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Introduction

Lake Victoria, Lake Tanganyika, and Lake Malawi/Nyasa 
(hereafter referred to as Malawi) are the 3 largest lakes in Af-
rica. These Great Lakes are threatened by expanding human 
populations, resulting in increased nutrient runoff due to land 
clearing and subsequent erosion (BOOTSMA & HECKY 1993). 
The consequences of increased nutrient loading to the lakes 
will depend partly on which nutrient(s) limit the phytoplank-
ton, and the extent of the nutrient limitation.

Oligotrophic Lake Malawi is permanently stratified but 
mixes annually to 200 m, resulting in a permanently anoxic 
hypolimnion with high nutrient concentrations (BOOTSMA & 
HECKY 1993). Denitrification at the oxycline is thought to cause 
extremely low nitrate (NO3

–) and low total nitrogen (N) con-
centrations in the epilimnion (HECKY et al. 1996). As a result, 
Lake Malawi has been described as N-limited (HECKY et al. 
1996, GUILDFORD et al. 2007). Recently, there has been physio-
logical evidence for co-deficiency of N and phosphorus (P) in 
the epilimnion (GUILDFORD et al. 2000), and nutrient enrich-
ment experiments have shown that iron (Fe) may be a poten-
tially limiting nutrient in Lake Malawi because it stimulated N 
uptake (GUILDFORD et al. 2003).

Lake Tanganyika is also oligotrophic and meromictic with 
anoxia occurring below 150  m depth, resulting in high concen-
trations of hypolimnetic nutrients and high denitrification 
rates. As a result, Lake Tanganyika is most likely to be N lim-
ited (EDMOND et al. 1993), although N and P colimitation has 
also been suggested (JÄRVINEN et al. 1999).

The nearshore of eutrophic Lake Victoria is dominated by 
N2-fixing cyanobacteria (KLING et al. 2001) to the point that 
they are self-shading and thus light limited (MUGIDDE et al. 
2003). Increased light levels in nutrient enrichment experi-
ments resulted in N deficiency (GUILDFORD et al. 2003), which 
others have also concluded is the most limiting nutrient in Lake 
Victoria (LEHMAN & BRANSTRATOR 1993).

Nitrogen and P colimitation (sensu ARRIGO 2005) has been 
found in several freshwater lakes (ELSER et al. 1990). Iron limi-
tation of phytoplankton growth rates in vast oceanic regions 
characterized by high nutrient concentrations yet low chloro-

phyll concentrations is well documented (TSUDA et al. 2003). 
Recently, investigators have seen a response to Fe in freshwater 
African (GUILDFORD et al. 2003) and North American Great 
Lakes (TWISS et al. 2000, NORTH et al. 2007). Iron is typically 
not directly limiting to biomass, yet NO3

– assimilation has high 
Fe and energy requirements; thus, ammonium (NH4

+) is usu-
ally the preferred inorganic N source. Where NH4

+ is scarce, 
phytoplankton NO3

- metabolism, and thus growth rates, may 
be reduced by low bioavailable concentrations of Fe (MALDO-
NADO & PRICE 1996). MILLS et al. (2004) suggested that Fe and 
P colimit N2-fixation in the N-limited eastern tropical North 
Atlantic. NORTH et al. (2007) provided evidence for P, N, and Fe 
colimitation in Lake Erie where the addition of Fe with P re-
lieved Fe and P limitation and allowed NO3

– assimilation, 
thereby alleviating N limitation as well.

The objective of this study was to determine the limiting 
nutrient(s) to the phytoplankton communities of the African 
Great Lakes Malawi, Tanganyika, and Victoria in both the 
nearshore and offshore regions by measuring the physiological 
status of phytoplankton communities with respect to Fe.
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Lake Victoria, nitrogen, phosphorus

Materials and methods

Lake Malawi was sampled at 6 nearshore (2–24 m) and 2 off-
shore (150–180 m) stations in 2001 and 2002. Lake Tanganyika 
was only sampled in 2004 at one nearshore (12 m) and 2 off-
shore (300–1100 m) stations. Lake Victoria was sampled at 7 
nearshore (8–26 m) and one offshore (60 m) station in 2001, 
2002, and 2004. All 3 lakes were sampled during the thermally 
stratified season (September-December). The vertical attenua-
tion coefficient (Kd; m–1) for photosynthetically active radia-
tion (PAR) was determined from the linear regression of the 
natural logarithm of irradiance versus depth. The mixing depth 
(Zmix; m) and mean water column light intensity as a percent-
age of surface irradiance were calculated according to GUILD-
FORD et al. (2000). Epilimnetic water was collected using either 
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a Niskin bottle or a hand pump with tubing, using trace metal 
clean techniques. All subsampling occurred in a HEPA lami-
nar flow hood under trace metal clean conditions.

