J. Great Lakes Res. 29 (Supplement 2):3-18
Intemat. Assoc. Great Lakes Res., 2003

A Comparative Introduction to the Biology and Limnology
of the African Great Lakes
Harvey A. Bootsma1,* and Robert E. Hecky2
1Great Lakes WATER Institute
University of Wisconsin-Milwaukee
600 E. Greenfield Ave.
Milwaukee, Wisconsin 53204
2Biology Department
University of Waterloo
200 University Ave. W.
Waterloo, Ontario N2L 3G1
ABSTRACT. The East African rift valley region contains the earth’s largest aggregation o f tropical
lakes. Three o f these lakes—Victoria, Tanganyika, and Malawi— hold one quarter o f the earth’s total
surface freshw ater supply, and are home to a m yriad o f fish species. A part fro m the diversity and
endemicity o f their biota, properties that distinguish the African Great Lakes from their North American
counterparts include their great age, long sedimentary records, long residence times, persistent stratifi
cation, continuously warm temperatures at all depths, major ion composition, and a propensity fo r
nitrogen limitation. Current management problems include over-fishing, increased input o f sediment
and nutrients, and in the case o f Lake Victoria, loss o f endemic fish species and the proliferation o f the
introduced water hyacinth. As in the Laurentian Great Lakes basin, the harmonization o f research pro 
grams and management strategies among the various riparian countries is a challenge. While research
activities on all three lakes have increased in the last decade, there remains a need fo r integrated, multi
disciplinary research in order to develop conceptual and numerical models that provide insight into the
functioning o f large, tropical, freshw ater aquatic ecosystems. Particular issues that may be pursued
m ost profitably in the African G reat Lakes include the links between clim ate and biogeochem ical
cycles, the role o f biodiversity in ecosystem functioning, and paleoclimate reconstruction over millions
o f years.
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“It is hoped that from time to time there may be
other contributions to the meetings, and the Pro
ceedings, concerning distant waters whose qualities
either by comparison or contrast will enlighten the
Great Lakes scene.” (Editorial preface to proceed
ings of 11th Conference on Great Lakes Research
(1968), in which D.V. Anderson commented on the
Lake Tanganyika paper presented by G.W. Coulter.)

long, narrow water body whose dashed boundary
indicates it was probably mapped on the basis of
hearsay rather than direct knowledge of the cartog
rapher. The lower reaches of the Nile and Congo
(Zaire) rivers were mapped, but Lakes Victoria and
Tanganyika, along with the other lakes in the East
African Rift Valley (Fig. 1), were completely ab
sent. Until further exploration in the latter half of
the 19th century, the presence of these tropical in
land seas was known only to those who lived in
their near vicinity. Although early explorers heard
rumors of inland water bodies, they probably never
expected that within the continent there were three
lakes so large that they hold a quarter of the earth’s
total supply of surface fresh water (Table 1).

The earliest maps of Africa are notable for their
nearly complete lack of lakes. In several maps pro
duced in the early 1800s, the only body of water
south of the equator is Lake Maravi (Malawi), a
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FIG. 1. The East African Great Lakes. Dashed lines represent drainage basin
boundaries. Bathymetric contour depths are given in meters, and are based on
Tiercelin and Mondeguer (1991; Tanganyika), T.C. Johnson and B.M. Halfman
(unpublished data fo r Malawi), and Lake Victoria bathymetry data collected dur
ing the IDEAL project, as given in Talbot and L&rdal (2000).
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TABLE 1. Physical characteristics o f the African and Laurentian Great Lakes. Morphometric data fo r
the Laurentian Great Lakes are fro m H erdendorf (1982). Laurentian hydrology data are based on
monthly data reported by Croley and Hunter (1994) and recent data provided by T.E. Croley II, GLERL,
NOAA. Morphometric data fo r the African lakes are fro m Rzoska (1976), Gonfiantini et al. (1979),
Bootsma and Hecky (1993), and a bathymetric map fo r Lake Malawi (T.C. Johnson and B.M. Halfman,
unpubl.).
Surface Area (km2)
Maximum Depth (m)
Mean Depth (m)
Volume (km3)
Drainage Area (km2)
Altitude (m amsl)
River Inflow (km3/yr)*
River Outflow (km3/yr)
Rainfall (km3/yr)
Evaporation (km3/yr)
Residence Time (years)
Flushing Time (years)

Victoria

Tanganyika

68,800
79
40
2,760
195,000
1,134
20a
20a
100a
100a
23
138

32,600
1,470
580
18,900
220,000
774
14b
2.7b

29b
50d
440
7,000

Malawi

Superior

Michigan

Huron

Erie

Ontario

29,500
700
264
7,775
100,500
474
29c
12c
39c
57e
114
648

82,100
407
149
12,230
128,000
183
50
71
65
48
107
172

57,750
282
85
4,920
118,100
177
36
47
47
42
59
105

59,800
229
59
3,537
134,000
177
165
170
51
40
16.4
21

25,800
64
19
483
61,000
174
196
196
24
24
2.2
2.5

19,000
245
86
1,637
64,000
75
229
230
17
13
6.7
7.1

* For the Laurentian Great Lakes, inflow includes both runoff and inflow from channels connecting upriver lakes.
a Rzoska (1976)
b Coulter and Spigel (1991)
c Kidd 1983
d Spigel and Coulter (1996)
e based on estimates of Eccles (1974), Spigel and Coulter (1996), and Hamblin et al. (2002)

