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Abstract
1.	 Lake Victoria experienced a strong degradation of water quality between the 

1960s and the 1990s and, as a consequence of eutrophication, the dominant phy-
toplankton group changed from diatoms to N2-fixing cyanobacteria and there was 
a 2- to 10-fold increase in chlorophyll-a. The goal of this study is to determine 
whether the 2018–2019 physical (light, stratification) and ecological (nutrient, 
chlorophyll-a, phytoplankton composition) conditions in Lake Victoria changed 
from the 1990s.

2.	 Samples were collected in 2018–2019 in nearshore and offshore waters (Uganda), 
during three contrasting seasons: heavy rains (March), low rains (October), and dry 
(June), which corresponded to distinct water column mixing regimes, respectively, 
late-stratified, early-stratified, and mixed regimes. At each station (48 nearshore 
and 25 offshore), we measured vertical profiles of temperature, oxygen, phyto-
plankton biomass and composition, inorganic nutrients, and particulate organic 
carbon, particulate nitrogen (N), and phosphorus (P).

3.	 Chlorophyll-a concentrations in 2018–2019 were 10.3 ± 7.1 and 2.8 ± 1.1  µg/L in 
the nearshore and offshore surface waters, respectively, close to those measured 
in the 1960s before eutrophication, but distinctly lower than those measured in 
the 1990s (71 ± 100 and 14 ± 6   µg/L). The phytoplankton of Lake Victoria in 
2018–2019 still appears dominated by diatoms and cyanobacteria. However, we 
observed more non-heterocystous filamentous and coccal/colonial cyanobacteria 
taxa that are better adapted to mixing conditions than gas-vacuolated heterocyst-
ous taxa, which were dominant in the 1990s. Particulate N was significantly lower 
in 2018–2019 than in the 1990s, indicative of less efficient N fixation. The dis-
solved silica concentrations in 2018–2019 were significantly higher with the con-
comitant reappearance of Aulacoseira spp., which was not observed in the 1990s, 
presumably due to low dissolved silica concentrations.

4.	 As data from long-term monitoring are absent, the reasons for the lower chlo-
rophyll-a concentrations in 2018–2019 compared to the 1990s are unclear. 
However, climatic controls (El Niño/La Niña conditions) may be an important fac-
tor influencing the historical trend in chlorophyll-a. Higher wind in 2018–2019 
promoted vertical mixing, resulting in a deeper thermocline and surface mixed 
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1  | INTRODUC TION

Lake Victoria, the source of the White Nile, and the world's 
most extensive (68,800  km²) tropical lake, has been the subject 
of several ecological studies because it is considered one of the 
critically important water and fisheries resource in East Africa, 
providing life support requirements to more than 47 million in-
habitants from three bordering countries (Uganda, Tanzania, and 
Kenya) (UNEP, 2008). Information on the main environmental fea-
tures of Lake Victoria was first given in the pioneering work of 
Worthington (1930), and quantitative studies on phytoplankton 
began with the works of Fish (1955, 1956, 1957). Several inves-
tigations conducted from the 1960s, dealing with the seasonality 
of phytoplankton production and abundance and their relationship 
to thermal, oxygen and nutrient regimes, provide an essential his-
torical reference for the limnological conditions (Talling, 1957a, 
1957b, 1965, 1966; Talling & Talling, 1965). A comparison of data 
from the 1960s and the 1990s in offshore waters have shown the 
deterioration of water quality and eutrophication of Lake Victoria 
(Hecky,  1993; Hecky et  al.,  1994, 2010; Mugidde,  1992, 1993). 
Among the consequences of eutrophication, which co-occurred 
with the development of the introduced Nile perch (Lates niloticus) 
population, dissolved silica (DSi) decreased from 80 to 10 µmol/L, 
and there was a 5-fold decrease in transparency and a 2- to 10-
fold increase in chlorophyll-a. In addition, the surface mixed layer 
depth decreased from 40–50 m to 30–40 m, which might also have 
contributed to the observed changes of phytoplankton biomass 
and composition between the 1960s and 1990s. In the 1990s, 
higher photosynthesis and oxygen saturation levels occurred in 
surface waters offshore, where the biomass was 3–5 times greater 
than that observed in the 1960s, while anoxic conditions occurred 

in deep waters (Hecky, 1993; Hecky et al., 1994). In the offshore 
waters, Mugidde (1993) reported a doubling of the phytoplank-
ton productivity in the 1990s compared to measurements three 
decades before. In the 1990s, the dominant phytoplankton group 
changed from diatoms (mainly Aulacoseira, formerly Melosira) to 
N2-fixing cyanobacteria (Kling et al., 2001) The strong decline of 
Aulacoseira in superficial sediment deposits indicates that the lake 
in the 1990s was much different than it had been during the past 
10,000 years (Hecky, 1993).

The causes for the limnological transition of Lake Victoria 
observed in the 1990s are still debated (Hecky,  1993; Hecky 
et  al.  2010). The hypotheses were: (1) nutrient enrichment re-
sulting from land clearing, and growth of human and cattle pop-
ulations; (2) trophic alterations caused by a trophic cascade of 
predator–prey interactions triggered by the introduction of Nile 
perch that eliminated endemic herbivores and released grazing 
control of phytoplankton, thereby increasing biomass; and (3) cli-
mate variations that reduced lake mixing, increased temperature, 
and caused a suite of chemical and biological consequences. In the 
absence of adequate historical monitoring data to link observed 
ecological change to possible causative factors, answers were 
partly given by palaeolimnological studies in offshore sediments 
(Hecky et al. 2010; Verschuren et al., 2002). Hecky et al.  (2010) 
showed that the limnological transition of Lake Victoria started as 
early as the 1930s to eventually achieve by the mid-to-late 1980s 
the levels of algal biomass and primary productivity observed 
in the 1990s. Verschuren et  al.  (2002) showed that timing and 
progress of the inferred productivity increase matched human 
population growth and agricultural activity in the Lake Victoria 
basin. Accordingly, the combined palaeolimnological evidence in-
dicates that historical changes in phytoplankton productivity and 

layers, which eventually lowered phytoplankton production in comparison to the 
1990s. In contrast, the thermocline and surface mixed layers in the 1990s were 
shallower, enabling phytoplankton to stay suspended in the upper well illuminated 
water, allowing greater productivity. The lake in 2018–2019 is still P saturated, 
suggesting that another episode of high chlorophyll-a concentrations could de-
velop if less windy conditions occur in future, or if continued warming of surface 
waters eventually overcomes the mixing from present windy conditions.

5.	 This study gives insights about the present ecological functioning of Lake Victoria 
and emphasises the impacts of variations in climate on lake physics that changes 
the light environment for phytoplankton. A possible less windy period in the future 
resulting from a new El Niño phase or from climate change, will probably lead to 
another episode of eutrophication in Lake Victoria. As in 2018–2019 the lake was 
still saturated by nutrients, there is need to reduce the nutrient concentrations 
(especially P) to prevent future destructive eutrophic periods caused by reduced 
mixing.

K E Y W O R D S
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composition of Lake Victoria were caused mainly by bottom-up 
effects of excess nutrient loading, and less by food-web alter-
ations after the 1980s upsurge of Nile perch. Stager et al. (2009), 
based on diatom records in cores sampled in 2000, showed a 
change in the planktonic diatom assemblage, with a shift from 
Aulacoseira spp. to needle-shaped Nitzschia, indicative of a change 
of the silica-phosphorus supply ratio, which supported the bot-
tom-up controls of eutrophication.

Verschuren et  al.  (2002) highlighted that estimates project-
ing a doubling of the regional human population to 53 million by 
2020, and further degradation of the Lake Victoria ecosystem 
would be countered only if land management strategies that se-
verely restrict nutrient input to the lake and its tributaries were 
implemented on a multinational, basin-wide scale. Within this 
context, the main goal of this study is to establish for the late 
2010s the limnological conditions of Lake Victoria in the near-
shore and offshore waters, and to compare those results with his-
torical observations.

