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This study was carried out in order to investigate the spatial variation of algal toxin (microcystin)
concentrations along the shoreline of Lake Victoria. A total of 16 nearshore stations differing in
connectivity to the main lake basin were categorized as either closed bays (ratio of bay area to bay
opening <l1) or open bays (ratio >1) and sampled during November and December 2009. Water
samples were analyzed for total phosphorus, chlorophyll a, phytoplankton community composition and
concentrations of microcystin. Open and closed bays were significantly different for phytoplankton
abundance and composition: Average phytoplankton biovolume was higher for closed bays
(45 mm’I™" &+ 11 SE) than open bays (5 &+ 2 mn’l ). Cyanobacterial biovolume (mainly Microcystis
spp., Anabaena spp. and Planktolyngbya spp.) was also significantly higher in closed bays (82 &+ 9% of
total biovolume) than in open bays (44 = 5%). In contrast, diatom biovolume was lower in closed bays
(7 £ 1%) than in open bays (36 £ 6%). Microcystins were found only among sites from closed bays and
concentrations ranged from 0.4 to 13 pg I~' Microcystin-LR equivalent and coincided with high
abundance of Microcystis spp. It is concluded that the level of water exchange from individual bays to
the main basin is an important factor influencing eutrophication and microcystin production in
nearshore habitats of Lake Victoria.

Keywords: bay morphometry, eutrophication, Microcystis, Anabaena

Introduction

During the last four decades, Lake Victoria has
faced eutrophication, resulting in a general increase
of bloom-forming and potentially toxin-producing
cyanobacteria throughout the year (Ochumba and
Kibaara, 1989; Hecky, 1993; Lung’aiya et al.,
2000; Kling et al., 2001; Mbonde et al., 2004;

Ngupula et al., 2011). High levels of total phos-
phorus (>100 pg 17") have been recorded in near-
shore areas (Sekadende et al., 2005; Ngupula
et al., 2012; Sitoki et al,, 2013). The resulting
increase in algal biomass has caused fish kills,
deoxygenation of deeper waters in the lake
(Ochumba, 1990) and has reduced the quality of
drinking water for human consumption. Despite an
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overall eutrophic state, spatial variation in phyto-
plankton species composition and abundance exist
(Haande et al., 2011; Ngupula et al., 2011). Sev-
eral studies have suggested that spatial variation in
physicochemical conditions and phytoplankton
density in bays of Lake Victoria is due to water
exchange with the main basin, driven by surface
seiches and wind activity (Haande, 2008; Okely
et al.,, 2010; Haande et al., 2011). Other factors
that can influence the variation of nearshore phyto-
plankton include river inflow, direct discharge of
wastewater, deforestation and agricultural activi-
ties, among others (Huisman et al., 2005).

During the dry season (May-September), the
Tanzanian shoreline of the lake experiences the
strong seasonal South-Eastern winds (Akiyama
et al.,, 1977), which cause upwelling of colder
water from the hypolimnion and which are impor-
tant in embayment dilutions (Sekadende et al.,
2005). At the shore, waves induced by seiches
may cause water movement in and out of shallow
bays (Haande etal, 2011). Haande (2008)
obtained data on the daily variation in water levels
at Murchison Bay that were used to calculate water
volume entering the bay. By comparing the con-
centrations of both lake and bay waters it was pos-
sible to calculate a dilution factor. This horizontal
mixing of embayment waters with the main lake
has the potential to reduce the growth of toxigenic
cyanobacteria such as Microcystis or Anabaena.

In Lake Victoria, occurrence of toxins produced
by cyanobacteria, particularly microcystin (MC),
has been documented from Kenyan and Ugandan
waters (Krienitz et al., 2002; Semyalo et al., 2010;
Okello et al.,, 2010; Sitoki et al., 2012). At the
Tanzanian side of the lake, only Sekadende et al.
(2005) have reported occurrence of MC in
Mwanza Gulf. MC is a hepatotoxic cyclic peptide
that was repeatedly involved in toxic outbreaks of
livestock and humans (Chorus and Bartram, 1999).
Besides its acute toxicity it has been considered to
be carcinogenic under chronic exposure conditions
at the sublethal level (Svircev et al., 2009).