East Africa contains the tropics’ densest aggrega
tion of lakes. Although many of these lakes can be
considered large (sensu Herdendorf 1982), Lakes
Victoria, Tanganyika, and Malawi stand out, with
surface areas and volumes comparable to those of
the Laurentian Great Lakes. Within this paper these
three lakes are referred to as the African Great
Lakes. With a surface area of nearly 69,000 km2,
Lake Victoria is the second largest freshwater lake
on earth. Lake Tanganyika is second only to Lake
Baikal with regard to depth, followed by Lake
Malawi (Table 1. Lake Malawi is referred to as
Lake N yasa in Tanzania, and Lake N iassa in
Mozambique). The lakes were formed by tectonic
activity associated with the formation of the East
African rift valley, a slowly widening divide that
extends from the Red Sea in the north to Botswana
in the south. Lakes Malawi and Tanganyika are lo
cated within the rift valley; hence their long, nar
row, deep m orphom etry and m ountainous
shorelines. The shallower Lake Victoria basin occu
pies an uplifted region between the western and
eastern arms of the rift valley. In addition to these
three large lakes, the East African rift resulted in
the formation of a number of other water bodies, in
cluding Lakes Edward and Albert in the western rift

branch along the border between Uganda and the
Democratic Republic of the Congo, Lake Turkana
(form erly Lake R udolf) w hich strad d les the
Kenya—Ethiopia border, and smaller Ethiopian,
Kenyan, and Tanzanian lakes in the eastern rift
branch.
In contrast to the relatively young Laurentian
Great Lakes, the African Great Lakes are extremely
old. Lakes Tanganyika and Malawi date back to the
Miocene, with age estimates ranging from 10 to 20
million years (Haberyan and Hecky 1987, Tiercelin
and Mondeguer 1991, Cohen et al. 1993). As a re
sult of their great age, each of these two lakes is un
derlain by more than 4 kilom eters of sediment
(Rosendahl 1987, Tiercelin and Mondeguer 1991).
The long time span covered by these records, com
bined with the short temporal scales at which they
can be resolved, make them ideal for the recon
struction of paleolimnological and paleoclimatic
conditions (Johnson 1996). To date, cores of vary
ing completeness have been collected dating back
to > 23,000 BP for Lake Victoria (Talbot and Liv
ingstone 1989, Talbot and Lsrdal 2000), > 25,000
BP for Lake Tanganyika (Gasse et al. 1989), and
> 46,000 BP for Lake Malawi (Finney et al. 1996).
These have provided a wealth of information about
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the environmental conditions under which the di
verse fish communities of these lakes evolved, and
about short- and long-term climatic change in this
part of the world. Currently there are plans for a
deep drilling project on Lake Malawi, which will
result in the collection of sediment records extend
ing back as far as several hundred thousand years
(Cohen et al. 2000).
LAKE FAUNA
The African Great Lakes are distinguished not
only by their age, but also by their extremely di
verse assemblages of fish. The precise number of
fish species is not known for any of the lakes, since
many remain undescribed. Lake Malawi is the most
species-rich lake in the world, with an estimated
500 to 1,000 species of fish (Fryer and Iles 1972,
Konings 1995). Eleven families of fishes exist in
the lake, but one family—the Cichlidae—is by far
the most speciose, making up over 90% of all fish
species in the lake, almost all of which are endemic.
Lake Tanganyika’s fauna is similarly rich, with a
total of 16 families and more than 200 cichlid
species. Lake Victoria is also species-rich, and may
have held more than 500 species, but many have ei
ther declined in number or become completely ex
tinct over the past several decades, due to predation
by the introduced Nile perch (Lates niloticus)
(Ogutu-Ohwayo 1990, Goldschmidt et al. 1993)
compounded by changes in water quality (Bootsma
and Hecky 1993, Hecky 1993, Seehausen et al.
1997).
Diversity of the pelagic cichlids is high by any
standards, but it is in the nearshore communities
that diversity is the greatest. In the rocky nearshore
waters of Lake Malawi, more than 500 individuals
and 22 species can be found in a 50 m2 area (Ribbink et al. 1983). Not only are the cichlid species
endemic to each lake, but within each lake local endemicity is common among the nearshore fishes, so
that certain species or color forms are confined to
specific islands or isolated rocky segments of the
shoreline (Fryer and Iles 1972, Ribbink et al. 1983,
Konings 1995). While lake age may be an impor
tant factor promoting high diversity, the presence of
endemic cichlid species in areas of Lakes Malawi
and Victoria that were apparently completely dry
within the Holocene (Owen et al. 1990, Johnson et
al. 1996, Beuning et al. 1997) suggests that this di
versity is largely a result of the genotypic plasticity
of cichlids, which is given opportunity for expres
sion as a result of the stenotopic behavior and

