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Introduction

Since the early 1980’s, heterotrophic bacteria, au-
totrophic picoplankton (< 2 µm), heterotrophic nano-
fl agellates (2 to 20 µm) and ciliates, together forming 
the microbial food web, are recognised as important 
components of aquatic ecosystems, especially in oli-
gotrophic environments. The microbial food web is 
considered to play an important role in nutrient lim-
ited conditions for two main reasons. First, under nu-
trient limitation, a large part of the primary production 
is exuded by phytoplankton in the form of dissolved 
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Abstract: This study aims to evaluate the seasonal and interannual variability in the importance of the microbial 
food web in Lake Tanganyika. Phytoplankton, bacteria and protozoa (heterotrophic nanofl agellates and ciliates) 
were monitored at two contrasting pelagic sites (Kigoma and Mpulungu) during 3 consecutive years. In addition, 
spatial variation was studied along 3 north-south transects during contrasting seasons. The study period covered a 
wide range of limnological conditions, with mixing depth ranging from 13 to >100 m and euphotic depth from 14 to 
65 m. The consistently high bacterial biomass (up to 62 µg C l–1) and the high contribution of small phytoplankton 
(< 5 µm) to the total phytoplankton biomass (on average 50 % in Kigoma and 84 % in Mpulungu) point to an impor-
tant role of the microbial food web in the lake throughout the year. Total phytoplankton biomass increased during 
periods of low water column stability, with an increased biomass of small eukaryotic phytoplankton (2 to 5 µm) at 
both stations, together with autotrophic prokaryotic picoplankton at the southern station Mpulungu and diatoms at 
the northern station Kigoma. Heterotrophic bacteria, heterotrophic nanofl agellates (0.06 to 11.01 µg C l–1) and cili-
ates (up to 8.16 µg C l–1) did not show this seasonality. The main seasonal and spatial variability in the importance 
of the microbial food web seems therefore primarily linked to the contribution of small phytoplankton, which may 
be better adapted to lower average light intensities and higher N:P ratios during periods of deep mixing. 
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organic matter and is processed by heterotrophic bac-
teria (Dubinsky & Berman-Frank 2001). Secondly, 
autotrophic picoplankton tends to have a higher con-
tribution to phytoplankton biomass in oligotrophic 
ecosystems (Weisse 1991, Bergeron & Vincent 1997, 
Schallenberg & Burns 2001, Jasser 2002, Samuelsson 
et al. 2002) and forms an important food source for 
heterotrophic fl agellates and ciliates. Increased nutri-
ent inputs into an ecosystem generally result in a re-
duced importance of the microbial food web (Weisse 
1991, Lacroix et al. 1999). 
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Lake Tanganyika is a large oligotrophic, meromic-
tic lake situated in the East African rift valley. Until 
recently however, little was known about the role of 
the microbial food web in the lake. Internal mixing 
during the annually recurring limnological cycle (Plis-
nier et al. 1999) is considered to be the main source 
of inorganic nutrients to the epilimnion of the lake. 
During the dry season, south-eastern monsoon winds 
move warm surface water to the north of the lake, re-
sulting in upwelling of deeper nutrient richer water in 
the south of the lake. These monsoon winds initiate 
an oscillation of the thermocline, which results in its 
erosion throughout the lake (Coulter & Spigel 1991, 
Naithani et al. 2003). Water column stability is maxi-
mal and nutrient inputs to the epilimnion are expected 
to be minimal at the end of the rainy season (Plisnier 
et al. 1999). 

Due to this variability in mixing regime and nu-
trient input, changes in the contribution of the mi-
crobial food web can be expected. At present, only 
a limited amount of data is available to test this hy-
pothesis. Hecky & Kling (1981) presented the fi rst 
detailed study on spatial-temporal dynamics (Feb. to 
Nov. 1975) of nano- and microphytoplankton (2 to 
20 µm and 20 to 200 µm, respectively), ciliates and 
heterotrophic bacteria in the northern basin of the 
lake. These authors reported the occurrence of diatoms 
during periods of intense mixing and of fi lamentous 
cyanobacteria during periods of rapid surface warm-
ing after the dry season mixing. They also reported a 
ciliate community dominated by taxa belonging to the 
order Oligotrichida, which were prominently present 
during the stratifi ed rainy season, and heterotrophic 
bacterial densities between 1.5 × 105 to 1.5 × 106 cells 
ml–1 during the whole study period. In a recent phyto-
plankton study, Cocquyt & Vyverman (2005) detected 
peaks in the biomass of diatoms during the dry-mixing 
season and observed a shift from a cyanobacteria-
chrysophyte-chlorophyte community in 1975 (Hecky 
& Kling 1981) to a cyanobacteria-chlorophyte-diatom 
community in 2002 near Kigoma in the northern ba-
sin. The almost complete absence of cryptophytes and 
chrysophytes in the phytoplankton in the northern ba-
sin had already been observed by Verburg et al. (2003) 
based upon a number of sampling events during the 
dry-mixing season of 2000 and 2001. 

These studies did, however, not include the small-
est fraction of the phytoplankton, viz. the picophyto-
plankton (< 2 µm). Vuorio et al. (2003) reported high 
densities of autotrophic picoplankton (104 to 6 × 105 
cells ml–1) during research cruises in March 1998, but 
attributed only a low biomass to this phytoplankton 

group. Descy et al. (2005) studied the phytoplankton 
community using HPLC pigment analysis and found 
an overall important contribution of Synechococcus-
type cyanobacteria (which likely corresponds to the pi-
coplankton size fraction) to total chlorophyll-a (Chl-a) 
of around 31 % at the northern station Kigoma and 
56 % at the southern station Mpulungu. They further 
observed a dominance of chlorophytes at the northern 
station and of the Synechococcus-type cyanobacteria in 
the south of the lake. Pirlot et al. (2005, 2006) reported 
the fi rst data on heterotrophic nanofl agellates (HNF) 
from two sampling events during the rainy-stratifi ed 
and dry-mixing season of 2002 at the same study sites. 
Their study indicated relatively high densities of HNF 
(0.3 to 1.83 × 106 cells l–1), bacteria (2.28 to 5.30 × 106 
cells ml–1) and ciliates (up to 3.25 × 103 cells l–1). In 
a more recent study, Pirlot (2006) confi rmed the high 
overall heterotrophic biomass (heterotrophic bacteria, 
HNF and ciliates) during 6 sampling campaigns be-
tween 2002 and 2004. 

The aim of the present study is to provide detailed 
information on the seasonal and spatial dynamics of 
the microbial communities in Lake Tanganyika and 
their importance in the pelagic food web. As Lake 
Tanganyika is an oligotrophic lake, we expected that 
the microbial food web contributes signifi cantly to 
the particulate carbon pools. We specifi cally wanted 
to test whether the importance of the microbial food 
web decreases during periods of more intense mixing. 
Increased nutrient supply during these periods could 
favor the growth of larger phytoplankton organisms, 
which can directly be consumed by copepod grazers.

