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Abstract

Microcosm experiments were conducted to assess nitrate-induced changes and the effect of varying the ratio of total nitro-
gen to total phosphorus (TN:TP) on the winter and late summer phytoplankton communities in Lake Chivero, Zimbabwe.
In both winter and summer, nitrate addition altered species composition from a cryptophyte-dominated to a chlorophyte-
dominated assemblage and increased chlorophyll @ concentration and total algal biomass. The shift in algal dominance

and increase in chlorophyll @ concentration and total algal biomass also occurred in the control showing that isolation

from allogenic processes like turbulence had an effect on phytoplankton structure. Microcystis aeruginosa, a common
cyanobacterium in Lake Chivero, did not assume dominance in any of the treatments. From an application perspective it is
interesting that varying nitrate loadings in microcosms favoured chlorophytes rather than increasing undesirable cyanobac-
teria. Nutrient manipulation can be used as a management option to avoid cyanobacteria occurrence, by maintaining either

cryptophytes or chlorophytes. However, the practicality of such an intervention needs to be assessed.
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Introduction

Lake Chivero, Zimbabwe, is a man-made reservoir that was
created in 1956 and is located approximately 40 km south-
west of the city of Harare. It is the city’s primary water supply
reservoir. The lake is hyper-eutrophic (Magadza, 2003), owing
to the discharge of nutrient-rich sewage and industrial efflu-
ent from Harare and satellite towns into its tributary streams.
This has led to a predominance of cyanobacteria (Munro, 1966;
Marshall, 1997), the detrimental effects of which have included
gastroenteritis outbreaks in children correlated with decay

of Microcystis aeruginosa blooms (Zilberg, 1966; Marshall,
1991), periodic fish kills due to depletion of oxygen in the
hypolimnion (Moyo, 1997, Mhlanga et al., 2006a), transient
influenza-like reactions upon inhalation of aerosols from tap
water linked to high endotoxin levels (Annadotter et al., 2005)
and objectionable tastes and odours in the drinking water
(Marshall, 1997).

Despite the ecological and potential health challenges
posed by the predominance of cyanobacteria there has been
limited work done in Lake Chivero on phytoplankton ecology,
with the exception of the unpublished work by Falconer (1973).
Development of effective lake and watershed management
strategies for Lake Chivero will be determined by assessing
which nutrient limits phytoplankton growth, especially the
predominance of cyanobacteria. Phosphorus has been consid-
ered to be the primary nutrient limiting phytoplankton growth
in freshwater ecosystems and management efforts have focused
on controlling phosphorus loading (Dzialowski et al., 2005).
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Lake Chivero, which receives high loadings of nitrogen and

phosphorus (Nhapi, 2004), has a relatively low total nitrogen

to total phosphorus (TN:TP) ratio. This is attributed to the

low TN:TP ratio of sewage effluent (Robarts, 1981), which is

the main source of nutrients in the lake. The nutrient-loading

ratio of the sewage effluent in Lake Chivero is in the order of

1:2 TN:TP and has produced a system that is nitrogen-limited

(Robarts, 1981). It has been observed that nitrogen limitation

occurs more commonly than previously thought (Dzialowski

et al., 2005). Using bioassay cultures with Selenastrum capri-

cornutum, Robarts and Southall (1975; 1977) established that

nitrogen was potentially the primary growth-limiting nutrient
in Lake Chivero.

This study was conducted to determine how varying nitrate
loadings would influence phytoplankton species composition
and biomass in Lake Chivero. It is of management interest to be
able to maintain optimal TN:TP ratios that can support socially-
and ecologically-preferable chlorophytes, baccillariophytes
and cryptophytes rather than undesirable cyanobacteria. The
objectives of this study were:

* to determine the effect of increasing nitrate concentration
and the associated increase of TN:TP ratio on phytoplank-
ton species composition, biomass, succession, and domi-
nance patterns; and

* to determine species-specific differences in phytoplankton
responses to the changes of TN:TP ratio in microcosms and
compare these to changes in the lake.