strong sexual selection exhibited within this family
(Seehausen 2000).
Diversity of invertebrates within the African
Great Lakes is variable. Benthic invertebrate diver
sity in Lake Malawi appears to be comparable to
that in the Laurentian Great Lakes, with diversity
being greatest among the ostracods, insects, and
gastropods (Abdallah and Barton 2003). While
Lake Tanganyika is home to fewer fish species than
Lake Malawi, it boasts a much larger number of in
vertebrate species, particularly gastropods and ostracods (Coulter 1991a, Michel et al. 1992), many
of which are endemic. The marine-like appearance
of many of the gastropods, along with the presence
of cnidarian medusae (Limnocnida tanganyicae),
prompted speculation by earlier researchers that
some of Lake Tanganyika’s fauna is of marine ori
gin, and that the lake at one time was directly con
nected to a marine basin (Brooks 1950). Although
some of the lake’s fauna, including its pelagic clupeid fish species, may have marine origins, more
recent zoogeographical and geological studies sug
gest that the connection was indirect, through the
Zaire basin (Coulter 1991a).
FISHERIES
The fishes of the African Great Lakes represent
one of Earth’s highest concentrations of vertebrate
species. These species-rich communities present ex
citing opportunities to study rates and modes of speciation, and the interplay between biodiversity and
ecosystem functions such as energy flow and nutrient
cycling. However, to the riparian countries surround
ing these lakes, their greatest assets are their fish
eries. These fisheries account for a significant
proportion of the economies of East African coun
tries, and they represent a major source of food. For
example, within Malawi, approximately 70% of di
etary animal protein is in the form of fish (Bland and
Donda 1995). Total catch for each of the lakes is dif
ficult to estimate, due to the large number of smallscale fishers and the limited capacity of national
governments to collect sufficient catch data. Esti
mates of annual catch are approximately 30,000 met
ric tons for Lake Malawi (Thompson 1995) and
80,000 to 100,000 metric tons for Lake Tanganyika
(based on data summarized by Coulter 1991b). In
both of these lakes, many species have been over
fished in nearshore waters (Roest 1992, Alimoso et
al. 1990), but there appear to be opportunities for
further exploitation of pelagic stocks. Relative to
Lake Malawi, the offshore commercial fishery in
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Lake Tanganyika is well developed, but poor trans
portation and communication hamper further growth.
Menz and Thompson (1995) have determined that
exploitation of Lake Malawi’s pelagic stocks would
be economically viable, but because of the large in
vestment in larger vessels and gear that would be re
quired, and because the response of multi-species
pelagic fish stocks to fishing pressure is uncertain, a
cautious approach has been recommended.
The fishery of Lake Victoria has experienced dra
matic changes over the past century. Initially domi
nated by tilapiine cichlids, increasing fishing
pressure and steadily decreasing net mesh size be
tween the 1930s and the 1970s resulted in declining
catches and a shift toward dominance by smaller
haplochromine cichlids and the small cyprinid, Rastrineobola argentea (Ogutu-Ohwayo 1990). In the
late 1950s and early 1960s, the Nile perch (Lates
niloticus) and several tilapiine species were intro
duced to the lake. Various rationales have been sug
gested for these introductions, but in fact it appears
that they were not preceded by much forethought or
consensus. The Nile perch population remained
small for two decades after its introduction, but ex
ploded in the early 1980s, when it made up well
over half of the total fish catch (Ogutu-Ohwayo
1990). The haplochromine cichlid stocks that were
already suffering from excessive fishing pressure
were decimated as a result of predation by the Nile
perch, and as many as 200 species are believed to
have become extinct or are on the verge of disap
pearing (Goldschmidt et al. 1993, Witte et al. 1992).
This is undoubtedly an ecological disaster, but not
all would agree that introduction of the Nile perch
was undesirable. Since the 1980s, the Lake Victoria
fishery catch has more than quadrupled, with the
catch consisting of three species—L. niloticus, the
introduced tilapiine Oreochromis niloticus, and the
indigenous cyprinid R. argentea (Ogutu-Ohwayo
1990). Currently, nearly one quarter of all freshwa
ter fish caught in Africa come out of Lake Victoria
(FAO 1999). The degree to which the local human
population benefits from this fishery remains uncer
tain. The Nile perch was supposedly introduced to
help convert small, bony cichlids into a more edible
fish. However, the perch appear to be more valu
able as a source of foreign exchange than as a local
food source, as most of the catch is exported.
MANAGEMENT
Each of A frica’s three largest lakes is shared
among several countries. Lake Malawi is bordered
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by Malawi, Mozambique, and Tanzania; Lake Tan
ganyika by Zambia, Tanzania, Burundi, and the De
mocratic Republic of the Congo; and Lake Victoria
by Tanzania, Kenya, and Uganda. As a result, water
quality and fisheries management face challenges
similar to those in the Laurentian Great Lakes, such
as the coordination of research activities, the dis
semination of data, and the harmonization of man
agement strategies. There is a long history of
collaboration on Lake Victoria, where the British
colonial government established the East African
Freshwater Fisheries Research Organization (EAFFRO) in 1947. In addition to promoting collabora
tive research and management efforts, EAFFRO
established the African Journal of Tropical Hydro
biology and Fisheries, which is published intermit
tently. EAFFRO collapsed in 1977, when the treaty
that had established the East African Community
was officially dissolved. In 1971, the UN Food and
Agriculture Organization (FAO) established the
Committee for Inland Fisheries of Africa (CIFA),
with the stated purpose of promoting research, edu
cation, training, and management of inland waters
throughout Africa. With the recognition of emerg
ing problems and the increasing value of the fish
eries in the Lake Victoria region, the Lake Victoria
Fisheries Organization was formed by the three ri
parian countries in 1994, and its head office in
Jinja, Uganda became operational in 1997.
Unlike the countries around Lake Victoria, those
around Lakes Tanganyika and Malawi were not pre
viously linked by a common colonial government,
and therefore international collaboration on these
two lakes does not have as long a history. Some co
ordination is provided by the Southern African De
velopment Community (SADC), established in
1979, of which Malawi, Mozambique, Zambia, Tan
zania, and the DRC are members. However, al
though SADC includes a fisheries sector, the SADC
mandate is very broad, and communication between
researchers and managers in the various riparian
countries has been limited.
While a common past facilitated international
collaboration on Lake Victoria, exchange between
the lake’s bordering countries has also been fos
tered out of necessity in the past two decades as a
result of the dramatic ecosystem-scale changes that
have occurred in the lake. Although different views
are held on the desirability of Nile perch in the
lake, the invasion of the water hyacinth (Eichhornia
crassipes) was an undisputed disaster. The plant en
tered the lake in the early 1980s, and by the early
1990s its numbers had increased to the point of cov

