Cyanobacterial toxins in Lake Baringo, Kenya

51



Il Cyanobacterial toxins in Lake Baringo, Kenya 52

Cyanobacterial toxins in Lake Baringo, Kenya

Abstract

This paper presents data on the first identification, characterization and quantification of
hepatotoxic microcystins and neurotoxic anatoxin-a in water samples of Lake Baringo,
Kenya. The shallow turbid Lake Baringo was investigated five times between June 2001 and
May 2002. The phytoplankton community was mainly dominated by the cyanobacterium
Microcystis aeruginosaDue to the high turbidity the phytoplankton biomass was low,
ranging between 1.5 and 8.2 mg.LHigh mean total phosphorus concentration (1.0 riy L

and mean total nitrogen concentration (2.8 my) typical for hypertrophic lakes were found.
Using HPLC technique the hepatotoxins microcystin-LR, -RR and -YR and the neurotoxin
anatoxin-a were detected in the water samples. The microcystin concentrations varied from
310 to 19800 pg microcystin-LR equivalents BW and the anatoxin-a concentration ranged
from 270 to 1260 pg g DW. To our knowledge this is the first evidence of cyanobacterial

toxins in Lake Baringo.
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Introduction

The first investigation of Lake Baringo has been conducted at the end of theetury by
J.W. (REGORY (BEADLE 1932). Since then several studies on the physico-chemistry,
phytoplankton, primary production, flora and fauna have been carried enki(J 1929;
BEADLE 1932; VACELET et al. 1991; RTTERSON& W ILSON 1995; UOR 2000).

The turbid lakewater is characterised by a greenish colour caused by the dominant
cyanobacteriunMicrocystis aeruginos@K UTzING) KUTzING. This was already mentioned by
JENKIN (1929). The genudicrocystishas a broad geographical distribution and is often a
major cause of freshwater cyanobacterial bloomsidis 2001). It can produce toxic
secondary metabolites, the microcystins (hepatotoxins)of&N 1996; GA\RMICHAEL 1997,

CobD et al. 1999; AHNICHEN et al. 2001). The neurotoxin anatoxin-a has also been reported

to be produced in somMdicrocystisstrains, isolated from Japanese lakes and ponask(Ret
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al. 1993). Especially during cyanobacterial blooms, these toxins represent a growing problem
for fisheries, agriculture and public health. According tec&us (2001), studies in several
European and Asian countries revealed microcystin production in 60 to 90 % of all samples
investigated, in up to 25 % of the samples neurotoxins could be found. So far only few
records of the occurrence of cyanobacterial toxins have been documented for the African
continent, mainly from South Africa and Morocco (¥4s & THIEL 1990; 01T 1991; VAN
HALDEREN et al. 1995; @DRA et al. 2001, 2002). More recently cyanotoxins have been
determined in Kenya in Lake Victoria and in hot springs at the shore of Lake Bogoria
(KRIENITZ et al. 2002, 2003). Although it is well known th3ticrocystis aeruginosas an
abundant species in Lake Baringo and that the lake is an important source for the livelihood of
the local population, to our knowledge cyanobacterial toxins have not been investigated so

far.

This paper reports on the first identification and quantification of microcystins and anatoxin-a
in phytoplankton samples from Lake Baringo, Kenya. In addition physico-chemical and

biological data will also be discussed.

Materials and Methods

Site description

Lake Baringo (N 00°36', E 36°01") is a shallow freshwater lake, located at 998 m above sea
level in the Kenyan part of the Eastern Rift Valley in an arid region (Fig. 1). The annual
rainfall is between 500 and 1000 mm in the catchment area and is highly variatlesgRO
2000). The surface area is between 130 and 160 km? with a maximum depth of 8 m
(SCHLUTER 1993; uoR 2000). The catchment area is 6820 km2 with several rivers (Endau,
Molo, Ol Arabel and Mukutan River) feeding the lake @R 2000). On Kokwa Island
alkaline hot springs discharge into the lakeeMBLE 1932). Lake Baringo has no surface
outlet. Due to its lower conductivity in comparison to the other alkaline Rift Valley lakes it is
suspected that the lake has a subterranean out@D{& 1932; RTTERSON& W ILSON 1995).