Material and methods

Study site

Lake Tanganyika is situated in East Africa and is bordered by 
Burundi, Tanzania, Zambia and the Democratic Republic of 
Congo. The lake measures roughly 650 by 50 km and has a max-
imum depth of 1470 m (Coulter 1991). Two pelagic sampling 
stations, Kigoma (04º51.26’S, 29º35.54’E, maximum depth: 
250 m; Tanzania) and Mpulungu (08º43.98’S, 31º02.43’E, 
maximum depth: 120 m; Zambia), respectively, in the northern 
and the southern basin of the lake were simultaneously sam-
pled fortnightly from February 2002 up to August 2004 (Fig. 
1). These stations are accessible from the respective research 
centres of TAFIRI (Tanzanian Fisheries Research Institute) and 
DOF (Department of Fisheries) and are identical to the stations 
sampled during the FAO/FINNIDA LTR (Lake Tanganyika Re-
search) project from 1992 to 1997 (Mölsä et al. 1999a). Addi-
tional samplings along a north-south transect (station TK1-11) 
were performed during the dry-mixing season of 2002 (July 10 
to 16) and 2003 (July 7 to 13) and the rainy-stratifi ed season of 
2004 (January 30 to February 5). 
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Sampling

On each sampling occasion, conductivity, temperature, pH and 
oxygen depth profi les were recorded using a CTD (Seabird 
SBE-19 in Kigoma and Hydrolab Datasonde 4A in Mpulungu) 
to a depth of about 100 m. Water transparency was determined 

routinely using Secchi disc depth measurements. The light 
extinction coeffi cient (k expressed in m–1) was determined by 
measuring the irradiance using LICOR quantum sensors. Fort-
nightly sampling started at 9 am at both stations. Water samples 
were collected using Hydrobios (5 l) or Go-Flo (up to 12 l) sam-
pling bottles from a depth of 20 m. This depth was mainly cho-
sen to reduce the number of samples and is always situated in 
the epilimnion. It generally corresponds to the depth where pri-
mary production is maximal (Sarvala et al. 1999) and photoin-
hibition is not experienced (Lindqvist et al. 1999). Subsamples 
for nutrient analysis, the preparation of epifl uoresence slides 
and the enumeration of larger phytoplankton (≥ 5 µm) were 
collected in separate containers. The samples for the enumera-
tion of planktonic organisms were immediately fi xed using the 
lugol-formaldehyde-thiosulphate method, which ensures both 
a good preservation of autofl uorescence and keeps fl agellates 
and ciliates more intact than aldehyde fi xation alone (Sherr & 
Sherr 1993). 

Laboratory procedures

Water for analysis of dissolved nutrients was pre-fi ltered over a 
Macherey-Nägel GF-5 fi lter (nominal pore size 0.7 µm) on the 
sampling day. Nutrient analysis was performed within 24 h af-
ter sampling. Nitrate (NO3-N), nitrite (NO2-N) and silicon (Si) 
concentrations were determined spectrophotometrically using 
commercially available standard test reagent kits (Macherey-
Nägel) with detection limits of respectively 0.1, 0.005 and 
0.01 mg l–1. Soluble reactive phosphorus (SRP; PO4-P) and am-
monium (NH4-N) were measured according to standard meth-
ods (Greenberg et al. 1992). 

Slides for epifl uorescence microscopy were prepared on the 
day of sampling. A 10 ml subsample was stained with DAPI 
(4’,6’-diamidino-2-phenylindole; Porter & Feig 1980) and fi l-
tered onto a 0.2-µm pore size membrane fi lter (Nucleopore) 
for the enumeration of bacteria. A 100 ml subsample was fi l-
tered onto a 0.8-µm pore size membrane fi lter (Nucleopore) 
and stained with DAPI for the enumeration of phytoplankton 
< 5 µm (autotrophic picoplankton and phytoplankton 2–5 µm) 
and heterotrophic nanofl agellates (HNF). Slides were stored in 
a freezer at –20 ºC and kept in a cool box during transport to 
Belgium. Samples for enumeration of phytoplankton ≥ 5 µm 
and ciliates (1 l) were concentrated by sedimentation (48 h) and 
kept in the dark during storage and transport.

All phytoplankton enumerations were performed in the lab 
in Belgium. Phytoplankton < 5 µm was enumerated on a 0.8-µm 
fi lter (due to the use of this fi lter size the smallest autotrophic 
picoplankton representatives may have been overlooked) us-
ing violet-blue illumination (395–440 nm excitation fi lter and 
470 nm emission fi lter) in a Zeiss Axioplan microscope. At 
least 400 autotrophic picoplankton cells and 100 small (2 to 
5 µm) phytoplankton cells were counted. As the autotrophic 
picoplankton was exclusively composed of prokaryotic cyano-
bacteria, they could be distinguished from the predominantly 
eukaryotic 2 to 5 µm phytoplankton by switching to green light 
(510–560 nm excitation fi lter and 590 nm emission fi lter for 
excitation of picocyanins and type II phycoerythrin; MacIsaac 
& Stockner 1993). Colonial cells were not counted in order to 
avoid overlap with the inverse microscopy counts. 

Phytoplankton cells and colonies ≥ 5 µm were counted ac-
cording to the Uthermöhl method (Uthermöhl 1931) and identi-
fi ed up to the highest feasible taxonomic level using a Zeiss 
Axiovert 135 inverted microscope. More details can be found 
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Fig. 1. Map of Lake Tanganyika with indication of the sam-
pling sites. Open circles indicate the sampling sites (Kigoma 
and Mpulungu) during the seasonal monitoring (Feb. 2002 to 
Aug. 2004). Filled circles indicate the sites sampled during 
three north-south transects (Jul. 2002, Jul. 2003, Feb. 2004).
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in Cocquyt & Vyverman (2005). For Mpulungu, the samples 
from 2004 were not included in the study due to loss during 
transport. Phytoplankton biomass was estimated from cell bio-
volume calculations (from mean linear cell dimensions) and 
published biovolume to carbon conversions (Menden-Deuer & 
Lessard 2000). For the phytoplankton < 5 µm, we used a fi xed 
conversion factor based on an average cell diameter of 1 µm 
for the autotrophic picoplankton cells and 2 µm for the phyto-
plankton 2–5 µm (corresponding to respectively 0.12 and 0.83 
× 10–12 g C cell–1).

On the 0.2-µm fi lter slides, at least 400 bacterial cells were 
counted in a minimum of 10 randomly chosen fi elds at 1000× 
magnifi cation with UV illumination (365-nm excitation fi lter 
and 397-nm emission fi lter). Although we did not perform sys-
tematic cell measurements, the diameter of the bacterial cells 
was always well below 1 µm. Bacterial densities were convert-
ed to biomass using a fi xed conversion factor of 10 × 10–15 g C 
per cell. This conversion factor was taken from the average cell 
carbon content calculated by Pirlot et al. (2005) based on cell 
measurements using image analysis on bacterial samples from 
2002 in Lake Tanganyika. 

At least 100 heterotrophic nanofl agellates (HNF) were 
counted on 0.8-µm fi lter slides using UV-illumination (365-
nm excitation fi lter and 397-nm emission fi lter). HNF was 
distinguished from autotrophic phytoplankton by checking 
for autofl uorescence using green and blue light illumination. 
As the HNF cells were always in the size range between 2 to 
5 µm a single average biovolume of 14 µm3 cell–1 was used for 
the conversion to carbon biomass according to Putt & Stoecker 
(1989). 

The dominant ciliate species were identifi ed using the 
quantitative protargol staining technique (Montagnes & Lynn 
1993) on selected samples from 2002, following the taxonomy 
according to Foissner et al. (1999). Ciliates were enumerated 
using inverted microscopy in the sedimentation samples used 
for phytoplankton ≥ 5 µm counts. The biovolume of ciliates, 
calculated from mean linear cell dimensions, was converted to 
biomass according to Putt & Stoecker (1989).

Data analysis

The depth of the euphotic zone (Zeu) was calculated from the 
Secchi depth measurements using an experimentally established 
relationship between light extinction (k) and Secchi depth (k 
= 1.57/Secchi depth). The depth of the mixed layer (Zm) was 
visually estimated from temperature profi les. The average light 
value for the mixed layer (in % of surface light) was obtained 
by dividing the integrated light % by the depth of the layer. To 
obtain a quantitative measure of water column stability at each 
site, the Potential Energy Anomaly (PEA) for the upper 100 m 
of the water column was calculated according to Simpson et 
al. (1982):

with h the lake depth (we used a depth of 100 m as data were 
only available up to this depth),  average water density (be-
tween 0 and h depth), ρ water density at depth, g the gravita-
tional acceleration and z the depth. Based on changes in rainfall 
and wind patterns, the dry-mixing season was defi ned from the 

Table 1. Abiotic and biotic data showing averages of all samples during rainy-stratifi ed (RS) and dry-mixing seasons (DS) respec-
tively at the northern (Kigoma) and southern (Mpulungu) sampling station in Lake Tanganyika (Feb. 2002 to Aug. 2004). All data, 
except PEA, Zm, Zeu, average light concentration in Zm and Zm:Zeu, were obtained from a depth of 20 m only. Standard deviation 
is given between brackets. Differences between seasons and stations were tested with a 2-Way ANOVA and LSD post-hoc test; <: 
p < 0.05, <<: p < 0.01 and <<<: p < 0.001. Comparison between stations was done for both seasons individually. * missing data 
for Kigoma up to May 2003. 

