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The last two decades have witnessed increasing epi-
sodes of lesser flamingo die-offs in East Africa. Based
on data on phytoplankton composition, biomass, and
flamingo population density in three alkaline-saline
lakes of Kenya (Bogoria, Nakuru, and Oloidien) in
2001-2010, this study explored the link between sud-
den flamingo deaths and fluctuations in algal food
quantity and quality. The phytolplankton biomass ran-
ged from 13 to 768 mg - L. Similarly, flamingo
numbers varied widely from <1,000 to >500,000 indi-
viduals in the study lakes. The dominance of the cya-
nobacterium Arthrospira fusiformis (Woron.) Komarek
et J. W. G. Lund was interrupted at irregular intervals
in each lake and replaced partly by populations of dif-
ferent species of the nostocalean Anabaenopsis or by
the picoplanktonic chlorophyte Picocystis salinarum
Lewin. The populations of Anabaenopsis have the
potential of blocking the flamingo food filtration sys-
tem with their large and slimy colonies; moreover,
they are able to produce cyanotoxins. Estimates of fla-
mingo populations suggest that low flamingo num-
bers coincided with periods of low algal food
quantity and/or poor quality. A food deficit can be
theorized to have two effects on the flamingos: (i) it
weakens them to the point of being susceptible to
attacks of infective diseases, such as the ones caused
by Mycobacterium avium and Pseudomonas aeruginosa,
and (ii) it predisposes them to poisoning by cyanotox-
ins and pollutants, by reducing their capacity to han-
dle toxic substances. This study therefore concludes
that the challenges facing the flamingos are associ-
ated with changes in their environment, which affect
food and water supply.
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The lesser flamingo, Phoeniconaias minor Geoffroy
(syn. Phoenicopterus minor Geoffroy), is a characteristic
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bird of alkaline-saline lakes and pans of Africa and
India. The dense population of these pink birds at
soda lakes of East Africa is rated as one of the most
fascinating wildlife spectacles of the world (Jenkin
1929, Brown 1973, Mari and Collar 2000). Recent
estimates of lesser flamingos at the main distribu-
tion areas are as follows: 1.5-2.5 million in eastern
Africa; ~390,000 in northwestern India; 55,000—
65,000 in southwestern Africa; and 15,000-25,000 in
western Africa. The highest population densities
have been observed in Kenya (~1.5 million) and
Tanzania (~600,000) (Childress et al. 2008). Lesser
flamingos are well adapted to the harsh conditions
of their habitats, which include the high tempera-
ture of air and water, the extreme concentrations of
salt (20-60 g - L7'), and a high pH of ~10. They
are able to migrate several hundreds of kilometers
each day to access sites with suitable living condi-
tions. The search for favorable conditions to breed
and feed is thought to be the main reason for their
itinerant habit.

Lesser flamingos have a highly specialized diet
consisting almost entirely of microscopic cyanobac-
teria and benthic diatoms. Contrarily, the greater
flamingos (Phoenicopterus roseus Pallas), which are
found in the same habitat as the lessers (but with a
population density of <10% of the total number of
flamingos), are generalists consuming copepods,
mollusks, and other small planktonic and benthic
animals in addition to algae (Jenkin 1957, Childress
et al. 2008). Because of its specialized diet, the les-
ser flamingo is more sensitive to fluctuations in
food quality and quantity and therefore can be con-
sidered as an indicator of ecosystem health. The les-
ser flamingo is the main primary consumer at the
soda lakes of East Africa (Vareschi 1978, Vareschi
and Jacobs 1985, Harper et al. 2003). In a short and
direct food chain from the phototrophic primary
producers to the warm-blooded consumer birds, the
lesser flamingo efficiently filters the major part of
the daily algal production in these lakes. The main
food resource of the lesser flamingo is A. fusiformis
(often named as “‘Spirulina’’), a very fast-growing
cyanobacterium. Vonshak (1997) reported doubling
times of 11-20 h of Arthrospira in culture under
saline conditions at 35°C. Unfortunately, the dense
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populations of Arthrospira collapse irregularly and
unpredictably (Vareschi 1978, Tuite 1981, Melack
1988). Alternatively, the lesser flamingos consume
benthic diatoms. However, net primary productivity
of benthic diatoms in East African soda lakes is one
to two orders of magnitude lesser than that of
Arthrospira, and the carrying capacity of the habitat
with diatoms is lower in the same order (Tuite
2000). When feeding, the flamingos tilt their heads

slightly upside down (Fig. 1a) and sweep their heads
from side to side just below the surface. The piston-
like tongue aids in sucking food-filled water past the
lamellae located inside the curved bill. The lamellae
retain food particles but exclude those particles that
may be too large (Fig. 1, b and c¢). The lamellae are
equipped with rows of fringed platelets (Jenkin
1957) (Fig. 1d) that have the perfect size to collect
the coiled filaments of Arthrospira.