8

Bootsma and Hecky

ering much of the lake’s shoreline, affecting water
supply, fish distribution, transportation, and public
health (Twongo 1996, Willoughby et al. 1996). In
the last 2 years, there has been a dramatic decline in
the abundance of the hyacinth, which is attributed
at least in part to a weevil (Neochetina eichorniae)
that was introduced in 1995. However, meteorologi
cal conditions and nutrient supply may have also
played a role, and there is continued concern that
the weed could make a comeback.
Recent changes in Lakes Tanganyika and Malawi
have been less dramatic, but the combined effects
of overfishing and deteriorating water quality in the
lakes and their tributaries have raised concerns
about the future of these species-rich systems
(Bootsma and Hecky 1993, Cohen et al. 1996). As a
result, there has been closer collaboration among
the riparian countries, with support from interna
tional organizations such as the FAO, UNEP, and
various European, North American, and Asian de
velopment organizations. In particular, collabora
tive projects to foster research, management, and
training have been facilitated by the Global Envi
ronmental Facility (GEF), a facility that was born
out of the 1992 UN Conference on Environment
and Development (Earth Summit) in Rio de Janeiro.
GEF programs have been in operation on all three
of the African Great Lakes for the past several
years, and much of the research published in this
special issue was conducted as part of these pro
grams.
A LIMNOLOGICAL COMPARISON WITH
THE LAURENTIAN GREAT LAKES
Like their North American counterparts, the
African Great Lakes are huge reservoirs of water—
an invaluable resource in a region that is otherwise
relatively dry. Annual rainfall in much of East
Africa is generally between 800 and 1,200 mm per
year (Nicholson 1996), similar to that around the
Laurentian Great Lakes. But rapid evaporation
leaves only a small proportion of this rain for
human uses such as agriculture, industry, hydro
electric generation, and direct consumption (Table
1). Terrestrial evapotranspiration also leaves little
water to flow into the lakes. River discharge to the
African Great Lakes is much lower than that to the
Laurentian Great Lakes, even though the drainage:
lake surface area ratios for the African lakes (2.8 to
6.7) are similar to or larger than those for the North
American lakes (1.6 to 3.7). As a result, most of the
water input to the African Great Lakes is in the

form of rainfall directly on the lakes’ surfaces
(Table 1).
Due to high evaporation rates, the lake surface is
also the path by which m ost w ater leaves the
African Great Lakes (Table 1). The difference in
evaporation rates between the African and North
American lakes can be attributed to high year-round
air temperatures over the African lakes, relatively
low humidity, and the absence of ice cover. These
high evaporation rates leave little water to flow out
of the lakes. As a result the lake levels are very sen
sitive to small changes in climate. Lake Malawi
was completely closed between 1915 and 1935,
when it was 6 m lower than its peak height in 1980,
and Lakes Tanganyika and Victoria may have also
been closed basins within the past few centuries
(Haberyan and Hecky 1987, Grove 1996). Between
the 1960s and early 1980s, all three lakes were at
their highest levels in the past century. Since then,
Lake Victoria levels have dropped slightly, but
Lakes Tanganyika and Malawi have dropped by
about 4 m, and in 1997 low flows out of Lake
Malawi through the Shire River resulted in the ra
tioning of electrical power in Malawi. Ironically,
this crisis might have been even worse if deforesta
tion had been less extensive in Malawi over the past
several decades, since the loss of forest has likely
resulted in increased runoff to the lake (Calder et
al. 1995).
Not only does evaporation represent a major
water loss process in the African Great Lakes, it is
also a large heat budget component, and therefore
plays an important role in the annual mixing regime
of these and other tropical lakes (Eccles 1974,
Lewis 1983, Talling 1990, Spigel and Coulter
1996). While seasonal variation of solar radiation
may be partly responsible for the annual stratifica
tion cycle, especially at the latitu d e of Lake
Malawi, its role is minor compared to that in the
Laurentian Great Lakes. Rather, wind and air tem
perature appear to be the main variables controlling
the seasonality of mixing and thermal structure in
large tropical lakes, by means of evaporative cool
ing and turbulence. This generality does not neces
sarily apply to sm aller tro p ical lakes, w here
temporal changes in thermal structure, nutrient
availability, and plankton production may be con
trolled to a large degree by hydrologic inputs (e.g.,
Coche 1974, Tailing and Lemoalle 1998).
A number of authors have discussed the factors
that d istin g u ish tropical and tem perate lakes
(Talling 1965a, Burgis 1978, Melack 1979, Kalff
and Watson 1986, Lewis 1987, Kilham and Kilham
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TABLE 2. Surface water chemistry o f the African and Laurentian Great Lakes. Laurentian Great Lakes
values represent summer measurements only. Data sources are USDOI (1968), Torrey (1976), Dobson et
al. (1974), Weiler (1978), Thompson (1978), Beeton et al. (1999), and Barbiero and Tuchman (2001).
African Great Lakes data sources are Hecky and Bugenyi (1992), and original data.
Victoria
Na+ (^mol/L)
K+ (^mol/L)
Ca2+ (|J,mol/L)
Mg2+ (^mol/L)
Cl- (|^mol/L)
SO42- (|^mol/L)
Alkalinity (meq/L)
Conductivity (|J,S/cm)
NO3- (^mol/L)

