Hydrobiologia 638:235-244.

Semyalo, R, T Rohrlack, D Kayiira, Y Kizito, and S Byarujali. 2010b. On the diet of Nile tilapia in two
eutrophic tropical lakes containing toxin producing cyanobacteria. Limnologica.

doi:doi:10.1016/j.1imno.2010.04.002.

Schatz, D, Y Keren, A Vardi, A Sukenik, S Carmeli, T Borner, E Dittmann and A Kaplan. 2007. Towards
clarification of the biological role of microcystins, a family of cyanobacterial toxins. Environmental

Microbiology 9 (4): 965-970.

Silsbe, G. 2004. Phytoplankton production in Lake Victoria, East Africa. M.Sc. Thesis. University of

Waterloo, Waterloo, Canada.

Silsbe, G, R Hecky, S Guildford, and R Mugidde. 2006. Variability of chlorophyll a and photosynthetic
parameters in a nutrient-saturated tropical great lake. Limnology and Oceanography 51 (5):2052—

2063.

Simoneau, M, M Lucotte, S Garceau, and D Laliberté. 2005. Fish growth rates modulate mercury
concentrations in walleye (Sander vitreus) from Eastern Canadian lakes. Environmental Research

98:73-82.

Sivonen, K. 1990. Effects of light, temperature, nitrate, orthophosphate and bacteria on growth of and
hepatotoxin production by Oscillatoria agardhii strains. Applied Environmental Microbiology

56:2658-2666.

Sivonen, L and G Jones. 1999. Cyanobacterial toxins. In Toxic Cyanobacteria in Water: A Guide to Their
Public Health Consequences, Monitoring and Management. Eds. 1 Chorus and J Bartram. London:

E&FN Spon.

Smith, J, G Boyer, and P Zimba. 2008. A review of cyanobacterial odorous and bioactive metabolites:

Impacts and management alternatives in aquaculture. Aquaculture 280:5-20.

Smith, J and J Haney. 2006. Foodweb transfer, accumulation, and depuration of microcystins, a

cyanobacterial toxin, in pumpkinseed sunfish (Lepomis gibbosus). Toxicon 48:580-589.

197



Smith, J, K. Schulz, P Zimba and G Boyer. 2010. Possible mechanism for the foodweb transfer of
covalently bound microcystins. Ecotoxicology and Environmental Safety. doi:

10/1016/j.ecoenv.2009.12.003

Stafford, C and T Haines. 2001. Mercury contamination and growth rate in two piscivore populations.

Environmental Toxicology and Chemistry 20 (9): 2099-2101.

Stager, J, D Ryves, B Cumming, L Meeker, and J Beer. 2005. Solar variability and the levels of Lake
Victoria, East Africa, during the last millenium. Journal of Paleolimnology 33:243-251.

Stainton, M, M Capel, and F Armstrong. 1977. The Chemical Analysis of Fresh Water. 2" Ed. Can. Fish.
Mar. Serv. Spec. Publ. 25.

Swaibuh Lwanga, M, F Kansiime, P Denny, and J Scullion. 2003. Heavy metals in Lake George, Uganda,

with relation to metal concentrations in tissues of common fish species. Hydrobiologia 499:83-93.
Talling, J. 1963. Origin of Stratification in an African Rift Lake. Limnology and Oceanography 8:68-78.

Talling, J. 1965. The phytosynthetic activity of phytoplankton in East African lakes. Int. Revue Ges.
Hydrobiol. 50:1-32.

Talling, J. 1966. The annual cycle of stratification and phytoplankton growth in Lake Victoria (East
Africa). Internationale Revue Der Gesamten Hydrobiologie Und Hydrographie 51 (4): 545-621.

Talling, J. 1986. The seasonality of phytoplankton in African lakes. Hydrobiologia 138:139—-160.

Tencalla, F and D Dietrich. 1997. Biochemical characterization of microcystin toxicity in rainbow trout

(Oncorhynchus mykiss). Toxicon 35 (4): 583-595.

Trewavas, E. 1983. Tilapiine Fishes of the Genera Sarotherodon, Oreochromis and Danakilia. UK:

Natural History Museum Publications.

UNEP. 2002. Regionally based assessment of persistent toxic substances: Sub-Saharan regional report.

Switzerland: United Nations Environment Programme: Chemicals.

US EPA. 1998. Method 7473. Mercury in solids and solutions by thermal decomposition, amalgamation,
and atomic absorption spectrophotometry. Washington: United States Environmental Protection

Agency.