In order to understand the spatial variation in
phytoplankton and MC concentration in the near-
shore waters of Lake Victoria, 16 study sites
located along the Tanzanian shoreline were catego-
rized as closed and open bays (see below and Fig-
ure 1) and sampled during November and
December 2009. During this time maxima in water
stratification and cyanobacteria biovolume have
been observed in Mwanza Gulf (Akiyama et al.,

1977) and more recently, in Nyanza Gulf (Sitoki
et al., 2012). Some and Omurwa (1994) estimated
through interviews that in the Lake Victoria region,
4% of all households in the Kisumu district use
lake water for drinking purposes. Taking into
account the local population density (National
Bureau of Statistics, 2013) along the study area it
can be estimated that 360,000 people depend on the
lake water for their domestic use. Since these near-
shore embayments experience similar climatic con-
ditions, similar anthropogenic activities and similar
eutrophication, spatial variation of phytoplankton is
possibly a function of water exchange through the
above indicated physical processes. It was hypothe-
sized that the reduced exchange of closed bays with
the main basin of Lake Victoria relative to open
bays leads to increased biovolume of phytoplankton
possibly resulting in MC occurrence.

Materials and methods
Study sites

The study sites comprised 16 shoreline stations
with water depths below 10 m (Figure 1) that
were sampled in November and December, 2009.
All sites had human population density between
10,000 and 47,000 except of sites no. 1, 5 and 12
(<10,000). Sites 5, 8, 11 and 12 were located in
remote areas with less industrial but moderate
agricultural activities. Depending on the width of
the channel opening to the main basin the sam-
pling stations were divided into bays that showed
a large surface area and narrow opening (referred
to as closed bays) and consequently were consid-
ered to have a more limited water exchange to the
main lake (1. Mori Bay, 2. Mugubya Bay, 3. Mara
Bay, 4. Suguti Bay, 5. Bawman Gulf, 6. Magu
Bay, 7. Nyegezi, 8., Chole Bay), and those that
showed a smaller surface area and a more wide
opening (open bays), which were considered to
have significant water exchange with the main
lake (9. Kirongwe Bay, 10. Shirati Bay, 11.
Kiemba, 12. Bulamba, 13. Lamadi, 14. Nyami-
koma, 15. Nassa Bay, 16. Luchelele Bay). By this
working definition, a closed bay had a ratio of bay
surface area to bay opening below one. The closed
and open bays showed a significant difference in
their width of bay opening (p = 0.003), their areas
(p = 0.028), and their ratios of area to openings
(p < 0.001), (Appendix 1, available in the online
supplementary information).
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Figure 1. Map of Lake Victoria (Southern part) showing the sampling sites on its Eastern side near the shore. Numbers 1-8 () are
closed bays and 9-16 (A) are open bays. Inset shows Lake Victoria and national borderlines.

Sampling

At each station, depth-integrated water samples
(from surface to the bottom) were taken using a
van Dorn sampler for the quantification of total
phosphorus (TP), phytoplankton abundance and
biovolume, and MC analysis. From this sample,
50 ml aliquots were fixed with Lugol’s solution
for quantitative phytoplankton analysis. In addi-
tion, a phytoplankton net (30 wm mesh size) was
used to collect phytoplankton for qualitative anal-
ysis of phytoplankton and MC analysis. On-site
measurements of water transparency (using Secchi
disk), conductivity, temperature and pH were per-
formed at the water surface using a multiprobe
(HQ40d18, HACH Co.).

Chemical analysis

Chlorophyll a was extracted according to ISO
(1992) using hot (78°C) ethanol. TP was hydro-
lysed by a potassium persulphate digestion and

subsequently the total phosphate concentration
was analyzed by the ammonium molybdate
method (Wetzel and Likens, 2000). MCs were
extracted in aqueous methanol according to Fast-
ner et al. (1998) and analyzed using high perfor-
mance liquid chromatography with diode array
detection as described (Lawton et al., 1994). All
peaks identified as putative MCs were collected
manually for confirmation that was done using
matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) by
Anagnostec GmbH (Potsdam Golm, Germany) as
described by Kurmayer et al. (2004).

Phytoplankton species analysis

Identification and counting of phytoplankton
species were done under an inverted microscope
(400 x magnification) according to Utermohl
(1958). Phytoplankton species were differentiated
by morphological criteria using standard morpho-
logical keys (Komarek and Anagnostidis, 2007,
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Ettl et al., 1999) and according to earlier descrip-
tions (Talling, 1987; Komarek and Kling, 1991).
Typically, species were counted as individual
cells, except the cyanobacterial genera Plankto-
lyngbya and Romeria which were counted as fila-
ments. Calculations of phytoplankton abundance
and biovolume were done according to Wetzel and
Likens (2000). Sample data were compared
between closed and open bays using a non-
parametric rank sum test (Mann-Whitney U test).
If the assumption of normal distribution was met,
the Student’s t-test was used. For all tests Sigma
Plot 10.0 software was used.