450
97
140
110
110
< 24
0.92
97
< 0.4

Tanganyika

Malawi

Superior

Michigan

Huron

Erie

Ontario

2,700
820
270
1,650
750
37
6.52
610
< 0.4

840
150
450
300
100
30
2.30
230
< 0.4

60
10
324
107
40
30
0.83
95
20

170
30
820
490
310
210
2.2
290
12

130
26
674
247
190
135
1.58
208
20

478
36
948
411
410
219
1.74
268
18

522
33
948
329
600
281
1.8
308
16

1989, Guildford et al. 2000, Hecky 2000), but lim
ited attention has been given to large lakes. Ulti
mately, differences that result from latitude are due
to differences in the quantity and seasonal variation
of solar radiation, and the diminished Coriolis ef
fect at lower latitudes (Lewis 1987, Talling and
Lemoalle 1998). These fundamental differences
lead to a number of latitudinal trends in the physi
cal, chemical, and biological properties of large
lakes. With regard to thermal structure and hydro
dynamics, there are three important differences be
tween large tropical and temperate lakes. Due to
small thermal gradients and the large effect of tem
perature on water density in the 20° to 30°C range,
thermal structure is temporally less stable in tropi
cal lakes. As a result, small changes in heat flux or
turbulence result in large, rapid changes in the
depth of the surface mixed layer. Secondly, while
thermal stratification is less stable than in large
temperate lakes, it is more persistent, particularly at
depths greater than 100 m. The Laurentian lakes
pass through the temperature of maximum density
twice annually which insures that density driven
circulation can lead to complete turnover annually
or even semi-annually. The African lakes lack this
mechanism, and wind energy is insufficient to in
duce turnover in such deep lakes (Spigel and Coul
ter 1996, Hecky 2000). Lake Victoria mixes for
only a brief period each year, and Lakes Malawi
and Tanganyika are both meromictic with anoxic
hypolimnia. Thirdly, due to the reduced Coriolis ef
fect, wind-generated currents have a greater effect
on mixing and can produce more persistent internal
seiches in large tropical lakes. Lakes Malawi and
Tanganyika are both oriented nearly parallel to the
direction of the prevailing winds in East Africa, and
internal seiches may persist throughout much of the

year in these lakes (Eccles 1974, Bootsma 1993,
Coulter and Spigel 1991). These physical move
ments appear to play a large role in the distribution
of dissolved gases, nutrients, and plankton (Coulter
1968, Bootsma 1993, Hamblin et al. 2003).
Surface water concentrations of major ions and
some nutrients are presented in Table 2. A compari
son of the tropical and temperate lakes reveals sev
eral m ajor d ifferen ces. As a re su lt o f its
exceptionally long flushing time (Table 1), Lake
Tanganyika is more saline than any of the other
large lakes, as reflected in the high conductivity.
However, salinity is affected by both flushing time
and major ion inflow rates, and the long flushing
times of the African lakes are countered by the rela
tively small river inflows and the low ionic content
of inflowing river water. Dilution is also provided
by the relatively large amount of direct rainfall on
the lakes. As a result, the salinity of Lakes Malawi
and Victoria is similar to that of the temperate Great
Lakes. Among the temperate Great Lakes, the role
of basin geology is apparent when comparing Lake
Superior with the other four lakes. Despite its long
flushing time, Lake Superior has a low ionic con
centration, and the similarity between conductivi
ties and flushing tim es in Lakes Superior and
Victoria underscore the fact that, like the Superior
basin, the African basins are made up largely of so
lution-resistant granitic minerals. In contrast the re
maining Laurentian lakes receive waters rich in
calcium and bicarbonate as a consequence of the
extensive limestone deposits in their basins (Table
2).
Basin geology also results in tropical-temperate
differences in the relative importance of various
ions. While calcium is the dominant cation in the
Laurentian Great Lakes, sodium and potassium
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have greater relative and absolute concentrations in
the large African lakes. The greater relative Na and
K concentrations reflect the geology of African
drainage basins (Kilham 1990), which are generally
low in calcareous minerals. The greater absolute
abundance is a result of the lakes’ long flushing
times. The implications of these chemical differ
ences for biological processes are uncertain, but
phytoplankton physiology and species composition
are known to be affected by ion availability (Dou
glas and Smol 1995, Dempster and Sommerfeld
1998). Fryer and Iles (1972) have made the interest
ing observation that digestion of filam entous
cyanobacteria by cichlid fishes appears to be made
possible by the high sodium to calcium ratio in
some African lakes.
Sulfate concentrations are low in the African
Great Lakes, although they are also low in Lake Su
perior, again reflecting the im portant role of
drainage basin geology. Concentrations as low as 3
^m ol/L lhave been measured in Lake Victoria,
where sulfur behaves more like a nutrient than a
conservative ion. High rates of sulfur removal may
also be facilitated by the anoxic hypolimnia and or
ganic rich sediments of the African lakes, which
favor sulfate reduction and the precipitation of sul
fide minerals. Lake Malawi has been shown to have
an unusually high removal rate for sulfate (Kelly et
al. 1987). At one time sulfur limitation of algal
growth was considered a possibility in Lake Victo
ria, but it now appears that this is unlikely (Lehman
and Branstrator 1994).
Another chemical distinction between large tropi
cal and temperate lakes is the low availability of
dissolved nitrogen in tropical systems (Table 2).
Within several of the Laurentian Great Lakes, sur
face nitrate concentrations have been increasing
over the past century, probably due to atmospheric
inputs (Bennett 1986). While atmospheric inputs of
nitrogen to the African Great Lakes are also high
(Bootsma et al. 1996, Langenburg et al. 2003), ni
trogen does not accumulate in these lakes. This is
likely due to the persistence of anoxic hypolimnia.
Anoxia and warm temperatures promote rapid deni
trification rates and enhance phosphorus mobiliza
tion in tropical lakes, and may explain the greater
prevalence of nitrogen lim itation in the tropics
(Hecky et al. 1996, Downing et al. 1999). As a re
sult, nitrogen fixers and species tolerant of low N:P
ratios can make up a significant proportion of the
phytoplankton and periphyton communities at cer
tain times of the year (Hecky and Kling 1987, Kling
et al. 2001), and nitrogen fixation appears to ac

