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Accurate reconstructions of past hydrological variability are essential for understanding the climate history of
the tropics. In tropical Africa, the relative proportion of vegetation utilizing the C3 vs. C4 photosynthetic
pathway is mainly controlled by precipitation and thus past hydrological changes can be inferred from the
vegetation record. In this study, biomarkers of terrestrial plants (lignin phenols and plant leaf wax carbon
isotopes) are examined from a well-dated sedimentary record from Lake Malawi to provide a vegetation
(aridity) record of the past 23 cal ka from southeast Africa. We suggest that the ratio of cinammyl to vanillyl
(C/V) lignin phenols in Lake Malawi sediments mainly reflects inputs of C3 trees (woody tissue) vs. C4
grasses (non-woody tissue) and find that changes in the C/V ratio generally support variability noted in the
n-alkane carbon isotope record. Together, these records provide evidence for increased C4 vegetation
(grasses) surrounding Lake Malawi during Last Glacial Maximum (LGM), the Younger Dryas, in the early
Holocene, and from ~2 cal ka to the present, suggesting drier conditions at these times. Elevated inputs of C3
vegetation are noted in the intervals from ~17–13.6 cal ka and ~7.7–2 cal ka, indicating wet conditions in
southeast Africa. A relationship is noted between the n-alkane average chain length (ACL) and temperature,
with longer ACLs associated with higher temperatures. Higher n-alkane carbon preference index (CPI) values
correlate with higher mass accumulation rates of biogenic silica and may result from periodic increased
northerly winds over Lake Malawi, which enhance upwelling and diatom productivity while simultaneously
increasing erosion and transport of plant leaf waxes to the lake. The molecular data produced in this study
suggest that the carbon isotopic signature of bulk sediment (δ13CTOC) in Lake Malawi is primarily a reflection
of terrestrial inputs (C3 vs. C4 vegetation) and may not mainly reflect changes in algal productivity, as
previously thought.

© 2009 Published by Elsevier B.V.

1. Introduction

Lake Malawi, the southernmost of the large lakes in the East
African Rift Valley, has been the focus of numerous recent paleocli-
mate investigations because the lake exhibits a strong response to
global climate events and is one of a few sites in tropical Africa that
contains a continuous sedimentary record spanning the time interval
from the Last Glacial Maximum (LGM) to the present. The modern
climate of East Africa is complex with major changes in rainfall
observed over short distances (Nicholson, 1996), and therefore, it is
perhaps not surprising that paleoclimate records obtained from
nearby sites in East Africa often contain contradictory data. For

example, arid conditions characterized Lake Malawi during the
Younger Dryas cold period (Johnson et al., 2002; Filippi and Talbot,
2005; Castañeda et al., 2007; Talbot et al., 2007); however, wet
conditions existed at LakeMasoko (Garcin et al., 2006), located within
100 km of the northern end of Lake Malawi. A main focus of previous
investigations of Lake Malawi and the other East African rift lakes has
been on reconstructing changes in lake level (aridity) since tropical
climate variability is often expressed as hydrological fluctuations
(Gasse, 2000). However, relatively few studies have examined
vegetation history based on analyses of organic biomarkers, which
provide an additional method of examining past hydrological changes
because aridity is the main control on the distribution of vegetation
utilizing the C3 (Calvin–Benson) vs. the C4 (Hatch–Slack) photosyn-
thetic pathways in tropical Africa (Schefuß et al., 2003a; Castañeda
et al., 2007).

We use molecular biomarkers and compound-specific carbon
isotopes in this study to examine the response of low-latitude tropical
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terrestrial vegetation to changes in global climate since the LGM. At
present relatively few studies of vegetation change exist for the Lake
Malawi region and the existing pollen studies (e.g. Meadows, 1984;
DeBusk, 1998) have been hampered by poor chronology, or for certain
time intervals, poor preservation of pollen grains, making it difficult to
resolve the timing of vegetation changes noted throughout the Late
Pleistocene and Holocene. Here, we examine a sediment core from the
northern basin of Lake Malawi that contains a continuous sedimen-
tary record of the past 23 cal ka, and for which the chronology is well-
established (Barry et al., 2002; Johnson et al., 2002). Recent advances
in organic geochemistry have provided valuable insight into the
paleoclimatic history of East Africa by allowing for the reconstruction
of a continental temperature record from Lake Malawi (Powers et al.,
2005). This temperature record, produced from the same sediment
core that we examine in the present study, has revealed significant
temperature variability in East Africa both between the Last Glacial
Maximum (LGM) and the present, as well as major temperature
variations within the Holocene. Having a continuous and well-dated
record from a site where temperature is known provides a unique
opportunity to examine the response of tropical terrestrial vegetation
to paleoenvironmental variability. In addition, this molecular study
provides an opportunity to compare vegetation proxies based on
different compound classes and to gain further insights into the origin
and transport pathways of sedimentary organic matter in Lake
Malawi.