 Kigoma Between Mpulungu
 RS DS stations RS DS

(RS/DS)

Temperature (°C) 26.83 (0.39) > 26.51 (0.55) </>>> 27.16 (0.61) >>> 25.12 (0.86)
PEA (J m–3) 15.82 (3.04) >> 13.19 (4.02) –/>>> 17.59 (3.55) >>> 6.01 (4.87)
Zm 35 (9) – 43 (14) >/– 29 (11) <<< 53 |(30)
Zeu 38 (6) – 39 (7) –/>>> 41 (12) >>> 29 (8)
Average light concentration in Zm (%) 25 (8) – 21 (7) –/>> 31 (12) >>> 17 (11)
Zm:Zeu 1.00 (0.34) – 1.21 (0.36) –/<<< 0.76 (0.34) <<< 1.98 (1.41)
SRP (µg l–1) 5.0 (9.4) – 9.2 (10.3) –/– 3.7 (3.4) <<< 13.3 (13.2)
NO3-N (µg l–1) 18.3 (20.9) – 21.8 (30.8) –/< 16.8 (12.7) << 34.3 (20.4)
NO2-N (µg l–1) 2.0 (2.2) – 1.6 (1.9) <</– 8.3 (16.0) >> 2.2 (2.6)
NH4

+-N (µg l–1) * 3.3 (4.7) – 11.7 (31.7) –/– 12.4 (6.9) – 11.6 (6.9)
Si (µg l–1) 742.9 (143.1) – 860.1 (204.1) </– 857.4 (257.8) – 962.1 (275.2)

Picocyanobacteria (µg C l–1) 2.40 (1.20) – 2.91 (1.68) </<<< 3.47 (2.34) <<< 5.67 (1.96)
Eukaryotic phytoplankton < 5 µm (µg C l–1) 1.01 (0.48) – 1.37 (0.88) <</<<< 2.99 (3.60) <<< 11.61 (12.58)
Phytoplankton ≥ 5 µm (µg C l–1) 4.10 (2.77) – 4.65 (3.35) >>/>> 2.32 (2.48) – 1.62 (1.84)
Total phytoplankton (µg C l–1) 7.09 (3.28) – 8.63 (4.03) </<<< 10.95 (6.34) <<< 19.69 (14.28)
Bacteria (µg C l–1) 25.68 (8.60) – 26.89 (8.35) <</<< 34.50 (10.63) – 35.73 (13.69)
HNF (µg C l–1) 1.66 (1.07) – 1.93 (0.99) –/<< 1.90 (0.81) << 3.14 (2.58)
Ciliates (µg C l–1) 0.71 (1.04) – 1.02 (1.06) –/– 1.62 (2.16) – 1.87 (1.85)
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end of April up to the end of October. Differences between the 
dry-mixing and the rainy-stratifi ed season and between the two 
sampling stations were tested using 2-way ANOVA followed 
by LSD post-hoc tests. In case of deviances from homogene-
ity as indicated by Levene’s < 0.01, data were log transformed 
prior to the ANOVA-analysis. As the seasons are not delineated 
based on changes in water column stability, we also calculated 
the Pearson’s correlation coeffi cient for abiotic and biotic vari-
ables with the PEA in Statistica 6 (Statsoft). 

Results

Averages of abiotic and biotic variables at the two sites 
for different seasons are shown in Table 1. Water col-
umn temperature (Table 1) and PEA (Figs 2 and 3) 
were signifi cantly lower during the dry-mixing com-
pared to the rainy-stratifi ed season. The lowest PEA 
was observed during the dry-mixing season at the 
southern station Mpulungu, indicating upwelling of 
deep water. As can be appreciated on Fig. 3, there is a 
good match between the dry seasons and the period of 
minimal stability at the southern station Mpulungu. At 
the northern station Kigoma (Fig. 2), however, lower 
PEA is observed later during the dry season and tends 
to continue for a few months during the rainy season. 

During the dry-mixing season transects, sampled in 
2002 and 2003, the PEA decreased towards the south-
ern stations. During the 2004 rainy-stratifi ed season 
transect, PEA was high at all stations (Fig. 4). 

Mixing depth ranged from 18 to 78 m in Kigoma 
and from 13 to the whole 100 m water column dur-
ing the dry-mixing season in Mpulungu. The euphotic 
depth ranged from 25 to 56 m in Kigoma and from 14 
to 65 m in Mpulungu, where it was signifi cantly lower 
during the dry-mixing season. The light intensity in the 
mixed layer was on average 23 % of the surface light 
and was signifi cantly reduced during the dry season 
at the southern station (17 vs. 31 % during the rainy 
season). At the southern station Mpulungu, there was 
a signifi cant change in Zm, Zeu and average light in-
tensity in Zm with PEA. The ratio of the mixing zone 
depth on the euphotic depth (Zm:Zeu) (Figs 2 and 3) 
was signifi cantly higher during the dry-mixing season 
at the southern station (Table 1) and was negatively 
correlated with the PEA at that site (Table 2). While 
SRP and NO3-N concentrations were signifi cantly 
higher during the dry-mixing season at the southern 
station, no clear seasonal differences were observed 
for the northern station. However, as can be observed 
in Fig. 2 and 3 peaks of increased nutrient concentra-

Table 2. Correlation of abiotic and biotic variables at the northern (Kigoma) and southern (Mpulungu) sampling station in Lake 
Tanganyika with the potential energy anomaly (PEA). The p value of the correlation is given in parentheses. 

 Kigoma Mpulungu
PEA PEA

Abiotic variables

Temperature 0.981 (p = 0.000) 0.976 (p = 0.000)
Zm 0.063 (p = 0.605) –0.594 (p = 0.000)
Zeu 0.198 (p = 0.101) 0.454 (p = 0.000)
Average light concentration in Zm (%) 0.048 (p = 0.688) 0.528 (p = 0.000)
Zm:Zeu –0.030 (p = 0.000) –0.600 (p = 0.000)
SRP –0.450 (p = 0.000) –0.633 (p = 0.000)
NO3-N –0.075 (p = 0.548) –0.432 (p = 0.000)
Si –0.114 (p = 0.423) –0.339 (p = 0.004)

Biotic variables

Picocyanobacteria –0.177 (p = 0.174) –0.440 (p = 0.000)
Eukaryotic phytoplankton < 5µm –0.264 (p = 0.040) –0.411 (p = 0.001)
Phytoplankton (≥ 5µm) –0.357 (p = 0.009) 0.290 (p = 0.066)
Total phytoplankton –0.364 (p = 0.013) –0.312 (p = 0.050)
Cyanobacteria (≥ 5µm) –0.118 (p = 0.404) 0.259 (p = 0.102)
Chlorophytes (≥ 5µm) –0.224 (p = 0.111) 0.450 (p = 0.003)
Diatoms (≥ 5µm) –0.309 (p = 0.026) 0.071 (p = 0.659)
Bacteria –0.085 (p = 0.519) 0.144 (p = 0.260)
HNF 0.229 (p = 0.082) –0.367 (p = 0.002)
Ciliates –0.215 (p = 0.134) 0.077 (p = 0.628)
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tion can especially be observed during periods of more 
intense mixing. Correlation analysis supports this no-
tion showing signifi cant increases in SRP concentra-
tions with decreasing PEA at both sites, while a sig-
nifi cant negative correlation of PEA with NO3-N and 
Si was only observed at the southern station (Table 2). 
At the northern station Kigoma, no clear nutrient in-
creases were observed during the dry-mixing season 
of 2003 in contrast to 2002 and 2004. At the southern 

station Mpulungu, the highest increases were observed 
during the dry-mixing season of 2003 when the low-
est PEA was observed. NO2-N and NH4

+-N concentra-
tions were generally very low and did not show a clear 
seasonality or relation to PEA.