F1G. 1. Food uptake by lesser flamingos. (a) Flamingos in feeding position. (b—d) Inner side of the bill. (b) An overview of the inner
part of the bill showing a row of tooth-shaped excluders at the outer margin of the bill (black arrow). Scale bar, 1 cm. (c) Excluders
under a higher magnification. One excluder is covered by a slimy lump of Anabaenopsis (white star), which cannot pass through the space
between the excluders. The much smaller spirals of Arthrospira (white double-headed arrow) can pass through the space between the
excluders easily. The excluders are 800 um from each other. Scale bar, 500 um. (d) Inner lamellae (20 rows - mm~?) with rows of fringed

platelets partially clogged by slimy Anabaenopsis. Scale bar, 100 um.
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Since the mid-1990s, an increased mortality of
lesser flamingos has been observed in East Africa.
In the years 1993, 1995, 1999, 2001, 2006, and 2008,
massive deaths involving >10,000 birds in each
episode were reported (Ndetei and Muhandiki
2005). The causes of these die-offs are far from
being completely understood but appear to be
related to the degradation of their habitats. A
combination of factors, such as infective diseases
(Sileo et al. 1979, Kock et al. 1999) and poisoning
by pesticides and heavy metals (Greichus et al. 1978,
Kairu 1996), are subjects of ongoing investigations.
Nevertheless, the die-offs could also be linked to
changes in food quantity (Sileo etal. 1979, Ton
2007) and quality (Motelin et al. 2000, Ndetei and
Muhandiki 2005). Malnutrition resulting from a
decline in Arthrospira food concentration is thought
to have caused the birds to suffer from immunodefi-
ciency leading to infection causing microbacteriosis
(Sileo etal. 1979). The flamingos are also con-
fronted with toxic cyanobacteria, which occasionally
assume dominance displacing the previously healthy
and nutritious populations of Arthrospira (Ballot
et al. 2004a,b, Krienitz et al. 2005, Koenig 2006).

The data obtained over a period of 10 years
(2001-2010) were interpreted in the context of
recent mass die-offs of the lesser flamingos at the
sites studied. We focused on two water bodies with
the highest numbers of lesser flamingos all over the
world, the soda lakes Nakuru and Bogoria located
in the Kenyan Great Rift Valley. Additionally, we
considered Lake Oloidien, which has in recent years
started hosting lesser flamingos. Lake Oloidien is a
former bay of the freshwater lake Naivasha. The aim
of the study was to analyze the phytoplankton
succession in each lake and to assess their suitability
as food for the lesser flamingos.

MATERIALS AND METHODS

The three lakes were studied 15 times, at irregular intervals
during the period 2001-2010. Conditions at the sampling sites
are described by Harper et al. (2003) and Ballot et al. (2004a,b,
2009). Main characteristics are summarized in Table 1.

Conductivity, salinity, and pH were measured at each sampling
date using a WI'W Multiline P4 meter (Wissenschaftlich Tech-
nische Werkstitten, Weilheim, Germany). Total phosphorus,
total nitrogen, and total alkalinity were measured during the
period 2001-2002 for Nakuru and Bogoria, and from 2001 to
2005 for Oloidien (details are given in Ballot et al. 2004a,b,
2009).

Phytoplankton samples were obtained from a few centime-
ters below the water surface at a distance of ~10 m from the
shoreline and immediately fixed with formaldehyde (final
concentration 1%). The distance chosen was necessary in order
to avoid the dense scums of cyanobacteria that establish
directly at the shore as a result of wind-induced patchy
distribution. Sampling points (Table 1) were located near the
foot of the Baboon Cliffs on the lake’s western side at Lake
Nakuru; at the western shore in a relatively undisturbed part
between the Loburo and Mawe Moto hot springs area at Lake
Bogoria; and at the northern shore of Lake Oloidien, which is
used as a water hole by high numbers of flamingos and
livestock. Phytoplankton was counted according to Utermohl
(1958) and photographically documented in sedimentation
chambers (Hydro-Bios Apparatebau GmbH, Kiel, Germany)
under an inverted microscope Eclipse TS 100 (Nikon Corpo-
ration, Tokyo, Japan). The phytoplankton biomass was calcu-
lated by geometric approximations using the computerized
counting programme Opticount (Sequentix 2006). The spe-
cific density of phytoplankton cells was taken as 1 g - cm™>.