Lake Baringo supports a small fish industry used by the local people , mainly based on the
four species of fishBarbus intermediusRUPPEL, Clarias mossambicu$’ETERS Labeo
cylindricus PETERS and Oreochromis niloticud.. (PATTERSON& WILSON 1995). The annual

yield is between 100 and 400 t Oor 2000). At present a fishing ban is in force due to
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continuous low lake water levels and overfishing. Another important economical factor is

tourism.

Fig. 1: Western shore of Lake Baringo near the village Kampi ya Samaki.

Measurements and sampling

The present study was carried out in the period from June 2001 to May 2002. The sampling
point was near the jetty of the Lake Baringo Club (N 00°36.786', E 36°01.395"). The physico-
chemical parameters pH, conductivity and salinity were measured directly in the lake with a
WTW Multiline P4 (Wissenschatftlich Technische Werkstatten Weilheim, Germany). Water
transparency was measured with a Secchi disc (@ 20 cm). Samples for the determination of
total nitrogen (TN) and total phosphorus (TP) were taken a few centimeters below the water
surface. Laboratory analysis was carried out within three hours from the time of collection
using Nanocolor tube tests (two replicates each) and a field photometer Nanocolor 300 D
(Macherey-Nagel GmbH Diiren, Germany). Detection limit was 0.5 mg'Nutd 0.01 mg P

L*, respectively. For quantitative phytoplankton analysis, 125 mL water samples were taken
out of a sample from the surface and fixed with Lugol's solution. For qualitative
phytoplankton analysis 5 liters of the lake water were concentrated with a plankton net (20
pum mesh size) and fixed with formaldehyde (end concentration 1%). For cyanotoxin analysis,
up to one liter of lakewater taken from the surface was filtered through glass fibre filters (0.45
um pore size) (Whatman GF/C, Whatman International Ltd Maidstone, England) using a
vacuum pump. The filters were air dried and packed in aluminium foil and stored in the dark
at room temperature. The residual water was passed through a Sep-Pak cartridge Plus tC18

(Waters Corporation, Milford USA) to fix and enrich the water soluble toxins.
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Microscopy

Phytoplankton taxa were counted in sedimentation chambers (Hydro-Bios Apparatebau
GmbH Kiel, Germany) using a compound microscope Eclipse TS 100 (Nikon Corporation,
Tokyo, Japan) according to the method ofEEMOHL (1958). Phytoplankton biomass was
calculated by geometrical approximations using the computerized counting program
Opticount (HEPPERLE2000). The specific density of phytoplankton cells was calculated as 1 g
cm®. For calculation of cyanotoxin concentrations the dry weight (DW) of all cyanobacteria
was used. The dry weight was calculated as 10 % from the wet weight biomassngR

1938). The mass of the filtered material could not be used for calculation because of the high

amount of suspended inorganic material in the samples.

Cyanotoxin analysis

Filtered samples were extracted by adding 10 ml of 70% v/v agqueous methanol, followed by
ultrasonication for 15 min and constant shaking for 24 h on an orbital shaker. Filter material
and algal debris were removed by centrifugation for 5 min at 5000 rpm. The supernatant was
evaporated to dryness at 30 °C under constant nitrogen flow. The residuals including the
toxins were resolved in 1 mL 70% methanoh@FNER et al. 1998). 50 pL of this elution were
used for analysis by high performance liquid chromatography with photodiode array detection
(HPLC-PDA) and matrix laser desorption/ionization time flight mass spectroscopy (MALDI-
TOF) (PFFLUGMACHER et al. 2001). The enriched Sep-Pak cartridges Plus tC18 were eluted
with 90% methanol. The eluates were blown to dryness nith nitrogen and resolved in 500 pL
100% methanol for HPLC analysis. The detection limit for cell-bound microcystins was 1 pg
g™ of dry algal material and for dissolved microcystins in the range of 1 figh HPLC-

PDA. Standards for calculation were microcystin-LR (MC-LR) (gravimetric standard), and
dhb-microcystin-LR provided by G.A. @D (University of Dundee); microcystin-LA (MC-

LA) and anatoxin-a were obtained from Sigma-Aldrich Chemie GmbH Taufkirchen,
Germany; microcystin-RR (MC-RR), microcystin-LF (MC-LF), microcystin-LW (MC-LW)
from Alexis Corporation Biochemicals Grinberg, Germany; and microcystin-YR (MC-YR)

from Calbiochem Novabiochem GmbH Bad Soden, Germany.
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Results

Physico-chemical data

The levels of the physico-chemical parameters investigated during the study are provided in
Table 1.