2  | METHODS

2.1 | Study site

Lake Victoria, source of the White Nile, is located in the upper Nile 
basin in East Africa within latitudes 3.05°S–0.55° N and longitudes 
31.5°–34.88° E (Figure 1). The shorelines of Lake Victoria are shared 
among three riparian East African countries: Tanzania (49%), Uganda 
(45%), and Kenya (6%; Figure 1). The present lake surface area is large 
(68,800 km²) but the basin is relatively shallow with a mean depth of 
40 m and a maximum depth of 80 m (Figure 1; Bootsma et al., 2003; 
Johnson et al., 2009). Lake Victoria surface is at an average eleva-
tion of approximately 1,135 m above sea level (Bootsma et al., 2003). 
The complex shoreline length is approximately 3,440  km and it is 
composed of several gulfs and bays (Figure 1; Akurut et al., 2017; 
Balirwa, 1995). Wetlands are sporadically present along the shore-
line of Lake Victoria. In addition, several islands fringe the shore 
with combined surface area of approximately 1,500 km² (Figure 1; 

F I G U R E  1   Map of Lake Victoria showing the catchment, the lake water depth, the sampling stations and the boat cruise-tracks during 
the three different field campaigns. The first campaign was conducted during the long rainy period corresponding to strongly stratified 
water column conditions (March 2018), the second one during the short rainy period corresponding to partly stratified water column 
conditions (October 2018) and the third one during the dry season corresponding to mixed water column conditions (June 2019). UP2 is 
an open water station corresponding to Talling's historical station (Bugaia) from which vertical physico-chemical profiles are presented in 
Figures 2 and 5
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Lehman, 2009). The long water residence time (c. 23 years) makes 
Lake Victoria susceptible to climate change and water quality dete-
rioration (Akurut et al., 2017; Bootsma et al., 2003).

The general climate of the Lake Victoria basin ranges from a 
modified equatorial type to a semi-arid type (Anyah et  al.,  2006; 
Nicholson,  1996). The migration of the intertropical convergence 
zone has long been assumed to control seasonal variation in equa-
torial Africa but now this statement is challenged (Nicholson, 2018). 
The basin experiences yearly two rainy seasons: the short but heavy 
rainy season comes from March to May and the longer but low 
rainy season extends from August to November. There are 23 rivers 

flowing into the lake but only one effluent: the White, or Victoria 
Nile with an outflow of 20 km3/year, approximately equivalent to the 
combined inflow from rivers (Bootsma et al., 2003; Lehman, 2009). 
The streams with the highest contribution of inflow into Lake 
Victoria basin are Kagera (32.7%; average daily discharge 266 m3/s) 
and Nzoia (14.6%; 119  m3/s) (Akurut, 2017). The water mass balance 
of Lake Victoria is thus largely dominated by the balance between 
rainfall input (+1525 mm/year) and evaporation output (−1539  mm/
year; Vanderkelen et al., 2018). The evaporative losses accounts for 
c. 80% of the water leaving the lake. Not only does evaporation rep-
resent a major water loss process in Lake Victoria, it is also a large 

F I G U R E  2   Vertical profiles during the different seasons (mixed vs. early-stratified vs. late-stratified periods) showing the water 
temperature (°C), dissolved oxygen (mg/L) and chlorophyll-a concentrations (µg/L). For comparison with historical data, Talling's historical 
station (UP2 as Bugaia; Figure 1) is highlighted in colour. Additional information on historical data is available in Table S4
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heat budget component, and therefore plays an important role in the 
annual mixing regime, by means of evaporative cooling and turbu-
lence (Bootsma et al., 2003). Precipitation also seems to play a role 
in carbon cycling, and provides a major source of dissolved organic 
matter (Deirmendjian, Lambert, et al., 2020). Thermal stratification 
is either absent or extremely modest from mid-May to mid-August, 
after which a definite stratification develops (Talling, 1957).

2.2 | Sampling strategy and data availability

To capture the seasonal variations of the studied parameters, sam-
pling was conducted during three field campaigns that were char-
acterised by three distinct hydrological conditions: in March 2018 
(late-stratified and heavy rainy period, sampling was 29 March 
2018–08 April 2018), October 2018 (early-stratified and low rainy 
period, 25 October 2018–04 November 2018) and June 2019 (mixed 
and dry period, 07 June 2018–17 June 2018). Sampling was carried 
out during day light (between 7 a.m. and 6 p.m.) in shallow nearshore 
sites (23, 15, and 16 stations for the mixed, early-, and late-stratified 
seasons, respectively) to deeper offshore (7, 8, and 10) sites 
(Tables S1–S3; Figure 1). Additional data on sampling can be found in 
the publicly available database of the present paper (Deirmendjian, 
Descy, et  al.,  2020; Deirmendjian, Lambert, et  al.,  2020). The 
nearshore sampling sites were located in inner bays or outside the 
bays but close to the coastline. The water depth for these nearshore 
stations ranged from 8 to 31 m and the mean water depth was 13 m. 
The offshore sites corresponded to sampling stations located in 
open waters off the several islands fringing the shore. The water 
depth for these offshore sampling stations ranged from 29 to 73 m 
and the mean water depth was 52 m. At each sampling site, we car-
ried out vertical profiles of inorganic (NO−

3
; NO−

2
; NH+

4
; soluble reac-

tive phosphorus [SRP]) and particulate (particulate organic carbon 
[POC], particulate nitrogen [PN], and particulate phosphorus [PP]) 
nutrients (see Section 2.3) as well as phytoplankton composition and 
chlorophyll-a (see Section 2.4). The data set of vertical profiles con-
tained 219 observations from the three sampling cruises (77, 68, and 
74 for the first, second, and third cruise, respectively). In addition, 
between each sampling station we performed continuous measure-
ments of temperature in the surface waters (see section 2.3). After 
data processing, the data set of continuous measurements in sur-
face waters contained 19,925 observations (7,379, 5,967, and 6,579 
observations from the first, second, and third cruise, respectively). 
Table S4 summarises sources of the historical data used in the study 
and their spatio-temporal representativeness and methodology.

2.3 | Water transparency, continuous 
measurements, and vertical profiles

Secchi disk depth (SD) was determined at every sampling site with 
a homemade Secchi disk (30 cm diameter). The measurement was 
always read from the shaded side of the boat and by the same 

person. The vertical light attenuation coefficient in water (k, m−1) 
was derived at different sites during the third cruise in June 2019 
from vertical profiles of photosynthetic active radiation (PAR) 
measured with an underwater quantum sensor (Li-COR Li-192) 
mounted on a Precision Measurement Engineering data logger 
(MiniPAR) attached to the CTD. k is estimated from the slope of 
ln(PARz/PAR0) against the depth (z), where PARz and PAR0 are the 
PAR at a specific depth and at the surface, respectively. k was 
related to SD (in m) according to:

The measurements were done at 19 stations and were compa-
rable to the historical data of Mugidde (1993) but covering a wider 
range of k and SD than historical data (Figure S1). The general consis-
tency of the chlorophyll-a and SD between our data set and the one 
of Mugidde (1993) (Figure S2) suggests that observed differences 
between data sets do not result from methodological differences. 
The euphotic zone depth (Zeu), defined as the depth illuminated by 
1% of incoming surface light, was then determined as:

At the scale of the entire lake, the slopes of the relationship be-
tween Zeu and SD in the present and past conditions are shown in 
the Figure S1.

Continuous measurements (data acquisition every 2  min) of 
water temperature were carried out while traveling between sam-
pling stations with a Yellow Springs Instrument (YSI) EXO-2 multi-
parameter probe. The probe was deployed on-deck in a bucket in 
which lake water was pumped with a submersible pump. At sam-
pling stations, vertical profiles were made with the YSI EXO-2 probe 
that was slowly lowered on a rope with a data acquisition of 1  s; 
only the downcast data were used, the upcast data were discarded. 
Calibration of sensors was carried out prior to the cruises and reg-
ularly checked during the cruises. The oxygen optical probe was 
calibrated with humidity saturated ambient air. Location was logged 
continuously by a Garmin GPS (Map 62). The water depth was re-
corded continuously with a Humminbird® echo sounder (Helix 5 G2). 
The depth of the mixed layer (Zm) was estimated as the top of the 
thermocline from CTD vertical profiles of temperature.