2. Background

2.1. Study location

Lake Malawi (9°S to 14°S) is situated between the countries of
Malawi, Mozambique, and Tanzania, and is 560 km long and up to
75 km wide (Eccles, 1974) (Fig. 1). Lake Malawi is at least 5 million
years old (Finney et al., 1996), is underlain by over 4 km of sediment
(Rosendahl, 1987), and has a maximum depth of over 700 m (Johnson

and Davis, 1989). The lake is permanently anoxic below ~200 m
(Eccles, 1974) and is characterized by relatively high sedimentation
rates of 0.5–1.5 mmyear−1 (Finney et al., 1996). The majority of water
loss in Lake Malawi is by evaporation rather than outflow, making it
extremely sensitive to minor changes in aridity (Spigel and Coulter,
1996). Lake levels in some of the East African lakes are known to have
varied by hundreds of meters in the past (Gasse, 2000). However,
even during times of severe drought when other African lakes were
completely desiccated, the deepest basins of Lake Malawi contained
water and continued to accumulate sediment (Johnson, 1996; Scholz
and Rosendahl, 1988).

In addition to having both a continuous and high-resolution
sedimentary record, Lake Malawi is also a good site for paleoenviron-
mental reconstructions as it is situated in a climatically sensitive
geographical location that is heavily influenced by the intertropical
convergence zone (ITCZ) (Fig. 1A). The lake is located at the southern
limit of the ITCZ (~13°S) and experiences one rainy season per year
(November toMarch), while the rift lakes to the north experience two
rainy seasons from the overhead passage of the ITCZ. The ITCZ is a
major feature of tropical climates (Leroux, 2001; Nicholson, 1996) and
is a main control on the distribution of tropical vegetation via its
relationship to precipitation. Presently, Lake Malawi is surrounded by
tree savanna, whichmainly consists of C3 vegetation (White, 1983). To
both the north and south of Lake Malawi lies grass savanna, which is
dominated by C4 grasses (White, 1983). The proximity of Lake Malawi
to this ecosystem boundary provides a sensitive location to examine
past shifts in C3 and C4 vegetation associated with changes in climate
(Fig. 1A).

Piston core M98-1P was collected from 403 m water depth in the
northern basin of Lake Malawi (10°15.99S, 34°19.19) in 1998 by an
expedition of the International Decade for East African Lakes (IDEAL)
(Fig. 1B). The lithology and age model (based on 14C dating, varve
counting, and 210Pb dating) of this 7.8 m piston core have been
previously described in several studies (Barry et al., 2002; Johnson
et al., 2002; Filippi and Talbot, 2005) and the age model is available at

Fig. 1. A) Vegetation zones of East Africa (figure modified from Schefuß et al., 2003a) and the January and July positions of the ITCZ (based on Leroux, 2001). Presently Lake Malawi is
situated within the tree savanna vegetation zone, which is C3 dominated. Note the southernmost limit of the ITCZ at the southern end of Lake Malawi. B) Location of piston core M98-1P
in the northern basin of Lake Malawi. C) Locations of Lake Rukwa and Lake Masoko for comparison with Lake Malawi. The arrows indicate the approximate location of sediment cores
examined from Lake Rukwa (Vincens et al. 2005) and Lake Masoko (Garcin et al., 2006; Vincens et al., 2003).
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the NOAA web site for the World Data Center for Paleoclimatology
(www.ncdc.noaa.gov/paleo/data.html). All ages in this study are
reported as thousands of calendar years before present (cal ka).

