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INTRODUCTION
In tropical Africa, changes in the hydrological cycle have a far 

greater impact on human welfare than does the relatively small range of 
temperature variability. Thus it is important to understand the timing of 
past wet and arid phases in low-latitude regions. Tropical vegetation is a 
sensitive indicator of aridity because its distribution is mainly controlled 
by precipitation, which, in tropical East Africa, is infl uenced by the con-
vective intensity and seasonal migrations of the Intertropical Conver-
gence Zone (ITCZ) and the Inter-Oceanic Confl uence (IOC) (Leroux, 
2001). The C

3
 (Calvin-Benson) and C

4
 (Hatch-Slack) cycles are the two 

main pathways of carbon fi xation utilized by plants (O’Leary, 1981). C
4
 

plants are characterized by higher water-use effi ciency and are common 
today in tropical savannas, temperate grasslands, and semiarid regions 
(Raven et al., 1999). Aridity is the dominant control on the large-scale 
distribution of C

3
 versus C

4
 vegetation in tropical Africa (Schefuß et al., 

2003), and thus changes in aridity can be examined by determining the 
past distribution of C

3
 versus C

4
 vegetation.

Lake Malawi (Fig. 1) sediments have provided one of the few 
continuous and high-resolution climate records since the Last Glacial 
Maximum (LGM) on the African continent. Aridity in Lake Malawi 
has been inferred from lake-level histories based on seismic refl ection 
data (Johnson and Ng’ang’a, 1990), benthic diatom assemblages (Gasse 
et al., 2002), and geochemical analyses of endogenic calcite (Ricketts 
and Johnson, 1996). While the evidence for a major lake-level lowstand 
during the LGM is indisputable, the history of aridity in the region dur-
ing the Holocene, particularly regarding conditions in the early Holo-
cene, has not been resolved. Seismic refl ectors are not well dated, the 
relative abundance of benthic diatoms can be infl uenced by preservation 
and sediment redeposition, and the presence and/or absence of endo-
genic carbonates in sediments is not a particularly sensitive indicator of 
hydrological conditions.

In comparison, tropical vegetation is a sensitive indicator of arid-
ity, and the carbon isotopic composition of plant leaf waxes, used to dis-
tinguish between inputs of C

3
 and C

4
 vegetation (Collister et al., 1994), 

provides an additional independent method of examining past aridity. 
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Figure 1. A: Vegetation zones of East Africa (Schefuß et al., 2003) 
and summer and winter positions of Intertropical Convergence Zone 
(ITCZ) and Inter-Oceanic Confl uence (IOC) (Leroux, 2001). The IOC 
separates Atlantic and Indian Ocean moisture. B: Location of Lake 
Malawi (LM) in relation to Lakes Masoko and Rukwa. C: Location 
of sediment cores M98–1P (10°15.99S′, 34°19.19′E) and M98–2PG 
(9°58.6′S, 34°13.8′E) in the northern basin of LM.
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Long-chain, odd-numbered n-alkanes (C
25

-C
35

) are a major component of 
terrestrial plant leaf waxes (Eglinton and Hamilton, 1967) and are gener-
ally well preserved in sediments. Lake Malawi is located near the pres-
ent southernmost extent of the ITCZ and the lake’s vast drainage basin is 
dominated by tree savanna (mainly C

3
 plants), but grass savanna (mainly 

C
4
 grasses) is present to both the north and south (Fig. 1). The proximity 

of Lake Malawi to this ecosystem boundary makes it a sensitive location 
to examine past aridity-driven vegetation shifts.

METHODS
We examined sediment cores M98–1P and M98–2PG from the 

north basin of Lake Malawi (Fig. 1). The age models of both cores were 
previously published (Johnson et al., 2002, 2001) and are not discussed 
further here. Ages are reported as thousands of calibrated years (cal ka) 
before present. Compound-specifi c carbon isotope analysis of n-alkanes 
was performed using gas chromatography–isotope ratio monitoring–
mass spectrometry. Each n-alkane sample was run in duplicate and the 
standard deviation of all samples is <± 0.5‰. Method details are avail-
able in the GSA Data Repository.1

RESULTS AND DISCUSSION
Lake Malawi samples are characterized by a moderate to high odd 

versus even carbon number predominance (average carbon preference 
index of 3.9) indicating terrestrial plant inputs (Eglinton and Hamilton, 
1967). We use the weighted mean δ13C values of the C

29
–C

33
 n-alkanes to 

examine past vegetation shifts and hereafter refer to this record as δ13Calk. 
The percentage of C

4
 grasses is estimated from a binary mixing model 

based on δ13Calk, assuming end-member values of −36‰ and −21.5‰ for 
C

3
 and C

4
 vegetation, respectively (Collister et al., 1994; Fig. 2).