We carried out discrete vertical profiles of inorganic and particu-
late nutrients and total suspended matter (TSM) by using a 3-L Niskin 
bottle at a depth interval of 10 m, from the lake surface (c. 1 m below 
the lake surface) to the lake bottom (c. 2 m above the lake sediment). 
For TSM, POC, PN, and PP a variable amount (150–1500 ml) of water 
was filtered at each sampling depth on a pre-combusted 25-mm 
glass fibre filters for POC, PN, and PP (Sartorius GF5, 0.7 µm nomi-
nal pore size) and on pre-weighed 47-mm glass fibre filters for TSM 
(Sartorius GF5, 0.7 µm nominal pore size). Filters were dried, stored 
in the dark in plastic Petri dishes until analysis. TSM was determined 
by gravimetry. For POC and PN, the filters were decarbonated with 
HCl fumes for 4 hr, dried and packed in silver cups prior to analysis 

k = 1.4727 × (1∕SD) − 0.01 (r2 = 0.9).

Zeu = − ln (0.01)∕k.
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on an elemental analyser–isotopic ratio mass spectrometer (Thermo 
FlashHT with Thermo DeltaV Advantage). Relative standard devia-
tion for POC and PN measurement were always below ±5%. PP was 
measured by spectrophotometry of phosphate using the molybdate 
blue–ascorbic acid reaction (APHA,  1998) after persulfate diges-
tion (Valderrama, 1981). The molar C:N, C:P, N:P particulate ratios 
were used as indicators of phytoplankton nutrient status (Guildford 
et  al.,  2003). At each sampling depth, for dissolved inorganic nu-
trients, 50  ml of water was filtered on a 0.2  µm polyethylsulfone 
syringe filter and preserved frozen until measurement by colorim-
etry according to standard techniques. NH+

4
 concentration was de-

termined using the dichloroisocyanurate–salicylate–nitroprussiate 
colorimetric method (Westwood, 1981). NO−

3
 and NO−

2
 were deter-

mined with the sulfanilamide colorimetric method, after cadmium 
reduction for NO−

3
 (APHA, 1998). SRP was determined by spectro-

photometry using the ammonium molybdate–potassium antimony 
tartrate method (Murphy & Riley, 1962). Samples for dissolved silica 
(DSi) were stored in 20-ml scintillation vials and preserved with 50 μl 
of HNO3 (65%). DSi was measured with inductively coupled plasma 
MS (ICP-MS; Agilent 7700x) calibrated with the following standards: 
SRM1640a from National Institute of Standards and Technology; 
TM-27.3 (lot 0412) and TMRain-04 (lot 0913) from Environment 
Canada; and SPS-SW2 Batch 130 from Spectrapure Standard. Limit 
of quantification was 8 µmol/L for DSi.

2.4 | Pigments and phytoplankton diversity

A variable volume of water (150–1500 ml) from each sampling depth 
(at a depth interval of 10 m, from the lake surface to the lake bot-
tom) was filtered on Macherey-Nagel 47-mm GF5 filters (nominal 
pore size 0.4  µm) on which pigment extraction was performed in 
90% high-performance liquid chromatography-grade acetone, fol-
lowing Sarmento et  al.  (2006). Phytoplankton biomass and com-
position were assessed throughout the study by determination of 
chlorophyll-a and marker pigments by high-performance liquid chro-
matography using the Wright (1991) gradient elution method, with a 
Waters system comprising a photodiode array detector. Calibration 
was made using commercial external standards (Danish Hydraulic 
Institute, Denmark). For estimating phytoplankton abundance at the 
class level, pigment concentrations were processed with Chemtax 
software (Mackey et  al.  1996) with a procedure similar to that of 
Descy et al. (2005) allowing estimating contribution to chlorophyll-a 
of green algae, chrysophytes, diatoms, cryptophytes, cyanobacteria, 
dinoflagellates, and euglenophytes, taking into account possible var-
iation of pigment ratios with depth. The contribution of phytoplank-
ton groups was expressed per unit volume (µg chlorophyll-a/L) or as 
percentage of total chlorophyll-a. We lumped the two pigment types 
of cyanobacteria, as the high taxonomic diversity of cyanobacteria 
in Lake Victoria (Kling et al., 2001; Lung'Ayia et al., 2000) does not 
allow to assign a pigment type to a particular taxon. In addition, the 
Chemtax processing could not separate diatoms and chrysophytes; 
however, as no chrysophytes were detected by microscopy in the 

lake samples, diatoms+chrysophytes could be safely considered as 
diatoms only.

Twenty-six 250-ml water samples were collected from 1 m depth 
and preserved with formaline (2% final concentration) for subse-
quent microscopic analyses. After settling to a final volume of c. 
25 ml, the phytoplankton taxonomic biodiversity at species level was 
studied by conventional light microscopy with oil immersion 100× 
objective using LM microscope Motic BA 4000 considering mod-
ern algal taxonomy (Guiry & Guiry, 2019; Komarek & Hauer, 2020). 
Diatom samples were examined separately, using a 100× objective 
under phase contrast on a Leitz Diaplan standard microscope, after 
standard treatment of the settled suspension with hydrogen perox-
ide and slide mounting in Naphrax. Identification was carried out 
based on Krammer and Lange-Bertalot (1991, 1997a, 1997b, 2004), 
DiatomBase (Kociolek et al., 2020) and several recent references, in 
particular, Sitoki et al.  (2013) for the needle-shaped Nitzschia. The 
algal occurrence in each sample was standardly estimated as rare, 
common, frequent, and dominant, based on the number of individu-
als. The general frequency of each alga was estimated as percent of 
number of samples in which they were found to the total number of 
collected samples.

2.5 | Primary production

Primary production rates were determined from photosynthesis–
irradiance incubations using H13CO−

3
 as a tracer for incorporation 

of DIC into biomass. A solution was freshly prepared before each 
measurement dissolving 5 mg of NaH13CO3 with 500 ml of surface 
water. Sub-samples of the 13C spiked surface water sample were 
preserved in triplicate in 12-ml Exetainer vials and poisoned with 
a saturated solution of HgCl2 for the measurement of δ13C-DIC at 
the onset of incubation; thereby determining the exact amount of 
13C tracer added. Eight 50-mL polycarbonate flasks were filled with 
the spiked solution, and were placed into an incubator providing a 
range from 0% to 90% of natural light energy and incubated on-
deck around mid-day for c. 2 hr at constant temperature. A Li-Cor 
quantum sensor (LI-190; 5-min interval acquisition) monitored in-
cident light for the entire duration of the cruises. The incubation 
was stopped by adding neutral formaldehyde (1% final concentra-
tion) and water samples were filtered on pre-combusted Macherey-
Nagel GF5 filters (25  mm diameter). The specific photosynthetic 
rate in an individual bottle i, Pi (in µg C L−1 hr−1), was calculated fol-
lowing Hama et al. (1983) based on initial and final δ13C-POC values 
and δ13C-DIC of the spiked incubated solution. For each experiment, 
the maximum specific photosynthetic rate Pm (in µg C L−1 hr−1) and 
the irradiance at the onset of light saturation Ik (μE m−2  s−1) were 
determined by fitting Pi to the irradiance gradient provided by the 
incubator Ii (μE m−2 s−1), using the equation given by Vollenweider 
(1965). Fitting was performed using the Gauss–Newton algorithm 
for nonlinear least squares regression with the JMP® software. 
Daily depth-integrated primary production (PP daily in mg C m−2 d−1) 
was determined assuming a vertically homogenous chlorophyll-a 
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profile over the euphotic zone with the photosynthetic parameters 
Pm and Ik, the extinction coefficient k, and continuous surface irradi-
ance data (Kirk, 1994). These measurements were integrated from 
averaged daily surface irradiance during the cruise. In addition, we 
defined the average light experienced by the phytoplankton in the 
mixed layer (IZm) according to Riley (1957):

where Is is the mean incident light at the surface of the lake during 
the entire cruises and measured with a Li-Cor quantum sensor. The 
sensor continuously recorded light throughout the day during the 
entire cruises and then we estimated a mean light for the daylight.

Prior to the analysis of δ13C-DIC, a 2-ml helium headspace 
(He) was created, and 100 µl of phosphoric acid (H3PO4, 99%) was 
added in the vial in order to convert all inorganic C species to CO2. 
After overnight equilibration, a subsample of the headspace was 
injected with a gastight syringe into an elemental analyser–isotopic 
ratio mass spectrometer (Thermo FlashHT with Thermo DeltaV 
Advantage). The obtained data were corrected for isotopic equili-
bration between dissolved and gaseous CO2 as described in (Gillikin 
& Bouillon, 2007). Calibration of δ13C-POC measurements was per-
formed with a combination of IAEA-600 (caffeine, δ13C = −27.77‰) 
and two in-house standards, leucine and tuna tissue (δ13C = −13.47 
and −18.72‰, respectively). Reproducibility of δ13C-POC measure-
ments was typically better than ±0.2‰.

