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Abstract
Lake Wamala (Uganda) is a small shallow lake (maximum mean depth = 4.5m) that has periodically undergone
fluctuations in depth and area because of changes in rainfall, temperature and wind speed. No study, however,
has been done to assess how these changes, in addition to catchment degradation, which are likely to
intensify in future, have affected aquatic productivity processes. Data on Secchi depth (SD), turbidity,
conductivity, dissolved oxygen (DO), total phosphorous (TP), soluble reactive phosphorus (SRP), soluble
reactive silicon (SRSi), ammonia (NH4-N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), Chlorophyl a,
composition and abundance of algae, and invertebrates were compared between periods 1998-2000 and
2011-2013. Results showed a twofold increase in conductivity and TP, a threefold increase in SRSi, chlorophyll
a > 25 µg l-1, and persistence by low water transparency (SD < 0.7 m). In consequence, algal biomass increased
by >70%, with emergence of new species, especially among the dinoflagellate and euglenophyte groups.
Although rotifers, which are known to have capacity to withstand stressful habitat conditions, dominated the
zooplankton, their density decreased by >80%. The phantom-midge, chaoborus, and the midge, chironomid,
larvae dominated macro-invertebrate, but did not show clear trends between the two periods.
Keywords: Climate change, cyanobacteria, eutrophication, Lake Wamala, plankton productivity
Introduction
Physical and chemical environment of water, including water transparency, conductivity, dissolved oxygen and
nutrients, plankton productivity, and feeding interactions determine composition and yield of fishes [1, 2].
Seasonal and interannual variations in these conditions are known to reflect changes in the watershed as well
as climate [3, 4], but limited work has been done with respect to small and shallow wetland-dominated
tropical lakes. Consequently, for such lakes, studies that attempt to attribute changes in fish stocks to
watershed disturbance and climate variability are subject to conjectures because of missing information on
influence of the these factors on primary aquatic productivity.
Climate variability and change, through its influence on both water availability and quality, can alter the
composition of plankton communities [5, 6], and the changes can be transmitted to higher trophic levels [7, 8,
9]. Cell size and the proportions of different elements that constitute the phytoplankton are some of the ecophysiological traits affected by variability in climate variables [10, 11]. The effect on these traits can cascade to
higher trophic levels and influence diversity, size, composition and distribution of zooplankton, macroinvertebrates and fish communities. These changes are exacerbated by land use and land cover change within
the catchment area [3].
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Aquatic productivity processes have been linked to changes in climate, because the later controls the intensity
of wind, temperature and rainfall that determine nutrient loading, mixing dynamics, primary productivity and
fish yield [12, 13, 14]. The magnitude and direction of the responses by aquatic ecosystems depend on
morphometric characteristics of individual systems, such as surface area and depth. Small and shallow lakes
have a high area to volume ratio and are therefore more influenced by wind intensity, which may induce
polymixis, and increase sediment-water interactions that alter turbidity, nutrient cycling, and dissolved oxygen
concentrations [14]. Climatic variability and change are expected to affect these processes, and there is a need
to understand them in order to predict future of fisheries and livelihoods of fishing communities.
According to the Intergovernmental Panel on Climate Change (IPCC), climate variability and change that have
been intensifying since 1970s have been accompanied by increase in temperature, alteration in wind speed
and rainfall patterns in different parts of the world [15]. Temperature and rainfall in some parts within the East
African region have increased [16] and, in Uganda, for instance, greater than average rainfall and temperature
increase of >0.04 oC year-1 have been recorded around some aquatic systems during the last decade [16].
Increase in temperature can lead to high evaporation rates and, together with changes in rainfall and activities
within in the watershed, alter runoff, increase siltation, affect water balance, and lake water levels [17].
Expected consequences of such changes include disruption of water column stability, loading of nutrients into
aquatic systems, which, in turn, affect fisheries and livelihoods of fisheries dependent communities.
These changes are well documented in large tropical lakes, but not in shallow wetland dominated lakes. In
Lake Victoria, for instance, climate warming triggered excessive nutrient loading, especially phosphorus,
during 1980s [3]. This was accompanied by a shift in phytoplankton abundance from diatoms to blue green
algae (cyanobacteria), since the later could fix atmospheric nitrogen and were therefore not N-limited [18, 19].
The composition of diatoms shifted from the large Aulocoseira sp. to small thinly silicified forms, such as
Nitzschia sp., which can grow at lower concentrations of silicon [3]. Eutrophication, triggered by climate
warming, also, enhanced anoxia and skewed the composition of benthic invertebrates to the dominance of the