A visual estimate of the number of flamingos was made at
each site and sorted into three categories. For Nakuru and
Bogoria, the categories were >500,000; 500,000-100,000; and
<100,000 individuals. For Oloidien, the categories were
>20,000; 20,000-10,000; and <1,000 individuals. These rough
estimates were carried out at strategic points at each lake. In
Nakuru, it was carried out from the viewpoint on the Baboon
Cliffs, and directly from the shoreline near the main distribu-
tion areas around the lake. At the long but narrow Lake
Bogoria, estimates were made directly from the western
shoreline by driving along the ~20 km road that overlooks
the lake to its eastern section. In most cases, it was possible to
adjust our estimates by comparing our observed findings with
those of the wardens at lakes Nakuru and Bogoria.

RESULTS

Lake Nakuru. The salinity of the shallow Lake
Nakuru was highly variable, with values between 17
and 51 ppt. In the period 2001-2009, the phyto-
plankton community of the lake was dominated by
cyanobacteria (Fig. 2; Fig. Sla in the supplementary

TaBLE 1. Characteristics of the sampling sites (in physicochemical properties the minimum, median, and maximum values

are given).

Nakuru

Bogoria Oloidien

00°21"88.70” S,
36°03'46.50” E

Sampling point

Surface area (km?) 40

Maximum de]pth (m) 4.5

TP* (mg-L7) 4.4-7.4-40.0
TN* (mg - L™ 1.1-4.3-11.3
pH 10.1-10.2-10.5

20.70-43.70-68.80
17-25-51
438-812-1,480

Conductivity (mS - cm™ Y
Salinity (ppt)
Alkalinity* (meq - L")

00°13783.30” N
36°05’55.60” E

00°4900.88” S,
36°15'52.15” E

34 6

10.3 4.0
5.4-9.5-33.6 0.4-0.5-1.0
0.1-1.7-8.2 0.9-3.4-6.3
9.9-9.9-10.6 9.3-9.7-10.1
43.00-66.80-75.20 3.89-5.27-7.41
39-48-55 1.7-2.5-5.5

702-1,390-1,760 39-55-65

TN, total nitrogen; TP, total phosphorus.

“For lakes Nakuru and Bogoria, from Ballot et al. (2004a,b); for Oloidien, from Ballot et al. (2009).
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F16. 2. Changes in total phytoplankton biomass, biomass
contribution of the dominant phytoplankton species, number of
flamingos, percentage contribution of Arthrospira to total phyto-
plankton biomass, and salinity in Lake Nakuru during the period
2001-2010.

material). Arthrospira never exhibited monospecific
dominance but was usually accompanied by dense
populations of Anabaenopsis or Synechococcus. Anabaen-
opsis was represented by two species, the coiled
Anabaenopsis  arnoldii  (Aptekarj) and the Iumpy
Anabaenopsis abijatae (Kebede et Willén) (Fig. Sla).
The biomass contribution of the accompanying taxa
was usually between one-third and two-thirds of the
total phytoplankton biomass. The highest biomass
contribution by Arthrospira (81%) was observed in
March 2004 when flamingo numbers were ~400,000.
Phytoplankton biomass varied between 25 and
145 mg - L™'. However, during the refilling phase
after the lake nearly dried out in 2007, the phyto-
plankton biomass dropped down below 20 mg - L™!
and was mostly due to flagellates from different taxo-
nomic groups, especially cryptomonads. Additionally,
a few pennate diatoms (most of them belonging to
the genus Nifzschia) whirled up from the sediment
were found in the samples. In January 2010, the
cyanobacteria disappeared completely from the
phytoplankton and were replaced by the chlorophyte
P. salinarum, cryptomonads (Cryptomonas sp., Rhodo-
monas sp.), and diatoms [Nitzschia spp., Anomoeoneis
sphaerophora (Ehrenb.) Pfitz.] (Fig. S1b).
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F1G. 3. Changes in phytoplankton biomass, biomass contribu-
tion of the dominant phytoplankton species, number of flamin-
gos, percentage contribution of Arthrospira to total biomass, and
salinity in Lake Bogoria during the period 2001-2010.

