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Introduction

Nutrient cycling in Lake Tanganyika is inþuenced by the tilting 
of the thermocline (Coulter 1991).   Prevailing southeast winds 
during the four month dry season (May through September) 
cause the thermocline to rise in the south bringing nutrient 
rich waters from depth to the surface at the southern end of the 
lake (Coulter 1991).  However, related upwelling events also 
occur in the north, bringing silica, phosphorous and nitrogen 
rich waters into the epilimnion in the pelagic zone (OôReilly et 
al. 2002).  Other indications of upwelling include higher wind 
speeds and a rising thermocline (OôReilly et al. 2002).  Such 
upwellings may arise from residual internal waves caused by 
thermocline seiching during the wet season (Coulter 1991) or 
by weakening in the stability of the thermocline when the upper 
surface water temperature is cooled by evaporation, convective 
mixing and wind generated mixing (Naithani et al. 2003).

Though the effects of upwelling in the pelagic zone are fairly 
well understood (Plisnier 2002), little is known about its effects 
on littoral dynamics.  Previous observations of phytoplankton 
blooms and jellyýsh in the littoral zone with simultaneous 
nutrient spikes suggest that upwelling affects the littoral zone as 
well (McIntyre unpublished, Plisnier 2002).  Nutrient levels in 
the littoral zone are comparable to those in the pelagic surface 
waters (McIntyre unpublished), hence nutients made available 
during upwelling may be an important supplement in the food 
web, as documented using stable isotope data in the pelagic 
food web (OôReilly et al. 2001).  Biomass and diversity of algae 
and animals are higher in the littoral zone than in the pelagic, so 
it is important to understand what drives littoral productivity.

Preliminary research also suggests that the magnitude of 
phytoplankton blooms during upwelling events varies among 
littoral sites (McIntyre unpublished).  Such differences are 
likely to be linked with nutrient availability.  The strength of 
upwelling effects on near-shore nutrient concentrations could 
depend on bathymetry, in that steep-sided sites might receive 
more direct inputs of hypolimnetic nutrients than shallower-
sloping sites.  In this way, substrate geomorphology could have 
a strong indirect effect on local productivity, particularly during 
upwelling events.

Methods

Water samples were collected from 12 sites (Table 1) three 
times a week from 19 July 2004 through 7 August 2004 
between  8:30 am and noon.  Site locations were obtained 
using a Garmin 48 GPS, approximately 1 m offshore, and were 
chosen based on sites studied in 2002 (McIntyre unpublished).  
A horizontal Van Dorn bottle (Wardôs Wildco 018968) was used 

to collect 3.0 L of water from 1 m depth approximately 10 m 
offshore.  2.0 L were collected for phytoplankton biomass in 
rinsed Uhai bottles and 1.0 L was collected to test turbidity and 
nutrient concentrations (silica, phosphorous, NH

4
-N, and NO

3
-) 

in rinsed HDPE bottles. The Uhai bottles were stored out of 
direct sunlight in an action packer and the HDPE bottles were 
stored on ice until return to the lab.  

In the laboratory, phytoplankton were collected by ýltration 
through a Gelman A/E 47mm glass ýber ýlter.  The ýlter was 
placed in a glass culture tube with 8 mL of buffered 90% ethanol 
for 24 hours to extract chlorophyll a (Nusch 1980).  Chlorophyll 
was measured using a Turner Aquaþuor þuorometer.  

For chemical analyses, samples were ýltered through a 
syringe-mounted Gelman A/E 25 mm ýlter.  Concentrations 
of silica, soluble reactive phosphorous (SRP), and nitrate 
(NO

3
-) were determined using the HACH Heteropoly Blue 

Rapid Liquid Method, Ascorbic Acid Rapid Liquid Method, 
and Cadmium Reduction Method with powder pillows, 
respectively.  Absorbance was measured in 1 cm polystyrene 
(for Si) or 5 cm optical glass (for SRP and NO

3
-) cuvettes 

using a Thermospectronic Genesys 20 spectrophotometer.  
Concentrations of NH

4
-N were determined by þuorometry 

following the OPA method (Holmes et al. 1999).  Unýltered, 
room temperature water was used with the HACH 2100P 
turbidimeter to measure turbidity in Nephelometric Turbidity 
Units (NTU).  

MANOVA and ANOVAs were used to test the signiýcance 
of differences among sites and dates in JMP IN (v4.0.4).  
Tukey HSD tests were used for post hoc comparisons among 
sites.  Regression analyses were used to evaluate the effects 
of bathymetry on littoral phytoplankton dynamics.  The linear 
distance to the 60 m depth contour (from Wheeler, this volume) 
was used as an index of likely upwelling effects because that is 
the usual depth of the thermocline (Kuboja, this volume).

Several other types of data were also collected as part of this 
study, but were not yet available at this writing.  Thermal 
loggers (Ibutton 1921H) recorded lake temperature at 5 m depth 
every 15 minutes at all sites beginning on 29 July.  Wind speed 
and air temperature data were collected by the weather station 
at TAFIRI.  Water samples from each site and date were frozen 
following ýltration through an Osmotics Cameo 0.22 Õm nylon 
ýlter, and transported to the USA.  These samples will be 
analyzed for NO

3
, total dissolved N, and total dissolved P.