count for a large fraction of annual nitrogen input to
these lakes (Hecky et al. 1996, Higgins et al. 2001,
Mugidde et al. 2003).
The physical and chemical limnological charac
teristics associated with a tropica! climate result in
unique biological properties of the African Great
Lakes. Warm temperatures result in high metabolic
rates and rapid turnover rates of the plankton.
Chlorophyll a concentrations in Lakes Malawi and
Tanganyika are typically below 1 ^g /L, and Secchi
disk depths regularly exceed 15 m. By these stan
dards, the lakes can be classified as oligotrophic.
But despite low phytoplankton biomass, photosyn
thetic rates are remarkably high. Hecky and Fee
(1981) estimated a mean photosynthetic rate of 1 g
C/m2/d for Lake Tanganyika, and rates in Lake
Malawi are around 0.7 g C/m2/d (Bootsma 1993).
Thus, while phytoplankton abundance in these
lakes is similar to that in Lake Superior (Vollenweider et al. 1974, Guildford et al. 2000, Barbiero and
Tuchman 2001), photosynthetic rates are compara
ble to those in Lake Erie. According to classifica
tion standards th at have been applied to the
Laurentian Great Lakes (Vollenweider et al. 1974),
Lakes Malawi and Tanganyika would be considered
eutrophic. Accepted paradigms for temperate lakes
may not readily apply to tropical lakes.
Another paradigm that large tropical lakes appear
to defy is the notion that tropical ecosystems are
temporally more stable than their temperate coun
terparts. The intensive studies on Lake George as
part of the International Biological Program in the
late 1960s supported the suggestion that, like their
terrestrial counterparts, tropical aquatic systems are
relatively stable over time (Ganf and Viner 1973).
Other tropical-temperate comparisons have also in
dicated that seasonal variability is reduced in tropi
cal lakes (Melack 1979, Ashton 1985). However,
these analyses did not include large lakes. Seasonal
changes of temperature and surface irradiance in
the African Great Lakes are small compared to
those for the Laurentian Great Lakes, but nutrient
availability in the mixed layer of the African Great
Lakes is likely much more variable than it is within
the temperate lakes, due to the very high dissolved
nutrient concentrations below the surface mixed
layer (Bootsma and Hecky 1993, Edmond et al.
1993, Hecky et al. 1996). Periodic injections of
these nutrients into the trophogenic zone result in
phytoplankton variability that is comparable to that
observed in the Laurentian Great Lakes (Table 3).
The conversion of phytoplankton production into
fishery yield tends to be more efficient in tropical
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TABLE 3. Inter-lake comparison o f phytoplankton biomass temporal variability
(presented as coefficient o f variation). For all lakes, volumetric concentration o f
phytoplankton biomass in surface waters was used to determine variation. The
value fo r Lake Tanganyika is based on measurements made at one station near the
north end o f the lake. The value fo r Lake Malawi represents the variation o f means
(7 to 11 stations) fo r 11 cruises. The value fo r Lake Victoria was determined from
pelagic chlorophyll concentrations, which Kling et al. (2001) fo u n d to be a good
proxy fo r biomass. The variation fo r Lake Erie represents the mean o f three basins.
Variation in Lakes Erie, Ontario, Huron, and Superior are based on lake-wide
monthly means o f 25, 27, 22, and 34 stations, respectively (exact numbers o f sam
ples not given).
Lake

Time Span

C.V. (%)