Lake Malawi δ13Calk values were enriched during the LGM, cor-
responding to an estimated vegetation assemblage of 61% C

4
 grasses 

(Fig. 2B). Following the LGM, a gradual transition to increased C
3
 abun-

dances occurred until 13.6 ka. The onset of the Younger Dryas (YD) is 
marked by an abrupt return to increased C

4
 inputs, and represents a shift 

from 45% to 60% C
4
 grasses. Fluctuating but generally heavier δ13Calk 

values during the early Holocene (11–7.7 ka) indicate a vegetation assem-
blage of 49%–55% C

4
 grasses. C

3
 inputs increased after 7.7 ka, and C

3
 

vegetation reached maximum abundance at 4.9 ka. Subsequently, a return 
to increased C

4
 abundances occurred; 56% C

4
 grasses are noted at 0.4 ka.

Temperature, aridity, and the concentration of atmospheric carbon 
dioxide (pCO

2
) can infl uence C

3
 versus C

4
 variability (Schefuß et al., 

2003). Comparing the Lake Malawi δ13Calk record to the Taylor Dome 
CO

2
 record (Monnin et al., 2001), we note that increased abundances of 

C
4
 vegetation occur at times of low (LGM), intermediate (YD), and high 

(Holocene) pCO
2
 (Fig. 2C), suggesting, as previously reported (e.g., 

Huang et al., 2001), that pCO
2
 changes alone are insuffi cient to drive 

vegetation change. Comparing the δ13Calk record to the Lake Malawi 
temperature record (Powers et al., 2005), a correlation is noted between 
cooler temperatures and heavier δ13Calk values (Fig. 2B). While it may 
appear that temperature is the main control on vegetation type, we note 
that strong links between temperature and aridity exist in southeast 
Africa, with warm and wet and cool and dry conditions being associated 
(Powers et al., 2005; Brown and Johnson, 2005; Johnson et al., 2002). 
Furthermore, the observed relationship between δ13Calk and temperature, 
with increased C

4
 abundances noted at times of cooler temperatures, con-

tradicts previous studies that found increased abundances of C
4
 grasses 

associated with warmer temperatures (Livingstone and Clayton, 1980; 
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Figure 2. African paleoclimate records. Younger Dryas (YD) cold 
period is highlighted in all graphs. A: Carbon isotope composition of 
the C29-C33 n-alkanes. Solid data points indicate samples from core 
M98–1P and open data points indicate samples from core M98–2PG. 
Error bars indicate the standard deviation of duplicate runs. B: 
Atmospheric methane (CH4) records from the Greenland Ice Sheet 
Project (GISP2) and Taylor Dome (TD, Antarctica) ice cores (Brook 
et al., 2000) compared with Lake Malawi δ13Calk (open squares) and 
temperature (gray triangles; Powers et al., 2005) records, and Atlan-
tic meridional sea surface temperature gradient (ΔSST) from the 
coast of Angola [difference between alkenone-derived SSTs from 
sediment cores GeoB 6518–1 (05°35.3′S, 11°13.3′E) and GeoB 1023–
5 (17°09.5′S, 11°00.5′E); Schefuß et al., 2005]. Note that y axis scales 
of methane and temperature records are reversed. Vertical dashed 
line at 11 cal ka indicates transition between in phase and out of 
phase relationships between the δ13

Calk and CH4 records. C: Atmo-
spheric carbon dioxide concentrations from TD (Monnin et al., 2001) 
and January insolation at 10°S (Berger and Loutre, 1991).1GSA Data Repository item 2007200, methods utilized for n-alkane δ13C 

analysis of core M98-1P, is available online at www.geosociety.org/pubs/ft2007.
htm, or on request from editing@geosociety.org or Documents Secretary, GSA, 
P.O. Box 9140, Boulder, CO 80301, USA.
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Teeri and Stowe, 1976). Thus, we conclude that vegetation changes in 
East Africa are mainly driven by changes in aridity, consistent with pre-
vious studies of tropical Africa (Schefuß et al., 2003).