The population densities of flamingos at Nakuru
from 2001 to March 2003 were relatively high, with
numbers of up to one half of a million. In the
following years, the numbers fluctuated between
200,000 and 400,000. In 2006, low concentrations of
food and prevalence of a disease decimated the
flamingos. In July/August 2006, the highest mortality
of ~30,000 flamingos was observed at Lake Nakuru.
In 2007, the lake almost dried up but was subse-
quently refilled. During this period, the number of
flamingos dropped to <100,000. A slight increase was
noticed in 2009, but in January 2010, the number was
reduced again to <100,000.

Lake Bogoria. In Lake Bogoria, salinity was higher
than that in the other lakes investigated and was
relatively stable, varying between 39 and 55 ppt. A
wide fluctuation in phytoplankton biomass ranging
from 13 to 768 mg - L' was observed during the
study period (Fig. 3). In the years 2001-2005, a nearly
monospecific dominance of A. fusiformis was observed
(Fig. S2a in the supplementary material). In 2006,
Arthrospira was replaced by the fast-growing (4-fold
per day in cultures, L. Krienitz, unpublished results)
green picoplankton P. salinarum (Fig. 3; Fig. S2, b
and c), which overall had a low biomass (2 mg - L™t
in February and 7 mg - L 'in September 2006). The
cyanobacteria recovered to reestablish dominance in
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2008. However, Arthrospira contributed only one-third
to the overall biomass with the remaining two-thirds
(263 mg - L") being due to big lumps of Anabaenopszs
sp. (Fig. S2d). This Anabaenopsis, whose species
identity could not be determined, exhibited a differ-
ent morphology compared to A. arnoldii, A. abijatae
(in Lake Nakuru), and Anabaenopsis elenkinii
V. V. Mill. (in Lake Oloidien). In 2009, Anabaenopsis
disappeared completely, and Arthrospira recovered
but produced only a small amount of biomass
(21 mg - L™ 1. In 2010, a monoculture (100% of the
biomass) of Arthrospzm with a high biomass content of
277 mg - L™ was recorded.

The numbers of flamingos in the years 2001 and
2002 were >500,000. In the period between 2003
and 2006, the numbers fluctuated between 200,000
and 400,000. A dramatic collapse of the flamingo
population to <100,000 was experienced at Bogoria
in September 2006 and again in July 2008 when the
phytoplankton was dominated by Picocystis and
Anabaenopsis (Fig. 3). In July 2008, the number of
flamingos was further reduced by a die-off that
resulted in ~30,000 carcasses accumulating along
the shoreline. In January 2010, a large and healthy
population of lesser flamingos was observed reach-
ing numbers of >1 million birds.

Lake Oloidien. During the study period, Lake
Oloiden was characterized by a gradual increase in
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F16. 4. Changes in total phytoplankton biomass, biomass
contribution of the dominant species, number of flamingos, per-
centage contribution of Arthrospira to total phytoplankton biomass,
and salinity in Lake Oloidien during the period 2001-2010.

salinity from 1.5 (in 2001) to 5.5 ppt (in 2010)
(Fig. 4). Phytoplankton community changes that
followed the increase in salinity can be divided into
three distinct dominance phases (Fig. 4). The first
phase, which was recorded in June 2001, was
dominated by coccoid green algae (Fig. S3a in the
supplementary material). The second phase was
characterized by the dominance of coccoid
cyanobacteria, with subdominant populations of
A. fusiformis and A. elenkinii from the end of 2001
until 2005 (Fig. S3b). The third phase, which lasted
between 2006 and 2010, was dominated by Arthro—
spira with high biomass levels of ~200 mg - L™
(Fig. S3c). The size of the Arthrospira in Lake Oloidi-
en was considerably smaller (filaments 10-150 pm
long, 4-7 um broad) (Fig. S3¢) than that of the Ar
throspira from the highly saline lakes Nakuru and
Bogoria (100-500 pm long, 8-15 pm broad).