Results

Difference in physicochemical parameters
between closed and open bays

Overall, the differences in depth and in physi-
cochemical parameters between the two sample
categories were rather minor. Only water tempera-
ture and conductivity showed a slight, albeit sig-
nificant, increase among samples from closed bays
when compared with open bay samples (Table 1).
There was a positive correlation between conduc-
tivity and chlorophyll a (R = 0.59, P = 0.016) and
a significant positive relationship was observed
between temperature and phytoplankton biovo-
lume both within the closed bay samples
(R =0.78, p = 0.02) and within all samples com-
bined (R = 0.75, p < 0.001).

Difference in phytoplankton abundance
and species composition between closed
and open bays

In total 88 species were observed (77 in closed
bays and 67 in open bays), constituting six classes,
i.e. the Bacillariophyceae (23 taxa), Chlorophy-
ceae (29), Cryptophyceae (1), Cyanobacteria (29),
Dinophyceae (2), and Euglenophyceae (4). The
Shannon diversity index indicated higher phyto-
plankton species diversity and equitability (even-
ness) in open bays (H'=1.05, Eg = 0.60) than in
closed bays (H’=0.71, Ey = 0.38). A few species
(20 taxa) constituted more than 1% of total phyto-
plankton biovolume while 15 taxa constituted
more than 5%.

Although TP concentrations were similar in
closed and open bays, the differences in chloro-
phyll a, total phytoplankton abundance and biovo-
lume between the two sample sets were
pronounced: 3.4 x 10* £ 6.1 x 107 ind. 1" and
45 4+ 11 mm® 17" in closed bays vs. 4.1 x 107 +
0.3 x 10%ind. 17" and 5.4 & 1.5 mm’ 1" in open
bays (Figure 2a), (Table 1, p = 0.003). On aver-
age, the phytoplankton biovolume recorded from
closed bays was eight times higher when com-
pared with biovolume recorded from open bays.
Cyanobacteria were abundant in both closed and
open bays, however, the proportion of cyanobacte-
rial biovolume was significantly higher in closed
bays (82 £ 9% of total biovolume) when com-
pared with open bays (44 £ 5%), (p = 0.007). In
contrast, the proportion of diatoms in total biovo-
lume was lower in closed bays (6 + 1.4%) than in
open bays (36 £ 6%), (p < 0.001). Among the
cyanobacteria, Anabaena spp. (closed: 31 £ 11%;
open: 7.2 + 4%), Planktolyngbya spp. (closed:
19 £+ 9%, open: 6 £+ 2%) and Microcystis spp.
(closed: 29 &+ 11%; open: 22 + 7%) dominated.
Within diatoms Nitzschia spp. (closed: 2 £ 0.5%;
open: 21 £ 4%) and Cyclotella sp. (closed: 2.6 £
0.7; open: 8.1 £ 2.6%) dominated. Taking all data
together, both the biovolume of cyanobacteria (R
= 0.73, p = 0.001) and diatoms (R = 0.58, p =
0.02) were found positively related to water
temperature.

Difference in microcystin occurrence
between closed and open bays

MCs were detected at five stations all being
closed bays: No. 1, 2, 3, 4, 7. The MC structural
variants found in different stations were identified
as MC-LR (protonated mass 995.5), MC-RR
(1038.4), MC-YR (1045.2), MC-AR (953.2) and
di-desmethyl-MC-RR (1010.7) by the respective
masses as determined by MALDI-TOF MS. The
MC concentrations ranged from 0.4 to 13 pug 17"
MC-LR equiv (the highest concentration occurred
among samples from No. 4, Suguti). Stations No.
3, 4, 7 had high abundance of Microcystis spp.
(>3.03 x 10° cells 1"") and also showed MC
occurrence. At some stations (No. 6, 9, 12)
relatively high  Microcystis cell numbers
(6.8 x 107 - 1.8 x 10° cells I"") did not result in
MC production. However, since Anabaena spp.
co-occurred with Microcystis spp. (except at
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Table 1. Mean (£ SE) of limnological parameters recorded nearshore in Lake Victoria from either closed or open bays (n.d = not
determined). P value calculated from pairwise comparison using Mann-Whitney Rank Sum test or Students t-test if normality and

equal variance tests were passed.