2.6 | Southern Oscillation Index, wind, and air 
temperature data

For the 1981–2019 period, monthly averages of wind speed and air 
temperature over Lake Victoria (0.6° to −3°N and 31.4° to 34.3°E) 
were retrieved from the European Center for Medium Weather 
Forecast (ECMWF) Reanalysis version 5 (ERA5) dataset (30  km 
resolution) (Hersbach et  al.,  2020). For the same time-period, we 
retrieved the smoothed Southern Oscillation Index (SOI) from the 
National Center for Atmospheric Research at https://clima​tedat​agu-
ide.ucar.edu/clima​te-data/south​ern-oscil​latio​n-indic​es-signa​l-noise​
-and-tahit​idarw​in-slp-soi (Schneider et al., 2013). Negative SOI value 
is indicative of prevailing El Niño conditions whereas positive SOI is 
indicative of prevailing La Niña conditions.

3  | RESULTS

3.1 | Stratification cycle in Lake Victoria in 2018–
2019 and comparison with historical observations

In the offshore waters, the water column of Lake Victoria was 
isothermal in June 2019 (i.e. mixed season) whereas we observed 
weak thermal stratification in October–November 2018 (i.e. early-
stratified season) and the appearance in March–April 2018 (i.e. 

late-stratified season) of stronger thermal gradients (Figure  2). 
Average Zm in offshore stations was 49, 32, and 33  m, during the 
mixed, early-stratified, and late-stratified seasons, respectively 
(Tables S1–S3; Figure 3). In 2018–2019, thermal gradients in the off-
shore waters, estimated as the difference in temperature between 
surface (0–20 m) and deep (40–68 m) waters, were 0.04, 0.60, and 
0.63°C during the mixed, early-stratified, and late-stratified seasons, 
respectively (Tables S1–S3).

Although we did not monitor the lake's water column thermal 
structure during an entire year, our observations agree with those 
made by Talling (1966) during the years 1960–1961, which distin-
guished three phases of stratification in Lake Victoria. Talling (1966) 
showed that the first stratification phase was from September to 
December and was characterised by the appearance of small thermal 
gradients. During this period Ssebuggwawo et  al.  (2005) observed 
that almost total vertical mixing may occur at some offshore stations 
in the December–January period. The second phase was the devel-
opment of the deep thermocline in the period February–May, which 
was located at 40–50 m depth in the 1960s and at 30–40 m depth in 
the 1990s (Hecky, 1993; Talling, 1966; Figure 2). Notably, in the late-
stratified season of 2018–2019, the thermocline of most sampling 
stations was located at 40–50 m depth (Figure 2). The third phase, 
between June and August was marked by the absence of thermal 
stratification and thus by the total vertical mixing of the water col-
umn (Figure 2). Vertical mixing in Lake Victoria may be initiated by in-
creased south-eastern monsoon winds, which cause the thermocline 
to upwell with concomitant mixing, but deep mixing due to heat loss 
by evaporation is ultimately responsible (MacIntyre, 2013). The mixed 
season corresponds indeed to the windiest (average of 1.5 ± 0.5  m/s 
during the 1981–2019 period) period over Lake Victoria, statistically 
(p < 0.05, Mann–Whitney test) higher than the early-(0.7 ± 0.2 m/s) 
and late- (1.3 ± 0.5 m/s) stratified seasons (Figure S3). However, the 
wind starts to increase in April and May (Figure S3), which can be 
considered as the beginning of the destratification period (Mwirigi 
et al., 2005). In addition, since the 2000s, we have observed an in-
creasing trend of wind speed over the lake, which was positively cor-
related with the SOI (Figure 4, Figures S3 and S4).

3.2 | Overview of ecological conditions in Lake 
Victoria in the late 2010s

Irrespective of the seasons, oxygen saturations in the surface off-
shore waters were close to atmospheric equilibrium (Table 1). In off-
shore sites, oxygen concentrations ranged 4.5–8.9 and 0.1–6.3 mg/L 
in surface and deep waters, respectively (Tables S1–S3). In the off-
shore waters, oxygen vertical gradients (i.e. difference of oxygen 
concentrations between surface and deep waters) were 0.6, 3.8, 
and 5.5 mg/L during the mixed, early-stratified, and late-stratified 
seasons, respectively (Table 1). In inshore sites, oxygen concentra-
tions ranged 0.8–9.2 mg/L in the 0–20 m layer (Tables S1–S3).

Irrespective of the seasons, Zeu was significantly (p < 0.001, Mann–
Whitney test) higher at offshore (11.4  m) than inshore (5.5  m) sites 

IZm = Is(1 − exp( − Zm k))∕Zm k

https://climatedataguide.ucar.edu/climate-data/southern-oscillation-indices-signal-noise-and-tahitidarwin-slp-soi
https://climatedataguide.ucar.edu/climate-data/southern-oscillation-indices-signal-noise-and-tahitidarwin-slp-soi
https://climatedataguide.ucar.edu/climate-data/southern-oscillation-indices-signal-noise-and-tahitidarwin-slp-soi
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(Table 2). In contrast, both Ik and Izm in surface waters were similar at 
offshore (296 and 62 µE m−2 s−1 for Ik and Izm, respectively) and inshore 
(312 and 83 µE m−2 s−1) sites (Table 2). In the nearshore and offshore wa-
ters, the ratio Ik:Izm ranged between 3 and 6 (Tables S1–S3). Spearman's 
rank correlation tests indicated that POC, TSM, and chlorophyll-a were 
all negatively correlated with k but with higher correlation coefficients 
for POC and TSM than for chlorophyll-a (r = −0.95, −0.90, and −0.76, for 
POC, TSM, and chlorophyll-a, p < 0.0001, n = 52–54, data not shown).

In the surface waters at nearshore sites nutrient concentrations 
were 1.6 ± 1.5, 3.2 ± 4.8, 0.6 ± 0.8, and 31 ± 15   µmol/L for NO−

3
, 

NH+
4

, SRP, and DSi, respectively (Table 2). In the surface waters at off-
shore sites nutrient concentrations were 2.0 ± 1.9, 3.0 ± 5.0, 1.1 ± 0.2, 
and 36 ± 6  µmol/L for NO−

3
, NH+

4
, SRP, and DSi, respectively (Table 2). 

According to Guildford et al. (2003), our data from 2018–2019 on the 
C:N particulate ratio (mean range of 8.0–10.6; up to 20.4 in the off-
shore waters during the stratified season, Figure 5) indicate a moderate 
N-limitation of phytoplankton growth in 2018–2019 (especially during 
the late-stratified season; Figure 5). Also, the N:P particulate ratio in 
2018–2019 always below 20 irrespective of the seasons indicated that 
primary production did not seem limited by P in 2018–2019 (Figure 5).

Irrespective of the seasons, PP daily in surface waters was twice 
higher at nearshore (0.9 ± 0.6 g C m−2 day−1) than offshore (0.5 ± 0.3 g 
C m−2 day−1) sites (Table 2). Seasonally, PP daily was twice higher in 

the mixed season when inorganic N in surface waters was higher 
than in the early- and late-stratified seasons (Tables  S1–S3, Figure 
S5). Chlorophyll-a concentrations were 10.3  ±  7.1 (range 0.4–27.2) 
and 2.8 ± 1.1 (0.7–5.6) µg/L in the nearshore and offshore surface 
waters, respectively (Table 2; Figure 3). The measurements of chlo-
rophyll-a in the offshore waters did not indicate seasonal maxima, as 
chlorophyll-a concentration was similar (p > 0.05, Kruskal–Wallis test) 
among seasons although the range was higher in the early-stratified 
season (Tables S1–S3; Figure 3). Based on the slope of the linear re-
gression of chlorophyll-a against POC (Figure S6), we determined 
C:chlorophyll-a ratios of 85 and 103 in the nearshore and offshore 
waters, respectively. Applying these ratios to chlorophyll-a concen-
tration shows that phytoplankton biomass accounted on average for 
40% of the POC; in other words, a major fraction of the POC (c. 60%) 
was non-phytoplankton carbon (detrital or microbial; Figure S6).