Materials and methods
Microcosm experiments
Two in-situ microcosm experiments of 9 days duration

(Experiment 1: end of winter, August 2005 and Experiment
2: end of the rainy season, April 2006) were run in a small
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sheltered bay where the depth was about 3 m. There were 5
treatments each replicated 12 times. Water from the lake (sur-
face to 0.5 m) with natural populations of phytoplankton was
collected into five 25-litre plastic buckets. The first bucket was
used as a control with no treatment added. The other 4 buckets
were spiked with nitrate (NaNO,) at 4 different concentrations.
The ambient nitrate concentration was increased 1, 20, 50 and
100 times in treatments designated as INP, 20NP, SONP and
100NP respectively. The ambient phosphate (K,HPO,) con-
centration was maintained in each treatment. In the control, no
nutrient adjustments were made. The spiked water was thor-
oughly mixed with a stirrer. From each bucket a sample of 1 {
was collected for analysis of physical and chemical variables
and phytoplankton. The remaining water in each respective
treatment was then put in twelve 2-{ cylindrical polyethylene
bottles, making a total of 60 microcosms. The bottles were
filled to 1.5 €, closed at the top with caps and then suspended
on a floater in the lake and incubated for 10 days. The floater
enabled the bottles to be suspended in water which avoided
direct exposure to ambient solar radiation at the lake surface
thereby limiting the effect of photo-inhibition and possible
ultraviolet damage to phytoplankton. Photo-inhibition, how-
ever, could not be totally excluded because it is known to occur
in in-situ incubated bottles in shallow waters during warm
seasons (Goldman and Dennett, 1984). The natural zooplank-
ton community was included in all treatments.

Sampling and sample analysis

Nutrient concentrations in the microcosms were measured at
2-day intervals. Three replicate bottles from each series were
removed every other day for analysis. Sampling of surface
water in the lake was also carried out every other day. Nutrients
were measured by the methods described by Golterman, Clymo
and Ohnstad (1978) and chlorophyll a (ug-{") by the acetone
extraction method (Golterman et al., 1978).

After collection, phytoplankton samples were immediately
preserved in Lugol’s solution. Cell counts were made with
an inverted microscope according to Utermohl (1958) and
Cronberg (1982). Algae were enumerated until approximately
100 cells of the dominant species were recorded, giving a preci-
sion of £20% within a 95% confidence limit. The bio-volume
of each species was calculated from linear dimensions and
corresponding formulae (Rott, 1981), and used to estimate algal
biomass as wet weight.

Statistical analysis

Within each experiment, differences among treatments in
nutrient concentrations and phytoplankton biomass were tested
using Repeated Measures Analysis of Variance (RM-ANOVA)
for the 9 sampling days. For each experimental run a separate
RM-ANOVA was conducted using the program Statistica 7.

Results

The average water temperature in the lake was similar to that
in microcosms during the first experiment (F = 2.0; p > 0.05)
being 19.8°C and 23°C at the beginning and end of the experi-
ment, respectively. The average water temperature was signifi-
cantly different between the lake and microcosms during the
second experiment (F = 4.3; p < 0.05). The average temperature
in the lake was 21.6°C and 26.7°C at the beginning and end of
the experiment, respectively, while in microcosms the average
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Figure 1

Temporal variation (mean, n = 12) of TN:TP ratio in 6 treatments
during Experiments 1 (a) and 2 (b)

temperature was 22.4°C at the beginning and 28°C at the end of
the experiment.

After spiking, nitrate and total nitrogen concentrations in
treatments ranged as follows: NP100 > NP50 > NP20, while
the concentrations in the lake, control and NP1 were similar.
Nitrate concentration was significantly different between
NP100, NP50 and NP20 during either experiment (Experiment
1: F=107.6; p < 0.05; Experiment 2: F = 241.4; p < 0.05)
but was not significantly different between the lake, control
and NP1 during either experiment. Nitrate levels remained
high throughout the experimental period during both experi-
ments. Total nitrogen concentration was significantly different
between NP100, NP50 and NP20 during either experiment
(Experiment 1: F = 50.8; p < 0.05; Experiment 2: F = 1792.2;

p <0.05) but was not significantly different between the lake,
control and NP1 during either experiment.