Phosphorus and N limitation were determined by particu-
late C:P, N:P, and C:N ratios, P and NH4

+ debt assays (Table 1; 
HEALEY & HENDZEL 1979b), alkaline phosphatase activity 
(APA; HEALEY & HENDZEL 1979a) and a NO3

– debt assay. APA 
was measured according to the methods of HEALEY & HENDZEL 
(1979a), with the exception that only total activity was report-
ed. The NO3

– debt assay follows the same methodology as P 
and NH4

+ debt assays (HEALEY & HENDZEL 1979b), except that 
NaNO3 was added.

The photosynthetic efficiency of photosystem II can be de-
termined by measuring the ratio of variable fluorescence to 
maximum fluorescence (Fv/Fm). This technique allows assess-
ment of the physiological status of the phytoplankton and can 
be used as an indicator of Fe stress (BEHRENFELD et al. 1996), N 
limitation (BERGES et al. 1996), and P limitation (SHELLY et al. 
2005). Fv/Fm was measured using a fluorometer (Turner 10-
AU) by applying 3-(3,4-dichlorophenyl)-1,1-dimethylurea, a 
metabolic inhibitor of photosystem II, following the method of 
NEALE et al. (1989). Photosynthetic efficiency experiments us-
ing measurements of Fv/Fm followed the addition of nutrients 
(NH4

+, NO3
–, P and Fe) and were used as an index of nutrient 

deficiency (BEARDALL et al. 2001).

Results

The nearshore of Lake Malawi was colimited by P and N. Rela-
tive to the offshore, the light climate was better, and there were 
higher concentrations of nutrients and chlorophyll a. The P 
debt, APA, C:P, and C:N ratios indicated moderate P and N 
limitation. The nearshore NO3

– debt was significantly lower 
than offshore, corresponding to the high observed total dis-
solved (<0.2  mm) Fe (TDFe) concentrations (Table 2). The 
offshore region of Lake Malawi was colimited by N, P, and Fe. 
It was not as P deficient as the nearshore and was more N defi-
cient. The significantly higher NO3

– debt corresponded with 
the low TDFe concentrations (Table 2). Examination of one 
sample showed that 45.7% of the offshore phytoplankton were 

cyanophytes with 4000 heterocysts L–1. The presence of het-
erocysts indicates that N2 -fixation was occurring to alleviate 
the N deficiency.

The nearshore of Lake Tanganyika was colimited by N and 
P. The nearshore and the offshore were similar, both with good 
light climate and low nutrient concentrations, although higher 
chlorophyll a concentrations were found in the nearshore. The 
APA, C:P, and C:N ratios indicated moderate P and N defi-
ciency in the nearshore. The nearshore NO3

– debt was lower, 
and the TDFe concentrations were slightly higher than the off-
shore (Table 2). Photosynthetic efficiency (Fv/Fm) was corre-
lated with TDFe concentrations for all 3 lakes (R2 = 0.892, p = 
0.000), suggesting an important influence of Fe availability. In 
the nearshore of Lake Tanganyika the photosynthetic efficien-
cy was close to the theoretical limit of 0.65 (Table 2). Fv/Fm did 
not respond to nutrient additions (data not shown). The off-
shore of Lake Tanganyika was colimited by P, N, and Fe. The 
C:N ratios indicated moderate N limitation, and all P limitation 
indicators were higher than nearshore (Table 2). Examination 
of 3 samples of offshore phytoplankton showed that only 25.1% 
were cyanophytes with 9400 heterocysts L–1, which indicate 
N2-fixation was occurring. Evidence of Fe limitation included 
lower TDFe and particulate Fe concentrations and lower photo-
synthetic efficiency relative to the nearshore (Table 2). Nitro-
gen, P, and Fe additions increased the Fv/Fm from the initial 
measure by 8.5%, with Fe alone resulting in a smaller stimula-
tion (Fig.  1). Nitrogen and P alone had no significant effect, 
consistent with Fe, N, and P colimitation.