The variation in the biotic variables is shown in 
Figs 2, 3 and 4 and Tables 1 and 2. Total phytoplankton 
biomass was signifi cantly higher in Mpulungu (rang-
ing from 3.31 to 68.69 µg C l–1) compared to Kigoma 
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(ranging from 2.74 to 18.53 µg C l–1). On average, 
50 % of total phytoplankton biomass in Kigoma and 
84 % of the phytoplankton biomass in Mpulungu was 
composed of cells < 5 µm. Autotrophic (prokaryotic) 
picoplankton (< 2 µm) accounted for on average 34 % 
and 39 % of the total phytoplankton biomass respec-
tively in Kigoma and Mpulungu. At both stations total 
phytoplankton biomass increased when PEA decreased 
(Table 2). In Kigoma, this increase in phytoplankton 
biomass was mainly due to an increase in (eukaryotic) 
phytoplankton 2 to 5 µm and phytoplankton ≥ 5 µm, 
while in Mpulungu it was only due to an increase in 
phytoplankton < 5 µm (autotrophic picoplankton and 
phytoplankton 2 to 5 µm). At the northern station Kig-
oma, a short peak in phytoplankton biomass was ob-
served during the dry-mixing season of 2002 (due to 
increase of diatoms). The biomass increase during the 
dry-mixing season of 2003 was maintained throughout 
the following rainy-stratifi ed season (succession of di-
atoms, cyanobacteria and chlorophytes). At the south-
ern station the highest biomass increase was observed 
during the dry–mixing season of 2003 (mainly due to 
the increase of phytoplankton 2–5 µm). 

The autotrophic (prokaryotic) picoplankton bio-
mass was higher in Mpulungu and increased signifi -
cantly during the dry-mixing season, while no season-
al pattern was observed in Kigoma. During the 2002 
transect, autotrophic picoplankton biomass increased 
from the north towards the south of the lake (Fig. 4). 
No particular latitudinal gradient was observed during 
the transects in the dry-mixing season of 2003 and the 
rainy-stratifi ed season of 2004. 

The biomass of (eukaryotic) phytoplankton 2 to 
5 µm ranged from 0.00 to 3.39 µg C l–1 in Kigoma and 
0.25 to 59.56 µg C l–1 in Mpulungu with a higher aver-
age in Mpulungu (8.39 vs. 1.21 µg C l–1 in Kigoma). 
It showed a signifi cant increase during the dry-mix-
ing season at the southern station Mpulungu and in-
creased towards the south during the dry-mixing sea-
son transects of 2002 and 2003, while densities were 
generally low (0.95 µg C l–1 on average) during the 
rainy-stratifi ed season transect of 2004. 

Larger phytoplankton (≥ 5 µm) biomass varied be-
tween 0.97 and 15.12 µg C l–1 in Kigoma and between 
< 0.01 and 10.28 µg C l–1 in Mpulungu. Their aver-
age biomass was signifi cantly greater at Kigoma (on 
average 4.36 vs. 1.93 µg C l–1). A signifi cant negative 
correlation with PEA was observed at the northern 
station (Table 2). During the north-south transects a 
higher biomass was generally observed in the north of 
the lake (although less clear in 2003).

The phytoplankton (≥ 5 µm) community was dom-
inated by cyanobacteria, chlorophytes and diatoms. 

Cryptophytes, chrysophytes, dinophytes and eugleno-
phytes contributed hardly to the total phytoplankton 
biomass (generally less than 5 %) and most of their 
taxa were only sporadically observed, for example eu-
glenophytes were observed in may 2002 and June 2003 
in Kigoma, chrysophytes had a higher contribution in 
September 2002 in Mpulungu and higher contribu-
tions of dinophytes and cryptophytes were observed 
in Augustus and September of 2003 in Mpulungu. A 
detailed description of the species composition of the 
phytoplankton ≥ 5 µm in Kigoma for the year 2002 can 
be found in Cocquyt & Vyverman (2005). At Kigoma, 
chlorophytes were permanently high in abundance (on 
average 64 % of the phytoplankton biomass recorded 
during inverted microscopy counts) and dominated the 
phytoplankton community during the rainy-stratifi ed 
season. Diatom peaks were observed during the dry-
mixing season months June to August in both 2002 
and 2003. An increase in fi lamentous cyanobacteria 
was observed at the end of the dry-mixing season in 
2003 (50% of the total phytoplankton biomass; Fig 
2C) but not in 2002. At Mpulungu the succession of 
phytoplankton groups was dominated by small phy-
toplankton species, while phytoplankton species
≥ 5 µm had only a minor contribution to the total 
phytoplankton biomass. Increases in the contribution 
of cyanobacteria (≥ 5 µm), due to the occurrence of 
small coccoid taxa, were observed near the end of the 
rainy-stratifi ed season in both 2002 and 2003. The 
same dominant phytoplankton groups were observed 
during the latitudinal transects. During the dry-mixing 
season transect of 2002 and the rainy-stratifi ed sea-
son transect of 2004, chlorophytes were the dominant 
group, with the highest biomass observed at the north-
ern stations, while diatoms dominated the dry-mixing 
season transect of 2003, with the highest biomass at 
the northernmost station.

Bacterial biomass ranged from 9 to 44 µg C l–1 in 
Kigoma and 7 to 62 µg C l–1 in Mpulungu and was 
signifi cantly higher at the southern station (Figs. 2 and 
3E). No clear seasonal pattern in the bacterial biomass 
was observed during the monitoring period. The bacte-
rial biomass during the 2002 transect was higher at the 
southern stations (from 30 to 37 µg C l–1) compared 
to the three northernmost stations (from 19 to 28 µg 
C l–1). During the 2003 and 2004 transects, no clear 
latitudinal patterns were observed.

The heterotrophic nanofl agellate (HNF) biomass 
ranged from 0.09 to 4.80 µg C l–1 in Kigoma and 0.06 to 
11.01 µg C l–1 in Mpulungu with a signifi cantly higher 
average in Mpulungu. HNF biomass was negatively 
correlated with the water column stability and higher 
during the dry season in Mpulungu. At Kigoma, no 
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clear seasonal patterns were apparent. No latitudinal 
variation was observed during the transects of 2002, 
2003 and 2004. During the rainy season transect of 
2004, the HNF densities were however considerably 
lower than during both dry season transects (on aver-
age 1.37 compared to 2.66 and 2.59 µg C l–1).

Ciliate biomass ranged from 0.01 to 4.49 µg C l–1 in 
Kigoma and from 0.01 to 8.16 µg C l–1 in Mpulungu. 
No clear seasonal and latitudinal patterns in the ciliate 
biomass were observed. The main ciliate orders were 
the Peritrichida (Vorticella cf. aquadulcis, cf. Pseudo-
haplocaulus infravacuolatus) and the Oligotrichida 
(Pelagostrombidium sp.).

Discussion

The data obtained during this 3-year monitoring study 
in Lake Tanganyika allow comparison with previous 
studies (Table 3) and the evaluation of the seasonal 
and spatial variability of both auto- and heterotrophic 
components of the microbial food web. Biomass of 
phytoplankton > 2 µm estimated from epifl uorescence 

and inverted microscopy counts are comparable to 
previous studies in which phytoplankton biomass was 
estimated using microscopy (Hecky & Kling 1981, 
Verburg et al. 2003). Densities of autotrophic pico-
plankton observed using epifl uorescence microscopy 
were much lower than those observed by Vuorio et al. 
(2003) in the lake. This is probably a consequence of 
the 0.8-µm fi lter we used to count autotrophic pico-
plankton, due to which we have missed the smallest 
cells during enumeration. However, biomass estimates 
of autotrophic picoplankton were higher than those of 
Vuorio et al. (2003) because of the higher average cell 
size (1 µm diameter) used for biomass calculation. 