Table 1: The physico-chemical conditions of Lake Baringo during the period June 2001 to
May 2002.

Parameters June 2001 Nov.2001 Jan.2002 May 2002
Water temperature (°C) 26.3 26.1 23.7 24.9
Secchi depth (m) <0.1 <0.1 <0.1 <0.1

pH 9.0 8.8 9.1 9.1
Conductivity (mS crit) 1.66 1.39 1.51 1.67
Salinity (%o) 0.7 0.5 0.6 0.7

TN (mg LY 8.0 1.8 1.0 0.5

TP (mg LY 1.3 1.0 0.6 1.0

TN and TP values are means of two replicates with a standard deviation at all
sampling dates < 0.01.

The physical conditions of Lake Baringo were characterised by high water temperature and a
low transparency throughout the year. Compared to the physical factors the chemical
parameters showed a higher variability. The inflow of hot springs on Kokwa Islands into Lake
Baringo may explain the pH with values around 9. The conductivity and salinity indicate the
subsalinity of the lake (WMMER 1986). The high TN and TP values reflect the hypertrophic

condition of Lake Baringo.

Phytoplankton commmunity

The phytoplankton community was dominated by colonies and single cells of the
cyanobacteriumMicrocystis aeruginosaCell diameters of 3 um and 5 um could be
distinguished. The mucous covers of the colonies were often colonized by the cyanobacterium

Pseudanabaenap and the diatomNitzschiasp in various amounts. Hyperscums could
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occasionally be found at the shore of the lake. Other dominant organismsRhas®tus
lenticularis (EHRENBERG STEIN and Thorakomonassp. (Chlorophyceae). In the sample of
November 2001, the cyanobacteAaabaenasp. andPhormidiumsp. were present in small

numbers. Table 2 shows the wet weight of the biomass (fhgof the main phytoplankton

groups at the different sampling dates.

Table 2: Biomass of the main phytoplankton groups in Lake Baringo at different dates during

the period June 2001 to May 2002.

Phytoplankton Sampling date

groups June 2001 Nov. 2001 Jan.2002 Mar.2002 May 2002
wet weight (mg %)

Cyanophyceae 5.450.05 1.64+0.14 0.67+0.01 0.22+0.00 2.53+0.05

Bacillariophyceae 0.260.03 0.19+0.07 0.04+0.05 0.46+0.14 0.03+0.00

Chlorophyceae 1.840.14 0.52+0.02 0.34+0.02 0.80+0.26 0.16+0.07

Euglenophyceae 0.620.03 0.08+0.00 0.56+0.34 0.08+0.02 0.00+0.00

Cryptophyceae n.d.* 0.040.02 0.07+0.06 0.03+0.02 0.05+0.05

Total biomass 8.170.09 2.47+0.07 1.68+0.26 1.54+0.36 2.77+0.07

Biomass data are means + standard deviation, based on two countings.

*n.d. = not detected

In Table 3 the biomass (wet weight in mg')of the different cyanobacterial species at the

different sampling dates is presented.
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Table 3: Biomass of the different cyanobacterial taxa in Lake Baringo at different dates
during the period June 2001 to May 2002. *n.d. = not detected.

Taxa Sampling date

June 2001 Nov. 2001 Jan. 2002 Mar.2002 May 2002

wet weight (mg [

Microcystis aeruginosa  5.44 1.56 0.66 0.22 2.47
Pseudanabaensp. 0.01 0.01 0.01 n.d. 0.06
Anabaenasp. n.d.* 0.01 n.d. n.d. n.d.
Phormidiumsp. n.d. 0.06 n.d. n.d. n.d.

Cyanotoxins

Cyanobacterial hepatotoxins (microcystins) and a neurotoxin (anatoxin-a) were detected by
HPLC-PDA in all algal samples of Lake Baringo and the masses confirmed by MALDI-TOF.

Fig. 2 shows HPLC chromatograms of cyanobacterial toxin standards and microcystin
variants detected in Lake Baringo.