We compare the Lake Malawi δ13Calk record to ice-core methane 
(CH

4
) records from Antarctica and Greenland that mainly refl ect inputs 

from tropical wetlands in the preindustrial period (Brook et al., 2000; 
Chappellaz et al., 1997). We fi nd that the two data sets closely parallel 
each other from the LGM until ca. 11 ka (Fig. 2B), the YD being a major 
feature of both records. At the start of the Holocene, the close correlation 
between the two records abruptly ends and a more antiphase relationship 
prevails (Fig. 2B). CH

4
 records suggest early Holocene wet conditions, 

whereas arid conditions were present at Lake Malawi from 11 to 7.7 ka. 
Variability present in the Lake Malawi δ13Calk and temperature records 
(Powers et al., 2005) ca. 8.2 cal ka may be related to Northern Hemi-
sphere cooling at that time (e.g., Thomas et al., 2007), although higher 
resolution sampling is required to test this idea. CH

4
 records indicate 

drying of the tropics from 7 to 2.5 ka (Chappellaz et al., 1997), but the 
δ13Calk record displays the highest percentage of C

3
 vegetation at 4.9 ka, 

signifying wetter conditions in southeast Africa. CH
4
 records suggest a 

return to wetter conditions during the past 2.5 k.y. (anthropogenic meth-
ane contributions are also signifi cant during this interval; Chappellaz 
et al., 1997; Ruddiman and Thomson, 2001), while a shift to increased 
aridity is observed at Lake Malawi and at other locations in tropical 
Africa (Gasse, 2000).

The timing of vegetation shifts noted at Lake Malawi generally cor-
relates well with vegetation shifts noted at Lake Rukwa (Vincens et al., 
2005) and southern Lake Tanganyika (Vincens, 1991). Ties to condi-
tions in the Southern Hemisphere are also noted, especially during the 
late Pleistocene, when the Lake Malawi temperature record appears to 
refl ect warming in Antarctica, and possibly the Antarctic Cold Reversal 
(Powers et al., 2005). Paleoclimate records from South Africa display 
similarities to the Lake Malawi record and reveal dry conditions during 
the LGM and early Holocene (Holmgren et al., 2003). Nearby at Lake 
Masoko, conditions were wet (Fig. 1B) during the LGM and YD (Garcin 
et al., 2006), when Lake Malawi was arid. Considering the small size 
of Lake Masoko (area of 0.38 km2 compared to 22,490 km2 for Lake 
Malawi) and its location in the Rungwe volcanic highlands (Fig. 1), 
it may be more infl uenced by local orographic effects, whereas Lake 
Malawi responds more to regional climatic forcing.

Taken together, the δ13Calk and CH
4
 records indicate that arid and wet 

phases in southeast Africa were in phase with conditions in the global 
 tropics during the late Pleistocene but generally out of phase during the 
Holocene (Fig. 2B). Ties between Lake Malawi and high-latitude cli-
mates have been noted previously and likely result from a combination of 
changes in global mean temperature and ITCZ variability. The latitudinal 
position of the ITCZ varies as a result of the interhemispheric tempera-
ture contrast, perhaps associated with the bipolar seesaw (Stocker and 
Johnsen, 2003), with southward displacements occurring during Northern 
Hemisphere cold periods (Broccoli et al., 2006). Southward ITCZ dis-
placements also may be accompanied by reduced low-latitude convection 
(Ivanochko et al., 2005). Previous studies of Lake Malawi have provided 
evidence for southward ITCZ migrations during Northern Hemisphere 
cold periods, including the YD and Little Ice Age (LIA) (Brown and John-
son, 2005; Filippi and Talbot, 2005; Johnson et al., 2002), and the δ13Calk 
record presented here is consistent with these results.

ITCZ migrations have been linked to climate variability in southeast 
Africa on decadal to millennial time scales and also are thought to occur 
on longer glacial-interglacial time scales (Broccoli et al., 2006; Ivanochko 
et al., 2005), but other climate forcings are important and must be consid-
ered. Cooler global mean temperatures during the LGM would have led 
to decreased surface evaporation, resulting in a tendency for increased 
global aridity, which is noted throughout tropical Africa (Gasse, 2000). 