lake fly larvae, Chironomus sp., Chaoborus sp., although at much reduced densities. Before the intensification
of climate warming in 1970s, the lake fly larvae were estimated at 3000-4000 ind.m-2 (75% of them were
Chaoborus spp.) [20] but, the most recent data give densities at 89-286 m-2 in Hannington Bay, 136-2262
ind.m-2 in Fielding Bay and 72-1629 ind.m-2 in Murchison Bay [21]. Although the densities of these organisms
have decreased, the Chaoborus sp. are still one of the dominant benthic invertebrates because they can
tolerate low oxygen conditions that characterise the hypolimnion under stratified conditions [22]. It is not
known whether such changes are also apparent in small and shallow wetland dominated lakes, some of which
have been designated environmental change hotspots.
Lake Wamala as an environmental change hot spot
Lake Wamala (Fig. 1) has been designated as one of the environmental change hot spots in Africa by the
United Nations Environment Programme [23]. The highest recorded surface area of the lake is 250 km2, and
the maximum mean depth is 4.5 m [24]. Lake Wamala almost dried up during the period 1984–1995, when its
surface area was reduced by >50%, and its mean depth by >70% as a result of persistent drought [23]. The
lake regained its surface area and depth in 1999, following El Nino rains in 1997 [23], but has been shrinking
since 2000, despite rainfall, which accounts ~ 80% of the water input, being above average [16]. Because there
is no water abstraction from the lake for large scale purposes, such as irrigation and hydro electricity
generation, this decrease can be attributed to high evaporation rates caused by increased ambient
temperature (>0.04 oC year-1) and wind speed [16]. This implies that there may be an increase in rainfall, but
the water gain may be offset by increased evaporation associated with increased temperature and wind speed.
The implications of such changes, in addition to activities in the catchment, for the primary productivity
processes need to be understood in order to predict the future of fisheries.
A recent study, for example, on the diet of Nile tilapia, Oreochromis niloticus (Linnaeus, 1758), in Lake Wamala
[16] showed that the fish had diversified its well-known algal diet, and included insects, fish, and detritus,
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especially during the dry seasons. The authors suggested that the inclusion of other food types, especially of
animal origin, was an adaptation response to widen the food resource base, basing on the notion that the
preferred phytoplankton sources could have declined because of increasing temperatures, like it was in Lake
Kariba [13]. This conclusion, however, seemed to be a conjecture because it was made without examination of
the changes in either phytoplankton composition or biomass in Lake Wamala. It is urgent, therefore, to study
the changes in primary productivity processes so as to adequately link biological aspects of fishes to climate
variability and change.
The aim of this study was to investigate seasonal and interannual changes in aspects of primary productivity,
and determine as to whether climate variability, whose effect on water levels of Lake Wamala has been
discussed [16], as well as activities in the catchment [25] played a role. The observations were placed in the
context of baseline data because we compared data for periods 1998-2000 and 2011-2013 that may be too
short to conclude about the effect of climate variability and change. Nonetheless, we believe that this
information will be important to understanding what may happen to productivity of small and shallow lake
ecosystems, in future, as climate variability and change, and activities in the catchment area intensify.
The productivity aspects were examined to include: Secchi depth (SD), turbidity, conductivity and dissolved
oxygen (DO); nutrients, including total phosphorous (TP), soluble reactive phosphorus (SRP), soluble reactive
silicon (SRSi), ammonium (NH4-N) nitrite nitrogen (NO2-N) and nitrate nitrogen (NO3-N); Chlorophyl a,
composition and abundance of algae, zooplankton and macro-invertebrates. We anticipated that the increase
in temperature, rainfall and wind speed observed around Lake Wamala, coupled with clearance of vegetation
within the watershed, would increase nutrient loading, enhance turbidity and limit water transparency, and
lower DO concentration. This would, in consequence, alter primary production and shift the composition of
algae and invertebrates to those that have the capacity to persist, adjust or exploit the changed conditions.
Methods
Study area
The study was carried out on Lake Wamala in the Lake Victoria basin (Fig. 1). The climate around Lake Wamala
is characterized by two wet and two dry seasons i.e., short dry (December–February), long wet (March–May),
long dry (June–August) and short wet (September–November) based on the classification in Komutunga and
Musiitwa [26]. A detailed description of the physical and hydrological characteristics of Lake Wamala is given
in [16] and [25]. Between August 1998 and May 2000, and December 2011 and July 2013, inshore stations
(within 200 m from the shoreline), river inlets and outlet, and open water (Fig. 1) were sampled once every
three months to cover the four main seasons defined above, except for turbidity, which was only determined
for July 2012 and July 2013.
Sampling and analyses
Water transparency, conductivity, turbidity, and temperature
In-situ measurements were made for water transparency (m), conductivity (µScm-1), turbidity (NTU), and