3.3 | Historical changes in chlorophyll-a and 
photosynthesis

Historical data indicated that chlorophyll-a surface water concentra-
tions were relatively low in the 1960s (on average 13 and 3 µg/L in 
the nearshore and offshore waters, respectively, Table 2) with the 

F I G U R E  3   Seasonal (mixed vs. early-stratified vs. late-stratified periods) and spatial (nearshore vs. offshore waters) variations in the 
euphotic layer of chlorophyll-a (µg/L), Zeu (m), Zm (m), and Zm:Zeu
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barely detectable NO−
3

 concentrations, suggesting N-limitation of 
primary production (Talling, 1965, 1966). Chlorophyll-a concentra-
tions increased considerably between the 1960s and the 1990s, and 
it was one of the main indicators of eutrophication of Lake Victoria 
(Hecky, 1993). Chlorophyll-a concentrations increased by a factor >4 
(71 and 14 µg/L, in the nearshore and offshore waters, respectively, 
Table 2) in the 1990s and this has probably been caused by bottom-
up effects of excess nutrient loading in the lake (Hecky, 1993; Hecky 
et al., 2010; Stager et al., 2009; Verschuren et al., 2002). In addition, 
based on data collected in the late 1990s, Guildford et  al.  (2003) 
showed that the C:P, C:N, and N:P particulate ratios in Lake Victoria 
were initially at or below levels indicating N or P deficiency, showing 
that the lake phytoplankton was at that time controlled by a factor 
other than N or P in situ. In the 1990s, the lake phytoplankton was 
usually light-limited because of self-shading (low transparency) due 
to high chlorophyll-a concentrations (Table 2; Mugidde et al., 2003; 
Silsbe et  al.,  2006). Approximately a decade after Hecky (1993), 
data collected during lake-wide surveys campaigns in 2000–2005 
showed a decline in chlorophyll-a concentrations in comparison 

with the 1990s, as chlorophyll-a concentration was 4–12  µg/L in 
the offshore waters (Gikuma-Njuru et  al.,  2005). However, in the 
mid-2000s, some authors still measured locally high concentra-
tions of chlorophyll-a in inner bays: Silsbe et al. (2006) and Mwirigi 
et al. (2005) measured values up to 70 and 111  µg/L, in Murchison 
Bay and Mwanza Gulf, respectively. In contrast, the highest values 
of chlorophyll-a measured in Napoleon Gulf in 2018–2019 was 
28  µg/L (Table S1–S3, Figure 3).

The most significant result of the present study is the even larger 
decline of chlorophyll-a concentrations in comparison with the sit-
uation observed during the early 2000s, with average concentra-
tions closer to those measured in the 1960s by Talling (1965, 1966) 
(Table  2, Figures  2 and 3). Accordingly, vertical profiles of chloro-
phyll-a concentrations at Talling's historical station showed a simi-
larity between present conditions and those observed in the 1960s, 
while the vertical profiles of 1990s stand clearly higher (Figure 2). 
The overall consistent relationship between chlorophyll-a and SD 
from our data set and those from the 1990s and 2000s (Figure S2) 
suggests that chlorophyll-a data sets are comparable and differences 
do not result from methodological inconsistencies. In the nearshore 
and offshore waters, primary production decreased by a factor of c. 
7–8 between the early 1990s and late 2000s (Table 2). This agrees 
with the fact that chlorophyll-a concentrations decreased by a factor 
of c. 6–7 during the same period while the photosynthetic capacity, 
Pmax, remained similar (Table 2). The generalised and consistent de-
crease of chlorophyll-a and primary production in both offshore and 
nearshore stations suggests that the change is driven by changes 
in light availability rather than nutrient availability, since changes 
in nutrients would have been expected to be more pronounced in 
nearshore than offshore waters.

3.4 | Phytoplankton composition in Lake Victoria 
in the late 2010s and comparison with historical 
observations

The most abundant phytoplankton groups in the lake were cy-
anobacteria (>60% of chlorophyll-a in mixed and early-stratified 
conditions), followed by diatoms, which presented the highest 
contribution in late-stratified condition (Figure  6). Green algae 
and the other phytoplankton groups were much less developed 
(Figure 6). In terms of diversity, we identified a total of 302 phyto-
plankton taxa, including 99 taxa of Cyanoprokaryota, 156 taxa of 
green algae, and 40 taxa of Ochrophyta (mostly diatoms; data not 
shown). Notably, despite green algae presenting much lower abun-
dance, they exhibited a rather large diversity, with essentially non-
motile forms, particularly in the inshore waters, as also observed 
in the nearby Lake Edward by Stoyneva-Gärtner et  al.  (2020). 
Microscopic examinations revealed that the most frequent cyano-
bacterial taxa were coccal colonial forms, such as Snowella lacus-
tris, Microcystis wesenbergii, and Aphanocapsa koordersii, as well 
as the filamentous non-heterocystous Planktolyngbya circumcreta 
and Planktolyngbya tallingii (50%), all five species present in >50% 

F I G U R E  4   Monthly wind speed data retrieved from the ERA5 
satellite (Hersbach et al., 2020) for the 1981–2019 period. The blue 
lines indicated the mean of a given period, which are defined by the 
vertical dashed lines. The dashed lines in 1991–1997 correspond 
to the period of low wind stress notably observed during Hecky's 
and Muggide's studies. The linear regression for the September to 
March period is Y = 0.004984*X + 0.8324 and r2 = 0.3. The slope 
is significantly non-zero (p < 0.001)
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of the samples. Heterocystous cyanobacteria were better repre-
sented in the nearshore waters (mainly Dolichospermum spp., with 
some Raphidiopsis [= Cylindrospermopsis spp.]) than in the offshore 
waters (Dolichospermum sp. only), where they occurred rarely. 
The present diatom assemblage appears dominated by Nitzschia 
spp. but Aulacoseira and Cyclostephanos are still found in the 
nearshore and offshore waters. Besides, the diversity of diatoms 
was presently higher in the nearshore waters, due to the contribu-
tion of taxa of benthic origin. The planktonic taxa found in the 
nearshore waters were also found in the offshore waters, albeit 
with different abundance; most notably, of the four Aulacoseira 
species found nearshore, only one, Aulacoseira granulata var. an-
gustissima, was observed offshore, in much lower abundance. 
The most conspicuous taxa well developed offshore were long, 
needle-shaped Nitzschia (chiefly Nitzschia rusingae and Nitzschia 

kavirondoensis, corresponding pro parte to the Nitzschia acicularis 
recorded in the sediments and in the water column, as revisited 
by Sitoki et al., [2013]), Nitzschia lacuum, Synedra cunningtonii, and 
Cyclostephanos spp.

In the 1960s, the estimates of chlorophyll-a indicated two 
seasonal maxima in phytoplankton biomass, in December to 
February (late-stratified season) and in August (mixed season) 
(Talling,  1966). The diatom Melosira (now Aulacoseira) maximum 
during the mixed season was followed by the annual cyano-
bacteria Anabena (now Dolichospermum) maximum, which was 
briefly prominent during early stratification when thermal gra-
dients were found throughout the water column (Talling, 1966). 
In contrast, Hecky (1993) reported minimum phytoplankton bio-
mass in July–August when the lake mixed throughout its depth. 
High biomass of N2-fixing cyanobacteria was re-established after 

TA B L E  1   Historical trend of temperature (°C) and oxygen (mg/L) in Lake Victoria in the surface and bottom waters

Temperature (°C) Surface (0–1 m deep) >50 m deep Difference

Yearly average 1927 (Graham, 1929) 24.69 ± 0.71 (55) 23.32 ± 0.29 (27) 1.37

2000–2005 (LVEMP surveys) 24.96 ± 0.59

2000 (LVRFP surveys) 25.05 ± 0.71 (98) 23.91 ± 0.15 (35) 1.14

2008 (IFMP surveys) 25.68 ± 0.83 (89) 24.66 ± 0.23 (35) 1.02

2009 (IFMP surveys) 25.88 ± 0.86 (108) 24.89 ± 0.23 (30) 0.99

2018–2019 (This study)a,b  25.52 ± 0.46 (1,258) 24.68 ± 0.06 (2,495) 0.84

2018–2019 (This study)b,c  25.72 ± 0.69 (19,925)