During Experiment 1, orthophosphate was depleted
in all treatments by Day 9 whereas, although concentra-
tions decreased, orthosphosphate was not depleted during
Experiment 2. During Experiment 1, lake orthophosphate con-
centration ranged between 0.9 and 1.2 mg-{! while the average
concentration in microcosms at the beginning of the experi-
ment was 1.3 mg-{"!' and had declined to 0.01 mg-(!' by Day 9.
Lake orthophosphate concentration ranged between 2.8 and
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Figure 2
Chlorophyll a concentrations (ug-¢?) in different treatments
during the experimental periods
(a = Experiment 1, b = Experiment 2)

3.3 mg-0! during Experiment 2 while average concentrations
in microcosms were 4.08 mg-(!' and 2.5 mg-0"! at the beginning
and end of the experiment, respectively. There were significant
differences in temporal changes in orthophosphate concentra-
tions within treatments during both experiments (Experiment
1: F=4.6; p <0.05; Experiment 2: F =3.1; p <0.05). There
were no significant differences in temporal changes within
treatments for total phosphorus during Experiment 1 (F = 0.9;
p > 0.05), while during Experiment 2 differences in temporal
changes within treatments were significant (Fig. 1) (F = 12.5;
p <0.05). As with nitrate and total nitrogen the lake TN:TP
ratio was similar to the control and NP1 but significantly differ-
ent from other treatments (Fig. 1) (Experiment 1: F = 32.5;
p <0.05; Experiment 2: F = 214.6; p < 0.05).

Chlorophyll a concentration was similar in all treatments
at the beginning of both experiments. It declined with ris-
ing TN:TP on Days 3 and 5 (Fig. 2). During Experiment 1 the
concentrations at Day 5 were NP1 > NP20 > NP50 > NP100.
Chlorophyll a concentration also declined with rising TN:TP
during Experiment 2 where at Day 5 chlorophyll concentra-
tions were NP20 > NP1 > Control > 50 > NP100. Chlorophyll a
concentration was very variable in the lake during Experiment
1, fluctuating between 40.5 pg-0! and 71.9 pg-C'. During
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Figure 3

Temporal variation of total phytoplankton biomass in
6 treatments during the experimental periods
(a = Experiment 1, b = Experiment 2)

Experiment 2 the concentration was relatively stable, fluctuat-
ing between 4.7 ug-"'and 13.5 pg-C".

The variation in total algal biomass as the biological
response of the phytoplankton assemblage to nitrate addition
is shown in Fig. 3. Total algal biomass in the lake fluctuated
between 2.8 and 13.4 mg-0"! wet weight and between 1.6 and
15.8 mg-£!' wet weight during Experiment 1 and Experiment
2, respectively. An increase in algal biomass occurred in all
treatments. During Experiment 1 the highest biomasses were
attained at Day 7 in all treatments with a maximum of 24.2
mg-{" wet weight in NP20. The trend in total biomass increase
was generally similar in all treatments including the control.
Only the control and NP1 had significantly higher biomasses
than the lake while the rest had biomasses similar to those in
the lake (Fig. 3a). Total biomass in NP100 was significantly
lower than in the control and in NP1 (Fig. 3a).

During Experiment 2 highest biomasses were attained at
Day 5 in all treatments except NP100, where highest biomass
occurred at Day 7 (Fig. 3b). Only in NP50 and NP100 was total
biomass significantly (p < 0.05) higher than in the lake while in
the remaining treatments biomasses were similar to those in the
lake (Fig. 3b). The total biomass in NP100 was significantly
(p <0.05) higher than in NP1.
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Succession of dominant genera during Experiment 1 showing the mean
percentages of the 4 dominant species in each treatment in terms of biomass

During Experiment 1 the phytoplankton assemblage in the
lake over the 9-day period was dominated by Cryptomonas

which occurred with Pediastrum sp. and Scenedesmus sp. (Fig.