temperature (°C). Water transparency was measured with a Secchi disk (Ø = 20 cm) painted black and white by
taking the average of the depth at the disappearance and that at reappearance of the disk in the water.
Conductivity, turbidity, and temperature were determined using a multi-probe Hach HQ40d.
DO concentration and primary production
Water within a vertical profile, doubling the light transparency measurement, was taken using a two-litre Van
Dorn sampler, beginning at the surface and working downwards. The sample was replicated by filling rapidly
under shade in BOD bottles of known volume, and then held in a light proof box until samples from all depth
were collected. One of the bottle was fixed immediately for the initial DO concentration, while the other two,
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one dark and the other light, were suspended using metered suspension line attached securely to an anchored
buoy for one hour. Winkler method of titration was used to determine the oxygen concentration (mg L-1) and
gross primary production (mg O2 m-2 h-1) [29].
Nutrients and Chlorophyll a
Water samples taken at 0.5m using the two-litre Van Dorn sampler were filtered using 47mm diameter GF/C
filters (Whatman, Kent, Great Britain). The filters were stored frozen to be used in the analysis of chlorophyll a.
Chlorophyll a was determined using cold extraction method [27] by soaking the filters overnight at 4°C,
squeezing the filters off and absorbance measurement taken at 665nm and 750nm. Filtrates were again
filtered through 47mm diameter membrane filters (0.45 µm, Millipore Corporation, Bellerica, United States) for
the analyses of dissolved nutrients i.e. SRP, NO3-N and NH4-N. These were determined using the ammonium
molybdate method [27], the sodium-salycilate method [28] and the indophenol blue method [29], respectively.
Determination of NO2-N, however, was made after passing the sample through the cadmium reduction
column [27]. TP was determined as SRP subsequent to persulfate digestion from aliquots of the unfiltered
samples [28].
Phytoplankton
Using the same water sample as for chlorophyll a, phytoplankton were identified and counted with the aid of
an inverted microscope from Lugol fixed samples as described in Utermöhl [30]. For each sample, 400
specimen of the dominant phytoplankton genera were counted at 400-fold magnification. Most of the genera
were counted as single cells (cyanobacteria: Aphanocapsa, Anabaena, Chroococcus, Merismopedia, Microcystis;
diatoms: Nitzschia; and unidentified centric diatoms, green algae, desmids, cryptomonads). Filamentous
cyanobacteria were counted as single filaments (Aphanizomenon, Cylindrospermopsis, and Planktolyngbya).
Planktolyngbya could be differentiated by single filaments of lowest diameter (mean±1SE 2.4±0.03 µm),
composed of tightly attached cells and embedded in a colourless sheath. From each genus identified [31],
cells/filaments dimensions from ten specimens were measured to calculate the biovolume according to
standard geometric shapes [32, 27].
Zooplankton
Zooplankton were sampled using a Nansen net (60-μm mesh size and 0.25-m diameter mouth opening).
Sampling was done by vertical hauling of the net gradually from 0.5-1.0 m above the bottom sediments to the
water surface. Three hauls were taken to make a composite sample. Each sample was preserved with a sugarformalin, in a ratio of one part formalin to 10 parts sample volume.
In the laboratory, each sample was washed with tap water over a 53µm sieve to remove the preservative and
then diluted to a suitable volume, depending on the concentration of organisms in each sample. Sub-samples
of 2, 2, 5 and 10 mL were taken with a wide bore automatic pipette from a well agitated sample. The subsample series were performed to consider the more abundant organisms in 2, 2 mL series, and the rarer
organisms in 2, 2, 5, 10 mL series. Each sub-sample was put into a counting chamber and examined under
inverted microscope (Hund, Wetzlar, Germany) at 100 magnification for taxonomic identification, and 40 for
counting. Species identification was done using published keys [33, 34], and volume densities of organisms
calculated from the counts data, with reference to the sample net mouth diameter and water column depth
[35].
Benthic macro invertebrates
Sediment samples were taken with a Ponar grab (Jaw area =238.0 cm2, inner depth =8.0 cm), harnessed with a
nylon rope marked at one metre intervals. Three grab hauls were taken from each sampling point and each
kept separately for subsequent laboratory analysis. Each grab sample was concentrated, placed in clean,
labelled sample bottle, and preserved with 5% formalin. In the laboratory, each sample was rinsed with tap
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water and spread on to a clean white plastic tray. Benthic organisms were sorted from the sediment using
forceps, and the sorted sample was examined under a dissecting binocular microscope at x 400 magnification.
Taxonomic identification was done using the guide in De Moor et al. [36]. All taxa were recorded, and
individuals of each taxon enumerated to generate data for community composition and abundance
Results
Physical chemical parameters
The SD ranged between 0.5 and 0.69 m, and only increased by about 0.1 m between 1999-2000 and 20112013 (Table 1). During the period 2011-2013, SD was highest (0.66±0.03 m) during the long wet season and
lowest (0.54±0.05 m) during the long dry season. Mean conductivity increased from (mean) from 163-174 µS