Oxygen (mg/L)
Surface (0–5 m 
deep) >40 m deep Difference

Oxygen saturation 
(0–1 m deep; %)

Mixed season 1960–1961 (Talling, 1966) 6.9 ± 0.3 6.0 ± 0.3 0.9 94

1990–1991 (Hecky et al., 1994) 7.6 ± 0.9 5.9 ± 1.8 1.7 111

2000–2001 (LVRFP surveys) 7.9 ± 1.7 (31) 5.8 ± 1.1 (31) 2.1

2006–2009 (IFMP surveys) 7.3 ± 2.1 (52) 5.8 ± 1.2 (45) 1.5

2018–2019 (This study) 6.3 ± 0.4 (699) 5.7 ± 0.1 (1,130) 0.6 89 (88)

Early-stratified 
season

1960–1961 (Talling, 1966) 7.0 ± 0.1 3.5 ± 0.4 3.5 97

1990–1991 1991 (Hecky et al., 1994) 8.1 ± 1.3 1.5 ± 1.1 6.6 126

2018–2019 (This study) 7.9 ± 0.7 (1,560) 4.1 ± 1.2 (1599) 3.8 107 (344)

Late-stratified 
season

1960–1961 (Talling, 1966) 6.2 ± 0.4 4.1 ± 1.1 1.9 93

1990–19911991 (Hecky et al., 1994) 7.1 ± 0.4 2.7 ± 1.8 4.4 110

2000–2001 (LVRFP surveys) 7.8 ± 0.9 (36) 2.6 ± 3.7 (36) 5.2

2006–2009 (IFMP surveys) 7.3 ± 0.8 (45) 6.1 ± 1.8 (45) 1.2

2018–2019 (This study) 7.2 ± 0.4 (2,231) 1.7 ± 1.7 (3,087) 5.5 99 (826)

Note: Temperature data in 1927 are from Graham (1929). Temperature data in 2000–2005 were retrieved from table 3 in Mwirigi et al. (2005) and 
data are from Lake Victoria Environmental Management Project. Temperature data in 2000, 2008 and 2009 were retrieved from table 1 in Sitoki 
et al., (2010) and from table 1 in Marshall et al. (2013). These data were obtained during acoustic surveys of fish during the Lake Victoria Fisheries 
Research Project and the Implementation of a Fisheries Management Plan. Oxygen data in 1960-1961 and 1990–1991 are from Talling (1966) and 
Hecky et al. (1994) and were retrieved from table 1 in Hecky et al., (1994). Oxygen data in 2000–2001 and 2006–2009 were retrieved from table 
2 in Sitoki et al., (2010) and comes from Lake Victoria Fisheries Research Project and the Implementation of a Fisheries Management Plan surveys. 
All data originates from lake-wide surveys except data from Talling (1966) and Hecky et al., (1994), which are from Talling's Historical station (UP2 in 
Figure 1). Additional information on the historical data are in Table S4. In 2018-2019, the number of measures is indicated between brackets.
aCalculated from vertical profiles of temperature in the offshore waters.
bYearly-integrated value considering that our measurements carried out in June, October, and March 2018–2019 are representative of the different 
stratification phases (3, 4, and 5 months for the mixed, early-, and late-stratified seasons) observed by Talling (1966).
cCalculated from continuous measurements of temperature in surface waters, thereby both including nearshore and offshore waters.
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re-stratification in September and the annual biomass maximum 
occurred in the 1990s during the stratified season. In the 1990s, 

Aulacoseira had declined, being excluded by the low DSi concen-
trations (Table  1; Figure  7) and the low TN:TP ratio favouring 

TA B L E  2   Historical changes in the nearshore and offshore waters of particulate nutrients (PN, POC, PP), inorganic nutrients (NO−
3

, NH+
4

, 
SRP, DSi), physical and light conditions (Zeu, Zm, k, Ik, Izm, Secchi depth) and chlorophyll-a and primary production

1960 1990 2018–2019

Nearshore 
waters

Offshore 
waters

Nearshore 
waters

Offshore 
waters

Nearshore 
waters

Offshore 
waters

POC (µmol/L) 232 (104) 138 (24) 166 ± 104 (54) 63 ± 27 (33)

PN (µmol/L) 33.2 (97) 10.6 (24) 20.0 ± 13.4 (54) 6.5 ± 2.1 (33)

PP (µmol/L) 1.4 (205) 0.5 (24) 2.0 ± 1.4 (49) 0.7 ± 0.4 (28)

NO
−
3

 (µmol/L) 1.1 ± 1.7 (58) 1.8 ± 2.3 (27) 1.6 ± 1.5 (51) 2.0 ± 1.9 (33)

NH
+
4

 (µmol/L) 3.4 ± 4.5 (58) 1.5 ± 1.1 (28) 3.2 ± 4.8 (51) 3.0 ± 5.0 (29)

SRP (µmol/L) 0.9 ± 1.2 (58) 1.5 ± 1.0 (39) 0.6 ± 0.8 (50) 1.1 ± 0.2 (33)

DSi (µmol/L) 74 66 10 25 31 ± 15 (33) 36 ± 6 (23)

Secchi depth (m) 1.5 ± 0.4 (22) 2.4 ± 0.6 (23) 1.7 ± 0.6 (53) 3.6 ± 0.9 (24)

Z eu (m) 4.7 ± 1.2 (24) 9.2 ± 2.0 (22) 5.5 ± 2.1 (53) 11.4 ± 2.8 (24)

Z m (m) 7.1 ± 2.6 (24) 35.0 ± 12.6 (22) 12.1 ± 5.2 (53) 36.8 ± 13.5 (25)

k (m−1) 0.6 0.25 1.1 ± 0.3 (25) 0.6 ± 0.1 (23) 1.0 ± 0.4 (24) 0.4 ± 0.1 (24)

Ik (µE m−2 s−1) 130 ± 76 (32) 108 ± 41 (18) 312 ± 83 (13) 296 ± 77 (12)

Izm (µE m−2 s−1) 217 ± 13 (12) 108 ± 45 (12) 83 ± 34 (13) 62 ± 20 (12)

Pmax (mg C mg Chl-a−1 hr−1) 5.4 ± 1.8 5.7 ± 1.8 (12) 5.6 ± 2.4 (13) 4.3 ± 2.2 (12)

PP daily (g C m−2 day−1) 3.1 ± 3.3 (4) 2.2 ± 0.6 (4) 6.0 ± 2.1 (13) 3.9 ± 1.2 (12) 0.94 ± 0.57 (13) 0.50 ± 0.25 (12)

Chlorophyll-a (µg/L) 13 3 71 ± 100 (47) 13.5 ± 5.8 (42) 10.3 ± 7.1 (55) 2.8 ± 1.1 (34)

Note: Data from 1960 are from Talling (1965); data from 1990 are from Mugidde (1992), Mugidde (2001), and Mugidde et al., (2003); data from 
2018–2019 are from this study. Concentrations are for the euphotic layer. Number of samples are between brackets (when available). Additional 
information on the historical data are in Table S4. Note that we converted Pmax and PP daily values measured by Mugidde (1993) and Talling (1965) 
with a conversion factor of 3.33 (which is 1.25 mole of O2 produced per mole of C fixed).

F I G U R E  5   Seasonal (mixed vs. early-stratified vs. late-stratified periods) and spatial (nearshore vs. offshore waters) variations in the 
euphotic layer of particulate organic carbon (POC; µmol/L), particulate nitrogen (PN; µmol/L), particulate phosphorous (PP; µmol/L), and 
molar ratios of C:P, C:N, N:P. The red dashed lines indicated the degree of nutrient deficiency according to Guildford et al. (2003)
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cyanobacteria with heterocysts (Hecky,  1993). By comparison 
with the historical accounts (Hecky,  1993; Kling et  al.,  2001; 
Talling,  1987), the phytoplankton of Lake Victoria still appears 
dominated by diatoms and cyanobacteria (Figure  6), with, how-
ever, a few important changes in the composition at species level. 
In contrast to the 1990s where cyanobacteria were dominated by 
heterocystous and gas-vacuolated taxa, the present assemblage 
appears dominated by coccal/colonial and non-heterocystous fil-
amentous cyanobacteria (predominance of coccal [67 taxa] and 
filamentous [20] species over heterocystous taxa [12]).