Bay Depth Temp. Conductivity Secchi Depth TP Chl —a Biovolume
Morphometry (m)  (°C)  (uSem™')  pH (m) (ugl™)  (ugl™) (mm’17)
November 2009
Closed Bays

(n=8)
Mean 29404 27.1£0.8 118.7£5.3 8.5£0.3 1.24+0.2 81.6+0.7 24.6+5.7 36.3£12
Median 2.6 26.9 116.2 8.8 1.0 87.9 214 28
Open Bays

(n=8)
Mean 2.5+0.526.3£2.2 106.3£3.8 8.4+0.3 1.3£0.2 789+10 9.6+2.3 5.1£1.3
Median 2.0 25.8 105.2 8.1 1.3 71.1 6.9 5.1
P value 0.2 0.46 0.066 0.53 0.43 0.49 0.03 0.01
December 2009
Closed Bays

(n=6)
Mean 2.2+0.4 28.4£0.6 n.d 7.9+04 0.8£0.2 116.3+26 n.d 63+29
Median 2.0 28.5 8.2 - 104.8 38
Open Bays

(n=4)
Mean 1.9+£0.1 26.6£0.2 n.d 74+£03  0.5%£0 120.44+33.3 nd 7.4+4
Median 13.0 26.6 7.3 - 95.8 5.6
P value 0.82 0.04 0.3 - 0.9 0.26
Data combined
Closed bays 2.6+£0.3 27.4+0.5 118.7£5.3 8.44+0.3 1.040.1 97.0£5.9 24.6+5.7 45.4£10.9
Open bays  2.5+0.526.3+0.3 1063+3.8 8.1+£0.2 1.2+0.2 85.8+14.3 9.6+£2.3 54+£1.5
P value 0.4 0.14 0.066 04 0.46 0.05 0.03 0.003

Bold P values indicate statistically significant difference between closed and open bay sample groups (p < 0.05).

station 4 in November) the MC producer could not
be identified by correlation analysis.

Discussion

The null hypothesis of this study was that phy-
toplankton abundance/biovolume was rather
evenly distributed across the different stations in
the lake. However, substantial differences
between closed and open bays were observed.
The much higher dominance of cyanobacteria in
closed bays relative to open bays suggests that
closed bays provided a more suitable habitat for
cyanobacteria, such as Anabaena or Microcystis.
In addition to reduced water exchange, many of
the closed bays were surrounded by hills that can
protect the bays from winds resulting in a further

reduction of water mixing. Large colony-forming
cyanobacteria generally have lower growth rates
when compared with diatoms and are sensitive to
flushing (Reynolds et al., 2002). During calm
conditions buoyant cyanobacteria like Anabaena
and Microcystis accumulate on the water surface
allowing for efficient light harvesting. The contin-
ued access to light through the formation of sur-
face scums is thought to be one of the main
factors contributing to the competitive success of
those cyanobacteria when compared with non-
buoyant phytoplankton.

In contrast, diatoms flourish under turbulent
conditions reducing sinking losses to a minimum.
Diatoms are also most efficient in light harvesting
(Reynolds et al., 2002) which enables them to use
lowest irradiances under more turbulent condi-
tions. Particularly in the open bays wind might be
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Figure 2. Comparison of phytoplankton biovolumes (+SE) of the main phytoplankton classes (a) and dominant taxa (b) between
closed and open bays. Only taxa contributing >5% to total biovolume are shown.

able to increase the mixing further in addition to
the mixing caused by the horizontal water
exchange with the main basin.

Both water temperature and conductivity
increased among samples from closed bays. The
increase in conductivity may indicate a reduced
water exchange with the main basin as observed
previously in the course of a sample gradient
through the Nyanza Gulf (Sitoki et al., 2012). The
higher temperature among closed bays may be
related to the more sheltered location of these
waterbodies. It is generally accepted that the opti-
mal temperature for cyanobacterial growth often is
25°C or higher, for example, Microcystis strains
have been shown to flourish at >25°C (Robarts
and Zohary, 1987). In this study the variation
range in temperature (24.9-32.3°C) exceeded the
variation in temperature that was observed across
transects in Lake Victoria earlier (Talling, 1966).
However, more data are needed to verify this near-
shore variation in water temperature and its poten-
tial consequences on phytoplankton growth.