2.2. Terrestrial vegetation, n-alkanes and lignin phenols

The C3 pathway is themost common photosynthetic pathway and is
used by almost all trees, shrubs, herbs, and cold-season grasses and
sedges (Raven et al., 1999). The C4 pathway differs from the C3 pathway
in that it involves a carbon-concentrating mechanism, which gives C4
plants (mainly warm-season grasses and sedges) a competitive
advantage in low atmospheric CO2 conditions (Ehleringer et al., 1997).
C4 plants also have higher water-use efficiency than C3 plants, and thus
are common today in tropical savannas, temperate grasslands, and in
semi-arid regions (Raven et al., 1999). The main drivers of C3 vs. C4
vegetation change are thought to be temperature, aridity, and atmo-
spheric CO2 concentrations (Cerling et al., 1993; Collatz et al., 1998;
Kuypers et al., 1999; Pagani et al., 1999; Huang et al., 2001). While the
relative importance of eachof these factors remains a topic of study (e.g.,
Zhanget al., 2003; Schefuß et al., 2003a), it is generally agreed that these
forcing factors impact the distribution of vegetation because of
differences in carbon assimilation between the C3 and C4 pathways
(O'Leary, 1981). However, in tropical Africa studies have demonstrated
that aridity is the main factor driving shifts in C3 vs. C4 vegetation
(Castañeda et al., 2007; Schefuß et al., 2003a) and thus past hydrological
fluctuations can be inferred from the paleovegetation record.

In this study, two classes of higher plant biomarkers, the plant leaf
waxes (n-alkanes) and lignin phenols, are examined in order to
investigate vegetation change in East Africa during the past 23 cal ka.
The n-alkanes are straight-chain hydrocarbons that exhibit strong odd
over even carbon number predominance in living organisms and are a
major component of the epicuticular waxes of terrestrial plant leaves
(Eglinton and Hamilton, 1967). Although n-alkanes are produced by
many organisms, carbon number distributions and isotopic composi-
tions vary depending on the source organism. Terrestrial plants are
dominated by the long-chain (C25–C33) n-alkanes while aquatic algae
are dominated by the short-chain n-alkanes (C17–C21) (Giger et al.,
1980; Cranwell et al., 1987). These compounds are generally well-
preserved in sediments (Cranwell, 1981) and differences in the
distribution patterns of n-alkanes can provide information regarding
vegetation type since the C31 n-alkane tends to be dominant in grasses
while the C27 and C29 n-alkanes are dominant in deciduous trees
(Cranwell, 1973). In addition, the carbon isotope composition of the
long-chain n-alkanes can be used to distinguish between vegetation
utilizing different photosynthetic pathways. Plants utilizing the C3
photosynthetic pathway tend to have average n-alkane carbon isotopic
compositions of around −36‰, while plants utilizing the C4 photo-
synthetic pathway have average n-alkane carbon isotopic composi-
tions of around−21.5‰ (Collister et al., 1994). A third photosynthetic
carbon-fixation pathway, the Crassulacean Acid Metabolism (CAM)
pathway, has isotopic values intermediate between those of C3 and C4
plants (Deines, 1980) but is not found in plants dominating the
environments of East Africa (Winter and Smith, 1996). The n-alkanes
are transported to lakes via water or wind but wind erosion can be the
dominant transport mechanism in arid environments (Schefuß et al.,
2003b). Although long-range transport of plant leaf waxes by eolian
processes is possible (Gagosian and Peltzer,1986), several studies have
shown vegetation in the immediate watershed is the predominant
source of n-alkanes to lake sediments (Schwark et al., 2002; Huang
et al., 1999; Riley et al., 1991).

Lignins are large and structurally complex phenolic polymers that are
present in the cell walls of vascular plants (Hedges and Mann, 1979a,b;
Hedges and Ertel, 1982) and have been applied successfully to studies of
lacusterine sediments to provide information on vegetation dynamics
(e.g., Orem et al.,1997; Hu et al.,1999; Filley et al., 2001; Fuhrmann et al.,
2003; Ishiwatari et al., 2005, 2006; Pempkowiak et al., 2006; Tareq et al.,