4  | DISCUSSION

4.1 | Climatic controls on Lake Victoria 
stratification, oxygenation, and chlorophyll-a

In contrast to Talling's observations in the 1960s, Hecky (1993) 
found the lake warmer and more stably stratified for much of the 
year and this caused an increase of anoxia in bottom waters. The 
warmer and more stably stratified lake in the 1990s than in the 
1960s was in agreement with the positive air temperature trend over 
Lake Victoria since the early 1980s, a trend also observed by Hulme 

et al. (2001). Further, there is also some evidence that the present 
lake is warmer than in the 1990s and early 2000s. Considering that 
our measurements carried out in June, October, and March 2018–
2019 are representative of the three stratification phases observed 
by Talling (1966), the yearly-integrated surface waters temperature 
was 25.7 ± 0.7°C (n = 19,925) in 2018–2019. This value is significantly 
(p < 0.0001, Mann–Whitney test) higher than temperatures of sur-
face waters measured during lake-wide surveys in the early 2000s, 
notably during the Lake Victoria Environmental Project (LVEMP) 
and Lake Victoria Fisheries Research Project (LVRFP) surveys. In ad-
dition, Talling (1966) observed hypolimnetic water temperatures as 
low as 23.5°C in the 1960s, close to the 23.8°C reported by Hecky 
et  al.,  (1994) in the 1990s, whereas we did not observe hypolim-
netic temperatures lower than 24.2°C. Our observations agree with 
those of Sitoki et  al.  (2010) and Marshall et  al.  (2013) who both 
showed that the thermal gradients have decreased over time in Lake 
Victoria. In 2006–2009, Sitoki et al. (2010) also showed that bottom 
waters in the late-stratified season (February–March) were oxygen-
ated. Subsequently, Sitoki et al. (2010) stipulated this has caused a 
less intense stratification and thus has reduced anoxia in bottom 
waters in the 2000s comparing to the situation observed in the 
1990s. In contrast to the situation observed by Sitoki et al. (2010), 
we concomitantly observed anoxia in bottom waters in all offshore 

F I G U R E  6   Seasonal (mixed vs. early-stratified vs. late-stratified periods) and spatial (nearshore vs. offshore waters) variations in the 
euphotic layer of the relative contribution (%) of phytoplankton taxa to chlorophyll-a
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F I G U R E  7   Vertical profiles during the different seasons (mixed vs. early-stratified vs. late-stratified periods) showing SRP (µmol/L), 
NH

+
4

 (mg/L), Si (µmol/L) and NO−
3

 concentrations (µmol/L). For matters of comparison with historical data, Talling's historical station 
(UP2; Figure 1) is highlighted in colour. Additional information on historical data is available in Table S4
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stations and a lower thermal gradient within the water column dur-
ing the late-stratified period in 2018–2019. This suggests that the 
thermal gradient within the water column is probably not the main 
factor controlling anoxia in offshore waters. In addition, we did not 
observe anoxia in bottom waters during the early-stratified season 
of 2018–2019, in contrast to 1990–1991 during the same period of 
the year. After the annual lake mixing in June–August, this probably 
indicated that deoxygenation of the deeper waters appears pres-
ently later in the year than in the 1990s, a situation also observed 
during lake-wide surveys by Mwirigi et al. (2005) in October 2000. 
In the absence of a regular long-term monitoring of meteorological, 
physical, and ecological parameters in Lake Victoria, it is difficult to 
understand with certainty the cause of this phenomenon. Since the 
early 2000s, lower and/or delayed anoxia were concomitant with an 
increasing trend of wind speed over the lake. Therefore, we assume 
that wind speed over Lake Victoria emerges as an important control 
factor on oxygen dynamics in the lake, as wind speed can indeed 
accelerate ventilation and mixing.

The between-year differences in seasonal stratification indicate 
that, despite general air temperature increase in the Victoria region, 
the controls on mixing dynamics are more complex because of inter-
annual changes in wind speed (MacIntyre,  2013). The between-
year differences result from variations in the surface meteorology 
over Lake Victoria as it responds to decadal-scale variations in 
Indian Ocean temperature coupled with inter-annual variations in 
phase of El Niño and the Indian Ocean Dipole (MacIntyre, 2013). 
Indeed, the sampled period in the 1990s corresponded to phase 
of a marked El Niño conditions (negative SOI) that might have con-
tributed to lower wind speed conditions, as indicated by significant 
positive correlation between wind speed over the lake and SOI. 
According to MacIntyre (2013), this probably causes Lake Victoria 
to shift between states in which anoxic volume is extensive during 
low wind years (as in the early 1990s) and states in which anoxia 
volume is less extensive during stronger wind years (as since the 
early 2000s). The years with stronger winds enabling the heat in 
surface waters to be transferred deeper during vertical mixing 
(Paugy & Levêque, 2019), favouring the establishment of a deeper 
thermocline as in 2018–2019. The opposite is also true, with the 
establishment of a shallower thermocline during low wind years as 
in the 1990s. The ECMWF ERA5 wind data confirm indeed that a 
low wind speed period with prevailing El Niño conditions occurred 
during the 1990–1997 period and since then a general increasing 
trend is observed. The deeper thermocline results in increasing the 
mixed layer, which eventually lowers the lake productivity in com-
parison to the 1990s during stratified periods. Deep mixing could 
limit production by causing phytoplankton to spend a large fraction 
of the time at insufficient/low light (Murphy,  1962), producing a 
condition of light limitation in Lake Victoria (Lehman et al., 1998). 
In contrast, the thermocline in the 1990s was shallower enabling of 
the lake phytoplankton to stay suspended in the upper well illumi-
nated layer, allowing greater productivity.

Further, cross-lake surveys in Lake Victoria indicated that reduc-
tion of the anoxic volume during period of deeper thermocline in 

some years would eventually result in reduction of phosphorus load-
ing and in greater mixing, lowering productivity (Kolding et al., 2008). 
This could be an explanation for the much lower phytoplankton bio-
mass observed in this study in comparison with the 1990s. The much 
lower phytoplankton biomass in the surface waters could also have 
affected the oxygen content in the deeper waters. Indeed, if less 
phytoplankton organic matter settles to sediment, the oxygen de-
mand would be lower, thereby lowering/delaying deoxygenation of 
the deeper waters. In the 1990s, oversaturation by oxygen in sur-
face waters was caused by the intense warming during daylight that 
created a diurnal stratification that kept the algae suspended near 
the surface allowing high rates of photosynthesis (Hecky,  1993). 
According to the increasing trend of air temperature over the lake, 
we would expect presently a greater diurnal stratification in the off-
shore waters and thus higher oxygen saturation of surface waters. In 
2018–2019, the oxygen saturation level in surface waters was lower 
than that observed in the 1990s, approaching oxygen saturation 
levels observed in the 1960s by Talling (1966). Indeed, the majority 
of the vertical profiles in water temperature did not exhibit strong 
diurnal stratification, suggesting that air temperature was not the 
only factor controlling this phenomenon, as air humidity, evapora-
tion, and wind stress should be important, and conditions became 
more windier in 2018–2019.

4.2 | Historical changes in phytoplankton 
composition in relation with stratification

A substantial change from the pattern described by Talling (1987) is 
that cyanobacteria now benefit from more or less intense mixing, 
as they developed better in mixed and early-stratified conditions, 
whereas the diatoms developed better in late-stratified conditions. 
This may seem counter-intuitive, as many cyanobacteria taxa are 
known to thrive in stratified conditions and to be associated with 
higher particulate C:N ratio (usually found during stratified condi-
tions due to denitrification losses below the thermocline), theo-
retically favouring efficient N2-fixers. Many of the coccal taxa may 
actually benefit from vertical turbulence and from physical variabil-
ity of the water column at short time scales that may operate in Lake 
Victoria. Indeed, it was shown that mixing of the water column in 
Pilkington Bay may occur on a daily basis (MacIntyre et al., 2002), 
possibly allowing greater availability of dissolved N and P for non 
N2-fixing cyanobacteria.