4). Addition of nitrate and consequent increase in TN:TP ratio
resulted in a shift to an assemblage dominated by Coelastrum
occurring with Scenedesmus and Pediastrum in all treatments
including the control (Fig. 4). By Day 9 Coelastrum sp. was
dominant in all treatments. Cryptomonas markedly declined
with increase in TN:TP ratio and totally disappeared at Day 7
and Day 5 in NP50 and NP100, respectively (Fig. 4). All the
treatments showed the same pattern and, regardless of the lack
of added nitrate in the control, a shift to dominance by chloro-
phytes also occurred. The conditions within the microcosms
favoured the development of chlorophytes (Scenedesmus,
Coelastrum and Pediastrum).
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A similar response was observed during Experiment 2
(Fig. 5). The lake and the inoculum in all treatments were
dominated by Cryptomonas and 2 species of diatoms,
Cyclotella and Aulacoseira (= Melosira), and to a lesser extent
chlorophytes (Pediastrum, Coelastrum, Scenedesmus) and
Microcystis. Cryptomonas markedly declined, especially in
NP20, NP50 and NP100 where by Day 3 it was negligible in
the culture. Cryptomonas also declined in the control and NP1
but remained in the culture up to Day 9. The diatoms Cyclotella
and Aulacoseira (= Melosira) also decreased and were very
low in all treatments by Day 9. Chlorophytes Coelastrum,
Pediastrum and Scenedesmus became dominant from Day 5
in all treatments, including the control. Favourable growth for
Pediastrum occurred in NP1 and NP20. Microcystis increased
only slightly in NP1.
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Succession of dominant genera during Experiment 2 showing the mean percentages
of the 4 dominant species in each treatment in terms of biomass
Discussion their experiment, high cell densities were maintained longer in

The environment in Lake Chivero during microcosm experi-
ments selectively favoured Cryptomonas sp. A species is
favoured when both absolute concentrations of nitrogen and
phosphorus and their ratio in the environment conforms to that
particular species’ requirements (Levich et al., 1993).

The patterns of temporal change exhibited by Cryptomonas
in all the treatments showed that its favourable TN:TP ratio
during the experiments ranged between 1 and10, in contrast
to previous findings. For example, Healy and Henzel (1980)
found an optimum TN:TP ratio of 39 for Cryptomonas erosa,
while Schollhorn and Granelli (1997) observed an increase of
Cryptomonas spp. in TN:TP ratios of 16, 40 and 100 during
the first half of their experiment and a decrease thereafter. In
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the TN:TP ratios of 40 and 100 than in 16, indicating that the
optimum ratio might be above 16. The patterns observed dur-
ing the experiments conversely showed that the species in Lake
Chivero tolerated a TN:TP ratio of up to 10.

Shift to a dominance by chlorophytes, mainly Scenedesmus
spp., has also been reported from enclosure experiments (Pick,
1989; Tilman et al., 1986). The genus Scenedesmus comprises
of fast-growing opportunistic species which, according to the
resource-competition theories, are favoured over larger phyto-
plankton under the conditions found in the microcosms because
they have a higher nutrient affinity resulting from their small
size and higher surface area to volume ratios (Raven, 1998).

The increase of Scenedesmus was most notable during
Experiment 2 in treatments NP50 and NP100. Levich and
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Bulgakov (1993) observed a replacement of all species by the
chlorophyte Scenedesmus quadricauda at a TN:TP ratio of 20.
High ratios (20-50) in nutrient media stimulated growth of
chlorophytes, but the favourable ratios were near 20 (Levich
etal., 1993). Levich et al. (1993) observed that although chlo-
rophytes remain dominant at higher ratios (50 and 100) their
biomass does not increase. In this study it was observed that
increasing the TN:TP ratio above 10 did not markedly increase
total biomass but favoured dominance by chlorophytes. After
enrichment chlorophytes benefited from Cryptomonas decrease
and become established in the microcosms. Cryptophytes are
strongly susceptible to zooplankton consumption, unlike chlo-
rophytes which are not particularly good quality food (Barone
and Naselli-Flores, 2003; Sterner, 1989), so the changes
observed in microcosms may be partly explained by depreda-
tion by zooplankton.