2006; Hyodo et al., 2008) and to track plant source–export dynamics in
riverine systems (Dalzell et al., 2007; Bianchi et al., 2007). Differences in
abundance of vanillyl (V), syringyl (S) and cinnamyl (C) structural
groups can be used to distinguish different plant and tissue types (Goñi
and Hedges, 1992). Vanillyl-based phenols are produced by all vascular
plants, with it being the exclusive component in gymnosperm woody
tissue. Syringyl-based phenols are produced by angiosperms and are
found in both woody and non-woody tissue, although trace levels are
found in gymnosperm non-woody tissue (Goñi et al., 1993; Hedges and
Mann,1979a,b). Cinnamyl phenols are present in the non-woody tissues
of gymnosperms and angiosperms (Hedges and Mann, 1979a,b).
Therefore, the ratio of cinnamyl/vanillyl (C/V) phenols can be used to
examine contributions of non-woody vs. woody land plant tissues while
the ratio of syringyl/vanillyl (S/V) phenols can be used to distinguish
angiosperm fromgymnospermsources (Goñi andHedges,1992).Woody
tissues are characterized by C/V values of b0.05 while non-woody
tissues have values of 0.1 to 0.8 (Goñi, 1997). This distinction is evident
evenwithin individual leaves as petioles and vascular tissue have little to
no cinnamyl phenols while soft body tissues of the leaf are rich in
cinnamyls (Filley et al., 2008a). Angiosperms have S/V ratios of 0.6–4
while gymnospermshaveS/Vvaluesof around0as they lack thesyringyl
phenol (Goñi, 1997). With respect to characterizing ecosystems under-
going shifts between C4 grasses and C3 woody plants, these molecular
distinctions have proven effective for determining the relative input of
these plant types to litter and soil organic matter (Filley et al., 2008b).

Lignin phenols are relatively resistant to diagenesis but are
susceptible to oxic degradation. However, it is possible to assess the
extent of oxygenic diagenetic alteration by examining the ratio of acid
phenols to aldehyde phenols (vanillic acid to vanillin (Ac/Alv) and
syringic acid to syringealdehyde (Ac/Als); Ertel and Hedges, 1985;
Hedges et al., 1982). In Lake Malawi, which has anoxic bottomwaters,
it is expected that lignin phenols aremainly degraded on land or while
in transport to the lake but are well-preserved upon reaching the
sediments. In contrast to the plant leaf waxes, which are transported
by both wind and water, lignin phenols are transported to lakes
primarily by rivers and streams (e.g. Meyers, 2003; Goñi et al., 1997).
Additionally, grass and bush fires can play an important role in the
erosion and transport of terrestrial plant materials (n-alkanes and
lignin phenols) to lacustrine sediments (e.g. Finkelstein et al., 2006
and references therein).

3. Methods

3.1. TOC and C/N ratios

Total inorganic carbon (TIC) and total carbon (TC) measurements
were determined on a UIC CO2 Coulometer. In these samples, TC is
total organic carbon (TOC) because TIC was not present in any of the
samples analyzed from core M98-1P. Carbon to nitrogen ratios (C/N)
were determined on a Costech ECS 4010 elemental analyzer. Sediment
samples did not receive acid pre-treatment prior to analysis on the
elemental analyzer. Therefore, C/N ratios reported here reflect the
ratio of total organic carbon to total nitrogen (Corg/Ntot).

3.2. Bulk δ13C
Freeze dried sediment samples were treated with excess 0.1 N

hydrochloric acid for 3 h to remove inorganic nitrogen (δ15N data will
be presented elsewhere). After acidification, sediment samples were
filtered through organic-free Whatman GF/F glass fiber filters (0.7 μm
pore size) and rinsed 4x with excess distilled and deionized water
(Millipore filtration system). Sediment samples were then dried in an
oven at 35 °C and stored in a desiccator until they could be packed into
tin capsules for isotopic analysis. Bulk carbon isotope (δ13CTOC)
samples were analyzed at the College of Marine Science at the
University of South Florida on a Thermo-Finnigan Delta-Plus XL mass
spectrometer coupled to a Carlo-Erba NA2500 Elemental Analyzer.
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3.3. Isolation of plant leaf waxes

Sixty sediment samples were selected for molecular analysis at a
sampling resolution of approximately one sample per 500 years.
During time periods in which previous studies of Lake Malawi had
documented significant changes, such as during the Younger Dryas
cold period (Johnson et al., 2002; Talbot et al., 2007), samples were
taken at higher resolution. Freeze dried sediment samples were
soxhlet extracted in groups of five with an additional blank sample
run with every batch. This extraction blank was then processed in the
same manner as the sediment samples to ensure that no contamina-
tion was introduced to the samples during any of the steps. Lipids
were extracted with 2:1 methylene chloride: methanol for 24 h to
obtain a total lipid extract (TLE). The TLE was further separated into
neutral lipid, fatty acid, and phospholipid fatty acid fractions using
Alltech Ultra-Clean SPE Aminopropylsilyl bond elute columns. Prior to
loading the sample, bond elute columns were pre-cleaned by running
10 mL of methanol and 10 mL of 1:1 methylene chloride: 2-propanol
through the column. Eight milliliter each of 1:1 methylene chloride:
2-propanol, 4% glacial acetic acid in ethyl ether, and methanol were
used to elute the neutral lipid, fatty acid, and phospholipid fatty acid
fractions, respectively. The neutral lipid fraction is the only fraction
examined in this study, and therefore the fatty acid and phospholipid
fatty acid fractions are not discussed further here. Silica gel column
chromatography was used to separate compounds in the neutral
fraction following the procedures outlined by Wakeham and Pease
(1992). The n-alkanes were present in the first apolar fraction,
whichwas eluted with hexane. This fractionwas next passed through
an Ag+ impregnated silica pipette column to separate the saturated
and unsaturated hydrocarbons.