During the early years of our study (2001-2005),
the numbers of flamingos never reached 1,000
individuals. However, with the beginning of mass
development of Arthrospira and accompanying cyano-
bacteria species, the number of flamingos increased
and reached its maximum in September 2006 when
more than 20,000 flamingos were observed on the
lake. Over the period 2007-2010, a steady flamingo
population density of ~15,000 birds was recorded.

DISCUSSION

Food algal production in the study lakes. The soda
lakes of East Africa are often characterized by a
dense bloom of the primary producer Arthrospira
and large populations of the consumer bird Phoenic-
onaias. To maintain a balance between the members
of the food web, the lake ecosystem has to provide a
huge amount of food algae. In an experiment with
caged lesser flamingos at Lake Nakuru, Vareschi
(1978) established that an adult bird is able to filter
~30 L of lake water and to ingest 5.6 g dry mass
(DM) of Arthrospira per hour, which equals to
70 g - d”' DM. The whole flamingo populatlon of
~1 million birds therefore extracts ~60 t-d™" of
food algal DM, representing 50%-94% of the daily
primary production of the lake. The max1mum phy-
toplankton biomass data of 145 mg - L™ measured
in the course of this study were slightly lower than
that of >200 mg - L™' recorded by Vareschi (1978)
in 1972/1973 and were c0n51derably lower than a
maximum of 350-768 mg - L' recorded in Lake
Bogoria over the period 2002-2004. Lake Oloidien,
which was recently colonized by lesser flamingos
and has a much lower salinity, was found to have a
higher biomass of ~200 mg - L™'. The main reason
for lower phytoplankton blomass in Nakuru could
be the stronger grazing pressure caused by higher
numbers of lesser flamingos. Interestingly, the size
of Arthrospira in Oloidien was remarkably smaller
than in the more saline waters. Nevertheless, the
length of the Arthrospira filaments (~100 um) is
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large enough to be filtered by the flamingos.
Occurrence of small filaments was also observed in
two wastewater treatment ponds in Mozambique
(Mussagy et al. 2006) and a sewage pond in Nakuru
town (Kotut etal. 2010). Molecular phylogenetic
studies have shown that the larger Arthrospira strains
collected between Bogoria and Nakuru are geneti-
cally similar to the smaller strain from Oloidien
(Dadheech et al. 2010).

Studies in the 1970s revealed an unusually high
instability of the producer populations in the East
African soda lakes (Vareschi 1978, Tuite 1981).
Occasionally, blooms of the dominant Arthrospira
were replaced by coccoid cyanobacteria, green algae,
heterocytous cyanobacteria such as Anabaenopsis,
diatoms and/or cryptomonads, a condition that
could last for several months (Vareschi 1982).
Melack (1988) has discussed eight possible causes of
the abrupt switch from one phytoplankton assem-
blage to another in lakes Elmenteita and Nakuru,
which include the following: changes in salinity,
nutrient concentrations, and water level; outcompet-
ing of filamentous cyanobacteria by coccoid or flagel-
lated plankton; and attacks by cyanophages or
autolysis. Nevertheless, the actual key factors still
remain a subject of speculation. Studies by Oduor
and Schagerl (2007) and Schagerl and Oduor (2008)
focusing on lakes Nakuru, Bogoria, and Elmenteita
over the period 2003-2005 also observed a wide
variation in phytoplankton primary production rates
and community composition, which did not fit into
the general patterns of plankton successions.

Contribution of food algae quality and quantity to lesser
Slamingos” malnutrition. During our long-term study,
a dramatic collapse of dominant cyanobacterial pop-
ulations that did not follow any predictable pattern
was observed in lakes Bogoria and Nakuru. In Lake
Bogoria, after a long phase (2001-2005) of nearly
monospecific dominance by Arthrospira, the tiny
picoplanktonic green alga P. salinarum gained domi-
nance in 2006. We also observed a prevalence of
Picocystis in Lake Nakuru in 2010. These observa-
tions are the first evidence of the occurrence of this
unique alga in the African continent that had previ-
ously been reported in extreme saline waters of
North America and China (Lewin et al. 2000). This
alga, which is ~2 um in diameter, is too small to be
retained by lamellae during feeding and produces
only a small amount of biomass. Hence, flamingos
suffer from starvation when this alga is dominant.
Occasions of malnutrition of lesser flamingos access-
ing only <10% of their minimum daily food require-
ments have recently been reported at the Kenyan
Rift Valley lakes, and the dead flamingos weighed
only 63% of their usual body weight (Ton 2007). In
March 2004, the phytoplankton of the final sewage
pond of Nakuru town, which is situated in the
Nakuru National Park, was dominated by small-sized
A. fusiformis (60 mg - L™ (Kotut et al. 2010). Flocks
of lesser flamingos were observed feeding on the