cm-1 during 1999-2000 to 321-387 µS cm-1 during 2011-2013 (Table 1), but no seasonal trends were discerned.
The DO concentrations, at the subsurface and the bottom were, respectively, 9.5-11.5 mg L-1 and 7.5-10 mg L-1
during the dry seasons and 7.8-9.0 mg l-1 and 5.5-9.0 mg l-1 during the wet seasons. Turbidity was 20.3±2.13
NTU and 14.3±2.84 NTU during July 2012 and July 2013, respectively. These values five times higher those
recorded for Napoleon gulf, Lake Victoria, during September 2011 (NaFIRRI unpublished data).
The TP concentration ranged from 200-700 µg L-1 during the dry seasons and 150-200 µg L-1 during wet
seasons, although SRP was higher during the wet season (Fig. 2 a-b). The concentrations of both NO2-N and
NO3-N were higher during the long dry season than wet season, while NH4-N decreased during the long wet
season (Fig. 2 c-e). Both primary production (Fig. 2f) and chlorophyll a (Fig. 3) were higher during the wet
seasons than the dry seasons. Between 1999 and 2013, TP and NO3-N doubled, SRSi increased three-fold,
while Chlorophyl a decreased by about 50% (Table 1). Although Chlorophyl a decreased, its values in 2012
were twice as high as those in Lake Victoria between 2005 and 2008 [4], and greater than the minimum of 25
µgL-1 set by Organization for Economic Co-Operation and Development (OECD) for non-degraded waters [37].
Phytoplankton composition and abundance
Between 1999 and 2013, a total of 40 genera were recorded (Table 2). Out of these, only 21 genera were
recorded during 1999-2000 period, while 35 genera were recorded during 2011-2013 period. Four of the new
genera that emerged belonged to cyanobacteria, three were diatoms, two dinoflagellates, two euglenophytes,
and seven green algae. Overall, algal biovolume increased by >70% between 1999-2000 and 2000-2013
period. Whereas cyanobacteria were relatively the most dominant algal taxa during the 1999-2000 period,
diatoms became the most dominant taxa during 2011-2013 period (Table 3), although the former dominated
during the dry seasons (Fig. 4).
Invertebrate composition and abundance
Rotifers were the most species diverse group in Lake Wamala (Table 4). The density of rotifers, on average
decreased by >80% between two periods, where other species, such as Brachionus patulus, B. quadridentatus,
Euclanis sp., and Trichotria tetractis disappeared completely. Nonetheless, in terms of total volume density, for
the three zooplankton groups, rotifera remained the most abundant zooplankton group. No clear trends were
discerned for copepods and cladocerans, except the emergence of new species, Thermocyclops decipiens and
Diaphanosoma excisum for the two groups, respectively (Table 4). The midge, Chironomid, and the phantommidge, Chaoborus, were the most abundant benthic macro-invertebrates and, in addition to Oligochaetes,
which occurred at rather low densities, were the only benthic macro-invertebrates encountered in every
sampling year (Table 5). Between two periods, there was emergence, among dipterans, of Clinotanypus sp.,
Procladius sp., Tanypus sp., and disappearance of Hydracharina and Hirudinea groups.
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Physical and chemical parameters
Between 1998 and 2013, Lake Wamala shifted in status from a seemingly mesotrophic state to hypertrophic
state. Evidence of eutrophication is manifested by a >twofold increase in conductivity, TP, and NO3-N,
>threefold increase in SRSi, Chlorophyll a > 25 µg l-1, persistence by low water transparency (SD < 0.7 m) and,
in consequence, a >70% increase in algal abundance. The area around Lake Wamala has received rainfall
greater than the average of 1180 mm for most of the years since 2000 (16; Table 1). Increased rainfall, coupled
with cultivation of the near shore wetland and use of organic fertilizers by riparian communities to diversify
out the single declining fishery livelihood [25], could have accelerated allochthonous fluvial nutrient input
from the surrounding agricultural catchment. The increase in concentration of some nutrients, especially
phosphorus can also be attributed to the declining lake water level (Table 1) that exposes the sediment bound
phosphorus where, in addition to low DO concentration during certain seasons of year, phosphorus is released
into soluble forms [38]. This was manifested, in this study, by higher SRP during the dry seasons, when water
level recedes, compared to the wet seasons when the lake refills (Fig. 2b).
Besides stimulating primary production, nutrient loading in Lake Wamala was also expected to increase BOD,
and reduce DO concentration [39, 3, 4]. This was not noticeable, although DO concentration decreased during
the short wet season (September-November). The concentration of DO, both at the surface and bottom was
highest during June-August period (long dry season). This is consistent with the high DO concentration
months (June-July) for Lake Victoria, attributable to deep water mixing [40, 41, 19]. However, this reasoning
contradicts expected situation in Lake Wamala, because most rigorous mixing is expected during the wet
stormy seasons (March-May), and not during the dry seasons (June-August). But, since Lake Wamala is a small
shallow lake, with maximum mean depth of 4.5 m, frequent mixing over its entire depth is possible, given that
wind speed around the lake has also increased since 2000 [26].
These events can also explain the unexpected decrease in chlorophyll a, countering nutrient enrichment (Table