Three different cell-bound microcystin structural variants microcystin-LR, -RR and -YR were
present (Table 4). In all samples extracellular microcystins and anatoxin-a were below the
detection limit of 1 pg [*.

Total microcystin concentrations varied between 310 and 19800 pg microcystin-LR

equivalents § DW. Anatoxin-a concentration ranged from 270 to 1260 {tdyV (Table 4).

In Table 5 the total microcystin concentrations are presented as cell-bound total microcystins
per liter lake water.
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Fig. 2: HPLC chromatograms of A) cyanobacterial toxins as standards, B) a filter sample of
Lake Baringo with MC-RR, MC-YR and MC-LR detectable. All toxins are confirmed by
MALDI-TOF spectrometry. AU = Absorption unit.

Table 4: Cyanobacterial dry weight related concentrations of cell-bound microcystins and
anatoxin-a in Lake Baringo. *n.d. = not detected.

Cyanotoxin Sampling date
June 2001 Nov. 2001 Jan. 2002 May 2002
g MC-LR g* DW 1507 3457 5883 160
g MC-RR ¢' DW 1961 7646 5283 150
g MC-YR g* DW 1995 8719 n.d.* n.d.
1g Anatox-a § DW 294 1256 696 273
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Table 5: Lake water related concentrations of cell-bound microcystins and anatoxin-a in Lake
Baringo.

Cyanotoxin Sampling date

June 2001 Nov. 2001 Jan. 2002 May 2002

g cell-bound MC equ L* lake water 2.98 3.25 0.75 0.08
g cell-bound anatoxin-a T* lake water 0.16 0.21 0.05 0.07
Discussion

In our study the cyanobacteriuMicrocystis aeruginosavas the dominating phytoplankton
species in Lake Baringo. This was also mentioned bBykiN (1929), BEADLE (1932),
PATTERSON& WILSON (1995) and @UOR (2000).

According to KOMAREK & A NAGNOSTIDIS (1999) the colonies with different cell size of 3 and

5 um would be classified as differemilicrocystis species. However investigations on
different Microcystis strains which were classified a$icrocystis aeruginosa, M.
ichthyoblabeKUTzING, M. novacekii(KOMAREK) COMPERE M. viridis and M. wesenbergii
(KOoMAREK) KOMAREK in KONDRATEVA have shown that morphological diversity does not
reflect genotypic diversity. DNA-DNA hybridization between these strains has revealed
values higher than 70%, which is considered as sufficient to classify these strains as the same

speciedMicrocystis aeruginoséOTSUKA et al. 2001).

Several factors may explain the dominanceVbErocystis aeruginosan Lake Baringo. The

lake water is characterised by a low transparency and a resulting small euphotic zone, caused
by suspended clay material. This is confirmed by Secchi depth less than 0.1 m at all
measuring datedMicrocystis aeruginosas able to develop gas vacuoles in the cells and can
regulate buoyancy (Komkamp et al. 1988; DHARY & ROBERTS 1990). This ability to

control the vertical location is an important factor in very turbid water like in Lake Baringo
(PATTERSON& W ILSON 1995). Other factors are temperature and nutrient loading which have
been considered important environmental factors that control the dominance of cyanobacteria
(PAERL 1996). According to Rssom et al. (1994) growth rates of bloom forming
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cyanobaceria likeMicrocystisare optimal at around 25 °C. The water temperature in Lake

Baringo (23.7 to 26.3 °C) was within this optimal range.

The mean total phosphorous value of 1.0 mbdnd mean total nitrogen value of 2.8 mg L
indicate a high nutrient loading of the lake during the investigation period. According to
OECD (1982) Lake Baringo would be classified as a hypertrophic lake. In the South African
Hartebeesport Reservoir similar amounts of TP and TN resulted in enhanced growth of
Microcystissp. with mean biomasses between 20 migahd 50 mg [ sometimes forming
hyperscums (@HARY & ROBARTS 1990). Due to the high turbidity in Lake Baringo the
biomass of cyanobacteria between 0.2 mgdnd 5.5 mg [* is much lower. However,
hyperscums could also occasionally be found at the shore of Lake Baringo.