Results

MANOVA showed no signiýcant differences among sites (F
11,71

 
= 0.41, p = 0.946), but highly signiýcant temporal shifts in 
SRP, Si, turbidity, and chlorophyll a (F

5,67
 = 4869.23, p < 0.001) 

(Fig. 1).  There was no signiýcant interaction between sites and 
dates.

Nutrients
SRP ranged from 1.309 Õg P/L to 10.035 Õg P/L, excluding 
day 20 when the spectrophotometer did not work.  SRP 
concentrations at all sites were signiýcantly higher on day 



18 than any other day (p < 0.0001).  Silica ranged from 616 
Õg Si/L to 1028 Õg Si/L.  The level of silica also differed 
signiýcantly by day; day 18 was higher than days 1, 4, 6, 8, 
and 15, and day 20 was higher than days 4 and 8 (p < 0.0001).  
The levels of NO

3
-
 
were always below the detection level of 

the spectrophotometer, 50 Õg N/L, thus are not included in this 
analysis.  The concentration of NH

4
-N was always below 2.25 

Õg N/L and often below the level of the zero standard, thus the 
data are not included in this analysis.  

Chlorophyll a
Concentrations of chlorophyll a, a proxy for phytoplankton 
biomass, ranged from 0.514 Õg/L to 4.391 Õg/L.  There were 
signiýcant differences among both sites and days (p = 0.037 
and p < 0.0001, respectively).  Chlorophyll a was signiýcantly 
higher on day 20 than any other date.

Turbidity
Turbidity ranged from 0.11 NTU to 1.90 NTU.  Turbidity was 
signiýcantly higher on day 8 than all other days (p < 0.001) 
(Fig. 2).  On day 8, unusual waves out of the north were at least 
2 m high and the water clarity was observed to be very low 
during sampling.

Bathymetry
There was no signiýcant correlation between the distance of 
the 60m contour and the level chlorophyll a, whether during 
baseline conditions or an upwelling event.

Discussion

Despite complications in quantifying NO
3
- and NH

4
-N, it is 

apparent that the concentrations of these nutrients, as well 
as silica and phosphorous were very low during baseline 
conditions in the littoral zone. As in previous years, there were 
no strong differences among littoral sites in water chemistry, 
but strong and spatially-coherent patterns through time.  The 
lack of signiýcant spatiotemporal interactions indicates that 
nutrients and chlorophyll a shift concordantly through time at 
each site.  

There was strong evidence of an upwelling event in the littoral 
zone on day 18.  On that date, concentrations of SRP and 
silica were relatively high, jellyýsh were seen in the littoral 
zone, water clarity was poor for snorkeling (<5 m), and 
zooplanktivorous ýsh had formed unusually large schools.  An 
initial look at the thermologger data supports this interpretation, 
as does the rising thermocline and chemoclines in the pelagic 
zone (Kuboja, this volume).

To examine the effects of upwelling, I compared the mean 
values from the six days prior to the upwelling (herafter 
ñbaselineò) to the two dates during and post- upwelling 
(hereafter ñupwellingò; Fig. 3).  At all sites but site 1, SRP 
concentrations were higher on day 18 than on any other day.  
At sites 3, 5, 7, and 9 - 11, the level of SRP increased over 3 
Õg P/L.  The silica concentration also increased on day 18 at all 
sites but 2 and 8.  Silica increased over 50 Õg Si/L at sites 4 ï 7 
and 10 - 12.  Within two days, silica had decreased again at all 
the sites (except site 2), including drops >50 Õg Si/L at sites 4 
ï 5 and 7 - 12.  

Chlorophyll a concentration did not respond immediately 
to the increases in nutrients (Figs. 1 and 3).  However, a 
phytoplankton bloom was evident on day 20 all sites except 
site 1, and the bloom persisted beyond the end of the sampling 
period.  The lag in phytoplankton response to upwelling is not 
unexpected, as consumer population dynamics usually show 
a time-delay in following the dynamics of limiting resources.  
Analysis of the baseline nutrient and chlorophyll data indicate 
that phytoplankton biomass is best predicted by SRP (p < 
0.008), as has been observed in previous years (McIntyre 
unpublished).  There was also clear experimental evidence of 
P-limitation of benthic algae in 2004 (Thoms, this volume).  
The reason for the lack of response of phytoplankton at site 1 to 
upwelling remains to be determined.  That site is protected from 
the north but probably receives high winds from the south, and 
either could affect mixing and upwelling dynamics.

The magnitude of the changes in nutrients and phytoplankton 
were not signiýcantly related to bathymetry.  However, 
bathymetry remains the most likely explanation for spatial 
differences in the strength of upwelling effects.  I hope that the 
thermal data will help to resolve whether there were differences 
in the hydrodynamic signature of upwelling across sites.

Interestingly, chlorophyll a was not signiýcantly related to 
turbidity.  Because Lake Tanganyika is usually very clear, 
changes in turbidity are generally slight and events such as 

Figure 1:  The average concentrations (with error bars 
representing the standard deviation) of soluble reactive 
phosphorous, chlorophyll a, and silica during the sampling 
period

Figure 2:  The average turbidity at all sites on each day