The chlorophyll-a data obtained during the same 
study period display the same major patterns in the 
phytoplankton community composition (with cyano-
bacteria of the Synechococcus pigment type dominant 
at the southern station, chlorophytes dominant at the 
northern station and diatoms developing during the 
dry season). While wet biomass data are generally in 
the same range as the other studies, we did not detect 
a high increase in the wet biomass due to a bloom of 
cyanobacteria (> 600 µg l–1) as observed by Hecky & 

Table 3. Comparison of data on the microbial food web components with data obtained during previous studies on Lake Tangan-
yika. Mean values are shown, ranges are included in parenthesis. Data sources: (1) Hecky & Kling 1981, (2) Sarvala et al. 1999, 
(2b) Mölsä et al. 1999b, (2c) Langenberg 1996 & Langenberg et al. 2003, (3) Vuorio et al. 2003, (4) Verburg et al. 2003, (5) Descy 
et al. 2005, (6) Pirlot et al. 2005 and 2006, (7) Cocquyt & Vyverman 2005. * Inverse microscopy counts (this study ≥ 5 µm). 

This study Previous studies
Kigoma Mpulungu

Autotrophic Densities (× 103 cells ml–1) 22 (5–76) 39 (11–105) Up to 600 (3)
picoplankton Wet biomass (µg l–1) 11.5 (2.6–39.5) 20.5 (6.0–55.1) 1.8–8.8 (3)
(<2 µm) C-biomass (µg C l–1) 2.6 (0.6–8.9) 4.6 (1.3–12.4) <2.5 (3)

% (of total C-biomass / 34 (10–59) 39 (9–81) 31% Kigoma and 56% 
of Chl-a) Mpulungu (5)

Large Wet biomass (µg l–1) 33 (6–159) 13 (1.5–69.6) 160 (37–685) (1), 
phytoplankton* 31 / 17 (4), 12 / 61

incl. 2–5 µm fraction 39 (9–163) 60 (3–314) / 21 / 64
C-biomass (µg C l–1) 4.3 (0.9–15.1) 1.9 (0.0–10.3)  (7; this study)
incl. 2–5 µm fraction 5.4 (1.5–15.9) 11.0 (0.6–60.7)

Phytoplankton total Wet biomass (µg l–1) 49 (10–175) 82 (15–352) 13–88 (3)
C-biomass (µg C l–1) 7.7 (2.1–18.9) 16.0 (3.3–69.2) 2.4 g C m–2 (2)
Chl-a (µg l–1) (5): 0.72 (0.35–1.96) (5): 0.81 (0.07–3.40) 0.1–4.5 (1), ±1 (2), 0.91–

1.76 (max: 17.3) (2c)

Bacteria Densities (× 106 cells ml–1) 2.6 (1.0–4.4) 3.6 (0.7–6.2) 0.4 (0.3–0.5) (1), 1–4 (2b), 
2.3–5.3 (6)

C-biomass (µg C l–1) 26 (10–44) 36 (7–62) 27 (18–49) (6)

HNF Densities (× 103 cells ml–1) 0.64 (0.01–1.70) 0.88 (0.00–3.90) 0.30–1.83 (6)
C-biomass (µg C l–1) 1.8 (0.0–4.8) 2.5 (0.0–11.0) 5.1–10.8

Ciliates Densities (× 103 cells l–1) 0.80 (0.03–6.63) 0.74 (0.00–5.45) <3.25 (6)
Wet biomass (µg l–1) 6 (0–32) 12 (0–58) 90 (18–415) (1)
C-biomass (µg C l–1) 0.9 (0.0–4.5) 1.7 (0.0–8.2) 0.7–3.0 (6)
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Kling (1981). Both Verburg et al. (2003) and Cocquyt 
& Vyverman (2005) observed a chlorophyte-bacillar-
iophyte-cyanobacteria phytoplankton community in 
contrast to the cyanobacteria-chrysophyte-chlorophyte 
community found in 1975. According to Verburg et al. 
(2003), this shift in phytoplankton community compo-
sition as well as the lower wet biomass they observed, 
could be related to the reduced production of the lake 
as had been inferred from carbon isotope records in 
sediment cores (O’Reilly et al. 2003). However, as 
discussed in Cocquyt & Vyverman (2005), caution is 
needed when data from a limited number of sampling 
occasions are considered, as they are likely to repre-
sent an incomplete picture of the long term changes 
because of the interannual variability in phytoplankton 
biomass and community composition. 

Microscopical analyses suggest a consistently high 
contribution of autotrophic picoplankton to the total 
phytoplankton biomass (on average 34 % in Kigoma 
and 39 % in Mpulungu) in Lake Tanganyika. This is 
also supported by HPLC-pigment data, which show a 
high contribution of phytoplankton with the Synechoc-
occus pigment type (on average 31 % in Kigoma and 
56 % in Mpulungu; Descy et al. 2005). Such a high 
contribution is not exceptional for oligotrophic sys-
tems (e.g. comparable to summer values (18–58 %) 
in the St. Lawrence Great Lakes; Fahnenstiel et al. 
1998).

Our estimates of total phytoplankton biomass from 
epifl uorescence and inverted microscopy counts were 
very low when compared to those estimated from 
chlorophyll-a data measured during this study (Descy 
et al. 2005) or during previous studies (Hecky & Kling 
1981, Langenberg 1996, Mölsä et al. 1999b, Sarvala 
et al. 1999, Langenberg et al. 2003). The carbon to 
chlorophyll-a ratio estimated from these counts was 
on average only 15. This is unrealistically low as oli-
gotrophic systems generally display high carbon to 
chlorophyll-a ratios (e.g., Buck et al. 1996). It is un-
likely that this was due to sample conservation prob-
lems specifi c to our study as a low phytoplankton 
(wet) biomass was also observed in previous studies 
where biomass was estimated using microscopical 
methods. Possibly, this may point to the fact that the 
biovolume to C-biomass conversion factor used may 
not be optimal for oligotrophic phytoplankton com-
munities dominated by small phytoplankton species. 
Indeed, Menden-Deuer & Lessard (2000) indicate 
that further work is necessary in order to improve this 
conversion factor, especially for chlorophytes. We 
therefore restrict comparisons of heterotrophic to au-

totrophic biomass to estimates based on Chl-a data.
Using a C:Chl-a ratio of 100 (average value esti-

mated from the C:Chl-a relation as outlined in Buck et 
al. 1996), the average H:A-ratios were 0.5 and 0.6 (for 
Kigoma and Mpulungu, respectively). Such values are 
not exceptional and agree with those observed in both 
lacustrine and oceanic environments receiving limited 
external carbon input (Simon et al. 1992, Del Giorgio 
& Gasol 1995, Buck et al. 1996, Gasol et al. 1997).

The epilimnetic bacterial densities observed during 
this study (0.7 to 6.2 × 106 cells ml–1) are in the high 
range observed in oligotrophic systems in temperate 
lakes (e.g., Wetzel 2001), but match the ranges men-
tioned by Mölsä et al. (1999b) and Pirlot et al. (2005) 
for Lake Tanganyika. It is unclear whether the low 
densities (< 1.5 × 106 cells ml–1) observed by Hecky & 
Kling (1981) may be due to differences in the methods 
used (acridine orange staining) or refl ect changes in 
the abundance or community composition of hetero-
trophic predators. 

The HNF and ciliate densities were comparable to 
those observed by Pirlot et al. (2005). The observed 
ciliate densities and biomass also agree well with 
those found in Lake Malawi (1.5 cells ml–1 and 0.03 
to 7.82 µg C l–1; Yasindi & Taylor 2003). While the 
ciliate densities observed during this study may in 
some cases have been too low (< 30 cells l–1) for ac-
curate enumeration, and ciliates may disappear when 
stored in liquid samples (Sherr & Sherr 1993), these 
factors are unlikely to explain the high variability in 
the densities (< 30 up to > 5000 cells l–1) completely. 
Hecky & Kling (1981) observed a higher wet biomass 
for ciliates and a dominance of oligotrichous ciliate 
taxa, while the ciliate community observed during this 
study was dominated by peritrich ciliates. As peritrich 
ciliates depend on the presence of large phytoplank-
ton species due to their attached lifestyle, the change 
in the ciliate community composition may be related 
to the shift in phytoplankton community composition 
observed during the past decades. 