algal food suspension. Obviously, during this period,
the concentration of Arthrospira in Lake Nakuru was
lower (44 mg - L") than that in the sewage pond
and not sufficient to feed the higher number of
flamingos. In July 2006, when the lowest phyto-
plankton biomass (12 mg - L") of the decade was
recorded, we observed exhausted, underweight les-
ser flamingos feeding on neustonic skins of Fuglena
in small freshwater puddles situated several hun-
dreds of meters from the lake shore (Krienitz
2009).

Starvation may also have contributed to the mass
die-off at Lake Bogoria in July 2008. After the inva-
sion of Picocystis in 2006, measurements carried out
revealed that although Arthrospira had reestablished,
it did not attain its usual dominance. Two-thirds of
the phytoplankton was due to Anabaenopsis sp. Coin-
cidentally, the deaths of ~30,000 flamingos occurred
at the same time with the mass development of Ana-
baenopsis in July 2008. Since no disease infection or
cyanotoxins were detected, it is possible that malnu-
trition could have been the cause of deaths. Large,
slimy lumps of Anabaenopsis (300-2,000 pm in dia-
meter) clogging the excluders and lamellae (Fig. 1,
¢ and d) could have blocked the food uptake. The
excluders are at ~800 um distance each, while the
lamellae of the bills possess 50 um gaps. In compari-
son, the filaments of Arthrospira are 100-500 pm
long, and the coils are 20-60 pm broad.

Possible intoxication of lesser flamingos by food algae.
In addition to the problem of reduced food supply,
another problem facing the flamingos is associated
with the quality of the food algae. The birds are sus-
ceptible to poisoning by cyanobacterial toxins,
which are usually taken up during feeding (Codd
et al. 2003). In soda lakes, the possible sources of
the toxins are the phytoplankton (Nostocales) and
benthic cyanobacteria (Oscillatoriales) occurring in
hot springs on the shoreline of Lake Bogoria (Krie-
nitz et al. 2003, 2005, Ballot et al. 2004a,b, 2005,
Kotut et al. 2006). Ndetei and Muhandiki (2005)
reported the frequent occurrence of the microcy-
stin-producing Microcystis flos-aquae in Lake Nakuru.
However, our microscopic observations of samples
from Lake Nakuru never revealed any Microcystis
species but always A. abijatae, a nostocalean cyano-
bacterium that was first recorded in the alkaline
Ethiopian lake Abijata by Kebede and Willén
(1996). A. abijatae is filamentous; however, the fila-
ments are coiled up in very dense lumps, which can
easily be confused with Microcystis colonies (Ballot
et al. 2008). We observed Microcystis taxa only in
Kenyan freshwaters (lakes Victoria, Naivasha, and
Baringo and several smaller reservoirs and ponds)
(Krienitz et al. 2002, Ballot et al. 2003, 2009), and
never in the soda lakes. Generally, Microcystis occurs
in both freshwater and saline waters (salt concentra-
tion >50 mg - L™"). However, they only survive in
waters with low alkalinity (Hammer etal. 1983,
Wood and Talling 1988, Kebede and Willén 1998).
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Practically each of the main cyanobacterial pro-
ducers in the study lakes has, according to literature
surveys, the potential to produce toxins (Carmichael
et al. 2001, Codd et al. 2005). Even the main food of
the lesser flamingos, Arthrospira, is suspected to act as
a possible intoxicant. Although several studies have
revealed the high nutritional and pharmaceutical
value as well as the nontoxic nature of this cyanobac-
terium (Cifferi 1983, Belay et al. 1993, Fox 1996,
Salazar et al. 1998), a few reports have commented
on its potential toxicity. Iwasa et al. (2002) report
on the hepatotoxic symptoms of a patient after
treatment with Arthrospira-based tablets. Recently,
neurotoxic effects of beta-N-methylamino-L-alanin
(BMAA) from Arthrospira-based dietary supplements
or pharmaceuticals were reported (Papapetropoulos
2007, Mazokopakis et al. 2008). Of a total of 40
Arthrospira strains isolated from Kenyas waters, two
potentially toxic strains containing low concentra-
tions of microcystins and anatoxin-a have been iden-
tified (Ballot et al. 2004a,b, 2005), but a survey on
three other Arthrospira strains (two from a sewage
pond in Mozambique, and one from Lake Nakuru,
Kenya) did not reveal toxicity under test conditions
(Mussagy et al. 2006). Mouse bioassays using crude
extracts of monospecific, dense Arthrospira blooms
from the soda lake Big Momella (Tanzania) revealed
the potential toxicity of these natural cyanobacterial
populations to lesser flamingos (Lugomela et al.
2006). Further evidence pointing to the potential
exposure of flamingos to cyanotoxins was provided
by the detection of aminotransferase domains for
cyanotoxin production in sediments of the FEast
African alkaline lakes (Dadheech etal. 2009).
Metcalf etal. (2006) detected microcystins and
anatoxin-a in extracts of basal wing feathers of lesser
flamingos. The study hypothesized that under
natural conditions, the toxins are sequestered in the
feathers of lesser flamingos. However, due to the
growing environmental stress, sequestration mecha-
nism in the weakened flamingos may not be effective
enough to protect the birds against cyanotoxicosis.
All these results, which to some extent are debatable,
show the urgent need for further studies to clarify
the contribution of toxic cyanobacteria to sudden
flamingo deaths in general and of Arthrospira in
particular.