Our investigation revealed thaMicrocystis aeruginosain Lake Baringo produces
microcystins. Microcystin-LR, microcystin-RR and microcystin-YR were found in variable
amounts. These types of microcystins are the dominant microcystins in blodvisrotystis

sp. (SVONEN & JONES1999; GHoruUs 2001). Worldwide more than 60 structural variants of
microcystins have been isolateddgD et al. 1999; &ONEN & JONES 1999). According to
BELL & CobDD (1994) in 75% of cyanobacterial blooms toxins can be found. In several
investigations from Denmark, Germany, Czech Republic and Korea 80 to 90 % of the
samples containingMicrocystis also contained microcystins fORUs 2001). We found
concentrations of microcystin-LR equivalents up to 19800 [1dp&V. They are in the upper
range of worldwide detected concentrations. Only in few studies total concentrations of
microcystins over 10000 pg'gDW have been reported, in the Bautzen Reservoir Germany
with microcystin equivalents up to 14700 ug BW and in waters of northeastern Wisconsin
with microcystin equivalents up to 12800 pg BW (JUNGMANN et al. 1996; MDERMOTT et

al. 1996). In a German investigation program including 406 net samples, 76% of the
investigated samples contained microcystin concentrations less than 100@Mw gnd only

24% more than 1000 pg'ddW with a upper limit of 6000 pg'gDW (FASTNERet al. 2001).

According to Wcks & THIEL (1990) the toxicity ofM. aeruginosais influenced by pH and
water temperature. They have shown in the South African Hartebeesport Dam that the toxicity
of M. aeruginosancreased with increasing pH. Higher pH values between 8.8 and 9.1 were
also observed in Lake Baringo.@ks & THIEL (1990) assumed that the maximum toxicity of

M. aeruginosacultures is achieved by temperatures between 18 and 25 °C. In the
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Hartebeesport Dam the highest toxin concentratioNicrocystiswas found at temperatures

up to 27 °C. The water temperature in Lake Baringo is within this optimal range. However,
ORR & JONES (1998) and AHNICHEN et al. (2001) have shown that abiotic factors like pH
and temperature probably have only an indirect influence on the toxicii.aeruginosa.

The microcystin production is controlled by the growth phase of a particular microcystin
producer, the species composition and the availability of dissolved inorganic carbon
(JAHNICHEN et al. 2001). The maximum of microcystins found in Lake Baringo therefore is

probably caused by an increase in the growth ratd.cdieruginosa.

Another source for the production of microcystins could be the cyanobacterium
Pseudanabaenap., an epiphytic organism on some of thBcrocystis colonies in Lake
Baringo. According to BANG (1985) Pseudanabaen& nontoxic and is growing only on
nontoxic Microcystis strains. However, ObRA et al. (2001) have reported microcystin
production in isolatedPseudanabaenstrains from water bodies in Morocco. The microcystin
concentration in these strains was much lower as in isolated and cultMateatystisstrains

from the same water bodies.

We have also found the neurotoxin anatoxin-a in the samples from Lake Baringo. The exact
origin of anatoxin-a remains uncledvlicrocystis aeruginosas possibly a source for the
detected anatoxin-a.ARK et al. (1993) have detected anatoxin-avicrocystisstrains from
Japanese lakes and ponds. The concentration measured in Lake Barato, Japan (357 pug g

DW) is in the same order as the findings in Lake Baringo between 270 and 1260Dyg

Anabaenasp. andPhormidiumsp. were found in the sample of November 2001 in small
numbers. Both genera are known as producers of microcystins and anatoxizse(Ml.
1997; @DD et al. 1999). Due to their low biomass less than 0.1 rifghey can be seen only

as a contributing source to the production of microcystins and anatoxin-a.

Calculated as microcystin concentration per liter lakewater, the concentrations of
microcystins-LR equivalents in Lake Baringo range from 0.1 to 3.3 ug MC é&gakewater

(Table 5). These amounts exceed at two of four sampling dates the consumption safe level of
1.0 ug MC equ [* (WHO 1998) and the safe level ofgdLTH CaNADA of 1.5 pg MC equ [*
(HEALTH CANADA 1998; WHO 1998; ELCONER et al. 1999). Both types of cyanotoxins, the

hepatotoxin microcystin and the neurotoxin anatoxin-a can have serious ecological impacts on