Whereas both the high biomass of heterotrophic 
bacteria and the high contribution of autotrophic pi-
coplankton to the total phytoplankton biomass suggest 
that the microbial food web is a major pool of particu-
late carbon at both sites in the lake, the importance of 
the microbial food web components changed consid-
erably in relation to water column stability.

Water column stability (expressed as the poten-
tial energy anomaly; PEA) displayed a clear seasonal 
variation at both stations, with a lower stability dur-
ing the dry-mixing season. The lowest PEA values 
were observed at the southern station (this was also 
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observed during the dry season transects), most likely 
refl ecting the upwelling of deep water resulting from 
the south-eastern monsoon winds. These observations 
on the changes in thermal stratifi cation agree with the 
seasonal limnological cycle as described by Plisnier et 
al. (1999) and as supported by the changes in isotherm 
depth (Langenberg et al. 2003). 

Lower water column stability is expected to result 
in higher dissolved nutrient concentrations (Langen-
berg et al. 2003). Such an inverse relation between 
PEA and dissolved nutrients was indeed observed for 
the southern station (Table 2), but was only detected 
for SRP at the northern station. Possibly, small increas-
es in the nutrient supply may go unnoticed because 
of rapid consumption of nutrients by phytoplankton 
(Zimmerman et al. 1987). The changes in PEA and as-
sociated shifts in nutrient concentration and supply are 
expected to affect both primary production and food 
web structure.

The autotrophic organisms showed marked season-
al variation in biomass and composition. At both sam-
pling stations, the total phytoplankton biomass was in-
versely related to the water column stability. This may 
point to a higher primary production during periods 
with more intense mixing as suggested by Langenberg 
et al. (2003) and Plisnier & Coenen (2001). Due to the 
annual upwelling, the southern part of Lake Tangan-
yika (Mpulungu) was expected to be more productive 
than the north (Kigoma). This was supported by the 
observed higher total phytoplankton biomass at Mpu-
lungu.

One of the most remarkable seasonal changes 
in phytoplankton biomass is the increase of picocy-
anobacteria during upwelling at the southern station. 
This response of phytoplankton to presumed nutrient 
increases during upwelling in the south of Lake Tan-
ganyika may be due to a combination of factors. First, 
Descy et al. (2005) noted that upwelling of deep water 
in Mpulungu is associated with a high mixing depth 
to photic depth ratio. This would favour small phyto-
plankton like the autotrophic picoplankton and phyto-
plankton 2 to 5 µm as they are more effi cient in captur-
ing light than large phytoplankton (Glover et al. 1987, 
Moore et al. 1995). Second, nutrient addition assays 
have indicated that, in Lake Tanganyika, autotrophic 
picoplankton is stimulated by iron additions (De Wev-
er et al., unpubl.). Although iron is present in relatively 
high amounts, much of the iron may be unavailable to 
phytoplankton due the high pH of Lake Tanganyika’s 
surface waters. Differences in phytoplankton commu-
nity composition between the north and south of the 
lake may also be related to differences in the N:P sup-

ply ratio between the north and the south of the lake 
(Bulgakov & Levich 1999). While data on the actual 
nutrient supply rates are lacking, nitrate concentra-
tions during the dry season upwelling in the south of 
the lake were signifi cantly higher than at the north-
ern station and the ratio of the dissolved inorganic ni-
trogen vs. phosphorus was on average higher in the 
south of the lake (4.8 in Mpulungu vs. 2.6 in Kigoma). 
This contrast in both nitrogen concentration and N:P 
ratio probably refl ects differences in nutrient require-
ments of the dominant phytoplankton groups. The pi-
cocyanobacterium Synechococcus sp., which is more 
abundant at the southern station, is characterised by 
relatively high N:P ratios (> 24 mol/mol; Bertilsson et 
al. 2003), while the diatom genus Nitzschia, which is 
more abundant at the northern station, has an optimal 
growth rate at N:P ratios between 5 and 20 (Bulgakov 
& Levich 1999). This difference in stoechiometry was 
confi rmed in culture experiments by Suttle & Harrison 
(1988), who observed a dominance of coccoid cyano-
bacteria at high N:P supply and diatoms at low N:P 
supply. In contrast to the autotrophic plankton, the 
heterotrophic components of the microbial food web 
displayed only limited seasonal variation. The bacte-
rial biomass was generally quite high and did not show 
any clear variation in relation to either environmen-
tal variables or phytoplankton biomass. This limited 
variation may be related to either a sustained high 
production of dissolved organic carbon (DOC) or to a 
low predation pressure. The DOC exudation by phyto-
plankton organisms is not necessarily linearly related 
to phytoplankton biomass, as DOC is especially exud-
ed in nutrient limited conditions, when carbon fl uxes 
exceed the intake of other essential nutrients (Dubin-
sky & Berman-Frank 2001). A low predation pressure 
on bacteria in Lake Tanganyika is supported by unpub-
lished size fractionation experiment results (De Wever 
2006), which suggest higher predation pressure on the 
autotrophic compartments compared to bacteria. This 
may be related to the composition of bacterial com-
munities in lake Tanganyika as some of the bacterial 
groups that occur in the lake, like Actinobacteria and 
Betaproteobacteria (De Wever et al. 2005), have repre-
sentatives that escape predation due to their small size 
(Pernthaler et al. 2001, Hahn 2003).

The HNF biomass, which was highly variable at 
both sampling stations, was negatively correlated with 
PEA and signifi cantly higher during the dry season 
at the southern station. In 2002, this increase in HNF 
biomass occurred during a period with higher biomass 
of small phytoplankton (< 5 µm). Such an increase in 
HNF biomass was however not observed during peri-
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ods with a high biomass of small phytoplankton dur-
ing other years. The ciliate community, dominated by 
peritrichous species with a predominantly bacterial 
diet (Foissner et al. 1999) showed a high degree of var-
iation in biomass. As the bacterial densities remained 
relatively stable, top-down control by copepod grazers 
might have contributed to this variation. Although no 
data on copepods are available for our study period, 
historical data suggest that the copepod biomass can 
be relatively high (1 g C m–3; Sarvala et al. 1999) and 
highly variable in time (Kurki et al. 1999).

In addition to the seasonal changes in water col-
umn stability, we also observed interannual differ-
ences during this study period. The PEA was reduced 
for a shorter period of time during the dry season in 
2002 compared to the dry season of 2003 and 2004 
(averages over the dry season 6.9 vs. 4.9 and 3.9 J m–3; 
but differences are not signifi cant). Interannual chang-
es in hydrodynamics are assumed to drive variation 
in production of the lake (Plisnier & Coenen 2001). 
While we did not observe signifi cant interannual dif-
ferences based on seasonal averages, higher peaks in 
SRP, NO3-N and the phytoplankton biomass can be 
observed during the dry season of 2003 at the southern 
station Mpulungu.