During the study period, water samples of
closed bay stations of Lake Victoria (Tanzania)
had detectable levels of MCs. According to ear-
lier studies the major MC producers in Lake Vic-
toria are Microcystis and Anabaena species
(Krienitz et al., 2002; Okello etal., 2010;
Semyalo et al., 2010). Okello et al. (2010) used
PCR and restriction fragment length polymor-
phism to identify the MC producers in various
freshwater lakes including Lake Victoria and
found only Microcystis to contain the genes of
the MC biosynthesis gene cluster. Nevertheless,

correlations between Microcystis/Anabaena cell
numbers and MC concentrations have been fre-
quently observed.

In this study, the abundance of Microcystis was
not always associated with the detection of MC. In
general, MC is produced when growth conditions
are favorable for the cyanobacteria (Orr and Jones,
1998). Such growth conditions directly affect cya-
nobacteria growth, but indirectly affect MC con-
centrations. Environmental factors related to
cellular growth and bloom formation and MC net
production included high temperatures that are
possibly favored by the more sheltered location of
the closed bays. For example, high temperature
(30.3°C), high MC concentrations and high Micro-
cystis biovolume (10 mm? 17") were recorded at
Suguti Bay (No. 4) in December. Likewise, Mori
Bay (no. 1) in November had the highest biovo-
lume of Microcystis (61 mm® 17') at 26.9°C
resulting in relatively high concentrations of MCs.

The five sites in closed bays that showed MCs
are located near towns (like Musoma and Mwanza,
Figure 1) and untreated wastewater from the
towns and agricultural activities into the lake is
discharged via rivers like Mara River and Mori
River. Occurrences of MCs in these areas can be a
potential threat to people and their livestock health
as majority of them use the near shore water for
drinking before any treatment. Since these MC
contaminated sites like Suguti, Mori Bay and
Mara Bay are located near towns that continue to
discharge nutrients into the lake, the problems of
MCs may be more serious with increasing eutro-
phication in the near future.
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When comparing the results of this study to
those reported from the Kenyan and Ugandan
areas (Sitoki et al., 2012; Okello et al., 2010) that
have been obtained using the same system in the
same laboratory (Kurmayer et al., 2004), there is
some indication that toxin levels recorded in Tan-
zania were generally lower. Sekadende et al.
(2005) also reported low MC concentrations in
Mwanza Gulf (Tanzania). The higher concentra-
tions of MCs from other parts of the lake such as
Nyanza Gulf in Kenya may be explained by the
characteristic morphometry of these inshore
waters. Nyanza Gulf is only connected to the main
basin by a narrow channel, and maximum MC
concentrations >100 ug MC 17! have been found
(Sitoki et al., 2012). In general the intensity of
human activities (industrialization) and hence
nutrient loading gradually declines along the shore
of Lake Victoria from the north to the south.
Eutrophication and closed morphometry of the
bays in the northern part of Lake Victoria may
result in even higher growth of MC-producing col-
ony-forming cyanobacteria such as Microcystis
and Anabaena than described in this study.

Conclusions and recommendations

Spatial variation in phytoplankton biovolume
and MC concentration nearshore in Lake Victoria
depend on morphometry and connectivity to the
main basin rather than eutrophication alone. Dur-
ing this survey, human activities were frequently
observed nearshore or directly in the water. The
WHO drinking water guideline recommends less
than 1.0 g MC-LR equivalents 1~' and 0.2 mm’®
17" biovolume or 1 g 1" chlorophyll a (Chorus
and Bartram, 1999; WHO, 2006) for safe water
use. Since this threshold was exceeded, the near-
shore water of MC-positive sites of Lake Victoria
(Tanzania) is not recommended to be used as
drinking water without treatment.

Since eutrophication in the lake is still ongoing,
the installation of wastewater treatment plants to
reduce eutrophication particularly at those closed
bay sites showing MC occurrence is highly recom-
mended. Such wastewater treatment systems may
include also the extension of wetlands along
the shoreline. The effort to construct wastewater
treatment systems should go hand in hand with
reducing direct human waste disposal and poor
agricultural practices. Regular monitoring of

phytoplankton abundance and phytoplankton com-
position along the shoreline by remote techniques
or using multiparameter probes is highly recom-
mended to identify all problematic sites along the
Tanzanian shoreline.
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