Influence of light needs to be established further, although
in the microcosms the light conditions of the phytoplankton are
better than those in the lake, where the phytoplankton species
are circulated in the light for a shorter period and remain down
in dim light for most of the day (Knapp et al., 2003; Olrik,
1994). Consequently, in the microcosms small fast-growing
diatoms and chlorophytes will dominate and the more shade-
adapted cryptophytes will decline, whereas in the lake the more
shade-adapted cryptophytes will dominate (Reynolds et al.,
2002; Reynolds, 1988; Reynolds, 1984).

During Experiment 2, the diatom Cyclotella sp. initially
responded fast to added nitrate and became the dominant
species, assuming 77% of the total biomass in all treatments
by Day 3, after which it declined. In contrast, Aulacoseira
granulata immediately declined upon nitrate addition. This
was most apparent in Treatments NP50 and NP100 where it had
disappeared in culture by Day 5. The decline of 4. granulata, a
functionally ruderal species (Reynolds et al., 2002), could have
also been due to negligible circulation in microcosms. Lagus et
al., (2004) reported fast growth response to nutrient enrichment
by centric diatoms in enclosure experiments, as exhibited by
Cyclotella. Its later decline could have been due to limitation
by availability of silica (Conley et al., 1993) or lack of mixing.
The initial high growth rate of Cyclotella indicates that silica
may not have limited phytoplankton growth. Cyclotella was
competitively superior to Aulacoseira under nitrate addition.
The favourable TN: TP ratio for diatoms lies between 5 and 20
(Levich et al., 1993), a condition that prevailed in Lake Chivero
during the study period (Mhlanga, 2007).

Tilman’s resource competition theory states that under
nutrient limitation in equilibrium conditions those spe-
cies that have either the lowest requirements for the limited
resources, or the highest ability to utilise it, will succeed in
competition (Tilman et al., 1982). Observations from these
experiments support this theory. Under nitrogen limitation,
smaller species with the greatest abilities to utilise nitrogen
over M. aeruginosa seem to now be competitively successful
in Lake Chivero (Mhlanga, 2007). The resource-ratio hypoth-
esis predicts that the relative abundances of coexisting spe-
cies depend on the ratio of the limiting resources, not on the
absolute concentrations (Tilman et al., 1982). Although both
nitrogen and phosphorus are high in Lake Chivero, their ratio
seems to have a marked influence on algal assemblage dynam-
ics. Cryptophytes seemed to have been superior competitors
at the prevailing TN:TP ratio, favouring a range of 1 to 10 in
particular, which should be their optimal resource ratio in Lake
Chivero. Increases in nitrate concentrations, as observed dur-
ing this experiment, would competitively exclude them, leading
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to dominance by chlorophytes favoured by elevated nitrate
concentrations. This is in accordance with the ideas of Tilman
(1982), who stated that superior competitors are expected to be
dominant at their optimal resource ratios and to be succeeded
by others with different optimal resource ratios, if the resource
ratios change in the environment.

It was not possible in either experiment to separate the
effect of nitrate-induced change from that of isolation, since
similar changes occurred in both the nitrate-added treat-
ments and the control. The effect of nitrate can be illustrated
by grouping the treatments into 3 groups: (i) lake (ii) control
+ NP1 + NP20 and (iii) NP50 + NP100. The pattern in the
lake was markedly different from group (ii) and (iii) since
Cryptomonas dominated throughout. In the second group
Cryptomonas occurred only in low concentrations until Day 9
while in the third group it declined drastically and was absent
in culture by Day 5. It can be inferred that at > 50 x nitrate
addition the decline was accelerated by nitrate addition while
below that the observed changes could be linked to isolation
only.