Conclusions

During this 3-year study, we monitored the biomass and 
composition of the microbial food web components in 
order to study changes in the microbial food web in re-
lation to changes in water column stratifi cation. Both 
the high bacterial biomass and the high contribution 
of picocyanobacteria suggest an important contribu-
tion of the microbial food web throughout the year, 
with only minor seasonal changes. The lack of spatial 
and temporal variability in the bacterial biomass may 
be due to low grazing pressure or to a sustained high 
dissolved organic carbon production. Heterotrophic 
nanofl agellates increased signifi cantly during the dry 
season upwelling in Mpulungu, when higher densities 
of phytoplankton < 5 µm were observed. The ciliate 
community dominated by presumably bacterivorous 
peritrich taxa did not show any clear seasonal or spatial 
variation. Clear seasonal and spatial differences were 
observed for the autotrophic biomass, especially in the 
contribution of phytoplankton < 5 µm. Contrary to our 
expectations, we did not observe an increase in large 
phytoplankton during the dry season upwelling in the 
south of the lake. Instead, autotrophic picoplankton (< 
2 µm) and small eukaryotic phytoplankton (2 to 5 µm) 

densities increased during this season. At the northern 
station, on the other hand, diatoms increased during 
periods of stronger thermocline oscillations during the 
dry-mixing season. We propose that this difference in 
response may be caused by a combination of factors 
including the higher mixing depth to photic depth ra-
tio, changes in bioavailability of iron and differences in 
N:P-ratio during the upwelling. As no clear relation be-
tween the variation in the autotrophic components and 
the heterotrophic components could be established, it 
is however unclear to what extend the contribution of 
small phytoplankton infl uences the importance of the 
microbial food web in different parts of the lake. 

Acknowledgements

This study was carried out in the framework of the CLIMLAKE 
project (EV/02) (Climate Variability as Recorded in Lake Tan-
ganyika), which is supported by the Belgian Science Policy. 
A.D.W. received support from the Institute for the Promotion of 
Innovation through Science and Technology in Flanders (IWT). 
K.M. is a postdoctoral fellow from the Flemish Fund for Scien-
tifi c Research. We thank J. Dalle for help with phytoplankton 
analysis, S. Neirynck for help with ciliate enumeration, and the 
local CLIMLAKE teams lead by D. Chitamwebwa (TAFIRI, 
Tanzania) and H. Phiri (DOF, Zambia) for organising the fort-
nightly sampling campaigns. The authors are grateful to Dr. 
B. Wehrli and collaborators (EAWAG, Switzerland) for their 
cooperation during the north-south transects. We also like to 
thank 2 anonymous reviewers for their valuable comments that 
improved the manuscript.

References

Bergeron, M. & Vincent, W. F., 1997: Microbial food web re-
sponses to phosphorus supply and solar UV radiation in a 
subarctic lake. – Aquat. Microb. Ecol. 12: 239–249.

Bertilsson, S., Berglund, O., Karl, D. M. & Chisholm, S. W., 
2003: Elemental composition of marine Prochlorococcus 
and Synechococcus: Implications for the ecological stoichi-
ometry of the sea. – Limnol. Oceanogr. 48: 1721–1731.

Buck, K. R., Chavez, F. P. & Campbell, L., 1996: Basin-wide 
distributions of living carbon components and the inverted 
trophic pyramid of the central gyre of the North Atlantic 
Ocean, summer 1993. – Aquat. Microb. Ecol. 10: 283–298.

Bulgakov, N. G. & Levich, A. P., 1999: The Nitrogen : Phos-
phorus ratio as a factor regulating phytoplankton community 
structure. – Arch. Hydrobiol. 146: 3–22.

Cocquyt, C. & Vyverman, W., 2005: Phytoplankton in Lake 
Tanganyika: A comparison of community composition and 
biomass off Kigoma with previous studies 27 years ago. – J. 
Great Lakes Res. 31: 535–546.

Coulter, G. W., 1991: Lake Tanganyika and its life. – Oxford 
University Press, London.

Coulter, G. W. & Spigel, R. H., 1991: Hydrodynamics. – In: 
Coulter, G. W. (ed.): Lake Tanganyika and its life. – Oxford 
University Press, London, pp. 49–75.

De Wever, A., 2006: Spatio-temporal dynamics in the microbial 
food web in Lake Tanganyika. – PhD-thesis, Ghent Univer-
sity.



eschweizerbartxxx

62     A. De Wever et al.

De Wever, A., Muylaert, K., Van Der Gucht, K., Pirlot, S., Coc-
quyt, C., Descy, J. P., Plisnier, P. D. & Vyverman, W., 2005: 
Bacterial community composition in Lake Tanganyika: Verti-
cal and horizontal heterogeneity. – Appl. Environ. Microbiol. 
71: 5029–5037.

Del Giorgio, P. A. & Gasol, J. M., 1995: Biomass distribution 
in fresh-water plankton communities. – Amer. Nat. 146: 
135–152.

Descy, J.-P., Hardy, M.-A., Sténuite, S., Pirlot, S., Leporcq, B., 
Kimirei, I., Sekadende, B., Mwaitega, S. R. & Sinyenza, D., 
2005: Phytoplankton pigments and community composition 
in Lake Tanganyika. – Freshwat. Biol. 50: 668–684.

Dubinsky, Z. & Berman-Frank, I., 2001: Uncoupling primary 
production from population growth in photosynthesizing or-
ganisms in aquatic ecosystems. – Aquat. Sci. 63: 4–17.

Fahnenstiel, G. L., Krause, A. E., Mccormick, M. J., Carrick, 
H. J. & Schelske, C. L., 1998: The structure of the planktonic 
food-web in the St. Lawrence Great Lakes. – J. Great Lakes 
Res. 24: 531–554.

Foissner, W., Berger, J. & Schaumburg, J., 1999: Identifi ca-
tion and ecology of limnetic plankton ciliates. – Informati-
onsberichte des Bayer. Landesamtes für Wasserwirtschaft, 
Munich.

Gasol, J. M., Del Giorgio, P. A. & Duarte, C. M., 1997: Bio-
mass distribution in marine planktonic communities. – Lim-
nol. Oceanogr. 42: 1353–1363.

Glover, H. E., Keller, M. D. & Spinrad, R. W., 1987: The effects 
of light quality and intensity on photosynthesis and growth of 
marine eukaryotic and prokaryotic phytoplankton clones. – J. 
Exp. Mar. Biol. Ecol. 105: 137–159.

Greenberg, A. E., American Public Health Association, Ameri-
can Water Works Association & Water Environment Federa-
tion (eds.), 1992: Standard methods for the examination of 
water and wastewater, 18th ed. – American public health as-
sociation, Maryland.

Hahn, M. W., 2003: Isolation of strains belonging to the cosmo-
politan Polynucleobacter necessarius cluster from freshwa-
ter habitats located in three climatic zones. – Appl. Environ. 
Microbiol. 69: 5248–5254.

Hecky, R. E. & Kling, H. J., 1981: The phytoplankton and proto-
zooplankton of the euphotic zone of Lake Tanganyika – spe-
cies composition, biomass, chlorophyll content, and spatio-
temporal distribution. – Limnol. Oceanogr. 26: 548–564.

Jasser, I., 2002. Autotrophic picoplankton (APP) in four lakes 
of different trophic status: Composition, dynamics and rela-
tion to phytoplankton: – Pol. J. Ecol. 50: 341–355.

Kurki, H., Vuorinen, I., Bosma, E. & Bwebwa, D., 1999: Spatial 
and temporal changes in copepod zooplankton communities 
of Lake Tanganyika. – Hydrobiologia 407: 105–114.

Lacroix, G., Lescher-Moutoue, F. & Bertolo, A., 1999: Biomass 
and production of plankton in shallow and deep lakes: Are 
there general patterns? – Ann. Limnol. 35: 111–122.

Langenberg, V. T., 1996: The physical limnology of Lake Tan-
ganyika August – December 1995. FAO/FINNIDA research 
for the management of the fi sheries of Lake Tanganyika. – 
GCP/RAF/271/FIN-TD/54 (En): 61 p.

Langenberg, V. T., Sarvala, J. & Roijackers, R., 2003: Effect of 
wind induced water movements on nutrients, chlorophyll-a, 
and primary production in Lake Tanganyika. – Aquat. Eco-
syst. Health Manage. 6: 279–288.

Lindqvist, O. V., Mölsä, H. & Sarvala, J. E., 1999: ‘Lake Tan-
ganyika research: Summary of the scientifi c programme 

1992–98.’ FAO/FINNIDA research for the management of 
the fi sheries of Lake Tanganyika. – GCP/RAF/271/FIN-
TD/94(En): 110 p.