1), suggesting that photosynthesis in Lake Wamala is light-limited. Light limitation that enhances self-shading
of algae, hence lowering primary production, can be attributed to high turbidity, which, by 2012, was five
times higher than that recorded in Napoleon gulf, Lake Victoria, (NaFIRRI unpublished data). High turbidity in
Lake Wamala is a result of input of silt from the heavily cultivated catchment, exacerbated by increased rainfall
and wind speed (16, Table 1). This gives an implication that wind speed (with an effect on mixing and turbidity)
and rainfall (that enhances runoff carrying silt), which are expected to intensify in the region [15], may depress
primary production, despite increase in nutrient concentration.
Phytoplankton composition and abundance
The changes in physical and chemical conditions in Lake Wamala have also been accompanied by changes
algal communities. Cyanobacteria are known to be favoured than any other taxa under low DO concentration
and nutrient enriched habitats [42]. In Lake Wamala, as both TP and NO3-N, cyanobacteria increased by >70%.
The increase, however, is inconsistent with that in Lake Victoria where, increases in TP, stimulated by a period of
climate warming and increased rainfall, resulted into a complete shift from diatoms to cyanobacteria [18, 3]. In
Lake Wamala, although cyanobacteria increased, the increase was exceeded by diatoms and Euglenophytes
(Table 3). In Lake Victoria, also, the composition of the suppressed diatoms shifted from the large Aulocoseira
sp. to small thinly silicified forms, such as Nitzschia sp., which can grow at lower concentrations of silicon [3].
The opposite happened in Lake Wamala. The genus Aulocoseira was never observed in Lake Wamala during
1999-2000 period, but emerged during 2011-2013 period (Table 2), following a threefold increase in SRSi (Table
1). The low abundance of cyanobacteria in Lake Wamala is a result of their intolerance to poor light conditions as a
result of daily mixing, up to the sediments, and high turbidity. The dominance of diatoms and, more importantly
the emergence Aulocoseira species, is reflective of high silicon concentration from the silt carried into the lake
from the agricultural catchment, due to increased rainfall. This is also latter is consistent with findings of Sitoki
et al. [43] for Rusinga channel in the Kenyan portion of Lake Victoria.
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Nonetheless, the increase in abundance of cyanobacteria observed in Lake Wamala, which can produce
phytotoxins in response to increased temperature [44, 45], is a possible health concern for the people who use
water and other resources from the lake. Appropriate measures should be taken to advise consumers of water
and fish as algal communities shift to types that produce toxins following nutrient enrichment and climate
warming.
Zooplankton communities and benthic macro-inverterbrates
The small sized rotifers are believed to have capacity to withstand stressful habitat conditions [46]. However, in
Lake Wamala, rotifers decreased by about 80% between 1998 and 2013. This decrease can be attributed to the
shrinking of the lake, with an exacerbation of eutrophication, which are all known to lengthen the spawning
time of most zooplankton, and affect their reproductive success [47, 48]. Although rotifers decreased, they
remained, in terms of total biovolume, the dominant zooplankton group, suggesting that they have capacity
to withstand habitat changes compared to other zooplankton groups [46].
In Lake Victoria, eutrophication, triggered by climate warming [3], changed the composition of benthic
invertebrates to the dominance of the lake fly larvae, Chironomus sp. and Chaoborus sp., but at reduced
densities. These midges decreased from 3000-4000 individuals m-2 [20] to 72-1629 individuals m-2 in the
northern bays of the lake towards the end of 1990s [21]. These values are close to the densities of Chironomus
sp., and Chaoborus sp in Lake Wamala (Table 5), which are the most dominant benthic macro-invertebrates in
the lake. These midges have high affinity for oxygen and survive under oxygen deficient conditions [49].
The changes in dominant plankton and benthic species were reflected in the food eaten by the dominant
fishes. For instance, cyanobacteria and diatoms were the dominant food for Nile tilapia during wet seasons,
and chironomid and chaoborus during the dry season [16]. However, the earlier assertion by Natugonza et al.
[16] that Nile tilapia diversified its diet to widen the food resource base, because of possible decline of
preferred phytoplankton sources with increasing temperatures, needs further investigation as the algal
abundance in the lake has increased.
This study suggests that increasing human activities in the catchment, coupled with variability in climate
parameters, will impact on water quality, primary and secondary production, with possible implication for
fishery production and livelihoods of fisheries dependent communities. More studies, however, are needed to
provide a detailed understanding of what may happen to the lake ecosystems, especially small and shallow
lakes, which are important sources of water and fish for poor riparian communities, as climate variability and
change and activities in the catchment area intensify.
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Table 1 Physical chemical parameters, chlorophyll a and primary production in Lake Wamala between 1999
and 2013 (Data on rainfall and lake depth from Natugonza et al. 2015).
Year