[l Cyanobacterial toxins in Lake Baringo, Kenya 63

aquatic food webs of lakes and cause serious health probleamsv(€HAEL & FALCONER

1993; (HRISTOFFERSEN1996; GA\RMICHAEL 1997; DD et al. 1999; GoRrus 2001). The
impact of the cyanobacterial toxins on the food web of Lake Baringo, domestic animals and
on public health in the Baringo area so far is not investigated. The lake water is used by
several small communities as drinking water for domestic animals and the local people. We
observed that the water is either used without treatment or treated with aluminium sulfate to
settle down the clay material. To minimize harmful effects on consumers we recommend that
the water of Lake Baringo should not be used without pretreatment to remove the toxic
cyanobacteria. Inexpensive and simple techniques for treatment of the lake water are:

- bank filtration

- filtration of lake water over cheese cloth (dense woven fabric).

Acknowledgements

The authors thank the authorities of the Republic of Kenya, especially the Ministry of
Education Science and Technology for providing research permission (No. MOEST
13/001/31 C90). We are grateful to the German Federal Ministry of Education and Research
for financial support (grant No. BIOLOG 01LC0001). We thank the authorities of the Baringo
City Council for permission of free access to Lake Baringo.

References

BEADLE, L.C. (1932): Scientific results of the Cambridge Expedition to the East African
lakes, 1930-1.-4. The waters of some East African lakes in relation to their fauna and flora.
J. Linn. Soc. Zool38: 157-211.

BELL, S.G. & Copb, G.A. (1994): Cyanobacterial toxins and human health. Rev. Med.
Microbiol. 5: 256-264.

CARMICHAEL, W.W. (1997): The cyanotoxins. Adv. Bot. R&¥: 211-256.

CARMICHAEL, W.W. & FALCONER, I. R. (1993): Diseases related to freshwater blue-green
algal toxins, and control measures. In: .RALEONER (ed.), Algal toxins in seafood and
drinking water, pp. 187-209. Academic Press London.

CHANG, T.-P. (1985): Selective inhabitation of parasitic cyanopliRgeudanabaena water-
bloom Microcystiscolonies. Arch. Hydrobiol104 419-426.

CHoRuUS I. (2001). Cyanotoxin occurrence in freshwaters — a summary of survey results from
different countries. In: I. @orus(ed.), Cyanotoxins, ocurrence, causes, consequences, pp.
75-82. Springer Verlag Berlin, Heidelberg, New York.

CHRISTOFFERSEN K. (1996): Ecological implications of cyanobacterial toxins in aquatic food
webs. Phycologi&5: 42-50.



[l Cyanobacterial toxins in Lake Baringo, Kenya 64

Copp, G.A., BELL, S.G., Kava, K., WARD, C.J., BEATTIE, K.A. & METCALF, J.S. (1999):
Cyanobacterial toxins, exposure routes and human health. Eur. J. P34ct05-415.

FALCONER, ., BARTRAM, J., GHORUS |., KUIPER-GOODMAN, T., UTKILEN, H. & CoDD, G. A.
(1999): Safe levels and practices. In: H@RUS& J. BARTRAM (eds.), Toxic cyanobacteria
in water. a guide to their public health consequences, monitoring and management.
Published on the behalf of WHO by E. & F.N. Spon, pp. 155-178. London.

FASTNER, J., FLIEGER, |. & NEUMANN, U. (1998): Optimised extraction of microcystins from
lyophilised field samples — a comparison of different solvents and procedures. Wat. Res.
32 3177-3181.

FASTNER, J., WIRSING, B., WIEDNER, C., HEINZE, R., NEUMANN, U. & CHORUS I. (2001):
Microcystins and hepatocyte toxicity. In: I. HORuUS (ed.), Cyanotoxins, occurrence,
causes, consequences, pp. 22-36. Springer Verlag Berlin, Heidelberg, New York.

HAMMER, U.T. (1986): Saline ecocystems of the world. Dr. W. Junk Publisher Dordrecht,
Boston, Lancaster.

HEALTH CANADA (1998): Cyanobacterial toxins — microcystins in drinking water, 31 p.
Document for Public Comment. URL: http://www.hc-sc.gc.ca/ehp/ehd/ bch/water_quality/
consult/microcys.pdf (16.10.1998).