n

Victoria
Tanganyika
Malawi
Superior
Huron
Erie
Ontario

12 months
10 months
12 months
M ay-Nov.
Apr.-Dec.
M ar.-Dec.
12 months

44
94
58
26
54
63
69

11
29
11

lakes than in temperate lakes. This is likely due to
the year-round growth of tropical fishes (as op
posed to the seasonal growth observed in most tem
perate fishes), and the greater proportion of low
trophic level fishes in tropical fisheries. However,
carbon transfer efficiency and fishery catches also
appear to be influenced to a large degree by food
web structure (Hecky 1984). The potential impor
tance of trophic structure is highlighted by a com
parison of Lakes Tanganyika and Malawi. Initial
measurements suggested that phytoplankton pro
duction is comparable in the two lakes (Hecky and
Fee 1981, Bootsma 1993), but that the fishery yield
of Lake Tanganyika is several times greater than
that of Lake Malawi. Early acoustic estimates of
pelagic fish biomass in Lake Tanganyika were
around 160 kg/ha (Roest 1977, Coulter 1991b)
while that for Lake Malawi is 70 kg/ha (Menz et al.
1995). The reasons for this apparent difference in
trophic efficiency remain a matter of debate. Sug
gested causes include the more efficient utilization
of plankton production by pelagic clupeids in Lake
Tanganyika (Turner 1982), and the lengthening of
the pelagic food chain in Lake Malawi due to the
presence of lakefly (Chaoborus edulis) larvae (Alli
son et al. 1995). The lakefly is also found in Lake
Victoria which has a rather inefficient food web
today, but it is absent from Lake Tanganyika. More
recent estimates of photosynthesis and fish produc
tion in Lake Tanganyika (Sarvala et al. 1999) sug
gest that trophic efficiency may not be as high as
previously thought. Similarly, recent fish biomass

—
—
—
—

Source
Kling et al. (2001)
Hecky and Kling (1981)
Bootsma (1993)
Munawar and Munawar (1986)
Munawar and Munawar (1986)
Munawar and Munawar (1986)
Munawar and Munawar (1986)

surveys on Lake Malawi have revealed the exis
tence of deep-water stocks that have the potential to
significantly increase the lake’s fishery yield (Menz
and Thompson 1995). These ongoing changes in
understanding these complex systems underscore
the need for more spatially complete and tempo
rally continuous m easurem ents of ecological
processes, made all the more urgent by the need to
conserve the unique biota of these lakes and ensure
that they continue to provide a sustainable food
source to the growing human populations in the
region.
THE DIRECTION OF RESEARCH ON THE
AFRICAN GREAT LAKES
Various authors have documented the history of
scientific research on the African Great Lakes (Bea
dle 1981, Talling 1995, Melack 1996, Talling and
Lemoalle 1998). Several expeditions were con
ducted to each of the lakes between 1894 and 1905,
which resulted in the documentation of a large
number of animal and plant species. The first stud
ies of physical and chemical properties were those
of Worthington (1930, 1931) on Lake Victoria, and
Beauchamp (1939, 1940, 1953) on Lakes Tan
ganyika and Nyasa. The most noteworthy findings
of Beauchamp’s work were that Lakes Malawi and
Tanganyika were permanently stratified, had anoxic
hypolimnia, and had very low phytoplankton con
centrations compared to other tropical lakes that
had been studied. The work of Talling (1957,
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1965a, 1965b, 1966, 1969) on Lake Victoria was a
major step in understanding the dynamics of photo
synthesis in aquatic systems, and advanced the un
derstanding of tropical algal ecology and its relation
to physical and chemical conditions. Talling’s work
also provided critical baseline data that has allowed
for the quantification of chemical, physical, and bi
ological changes that have occurred in Lake Victo
ria over the past several decades (Hecky 1993,
Bootsma and Hecky 1993).
Research programs on the African Great Lakes
over the past 40 years have not followed the same
agenda as those on the Laurentian lakes. Until re
cently, problems such as eutrophication and conta
m inant inputs received little attention in the
African lakes, where much of the research has been
motivated by the pragmatic need for improved
fisheries production and m anagem ent (OgutuOhwayo 1990, Menz 1995, Molsa et al. 1999), or
by a more academic interest in the systematics,
zoogeography, and behavior of the diverse cichlid
fish communities (Genner et al. 1999, van Alphen
and Seehausen 2001, Salzburger et al. 2002). In
addition, the thick sedim ents underneath the
African lakes provide a paleo-record that is un
matched in large temperate lakes with regard to
temporal span and resolution. As a result, a signifi
cant amount of research has been carried out on the
geology and sedimentology of the lakes. Much of
this work has focused on paleoclimatic reconstruc
tion for the past 10,000 to 40,000 years (Talbot and
L srdal 2000, Johnson et al. 2002), revealing re
gional changes in hydrology, temperature, and pos
sibly wind that coincide with global changes in
climate. Sediment cores have also proved useful in
elucidating the potential causes of water quality
changes that have occurred more recently (Hecky
1993, Verschuren et al. 2002).
Water-borne diseases are especially prevalent in
the tropics. For diseases such as malaria, cholera,
and schistosomiasis, the lakes may serve as vectors,
especially in densely populated lakeshore regions
(Cetron et al. 1996, Shapiro et al. 1999). In Lake
Malawi, there appears to have been an increase in
the incidence of schistosomiasis over the past three
decades. While this is probably due in part to in
creased population density and poor hygiene, there
is evidence that over-fishing may also have con
tributed. A comparison of several datasets collected
from the 1970s to the 1990s suggests that the abun
dance of the snail that serves as a host for the schis
tosome parasite, Bulinus globosus, has increased,
while the number of snail-eating fishes has de