US EPA. 1999. Method 1631, Mercury in water by oxidation, purge and trap, and cold vapor atomic

fluorescence spectrometry. United States Environmental Protection Agency, Office of Water 4304.

198



US EPA. 2004. Field sampling guidance documents #1229: Trace metal clean sampling of natural waters.
Richmond, California: US EPA Region 9 Laboratory.

Utkilen, H and N Gjolme. 1992. Toxin production by Microcystis aeruginosa as a function of light in
continuous cultures and its ecological significance. Applied Environmental Microbiology 58:1321—

1325.

Utkilen, H, and N Gjolme. 1995. Iron-Stimulated Toxin Production in Microcystis aeruginosa. Applied
and Environmental Microbiology 61:797-800.

Vadeboncoeur, Y, E Jeppesen, M Vander Zanden, H Schierup, K Christoffersen, and D Lodge. 2003.
From Greenland to green lakes: Cultural eutrophication and the loss of benthic pathways in lakes.

Limnology and Oceanography 48 (4):1408-1418.

Vanderploeg H, J Liebig, W Carmichael, M Agy, T Johengen, G Fahnenstiel, and T Nalepa. 2001. Zebra
mussel (Dreissena polymorpha) selective filtration promoted toxic Microcystis blooms in Saginaw

Bay (Lake Huron) and Lake Erie. Canadian Journal of Fisheries and Aquatic Sciences 58:1208-1221.

Vander Zanden, M, B Shuter, N Lester, and J Rasmussen. 1999. Patterns of food chain length in lakes: A
stable isotope study. The American Naturalist 154 (4): 406-416.

Vander Zanden, M, G Cabana, and J Rasmussen. 1997. Comparing trophic position of freshwater fish
calculated using stable nitrogen isotope ratios (8'°N) and literature dietary data. Canadian Journal of

Fisheries and Aquatic Sciences 54:1142—1158.

Vander Zanden, M and J Rasmussen. 2001. Variation in 8"°N and 8"°C trophic fractionation: Implications

for aquatic food web studies. Limnology and Oceanography 46 (8): 2061-2066.
Vander Zanden, M and W Fetzer. 2007. Global patterns of aquatic food chain length. Oikos 116.

Vasconcelos, V and E Pereira. 2001. Cyanobacteria diversity and toxicity in a wastewater treatment plant

(Portugal). Water Research 35:1354-1357.

Verschuren, D, D Edgington, H Kling, and T Johnson. 1998. Silica depletion in Lake Victoria:
Sedimentary signals at offshore stations. Journal of Great Lakes Research 24 (1): 118—130.

Verschuren, D, T Johnson, H Kling, D Edgington, P Leavitt, E Brown, M Talbot, and R Hecky. 2002.
History and timing of human impact on Lake Victoria, East Africa. Proceedings of the Royal Society
of London B 269:289-294.

199



Viner, A and I Smith. 1973. Geographical, historical and physical aspects of Lake George. Proceedings of
the Royal Society of London, Series B, Biological Sciences 184 (1076): 235-270.

Vollenweider, R and J Kerekes. 1982. Eutrophication of Waters: Monitoring, Assessment and Control.
Paris: OECD.

Walsby, A, P Hayes, R Boje, and L Stal. 1997. The selective advantage of buoyancy provided by gas
vesicles for planktonic cyanobacteria in the Baltic Sea. New Phytol. 136:407-417.

Wang, Q, P, Xie, J Chen, and G Liang. 2008. Distribution of microcystins in various organs (heart, liver,

intestine, gonal, brain, kidney and lung) of Wistar rat via intravenous injection. Toxicon 52: 721-727.

Watras, C and N Bloom. 1992. Mercury and methylmercury in individual zooplankton: Implications for

bioaccumulation. Limnology and Oceanography 37 (6): 1313-1318.

Watson, S, J Ridal, and G Boyer. 2008. Taste and odour and cyanobacterial toxins: Impairment,
prediction, and management in the great lakes. Canadian Journal of Fisheries and Aquatic Sciences

65:1779-1796.
Wetzel, R and G Likens. 1991. Limnological Analyses. 2™ Ed. Springer-Verlag.

WHO. 1998. Guidelines for Drinking-water Quality, Second edition, Addendum to Volume 2, Health

Criteria and Other Supporting Information. Geneva: World Health Organization.