As for diatoms, the most abundant taxa were thin-walled, 
needle-shaped Nitzschia spp. which, thanks to their high sur-
face to volume ratio are better adapted to stratification and able 
to cope with a moderate nutrient depletion (Kilham et  al.,  1986; 
Reynolds,  2006). The DSi concentrations throughout the water 
column shows a clear historical trend, decreasing from the 1960s 
to the 1990s and increasing from the 1990s to present, the lat-
ter agreeing with the present reappearance of Aulacoseira spp. 
During the 1960s to 1990s, the DSi stock was reduced as a result 
of increased diatom activity (Verschuren et  al.,  2002) to a level 
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where diatom growth and abundance was limited. Notably, Stager 
et al.  (2009) concluded that the past Aulacoseira/Nitzschia transi-
tion might have occurred because of a change in mixing conditions 
towards greater stratification, resulting from reduced wind speed 
and atmospheric warming, in addition to changes in nutrient in-
puts from intensified land use. It implies that extended period of 
greater stratification between the 1960s and 1990s has eventually 
reduced diatom productivity because of the reduction of internal 
DSi loading from deeper waters. The corollary is that the reappear-
ance of Aulacoseira could be originating from an increase in wind 
speed over the lake that allows the establishment of more mixed 
conditions throughout the year, preventing DSi to be trapped in 
the hypolimnetic waters. Lehman et al. (1998) showed that under 
climatic conditions that promote deep mixing (as in 2018–2019) 
dissolved nutrients are not limiting and competition among algae 
is based on photosynthetic efficiency at low average light, favour-
ing diatom production. DSi arise mainly from soil weathering and 
thus can be provided only via riverine inputs, and, given the long 
water residence time, a long period would be required to replenish 
this DSi deficit. In comparison to the 1990s, DSi concentrations in 
surface waters increased significantly (p < 0.001, Mann–Whitney 
test). This suggests that DSi concentrations could increase again in 
the future if windy conditions continue, with a new rising potential 
for diatoms productivity.

4.3 | Light, nutrient, and grazing controls on 
chlorophyll-a

Chlorophyll-a concentrations have significantly decreased over 
time and therefore we expected a positive impact on lake water 
transparency since algal biomass was the main factor control-
ling lake water transparency in the 1990s (Mugidde,  1993; Silsbe 
et al., 2006). Accordingly, SD and Zeu were significantly (p < 0.001, 
Mann–Whitney) higher in the offshore waters in 2018–2019 than 
in the 1990s whereas the light attenuation decreased significantly 
(p < 0.001, Mann–Whitney). However, the high Ik:Izm ratio suggests 
that phytoplankton growth is presently limited by light as in the 
1990s. In addition, the high non-phytoplankton carbon fraction in 
the POC suggests that self-shading in the lake is now less intense 
than in the 1990s and that detrital/microbial carbon as well as total 
suspended matter play a larger role in determining the water trans-
parency of the lake in 2018–2019. Lake Victoria is shallow for such 
a large lake and so it is likely that the increasing trend of wind speed 
over Lake Victoria since the late 1990s led to higher resuspension of 
detrital particles from lake sediment.

Given that a large fraction of the POC is actually detrital/microbial, 
interpretation of the seston elemental ratios is uncertain. Notably, the 
dominance of Lake Victoria phytoplankton by coccal/colonial forms 
and non-heterocystous filamentous taxa in our samples may be fully 
compatible with moderate N-limitation. Indeed, according to several 
physiological studies (e.g. Bergman et  al.,  1997), N2-fixation is not 
limited to heterocystous cyanobacteria. Another finding that support 

our conclusion that the present lake is moderately limited by N is the 
increase of primary production when the lake mixes and when inor-
ganic N become more available. Denitrification rates are likely to be 
a persistent feature of Lake Victoria even without anoxic conditions 
because of the high organic content of pelagic sediments. Therefore, 
whether the N content of lake rises or falls is probably most dependent 
on N fixation rates. Thus, the significant (p < 0.001; Mann–Whitney 
test) lower PN concentrations in 2018–2019 compared to the 1990s 
may indicate that N2-fixation has significantly decreased, possibly re-
lated to the change in the phytoplankton composition. In addition, we 
would expect less inorganic N in the deep water if N2-fixation in the 
lake has decreased, as suggested by the vertical profile of NH+

4
 during 

the late-stratified period of 1990 and 2018–2019.
Further, according to the N:P particulate ratio, primary pro-

duction does not seem limited by P in 2018–2019, as in the 1990s 
(Hecky, 1993). Besides, at Talling's historical station, SRP was over-
all higher throughout the water column in 2018–2019 than in the 
1990s. In comparison to Mugidde (1992), we observed presently sim-
ilar (p > 0.05, Mann–Whitney) or slightly (p > 0.05, Mann–Whitney) 
lower SRP concentration, in nearshore and offshore waters, respec-
tively. Altogether, this indicates that the present lake is still submit-
ted to a strong pressure by inorganic nutrients, especially P, which is 
unlikely to explain the historical decrease of chlorophyll-a.

Given that present nutrient concentrations have not decreased 
compared to 1990s we can envisage a possible top-down explanation 
to explain the historical decrease in chlorophyll-a. Palaeolimnological 
studies have shown that the lake started its transition towards eu-
trophication before the introduction of the Nile Perch in the 1980s 
(Hecky et al., 2010; Stager et al., 2009). This conclusion precludes the 
possibility that management of the fishery through increased fishing 
mortality on Nile perch alone can lead to reversal of the changes in 
water quality or recovery of the multitude of species that formerly 
occupied the lake (Balirwa et al., 2003; Hecky et al., 2010). Historical 
zooplankton data are lacking but previous grazer manipulations in Lake 
Victoria by Lehman and Branstrator (1993) demonstrated that chloro-
phyll-a did not respond significantly to concentration or removal of 
grazers. In Lake Victoria, the Nile tilapia is the sole fish species that can 
feed directly on phytoplankton, but it has been observed that Nile ti-
lapia recently changed their diet and are now prey upon large inverte-
brates and even fish (Njiru et al., 2004). Consequently, we assume that 
a top-down control could not have reduced (or should have a minimal 
effect on) chlorophyll-a concentrations in the lake since the 1990s.

5  | CONCLUSIONS

We showed that chlorophyll-a concentrations in 2018–2019 have 
substantially decreased compared to 1990s, being closer to levels 
observed in the 1960s. MacIntyre (2013) highlighted that eutrophi-
cation observed by Hecky et al. in the 1990s may have been a conse-
quence of a shift in the regional climate in the 1970s, which resulted 
from a combined effect of an increase in air temperature and re-
duced wind speed over the lake, enabling greater stratification of the 
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water column. At that time, strong thermal stratification with subse-
quent hypolimnion anoxia favoured phosphorus mobilisation from 
the enriched sediments back into the water column. Concomitantly, 
it also led to denitrification in the hypolimnion creating N-limitation 
in surface waters, favouring a development of heterocystous 
cyanobacteria.

We showed an increase of wind speed over the lake since 
the late 1990s that coincided with a shift from prevailing El 
Niño to prevailing El Niña conditions. This regional change of 
climatic conditions strongly imposed light limitation of primary 
production by deeper mixing compared to the 1990s. Indeed, 
our observations in 2018–2019 showed that the thermocline 
was established deeper than in the 1990s and that anoxia in 
bottom waters was less extensive; we also observed a delay in 
the appearance of anoxia in bottom waters after the annual lake 
mixing. This change in vertical mixing, together with an increase 
in water transparency due to lower algal biomass, might have 
affected the phytoplankton assemblage, namely, toward lower 
development of heterocystous cyanobacteria. From our study 
design, it was not possible to investigate whether this shift in the 
phytoplankton assemblage could have impacted the historical 
decrease of chlorophyll-a.

Understanding the interaction between regional climate change 
and phytoplankton primary production and biomass (chlorophyll-a) 
is critical for managing and restoring the lake. A possible less windy 
period in the future resulting from new El Niño phase or from climate 
change, will probably lead to another episode of eutrophication in 
Lake Victoria (i.e. high chlorophyll-a in surface waters and anoxia 
in hypolimnetic waters). As the lake was still saturated by nutrients 
in 2018–2019, there is need to reduce the nutrient concentrations 
especially P to prevent future destructive eutrophic periods caused 
by reduced mixing.
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