MacIsaac, E. A. & Stockner, J. G., 1993: Enumeration of pho-
totrophic picoplankton by autofl uorescence microscopy. – In: 
Kemp, P. F., Sherr, B. F., Sherr, E. B. & Cole, J. J. (eds): 
Handbook of methods in aquatic microbial ecology. – Lewis 
Publishers, Boca Raton, pp. 187–197.

Menden-Deuer, S. & Lessard, E. J., 2000: Carbon to volume 
relationships for dinofl agellates, diatoms, and other protist 
plankton. – Limnol. Oceanogr. 45: 569–579.

Mölsä, H., Reynolds, J. E., Coenen, E. J. & Lindqvist, O. V., 
1999a: Fisheries research towards resource management on 
Lake Tanganyika. – Hydrobiologia 407: 1–24.

Mölsä, H., Salonen, K. & Sarvala, J., 1999b: Results of the 
LTR’s 20th multi-disciplinary cruise. –GCP/RAF/271/FIN-
TD/93(En): 102 p.

Montagnes, D. J. S. & Lynn, D. H., 1993: A quantitative pro-
targol stain (QPS) for ciliates and other protists. – In: Kemp, 
P. F., Sherr, B. F., Sherr, E. B. & Cole, J. J. (eds): Handbook 
of methods in aquatic microbial ecology. – Lewis Publishers, 
Boca Raton, p. 229–240.

Moore, L. R., Goericke, R. & Chisholm, S. W., 1995: Com-
parative physiology of Synechococcus and Prochlorococcus 
– infl uence of light and temperature on growth, pigments, 
fl uorescence and absorptive properties. – Mar. Ecol. Prog. 
Ser. 116: 259–275.

Naithani, J., Deleersnijder, E. & Plisnier, P.-D., 2003: Analysis 
of wind-induced thermocline oscillations of Lake Tangan-
yika. – Environ. Fluid Mech. 3: 23–39.

O’Reilly, C. M., Alin, S. R., Plisnier, P.-D., Cohen, A. S. & 
McKee, B. A., 2003: Climate change decreases aquatic eco-
system productivity of Lake Tanganyika, Africa. – Nature 
424: 766–768.

Pernthaler, J., Posch, T., Šimek, K., Vrba, J., Pernthaler, A., 
Glockner, F. O., Nubel, U., Psenner, R. & Amann, R., 2001: 
Predator-specifi c enrichment of Actinobacteria from a cos-
mopolitan freshwater clade in mixed continuous culture. – 
Appl. Environ. Microbiol. 67: 2145–2155.

Pirlot, S., 2006: The bacterioplankton in Lake Tanganyika: 
Biomass, production & trophic fate. – PhD-thesis, FUNDP 
Namur.

Pirlot, S., Vanderheyden, J., Descy, J. P. & Servais, P., 2005: 
Abundance and biomass of heterotrophic microorganisms in 
Lake Tanganyika. – Freshwat. Biol. 50: 1219–1232.

Pirlot, S., Vanderheyden, J., Servais, P. & Descy, J. P., 2006: 
Abundance and biomass of heterotrophic microorganisms in 
Lake Tanganyika (vol 50, pg 1219, 2005). – Freshwat. Biol. 
51: 984–985.

Plisnier, P.-D., Chitamwebwa, D., Mwape, L., Tshibangu, K., 
Langenberg, V. & Coenen, E., 1999: Limnological annual 
cycle inferred from physical-chemical fl uctuations at three 
stations of Lake Tanganyika. – Hydrobiologia 407: 45–58.

Plisnier, P.-D. & Coenen, E. J., 2001: Pulsed and dampened 
annual limnological fl uctuations in Lake Tanganyika. – In: 
Munawar, M. & Hecky, R. E. (eds): The Great Lakes of the 
world (GLOW): Food-web, health and integrity. Ecovision 
world monograph series. – Backhuys Publishers, Leiden, pp. 
83–96.

Porter, K. G. & Feig, Y. S., 1980: The use of DAPI for identi-
fying and counting aquatic microfl ora. – Limnol. Oceanogr. 
25: 943–948.



eschweizerbartxxx

Plankton in Lake Tanganyika     63  

Putt, M. & Stoecker, D. K., 1989: An experimentally deter-
mined carbon-volume ratio for marine oligotrichous ciliates 
from estuarine and coastal waters. – Limnol. Oceanogr. 34: 
1097–1103.

Samuelsson, K., Berglund, J., Haecky, P. & Andersson, A., 
2002: Structural changes in an aquatic microbial food web 
caused by inorganic nutrient addition. – Aquat. Microb. Ecol. 
29: 29–38.

Sarvala, J., Salonen, K., Järvinen, M., Aro, E., Huttula, T., Ko-
tilainen, P., Kurki, H., Langenberg, V., Mannini, P., Peltonen, 
A., Plisnier, P.-D., Vuorinen, I., Molsa, H. & Lindqvist, O. V., 
1999: Trophic structure of Lake Tanganyika: Carbon fl ows in 
the pelagic food web. – Hydrobiologia 407: 149–173.

Schallenberg, M. & Burns, C. W., 2001: Tests of autotrophic 
picoplankton as early indicators of nutrient enrichment in an 
ultra-oligotrophic lake. – Freshwat. Biol. 46: 27–37.

Sherr, E. B. & Sherr, B. F., 1993: Preservation and storage 
of samples for enumeration of heterotrophic protists, – In: 
Kemp, P. F., Sherr, B. F., Sherr, E. B. & Cole, J. J. (eds): 
Handbook of methods in aquatic microbial ecology. – Lewis 
Publishers, Baco Raton, pp. 207–212.

Simon, M., Cho, B. C. & Azam, F., 1992: Signifi cance of bacte-
rial biomass in lakes and the ocean – comparison to phyto-
plankton biomass and biogeochemical implications. – Mar. 
Ecol. Prog. Ser. 86: 103–110.

Simpson, J. H., Tett, P. B., Argoteespinoza, M. L., Edwards, A., 
Jones, K. J. & Savidge, G., 1982: Mixing and phytoplankton 

growth around an island in a stratifi ed sea. – Cont. Shelf Res. 
1: 15–31.

Suttle, C. A. & Harrison, P. J., 1988: Ammonium and phosphate-
uptake rates, N-P supply ratios, and evidence for N-limitation 
and P-limitation in some oligotrophic lakes. – Limnol. Ocea-
nogr. 33: 186–202.

Uthermöhl, H., 1931: Neue Wege in der quantitativen Erfassung 
des Planktons. – Verh. Internat. Verein. Limnol. 5: 567.

Verburg, P., Hecky, R. E. & Kling, H., 2003: Ecological conse-
quences of a century of warming in Lake Tanganyika. – Sci-
ence 301: 505–507.

Vuorio, K., Nuottajärvi, M., Salonen, K. & Sarvala, J., 2003: 
Spatial distribution of phytoplankton and picocyanobacteria 
in Lake Tanganyika in March and April 1998. – Aquat. Eco-
syst. Health Manage. 6: 263–278.

Weisse, T., 1991: The microbial food web and its sensitivity to 
eutrophication and contaminant enrichment – a cross-system 
overview. – Internat. Rev. ges. Hydrobiol. 76: 327–338.

Wetzel, R. G., 2001: Limnology, lake and river ecosystems, 
Third ed. – Academic Press, San Diego.

Yasindi, A. W. & Taylor, W. D., 2003: Abundance, biomass and 
estimated production of planktonic ciliates in Lake Victoria 
and Malawi. – Aquat. Ecosyst. Health Manage. 6: 289–297.

Zimmerman, R. C., Kremer, J. N. & Dugdale, R. C., 1987: Ac-
celeration of nutrient-uptake by phytoplankton in a coastal 
upwelling ecosystem – a modeling analysis. – Limnol. Ocea-
nogr. 32: 359–367.

Submitted: 20 October 2006; accepted: 31 July 2007.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