Mass accumulation rates of n-alkanes were calculated from the
following formula:

MARalkane = LSRTDBDTC

where MARalkane is the MAR in ng cm−2 year−1, LSR = linear
sedimentation rate (cm year−1), DBD = dry bulk density (g cm−3),
and C = the mass of compound (ng g−1) in dry sediment.

The carbon preference index (CPI) (Bray and Evans, 1961) of n-
alkanes is used to examine the odd over even carbon number
predominance, which can be used to distinguish terrestrial plant from
petroleum sources. This parameter is defined as:

CPI=1 = 2T½ C25+C27 +C29+C31+C33ð Þ = C24+C26 + C28 + C30 + C32ð Þ

+ C25 + C27 + C29 + C31 + C33ð Þ= C26 + C28 + C30 + C32 + C34ð Þ�

where Cx refers to the concentration of the n-alkane with x number of
carbon atoms. Terrestrial plants are characterized by CPIs of N3
whereas mature hydrocarbons have CPIs of ~1 (Bray and Evans, 1961).

A second parameter that can be examined from n-alkanes is the
average chain length (ACL), which has been observed to increase with
increasing aridity or temperature (e.g. Rommerskirchen et al., 2003;
Peltzer and Gagosian, 1989). For higher plants this parameter is
defined as:

ACL23−33= 23 C23½ �+25 C25½ �+27 C27½ � + 29 C29½ � + 31 C31½ � + 33 C33½ �ð Þ

� C23½ � + C25½ � + C27½ � + C29½ � + C31½ � + C33½ �ð Þ

where Cx refers to the concentration of the n-alkane with x number of
carbon atoms.

3.4. Identification and quantification of compounds

Molecular identification of compounds (n-alkanes) was performed
on a Hewlett-Packard 6890 gas chromatograph (GC) coupled to an

HP 5973 mass spectrometer (MS). An HP-1 capillary column
(25 m×0.32 mm×0.5 μm) was used with He flow rates set at 2 mL/
min. The GC/MS oven temperature program initiated at 50° C and
increased at a rate of 10° C/min to 130° C, and then at a rate of 4° C to
320° C. The final temperature of 320° C was held for 10 min. Mass
scans were made over the interval from 50 to 650. Compounds were
identified by interpretation of characteristic mass spectra fragmenta-
tion patterns and by comparison with literature.

Quantification of compounds was performed on a Hewlett-Packard
HP 6890 Gas Chromatograph with a FID detector using 5α-androstane
as an internal standard. Compound concentrations were determined
by relating chromatogram peak area to the concentration of the
internal standard. Column type and the temperature program used for
GC analysis are the same as described above for GC-MS except for that
He flow rates were set at 2.6 mL/min.

3.5. Lignin phenol isolation and quantification

Twenty-three samples were selected for lignin analysis. Lignin
phenols were analyzed in the Stable Isotope Biogeochemistry
Laboratory at Purdue University. Standard procedures for analysis of
trimethylsilyl (TMS) derivatives of lignin phenol monomers by CuO
oxidation were followed (Hedges and Mann, 1979a,b). Laboratory-
specific conditions and techniques for quantification of lignin phenol
monomers are described by Dalzell et al. (2005). Twelve of the lignin
samples were run in duplicate or triplicate (from a split of the sediment
sample) and the standard deviation of vanillyl, syringyl and cinnamyl
phenols is better than 0.01 for eachof the three phenols. To be consistent
with other lignin phenol studies, we follow standard convention and
present the ligninphenol data in terms of abundance normalized toTOC
(mg lignin/100 g organic carbon (OC)). It should be noted that when
converted to mass accumulation rates (mg lignin cm−2 year−1), the
overall trends do not differ significantly from the TOC-normalized
abundance data.