1999

2000

2011

2012

2013

Total annual rainfall (mm)

1166

1294

1294

1411

1300

Mean lake depth (m)

4.5

4.0

3.0

3.4

3.8

Surface temperature (oC)

25.3±2.01

26.9±1.25

23.9±0.49

25.7±0.47

25.5±0.5

SD (m)

0.51±0.08

0.54±0.09

0.61±0.06

0.59±0.05

0.61±0.05

Conductivity (µScm-1)

163.2±4.96

174.2±113

321.3±59.7

387.3±11.4

367±20.0

SRP (µg L-1)

55.5±58.3

19.93±5.42

24.59±15.15

39.05±9.02

TP (µg L-1)

137.14±68.04

90.67±35.59

54.49±10.70

303±69.1

NO2-N (µg L-1)

3.65±2.84

0.6±0.58

3.62±3.43

5.77±0.69

2.2±2.25

NO3-N (µg L-1)

11.1±12.85

14.4±0.41

12.1±7.95

35.17±18.5

32.4±15.8

NH4-N (µg L-1)

45.39±29.72

36.1±17.17

5.51±1.69

16.65±2.17

20.06±8.06

SRSi (µg L-1)

1957.6±749.7

4184.0±915.6

1238±489.5

8197.4±2907.2

6452.7±863.6

Chl a (µg L-1)