WHO/IPCS. 1990. Environmental Health Criteria (EHC) 101: Methylmercury. Geneva: World Health

Organization.

WHO/IPCS. 1991. Environmental Health Criteria (EHC) 118: Inorganic mercury. Geneva: World Health

Organization.

Wiedner, C, P Visser, J Fastner, J Metcalf, G Codd, and L Mur. 2003. Effects of light on the microcystin
content of Microcystis strain PCC 7806. Applied and Environmental Microbiology 69 (3): 1475-1481.

Wiegand, C and S Pflugmacher. 2005. Ecotoxicological effects of selected cyanobacterial secondary

metabolites: A short review. Toxicology and Applied Pharmacology 203 (3):201-218.

Williams, D. E., M. Craig, S. C. Dawe, M. L. Kent, R. J. Andersen, and C. F. B. Holmes. 1997a. '*C-
Labeled microcystin-LR administered to Atlantic salmon via intraperitoneal injection provides in vivo

evidence for covalent binding of microcystin-LR in salmon livers. Toxicon 35:985-989.

200



Williams, D. E., M. Craig, S. C. Dawe, M. L. Kent, C. F. B. Holmes, and R. J. Andersen. 1997b.
Evidence for a covalently bound form of microcystin-LR in salmon liver and dungeness crab larvae.

Chemical Research in Toxicology 10:463-469.

Williams, D. E., S. C. Dawe, M. L. Kent, R. J. Andersen, M. Craig, and C. F. B. Holmes. 1997c.
Bioaccumulation and clearance of microcystins from salt water mussels, Mytilus edulis, and in vivo

evidence for covalently bound microcystins in mussel tissues. Toxicon 35:1617-1625.

Williams, A, H Duthie, and R Hecky. 2005. Water hyacinth in Lake Victoria: why did it vanish so
quickly and will it return. Aquatic Botany 81: 300-314.

Wilson, Alan E, Duane C Gossiaux, Tomas O H66k, John P Berry, Peter F Landrum, Julianne Dyble, and
Stephanie J Guildford. 2008. Evaluation of the human health threat associated with the hepatotoxin
microcystin in the muscle and liver tissues of yellow perch (Perca flavescens). Canadian Journal of

Fisheries and Aquatic Sciences 65 (7):1487-1497.

World Water Assessment Programme, UNESCO. 2006. 2nd United Nations World Water Development
Report: Water, A Shared Responsibility. Paris: United Nations Educational, Scientific and Cultural

Organization.

Xie, L, P Xie, K Ozawa, T Honma, A Yokoyama, and H Park. 2004. Dynamics of microcystins-LR and-
RR in the phytoplanktivorous silver carp in a sub-chronic toxicity experiment. Environmental

Pollution 127:431-439.

Xie, L, P Xie, L Guo, L Li, Y Miyabara, and H Park. 2005. Organ distribution and bioaccumulation of
microcystins in freshwater fish at different trophic levels from the eutrophic Lake Chaohu, China.

Environmental Toxicology 20 (2): 293-300.

Yakobowski, S. 2008. Ecological factors controlling microcystin concentrations in the Bay of Quinte,
Maumee Bay, and three Grand River reservoirs. M.Sc. Thesis. University of Waterloo, Waterloo,

Canada.

Yan, H, A Rustadbakken, H Yao, and T Larssen. 2010. Total mercury in wild fish in Guizhou reservoirs,
China. Journal of Environmental Sciences 22 (8): 1129-1136.

Zhang D, Xie P, Chen J. 2010. Effects of temperature on the stability of microcystins in muscle of fish
and its consequences for food safety. Bulletin of Environmental Contamination and Toxicology 84:

202-207.

201



Zhang, D, P Xie, Y Liu, and T Qiu. 2009. Transfer, distribution and bioaccumulation of microcystins in
the aquatic food web in Lake Taihu, china, with potential risks to human health. Science of the Total

Environment 407:2191-2199.

Zurawell, R, H Chen, J Burke, and E Prepas. 2005. Hepatotoxic cyanobacteria: A review of the biological
importance of microcystins in freshwater environments. Journal of Toxicology and Environmental

Health, Part B 8:1-37.

Zurawell, R. W., B. G. Kotak, and E. E. Prepas. 1999. Influence of lake trophic status on the occurrence

of microcystin-LR in the tissue of pulmonate snails. Freshwater Biology 42:707-718.

202