Increasing nitrate concentration for the phytoplankton
assemblage of Lake Chivero increased phytoplankton bio-
mass and chlorophyll a concentration. Chlorophyll analysis
is accepted as an indirect measure of phytoplankton biomass
(Voros and Padisak, 1991). Phytoplankton biomass and chloro-
phyll @ concentration are supposed to be correlated. Disparities
observed during this study have elsewhere been attributed
to variations in chlorophyll a content of the phytoplankton
assemblage and some external and internal factors (Voros
and Padisak, 1991). Light limitation for instance can result in
increased cellular chlorophyll a (Desortova, 1981; Hunter and
Laws, 1981). In Lake Chivero light is a major limiting factor
due to algal self-shading (Robarts, 1979), which could have
caused disparities but could also be attributed to uncounted
species (Talling, 1986; Kebede and Belay, 1994), mainly pico-
phytoplankton, as observed in Zeekoevlei by Harding (1996).
Aphanocapsa sp. and Pseudoanabaena mucicola were not
enumerated during this study and since, according to Padisak
and Dokulil (1994), they can constitute a significant portion of
total phytoplankton biomass their exclusion can underestimate
biomass. While chlorophyll a could be the most accurate meas-
urement for this study, both chlorophyll a concentration and
biomass estimates fall within the ranges previously reported for
Lake Chivero (Falconer, 1973; Thornton, 1980; Ndebele, 2003;
Annadotter et al., 2005).

Phosphorus concentration is high in Lake Chivero indi-
cating hyper-eutrophic conditions (Mhlanga et al., 2006b).
Nitrogen limitation of phytoplankton growth is known to
occur when phosphorus concentrations are high (Dzialowski
et al., 2005). However increase in total biomass in the control
indicates that, other than nitrate addition, isolation and, most
likely, differences in lake and microcosm temperature during
Experiment 2 also enhanced biomass accumulation, or that
ambient nutrient concentration in the confined assemblage
was adequate to induce change, particularly as nutrients and
physical conditions in lake, control and NP1 were similar. The
phytoplankton assemblage was N-limited up to the period
between Day 5 and 7. After attaining maximum biomass
other factors became limiting. The most likely limiting factor
then could have been light. Phosphorus could have also been
limiting because further additions of nitrate above 20 x for
Experiment 1 were not accompanied by an increase in biomass.
However, for Experiment 2, only additions of nitrate above
50 x (treatments NP50 and N100) enhanced biomass to levels

http://dx.doi.org/10.4314/wsa.v38i4.16

Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 38 No. 4 July 2012
ISSN 1816-7950 (On-line) = Water SA Vol. 38 No. 4 July 2012


http://dx.doi.org/10.4314/wsa.v37i4.18

significantly higher than those in the lake. Phosphorus became
limiting at different levels of nitrate addition probably due to
differences in ambient nitrogen concentrations during the two
experimental periods.

Microcystis aeruginosa, a dominant species in Lake
Chivero (Munro, 1966; Marshall, 1997), did not assume
dominance either in August 2005 or April 2006, most prob-
ably because Cryptomonas dominated the lake phytoplankton
assemblage. Microcystis was not observed in August 2005
but occurred at very low levels in April 2006. Dominance
of Microcystis, even though the nutrient levels were high in
microcosms, could have been limited by the small quantity
of ‘seed’ in the inoculum. This study showed that it may be
possible to manage the composition of phytoplankton in Lake
Chivero by varying nitrate concentrations and nutrient ratios
in order to optimise the dominance of cryptophytes, bacil-
lariophytes and chlorophytes and to decrease cyanobacteria.
However, other physical factors like turbulence also have a
marked effect on species dominance. Maintaining a cryp-
tomonad, diatom or chlorophyte dominance would lead to a
socially and ecologically acceptable lake provided that this is
not precluded by selective grazing impacts of zooplankton —
a factor neither controlled nor examined in this study.
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