101.2±40.9

60.8±12.5

8.0±2.57

39.5±38.72

531.5±108.8

806.6±258.9

Primary production (mg O2m-2h-1)
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Table 2 Occurrence of phytoplankton taxa in Lake Wamala between 1999 and 2013. p and a are aarbitrary
letters that denote presence and absence of a particular genus, respectively.
Taxonomic group

Genus

1999

2000

2011

2012

2013

Cyanobacteria

Anabaena

p

a

p

p

p

Cyanobacteria

Anabaenopsis

p

p

p

p

p

Cyanobacteria

Aphanocapsa

p

p

p

p

p

Cyanobacteria

Chroococcus

p

p

p

p

p

Cyanobacteria

Coelomoron

a

a

p

p

p

Cyanobacteria

Cyanodyction

a

a

p

p

p

Cyanobacteria

Cylindrospermopsis

a

p

p

p

p

Cyanobacteria

Merismopedia

p

p

p

p

p

Cyanobacteria

Microcystis

p

p

p

p

p

Cyanobacteria

Planktolyngbya

p

p

p

p

p

Cyanobacteria

psuedoanabeana

a

a

p

p

p

Cyanobacteria

Romeria

a

a

p

p

a

Diatoms

Aulacoseira

a

a

p

p

p

Diatoms

Cyclostephanodiscus

p

a

p

p

a

Diatoms

Cyclotella

p

p

p

a

a

Diatoms

Daitoma

a

p

a

a

a

Diatoms

Epitheimia

a

a

a

p

a

Diatoms

Nitzschia

p

p

p

p

p

Diatoms

Surirella

a

a

a

p

a

Diatoms

Synedra

p

a

a

p

p

Diatoms

Tabellaria

a

p

a

a

a

Dinoflagellates

Glenodinium

a

a

a

p

p

Dinoflagellates

Peridinium

a

a

p

p

p
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Euglenophytes

Euglena

p

p

p

p

a

Euglenophytes

Lepocinclis

a

a

p

a

p

Euglenophytes

Phacus

p

p

p

p

a

Euglenophytes

Trachelomonas

a

a

p

p

a

Green

Ankistrodesmus

p

p

p

a

p

Green

Chodatella

a

a

p

a

a

Green

Coelastrum

a

a

p

p

a

Green

Cosmorium

a

p

a

a

a

Green

Crucigenia

a

a

p

p

p

Green

Didymocystis

a

a

a

p

a

Green

Kirchnriella

a

a

a

p

p

Green

Monorophidium

a

a

p

p

p

Green

Oosystis

a

a

a

p

a

Green

Pediastrum

p

a

a

p

p

Green

Scenedesmus

p

p

p

p

p

Green

Selenestrum

a

a

a

a

p

Green

Tetraedron

p

a

a

p

p

Table 3 Changes in algal biovolume, mean ± standard deviation (µg L-1), of major taxonomic groups identified
in Lake Wamala during 1999-2013.
Year

1999

2000

2011

2012

2013

Cyanobacteria

174.5±138.83

134.15±62.92

693.9±572.13

2464.13±3153.6

628.36±321

Green algae

17.36±18.41

34.4±18.41

12.41±6.73

152.32±110.18

587.28±314.52

Diatoms

37.79±34.06

32.14±9.77

1707.12±2883.7

9600.19±1321.4

607.33±376.81

Cryptophytes

-

-

43.86

775.76±587.48

-

Euglenophytes

11.64±6.05

7.45

1985.02±890.9

6529.34±6088.33

-
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Table 4 Density of major zooplankton taxa, mean ± standard error (individuals/litre), in Lake Wamala between
1998 and 2013
Year

1998

2000

2011

2012

2013

Mesocyclops sp.

1,327±593

-

3,146± 1,189

273± 64

580± 124

Thermocyclops
decipiens

-

-

-

236± 56

802± 171

T. neglectus

7,551± 3,377

2,480± 1,012

2,196± 830

4,563±
1,075

5,973± 1,273

Bosmina longirostris

204± 91

22,862± 9,333

-

729± 172

-

Ceriodaphnia cornuta

3,810± 1,704

2,697± 1,101

144± 54

659± 155

3,608± 769

Diaphanosoma excisum

-

-

-

175± 41

433± 92

Moina micrura

17,653± 7,895

5,492± 2,242

6,763± 2,556

2,988± 704

12,681±
2,704

Ascomorpha sp.