The nearshore of Lake Victoria was limited by N only. It had 
a poor light climate with a significantly higher Kd and a sig-
nificantly smaller Secchi depth than the offshore. It had lower 
nutrient concentrations and significantly higher chlorophyll a 
concentrations than the offshore station. The C:N ratios indi-
cated moderate N limitation, and no evidence of P limitation 
was found (Table 2). The NO3

– debt was low in both the near-
shore and the offshore (Table 2), and examination of 2 samples 
of the nearshore phytoplankton found that 86.6% of the phyto-
plankton were cyanophytes with 6 700 000 heterocysts L–1; the 
highest value in all 3 lakes. There was no evidence of Fe limita-
tion in the nearshore due to the higher TDFe concentrations, 
higher particulate Fe concentrations, and similarly high Fv/Fm 
observed at nearshore stations relative to the offshore stations 

Table 1. Nutrient limitation indicators. Values shown are indicative of presence or absence or degree of nutrient limitation for 
indicators used in this study. Criteria for nutrient limitation are based on HEALEY & HENDZEL (1979b) and adapted from GUILDFORD 
et al. (2007). * Criteria for APA are based on particulate activity (total – dissolved).

Indicator Nutrient No limitation Moderate 
limitation

Extreme 
limitation

Limited

C:Chl a (µmol C µg chl a–1) N or P <4.2 4.2–8.3 >8.3
N:P (atomic ratio) P <22 >22
C:P (atomic ratio) P <129 129–258 >258
P debt (µmol P µg chl a–1) P <0.075 >0.075
APA* (µmol P µg chl a–1 h–1) P <0.003 0.003–0.005 >0.005
C:N (atomic ratio) N <8.3 8.3–14.6 >14.6
N debt (µmol NH4

+ µg chla–1) N <0.15 >0.15
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Table 2. Means and standard error in parentheses for measurements made at nearshore and offshore stations in Lakes Malawi, 
Tanganyika and Victoria from 2001–2004. NA = not available; BD = below detection (NH4

+ detection limit (DL) = 0.2 µmol L–1, 
NO3

– DL = 0.36 µmol L–1, SRP DL = 0.01 µmol L–1); Bolded values indicate P or N limitation according to the nutrient limitation 
indicators (Table 1). Results of ANOVA between nearshore and offshore indicated by * for significant differences at p < 0.05.

Parameter Malawi Tanganyika Victoria
NS OS NS OS NS OS
(n = 11) (n = 3) (n = 1) (n = 8) (n = 12) (n = 2)

Zmax (m) 9* 157* 12 875 13* 60*
(2) (7) (149) (2) (0)

Zmix (m) 3* 28* NA 17 11* 39*
(1) (5) (4) (2) (21)

Kd (m–1) 0.38 0.11 0.21 0.17 1.42* 0.47*
(0.08) (0.01) (0.01) (0.08) (0.01)

pH 8.01 8.18 8.79 8.72 8.85* 8.42* 
(0.09) (0.06) (0.08) (0.10)

Secchi (m) 6.8* 17.7* 7.3 9.8 0.91* 3.3*
(1.4) (1.5) (0.4) (0.05) (0.4)

Mean PAR (%) 58 33 NA 35 10 8
(17) (6) (7) (4) (4)

TDFe (nmol L–1) 77.1 3.9 7.7 4.4 117.4 3.3
(30.4) (1.0) (25.3)  (0.8)

Particulate Fe (nmol L–1) NA NA 34.5 14.3 112.0 15.8
(5.4) (29) (12.4)

Particulate P (µmol L–1) 0.23 0.14 0.11 0.07 1.32* 0.32*
(0.07) (0.04) (0.01) (0.18) (0.02)

SRP (µmol L–1) 0.33 
(0.11)

0.12 
(0.01)

BD 0.04 
(0.03)

0.18* 
(0.04)

1.65* 
(0.10)