Following the LGM, southeast Africa gradually warmed until 13.8 cal ka 
(Powers et al., 2005), and this temperature increase was accompanied by 
increased precipitation throughout the African tropics (Gasse, 2000). We 
suggest that ITCZ variability may have played a role in maintaining the 
noted in phase relationship between arid and wet conditions in the south-
east African tropics with the global tropics during the late Pleistocene. 
At that time, cool temperatures in the Northern Hemisphere may have 
caused a southward displacement of the ITCZ (Broccoli et al., 2006), 
thereby causing the Lake Malawi basin to receive less rainfall, similar 
to the equatorial and northern tropics. With the collapse of Northern 
Hemisphere ice sheets, ties between southeast Africa and the northern 
high latitudes were weakened, perhaps in part due to the ITCZ shifting 
northward over Africa. Following the early Holocene retreat of Northern 
Hemisphere ice sheets, the infl uence of summer insolation on moisture 
availability in the southern tropics became relatively more important, 
and antiphased with the northern African tropics. This is apparent from 
a comparison of austral summer insolation at 10°S (Berger and Loutre, 
1991) with the δ13Calk record (Fig. 2C). The insolation minimum centered 
at 10 ka corresponds with arid conditions at Lake Malawi and in South 
Africa (Holmgren et al., 2003), while lakes to the north experienced high-
stands or overfl owing conditions (Gasse, 2000). As insolation increased 
throughout the Holocene, southeast Africa became wetter. We note arid 
conditions since 0.5 ka, despite high insolation values. This time period 
coincides with the LIA, when there is independent evidence for cooler 
and drier conditions at Lake Malawi, attributed to a southward shift of the 
ITCZ (Powers, 2005; Brown and Johnson, 2005).

Other forcing mechanisms, such as Atlantic Ocean and Indian 
Ocean sea surface temperatures (SST), have been linked to rainfall in 
East Africa (Camberlin et al., 2001; Goddard and Graham, 1999), and 
such ties are also suggested in the paleorecord. Our δ13Calk profi le tracks 
the meridional gradient in South Atlantic SSTs off West Africa reason-
ably well (Fig. 2B), inferring higher rainfall at Lake Malawi when the 
SST gradient is weak, thereby decreasing southeast trade winds over 
Africa (Schefuß et al., 2005). This may result in an eastward shift in 
the north-south–oriented portion of the ITCZ, or IOC, during austral 
summer, allowing for deeper penetration of Atlantic moisture into East 
Africa associated with the West African monsoon and more intense rain-
fall over Lake Malawi. The strength of the southeast trade winds has 
been linked to conditions in Antarctica, with expansions of sea ice lead-
ing to expansions of the Antarctic circumpolar vortex, thereby produc-
ing steeper meridional SST gradients and intensifying southeast trade 
winds (Schefuß et al., 2005; Partridge et al., 2004; Kim et al., 2003). 
Expansion of the Antarctic circumpolar vortex, associated with cooler 
and drier conditions, is also an important control on climate in South 
Africa (Partridge et al., 2004; Holmgren et al., 2003). The links noted 
between conditions in Antarctica, the Atlantic meridional SST gradient, 
the strength of the southeast trade winds, and eastward moisture penetra-
tion into the African continent likely account for some of the similarities 
noted in paleoclimate records of South, Central, and East Africa. How-
ever, given Lake Malawi’s position at the present-day southernmost limit 
of the ITCZ, the lake is particularly sensitive to shifts in its location.

CONCLUSIONS
This study demonstrates that wet and arid phases in southeast 

Africa were in phase with conditions in the equatorial and northern 
tropics during the late Pleistocene (23–11 ka), but out of phase during 
the Holocene. Arid conditions were present in southeast Africa during 
the LGM, the YD, in the early Holocene, and during the LIA, whereas 
peak wet conditions occurred at 13.6 and 4.9 ka. The presence of arid 
conditions in southeast Africa during the early Holocene is signifi cant, 
and we note that the frequently used term, African Humid Period, refer-
ring to 12–5.5 ka, is inappropriate when considering the climate of a 
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broad expanse of southeast Africa. The late Pleistocene and Holocene 
climates of southeast Africa were quite variable, both in terms of aridity 
and temperature. These extreme and abrupt changes in water availability 
undoubtedly played a signifi cant role in faunal migrations and in the 
development and collapse of human civilizations.
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