19,728±8,823

2,637± 1,077

-

141± 33

939± 200

Asplanchna sp.

55,646±24,886

1,203± 491

644± 243

275± 65

393± 84

Brachionus angularis

2,347± 1,050

99,226± 40,509

36,067±
13,632

9,993±
2,355

18,480±
3,940

B. bidentatus

-

1,795± 733

1,528± 577

-

3± 1

B. budapestinensis

-

-

8,922± 3,372

-

-

B. calyciflorus

7,891± 3,529

2,105± 859

672± 254

669± 158

1,542± 329

B. caudatus

31,190± 13,949

453± 185

-

41± 10

-

B. falcatus

-

4,408± 1,799

2,057± 778

110± 26

1,057± 225

B. forficula

-

165± 62

-

-

B. patulus

-

99± 40

-

-

-

B. quadridentatus

-

742± 303

-

-

-

Copepoda

Cladocera

Rotifera
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Euclanis sp.

-

32± 13

-

-

-

Filinia longiseta

-

212± 87

11,449± 4,327

670± 158

3,791± 808

F. opoliensis

2,551± 1,141

32± 13

53,667±
20,284

713± 168

1,569± 335

Hexathra sp.

-

24,097± 9,838

6,617± 2,501

156± 37

266± 57

K. cochlearis

408± 183

651± 266

380± 144

48± 11

279± 59

K. tropica

663,163±296,57
6

161,906±66,09
8

84,291±
31,859

3,340± 787

20,460±
4,362

Lecane bulla

1,837± 821

1,180±482

3,947± 1,492

1,195± 282

2,183± 465

L. luna

-

-

-

593± 140

7,013± 1,495

Polyathra vulgaris

-

2,963± 1,210

3,497± 1,322

505± 119

412± 88

Polyarthra sp.

193,877± 86,705

340± 139

667± 252

-

-

Syncheata pectinata

-

8,200± 3,348

-

-

-

Synchaeta sp.

-

4,527± 1,848

7,847± 2,966

683± 161

599± 128

Tricorca cylindrica

68,605± 30,681

3,035± 1,239

1,902± 719

4,107± 968

378± 81

Trichotria tetractis

-

4,074± 1,663

-

-

-

Table 5 Density of benthic macro-invertebrate taxa, mean ± standard deviation (individuals/m2), in Lake
Wamala between 1999 and 2013. Arbitrary letter (a) denotes absence of a particular specie or genus
Year

1999

2000

2012

2013

a

a

1±3

a

Caenis sp.

a

a

21±81

a

Cloeon sp.

a

a

1±3

a

Povilla adusta

a

a

2±10

a

Molluscs
Bulinus sp.
Ephemeroptera nymphs

Diptera
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Ablabesmyia sp.

a

a

9±25

a

Chironomus sp.

292±482

224±237

276±916

142±139

Clinotanypus sp.

a

a

27±26

33±41

Procladius sp.

a

a

120±103

81±91

Tanypus sp.

a

a

4±10

7±14

Chaoborus sp.

184±227

282±130

290±322

293±229

Ostracoda

2±7

a

2±6

a

Tanypodinae

51±77

44±55

a

a

Chironominea

5±13

a

a

1±4

Hydracharina

1±3

a

a

a

Hirudinea

1±3

a

a

a

Oligochaeta

8±22

3±5

11±35

1±4

Others

Figure captions
Figure 1 Location of Lake Wamala and sampling stations (inset is location of Uganda within Africa)
Figure 2 Seasonal variations in different elements of phosphorus (a, b), nitrogen (c-e) and, integral primary
production (f) in Lake Wamala between 2011 and 2013
Figure 3 Seasonal variations in chlorophyll a in Lake Wamala between 2011 and 2013
Figure 4 Relative abundance of three major algal groups in Lake Wamala during different seasons between
2011 and 2013.
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Figure 1 Location of Lake Wamala and sampling stations (inset is location of Uganda within Africa)
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Figure 2 Seasonal variations in different elements of phosphorus (a, b), nitrogen (c-e) and, integral primary
production (f) in Lake Wamala between 2011 and 2013
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Figure 3 Seasonal variations in chlorophyll a in Lake Wamala between 2011 and 2013
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Figure 4 Relative abundance of three major algal groups in Lake Wamala during different seasons between
2011 and 2013
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