clined, probably due to intensive nearshore gillnetting and beach seining (Stauffer et al. 1997). While
some research and education programs have been
devoted to the management of schistosomiasis and
other water-borne diseases in the African Great
Lakes region, their huge negative impact on social
and economic conditions warrants a much larger
effort.
Recent changes in all three lakes have resulted in
an increased realization that individual components
of these systems cannot be understood in isolation,
and that effective management must expand beyond
conventional fisheries management to account for
the interaction of physical, geological, chemical,
and biological processes at the ecosystem scale
(Molsa et al. 1999). Although specific processes in
tropical aquatic ecosystems, such as hydrodynam
ics, plankton production, and fisheries production
have received some attention, there remains a need
to integrate these processes in order to gain a better
understanding of ecosystem functioning. One
means of doing this is through the development of
conceptual and numerical models, which can facili
tate both the theoretical understanding and applied
management of these ecosystems (Crisman and
Streever 1996). As management problems move
from the relatively simple issue of fishery control to
the more complex issues of land use and climate
change, models will play an important role in deci
sion-making processes. For the developing riparian
countries, it is critical that management strategies
have maximum positive impact with minimal ex
pense. Predicting the efficacy of various manage
ment options is obviously more cost effective than a
trial and error approach. To this end, initial models
th at sim ulate physical and biogeochem ical
processes in the lakes and their catchments have
been developed for Lakes Malawi and Victoria
(Lam et al. 2001). The hope is that these models
will serve as a basis for informed discussions about
the present and future state of the lakes, and eventu
ally be applied as decision-support tools for man
agement of the lakes.
An understanding of ecosystem functioning and
the development of integrated physical and biogeo
chemical models are also critical for the interpreta
tion of sediment records. The sediment records
available from the African Great Lakes, as well as
smaller African lakes, are invaluable to an under
standing of the magnitude and timing of global cli
m ate v ariatio n (Johnson 1996, G asse 2000).
Interpretation of many of the climate proxies mea
sured in these sediments requires an understanding
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of the mechanisms that link meteorology, hydrody
namics, chemistry, and biology. For example, the
interpretation of diatom microfossil records (Stager
et al. 1986, Haberyan and Hecky 1987, Gasse et al.
2002) relies on a general understanding of diatom
autecology (Hecky and Kling 1987, Kilham et al.
1986, Owen and Crossley 1992). But there remains
a need to better quantify the effects of physical and
chemical conditions on diatom species composition
(Kilham et al. 1986, Gasse et al. 2002) and bio
genic silica deposition. While some empirical data
are available to indicate how the lakes’ plankton
communities respond to meteorological changes
over time scales of months to years, these observa
tions do not necessarily reflect steady state condi
tions in these slowly flushing lakes (Bootsma et al.
2003), and therefore they must be used with caution
when trying to interpret the climatic significance of
long-term changes in the microfossil record. For
this purpose, hydrodynamic and biogeochemical
models that simulate over time scales of decades to
centuries are necessary.
The need for tropical lake ecosystem models
goes beyond lake management. As D.V. Anderson
pointed out in his editorial preface to the 11 th
IAGLR conference proceedings, the study of large
tropical lakes can increase the general understand
ing of the mechanisms that control the physical,
chem ical, and biological functioning of large,
aquatic ecosystems. Paradigms that help to direct
research and management priorities in the Laurentian Great Lakes are constrained by the geological,
meteorological, and biological conditions that exist
in those lakes. When those conditions change (e.g.,
following exotic species invasions or a change in
climate), the paradigms often are of limited use in
predicting ecosystem response. Thienemann (1932)
observed this over half a century ago, when he dis
covered that the measurement of hypolimnetic oxy
gen deficit could not be used to trophically classify
tropical lakes, as it was for temperate lakes. Cur
rently there is much concern and uncertainty about
potential impact of climate change on temperate
aquatic ecosystems (M ortsch and Quinn 1996,
Nicholls 1999). While the effects of a given change
in climate on lake physical processes can probably
be predicted with a good degree of certainty, poten
tial changes in chemical cycles and biological
properties are much more difficult to predict, due
to the num ber and com plexity of interactin g
processes that link meteorology to chemical and bi
ological dynamics. By viewing the African Great
Lakes as endpoints along a climatic gradient, it
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may be possible to acquire insight into how physi
cal changes such as warmer temperatures, pro
longed stratification and hydrologic shifts will
affect biota and ecosystem functioning in other
lakes.
Following accelerated species extinction rates
around the world, the implications of species losses
for ecosystems has become a concern, and the ques
tion of how organisms are influenced by their envi
ronment has been turned around to ask what role
species com position and bio d iv ersity play in
ecosystem functioning (Tilman 1999, McCann
2000). Already several decades ago, Fryer and Iles
(1972) discussed the possible relationship between
cichlid diversity and ecosystem stability in the
African Great Lakes. However, despite the recogni
tion that fish diversity might play a role in ecosys
tem processes such as energy transfer and nutrient
cycling, and that the cichlid communities of the
African Great Lakes present a unique opportunity
to examine these relationships, the role of diverse
fish communities in ecosystem functioning has re
ceived little attention in the African Great Lakes
(Leveque 1995). Some of the recent papers pre
sented in this issue and elsewhere (Higgins et al.
2001, Andre et al. 2003) suggest that further re
search on this topic in the African Great Lakes will
be fruitful. The great biological diversity in these
lakes, and the recent loss of much of this diversity
from Lake Victoria, present opportunities to exam
ine the relationships between community structure
and ecosystem functioning in natural settings. The
results of these studies may well provide insight to
the long-term response of the Laurentian Great
Lakes to changes in diversity and community struc
ture resulting from exotic species invasions that
have taken place over the past century and will
likely continue in the future (Mills et al. 1993,
1994).
Truly large freshwater systems that immediately
invite the epithet “great” are rare on the present
earth. Studies of these large systems are logisti
cally and intellectually challenging. These charac
teristics of rarity and challenge impose a special
onus upon great lakes researchers to share and pro
mote the results of these studies for the benefit of
all the great lakes. This special issue of the Journal
of Great Lakes Research is a welcome opportunity
to share the results of recent research on the African
Great Lakes with the great lakes research commu
nity.
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