HePPERLE D. (2000): Opticount. Distributed by the author; available at URL: http://domix0.
tripod.com.

JAHNICHEN, S., FETZOLD, T. & BENNDORF, J. (2001): Evidence for control of microcystin
dynamics in Bautzen reservoir (Germany) by cyanobacterial growth rates and dissolved
organic carbon. Arch. Hydrobiol50 177-196.

JENKIN, P. (1929): Biology of lakes in Kenya. Natut@4: 574.

JUNGMANN, D., LubwiCcHOWSKI, K.-U., FALTIN, V. & BENNDORF, J. (1996): A field study to
investigate environmental factors that could affect microcystin synthesidvb€mcystis
population in the Bautzen reservoir. Int. Rev. ges. Hydrol@itil493-501.

KOMAREK, J. & ANAGNOSTIDIS, K. (1999): Cyanoprokaryota 1. Teil: Chroococcales. In: H.
ETTL, G. GARTNER, H. HEYNIG, & D. MOLLENHAUER (eds.), Siulwasserflora von
Mitteleuropa, pp. 548. Gustav Fischer, Jena, Stuttgart, Lubeck, Ulm.

KRIENITZ, L., BALLOT, A., WIEGAND, C., KoTtuT, K., CobD, G.A. & PFLUGMACHER, S.
(2002): Cyanotoxin-producing bloom @&nabaena flos-aquaéAnabaena discoideand
Microcystis aeruginosg§Cyanobacteria) in Nyanza Gulf of Lake Victoria, Kenya. J. Appl.
Bot. 76: 179-183.

KRIENITZ, L., BALLOT, A., KoTuT, K., WIEGAND, C., RiTZ, S., METCALF, J.S., ©@DD, G.A. &
PFLUGMACHER, S. (2003): Contribution of hot spring cyanobacteria to the mysterious
deaths of Lesser Flamingos at Lake Bogoria, Kenya. FEMS Microbiol. E8ol41-148.

KROMKAMP, J., KONOPKA, A. & MUR, L.R. (1988): Buoyancy regulation in light-limited
continuous cultures d¥licrocystis aeruginosal. Plankton Resl0: 171-183.

McDERMOTT, C. M., FEOLA, R. & PLUDE, J. (1995): Detection of cyanobacterial toxins
(microcystins) in waters of northeastern Wisconsin by a new immunoassay technique.
Toxicon33: 1433-1422.

Mgz, K., BEATTIE, K.A., CobD, G.A., HANSELMANN, K., HAUSER, B., NAEGELI, H. &
PrEISIG, H.R. (1997): Identification of a microcystin in benthic cyanobacteria linked to
cattle deaths on alpine pastures in Switzerland. Eur. J. PI82adl11-117.

ODUOR, S.0. (2000): Diel physico-chemical dynamics, primary production and algae of Lake
Baringo, Kenya. M. Sc. Thesis, 83 p. International Institute for Infrastructural, Hydraulic
and Environmental Engineering (IHE), Delft.



[l Cyanobacterial toxins in Lake Baringo, Kenya 65

OECD (Organization for Economic Cooperation and Development) (1982): Eutrophication of
Waters. Monitoring, Assessment and Control. Final Report. OECD Cooperative
Programme on Monitoring of Inland Waters (Eutrophication Control), Environment
Directorate, OECD 154 p. Paris.

ORR, P.T. & NES G.J. (1998): Relationship between microcystin production and cell
division rates in nitrogen-limitedlicrocystis aeruginos&ultures. Limnol. Oceanogi3:
1604-1614.

OTSUKA, S., DA, S., $HIBATA, S., Orazu, H., MATSuMOTO, M. & WATANABE, M.M.
(2001): A proposal for the unification of five species of the cyanobacterial genus
MicrocystisKUTZING ex LEMMERMANN 1907 under the rules of the bacteriological code.
Int. J. Syst. Evol. Microbiol51: 873-879.

OUDRA, B., LouDIKkI, M., SBIYYAA, B., MARTINS, R., VASCONCELOSV. & NAMIKOSHI, N.
(2001): Isolation, characterization and quantification of microcystins (heptapeptides
hepatotoxins) inMicrocystis aeruginosadominated bloom of Lalla Takerkoust lake-
reservoir (Moroccco). Toxico89: 1375-1381.