Particulate N (µmol L–1) 2.6 1.4 2.0 1.7 21.6 5.6
(0.3) (0.1) (0.4) (5.0) (3.1)

NO3
– (µmol L–1) 1.37 BD BD 6.18 1.40 BD

(0.91) (3.20) (0.58)
NH4

+ (µmol L–1) 2.70 0.25 BD BD BD BD
(1.77) (0.09)

Chl a (µg L–1) 1.19 0.50 2.42 1.48 52.90* 10.42* 
(0.35) (0.01) (0.21) (3.06) (0.69)

Particulate C (µmol L–1) 24.36 14.63 23 20 148.07 52.24
(3.58) (1.85) (4) (30.86) (22.94)

C:Chl a (µmolC µg chl a–1) 41.3 29.4 9.4 14.0 2.8 4.9
(12.2) (3.8) (1.9) (0.6) (1.9)

N:P (atomic ratio) 12.4 12.0 17.6 28.9 13.5 17.1
(0.8) (3.5) (10.3) (2.6) (8.9)

C:P (atomic ratio) 134 127 201 330 97 161
(15) (38) (92) (14) (63)

APA (µmolP µg chla–1 h–1) 0.058 0.024 0.022 0.107 0.002* 0.010* 
(0.026) (0.041) (0.000) (0.001)

P Debt (µmol P µg chl a–1) 0.25 0.43 0.05 0.58 0.02 0.01
(0.10) (0.09) (0.46) (0.01) (0.01)

C:N (atomic ratio) 9.4 10.4 11.4 13.7 8.4 10.4
(0.5) (0.4)  (1.5) (1.1) (1.7)

NH4 Debt (µmol NH4
+ µg chl a–1) 0.00 0.62 0.04 0.12 0.04 0.04

(0.00) (0.62) (0.04) (0.02) (0.04)
NO3 Debt (µmol NO3

– µg chl a–1) 0.42* 5.31* 2.26 2.79 0.03 0.00
(0.21) (1.38) (0.01) (0.00)

Fv/Fm NA NA 0.53 0.46 0.56 0.57
(0.02) (0.06) (0.05)
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(Table 2). Fv/Fm increased for every combination of nutrients 
added, with no significant differences between additions (data 
not shown). We concluded that the offshore of Lake Victoria 
was colimited by N, P, and Fe. The C:N ratios indicated moder-
ate N limitation and stronger P limitation than the nearshore, 
according to C:P ratios, and a significantly higher APA, al-
though the soluble reactive phosphorus (SRP) concentrations 
in the offshore were significantly higher (Table 2). A sample of 
the offshore phytoplankton showed that 93.1% of the phyto-
plankton were cyanophytes with 96 000 heterocysts L–1, fur-
ther evidence for N limitation in the offshore region. Evidence 
of Fe limitation included lower TDFe and particulate Fe con-
centrations than the nearshore (Table 2). Nitrogen, P, and Fe 
colimitation was reflected in the response of Fv/Fm to nutrient 

Fig.  1. Box plots with median and interquartile range for pho-
tosynthetic efficiency experiments showing percent change in 
Fv/Fm from initial values. A = Offshore Lake Tanganyika (n = 
5), B = Offshore Lake Victoria (n = 2).

(µ
g
L-
1 )

Fig.  2. Relationship of phytoplankton biomass proxies to total 
dissolved iron (TDFe). Chlorophyll a-TDFe, cyanophytes-TD-
Fe and heterocysts-TDFe relationships (log10-transformed data) 
for the nearshore and offshore of Lakes Malawi, Tanganyika 
and Victoria.
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additions (Fig.  1). The Fv/Fm response was positive for the addi-
tion of NH4

+ and negative for the addition of NO3
–, further sug-

gesting an Fe interaction (Fig.  1).
Chlorophyll a concentrations, cyanophyte biomass, and 

number of heterocyst cells L–1 increased significantly with 
TDFe across all sites (Fig.  2). Chlorophyll a concentrations 
were not significantly correlated with SRP (n = 19, R2 = 0.050, 
p = 0.359) or NH4

+ (n = 13, R2 = 0.167, p = 0.166). However, 
chlorophyll a concentrations were significantly negatively cor-
related with NO3

– concentrations (n = 8, R2 = 0.707, p = 0.009), 
suggesting Fe limitation of NO3

– assimilation.