General outcome. Our results clearly indicate that
the problems of food algae quantity and quality
facing the lesser flamingos are complex. The avail-
able food algae might be inadequate or too small
(Picocystis) or too large (Anabaenopsis) for uptake. At
other times, the food can be toxic. These combined
challenges related to food algae weaken the birds,
leading to mass die-offs. The first well-documented
case of massive lesser flamingo die-offs was reported
from Lake Nakuru in 1974 (Sileo et al. 1979). The
reason given to explain the die-off was an interac-
tion of two different factors—starvation induced by
a sudden reduction of Arthrospira population and

the infection of the weakened birds by M. avium
Chester (avian tuberculosis). The highest mortality
of ~30,000 flamingos was observed at Lake Nakuru
in July/August 2006. This mortality was mainly
caused by an infection by P. aeruginosa, a common
opportunistic bacterium that causes inflammation of
inner organs of animals with weakened immune
system. The weakening of birds was probably caused
by a complex of stress factors including cyanotoxins,
agrochemicals, and water stress (Njuguna and
Owuor 2006). The lake is surrounded by densely
populated hills, and hence it is greatly affected by
the adverse environmental changes associated with
human population increase, such as deforestation,
intensive agricultural activities, and water discharge
(Mathooko 2001, Kotut et al. 2010).

Lesser flamingos can respond to the fluctuations
of algal food supply by migrating to other lakes.
Compared to other water birds, flamingos show the
highest variation of individual numbers at Kenyan
lakes studied (Owino et al. 2001). Migration may
also be for the purpose of accessing breeding sites.
Worldwide, only six sites are used for breeding by
the lesser flamingos: Lake Natron (Tanzania), Eto-
sha Pan (Namibia), Makgadikgadi-Pan (Botswana),
Kamfers Dam (South Africa), as well as two pans in
the ‘“‘Little Rann of Kachchh” (India) (Childress
etal. 2008). Our study shows the importance of
protecting the habitats of lesser flamingos, a species
classified as nearly threatened in the red list of
the International Union for the Conservation of
Nature (IUCN). The major threats to the survival
of the lesser flamingo are the loss and/or the
degradation of its specialized habitat. An Interna-
tional Single Species Action Plan for Conservation of the
Lesser Flamingo that was commissioned by IUCN-SSC/
Wetlands International Flamingo Specialist Group
and Wildfowl & Wetlands Trust has been adopted
(Childress et al. 2008). The action plan aims at
addressing the threats facing the lesser flamingos.
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(b) in sedimentation chambers.

Figure S2. Phytoplankton from Lake Bogoria
sampled in October 2003 (a), September 2006 (b
and c), and July 2008 (d) in sedimentation cham-
bers.

Figure S3. Phytoplankton from Lake Oloidien
sampled in June 2001 (a), March 2002 (b), and
February 2009 (c) in sedimentation chambers.
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