OuDRA, B., LouDIkl, M., VASCONCELOS V., SABOUR, B., S8lyyaAa, B., OurDoyu, K. &
MEezrioul, N. (2002): Detection and quantification of microcystins from cyanobacteria
strains isolated from reservoirs and ponds in Morocco. Environ. Toxi¢oB2-39.

PAERL, H.W. (1996): A comparison of cyanobacterial bloom dynamics in freshwater,
estuarine and marine environments. Phycol@§i&Suppl. 6): 25-35.

PARK, H.-D., WATANABE, M. F., HARADA, K.-I., NAGAI, H., Suzuki, M. & HAYASHI, H.
(1993): Hepatotoxin (microcystin) and neurotoxin (anatoxin-a) contained in natural blooms
and strains of cyanobacteria from Japanese freshwaters. Natural To853-360.

PATTERSON G. & WILSON, K.K. (1995): The influence of the diel climatic cycle on the depth-
time distribution of phytoplankton and photosynthesis in a shallow equatorial lake (Lake
Baringo, Kenya). Hydrobiologig04 1-8.

PFLUGMACHER, S., WIEGAND, C., BEATTIE K. A., KRAUSE, E., STEINBERG, C.E.W. & CobD
G.A. (2001): Uptake, effects and metabolism of cyanobacterial toxins in the emergent reed
plantPhragmites australi§CAv.) TRIN ex. STEUD. Environ Toxicol. Chem20: 846-852.

RessoM R., SOONG, F.S., FTZzGERALD, J., TURCzYNOwWICZ, L., EL SaADI, O., RoDER, D.,
MAYNARD, T. & FALCONER, |.R. (1994): Health effects of toxic cyanobacteria (blue-green
algae) 108 p. National Health and Medical Council, Australian Government Publishing
Service, Canberra.

RUTTNER, F. (1938): Limnologische Studien an einigen Seen der Ostalpen. Arch. Hydrobiol.
32 167-319.

SCHLUTER, T. (1993): Comparison of the mineral composition of the lakes of the East African
Rift system (Gregory Rift and Western Rift). In UHORWEIHE & H. SCHANDELMEIER
(eds.) Geoscientific Research in Northeast Africa, pp. 657-662, Balkema Rotterdam.

ScotT, W.E. (1991): Occurrence and significance of toxic cyanobacteria in Southern Africa.
Wat. Sci. Technol23: 175-180.

SIVONEN, K. (1996): Cyanobacterial toxins and toxin production. Phycol@5gSuppl. 6):
12-24.

SIVONEN, K. & JONES J. (1999): Cyanobacterial toxins. In: IHORUS& J. BARTRAM (eds.),
Toxic cyanobacteria in water, a guide to their public health consequences, monitoring and
management. Published on the behalf of WHO by E. & F.N. Spon, pp. 41-112. London.

UTERMOHL, H. (1958): Zur Vervollkommnung der quantitativen Phytoplankton-Methodik.
Mitt. Int. Verein. Limnol.9: 1-38.



[l Cyanobacterial toxins in Lake Baringo, Kenya 66

VACELET, J., TERCELIN, J.-J. & GASSE F. (1991): The spongPosilia brouni (Spongilidae)
in Lake Baringo, Gregory Rift, Kenya. Hydrobiologtd 1: 11-18.

VAN HALDEREN, A., HARDING, W. R., WESSELS J. C., $HNEIDER, D. J., HEINE, E. W. P.,
VAN DER MERWE, J. & FOURIE, J. M. (1995): Cyanobacterial (blue-green algae) poisoning
of livestock in the western cape province of South Africa. J. S. Afr. vet. B8%4): 260-
264.

WHO (1998): Guidelines for drinking water quality’®ed., Addendum to Vol. 2, Health
criteria and other supporting information. World Health Organization, Geneva.

Wicks, R.J. & THIEL, P.G. (1990): Environmental factors affecting the production of peptide
toxins in floating scum of the cyanobacteriudticrocystis aeruginosan a hypertrophic
african reservoir. Environ. Sci. Techn@4: 1413-1418.

ZOHARY, T. & ROBERTS R.D. (1990): Hyperscums and the population Mfcrocystis
aeruginosaJ. Plankton Redl2: 423-432.