Discussion

Differences in phytoplankton biomass, composition, and 
nutrient limitation were found between and within the 
African Great Lakes Malawi, Tanganyika, and Victoria. 
In the offshore of Lake Malawi, our nutrient limitation 
indicators agreed with GUILDFORD et al. (2007), and sup-
port for colimitation by N, P, and Fe was provided by 
GUILDFORD et al. (2003). GONDWE et al. (2007) showed that 
rates of N2-fixation in Lake Malawi were generally higher 
nearshore than offshore. The results of this study suggest 
that higher Fe bioavailability in the nearshore contributes 
to these high N2-fixation rates. Our conclusion of P and N 
colimitation in Lake Tanganyika is supported by JÄRVIN-
EN et al. (1999), who examined the nutrient limitation of 
phytoplankton in the offshore. The results of nutrient 
enrichment experiments conducted in both the nearshore 
and offshore of Lake Victoria support our conclusions 
that the nearshore is primarily limited by N, while the 
offshore exhibits signs of N, P, and Fe colimitation. In 
offshore Lake Victoria, LEHMAN & BRANSTRATOR (1993) 
reported that the addition of N alone or in combination 
with P and sulfur in enrichment experiments increased 
algal biomass relative to control treatments. They also 
concluded that N was the most limiting nutrient to the 
phytoplankton in the nearshore. GUILDFORD et al. (2003) 
reported more N limitation nearshore and more P limita-
tion offshore. They also found evidence for Fe limitation 
as Fe additions stimulated N uptake and N2-fixation in 
both the nearshore and offshore of Lake Victoria. Our 
offshore Lake Victoria photosynthetic efficiency experi-
ments showed that the addition of NO3

– caused the phyto-
plankton to become Fe limited, as shown by the decrease 
in photosynthetic efficiency. Evidence of high N2-fixa-
tion in the nearshore was provided by MUGIDDE et al. 
(2003) who found that rates of annual areal N2-fixation 
were twice as high inshore as offshore. Rates of N2-fixa-
tion observed in Lake Victoria were ~50 and 38 times 
higher inshore and offshore respectively than those in 
Lake Malawi (GONDWE et al. 2007).

Our data show that Fe limitation only occurs in the 
offshore. This is consistent with greater Fe availability to 
the nearshore area due to proximity to terrestrial nutrient 
sources (fluvial inputs, erosion, vertical mixing of the 
water column contiguous with bottom sediments). An Fe 
limitation continuum seems to exist that ranges from Fe 
limited to no detectable Fe limitation from the offshore of 
Lakes Malawi and Tanganyika, followed by nearshore 
Tanganyika, offshore Victoria, and nearshore Victoria. 
Low TDFe leads to low biomass, but high TDFe enables 
high concentrations, implying a limiting role for Fe. 
Given that TDFe is a better predictor of algal biomass 
than SRP or NH4

+ (data not shown), the strong correla-
tion between Fe and chlorophyll a illustrates the key nu-
tritive role of Fe in these lakes (Fig.  2). However, this re-
lationship should be interpreted with caution because the 
relationships between chlorophyll a and P and N total dis-
solved forms (TDP, TDN) were not tested. The signifi-
cant negative relationship between chlorophyll a and 
NO3

– (data not shown) is supportive of our conclusion 
regarding the importance of Fe to phytoplankton for the 
uptake of NO3

– under conditions of N limitation. Domi-
nance of cyanophytes in aquatic systems is undesirable 
because they are a poor nutritive food source to zoo-
plankton, and some are potentially toxigenic. Due to the 
strong dependence of N2-fixing cyanobacteria on Fe, the 
correlation between the two parameters is expected 
(Fig.  2). Although this relationship is well understood in 
the oceans (MILLS et al. 2004), it is currently understud-
ied in freshwaters.

We predict that continuing environmental degradation 
in the African Lakes catchment areas will result in in-
creased P and Fe loading to the lakes, creating a higher N 
demand that will result in a continued shift in the species 
composition to more N2-fixing filamentous cyanobacte-
ria, an inferior food source to higher trophic levels.
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