4. Results

4.1. Bulk geochemical data

Mass accumulation rates of total organic carbon (TOCMAR) and the
atomic ratio of organic carbon to total nitrogen (Corg/Ntot) in coreM98-
1P indicate considerable variability during both the Late Pleistocene
andHolocene (Fig. 2A, C). The lowest TOCMAR values occur in the oldest
part of the record, at ~22 to 20 cal ka. LowTOCMAR values are also noted
in the interval from 16 to 13.5 cal ka. Generally high TOCMAR values are
noted in the intervals from19 to 17.5 cal ka,13 to 11.9 cal ka,10–7 cal ka
and from2 to1.5 cal ka. TheCorg/Ntot record generally tracks changes in
the TOCMAR record (Fig. 2A, C), with the highest Corg/Ntot values
occurring when TOCMAR values are the highest and vice versa. A
notable feature of both the TOCMAR and Corg/Ntot records is the Younger
Dryas Cold Period (11.7–13 cal ka; Broecker et al., 1989) which is
marked by an abrupt increase in both TOCMAR and Corg/Ntot.

Bulk sediment carbon isotopic values (δ13CTOC) range from
−22.5‰ to −25‰, with the most enriched values noted from 22–
18 cal ka (Fig. 2D). Following the LGM, δ13CTOC values gradually
become increasingly 13C depleted until ~13 cal ka. Unlike the TOCMAR

and Corg/Ntot records, δ13CTOC values do not exhibit a significant
excursion during the Younger Dryas, although a trend towards
slightly 13C-depleted values is noted. Following the Younger Dryas,
δ13CTOC values generally fluctuate between −25‰ and −23.5‰ for
the remainder of the Holocene.

4.2. Plant leaf wax biomarkers

Mass accumulation rates of the long-chain (C25–C33) n-alkanes
range from ~0.33 to 2.47 ng cm−2 year−1 (Fig. 3). In most samples,
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Fig. 2. Bulk geochemical records from core M98-1P. The interval of the Younger Dryas is highlighted. A) Mass accumulation rates of total organic carbon (TOC) plotted against age in
thousands of calibrated years before present (cal ka) are shown by the gray dots while the black line represents the smoothed TOCMAR record (5 point running average). B) Mass
accumulation rates of biogenic silica (BSi) are plotted in gray while the black line represents the smoothed BSiMAR data (BSi data are from Johnson et al., 2002 andwere alsomeasured
on core M98-1P). C) The ratio of total organic carbon to total nitrogen (Corg/Ntot) shown by the gray dots while the black line represents the smoothed Corg/Ntot data. D) Bulk carbon
isotope (δ13CTOC) data. E) Lake Malawi n-alkane δ13C record, based on the weighted mean of the C29–C33 n-alkanes in cores M98-1P and M98-2PG (data from Castañeda et al., 2007).
F) Lake Malawi temperature reconstruction based on the TEX86 paleotemperature proxy (data from Powers et al., 2005). Note that the x-axis scale is reversed to facilitate
comparisons with the bulk geochemical records.

Fig. 3. Mass accumulation rates of A) the C25 n-alkane, B) the C27 n-alkane, C) the C29 n-alkane, D) the C31 n-alkane, E) the C33 n-alkane, and F) mass accumulation rates of total
terrestrial n-alkanes (the sum of C25–C33 n-alkanes).
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the C27 or C29 n-alkane is the most abundant of the long-chain n-
alkanes (Fig. 3B, C), and the C34 n-alkane is the longest homologue
present. The carbon preference index (CPI) varies from 1.7 to 7.1 with

an average value of 3.9 (Fig. 4A). The n-alkane average chain length
(ACL) ranges ~26 to ~28.5 (Fig. 4B).

4.3. Lignin phenols

In core M98-1P, total yields of vanillyl, syringyl and cinnamyl
phenols (Λ8; includes vanillin, acetovanillone, vanillic acid, syringeal-
dehyde, acetosyringone, syringic acid, p-hydroxycinnamic acid and
ferulic acid) range from 0.15 to 0.35 mg/100 g OC (Fig. 5E). Acid to
aldehyde ratios of vanillyl and syringyl phenols indicate that lignin
phenols present in Lake Malawi sediments are generally well-
preserved. In core M98-1P, Ac/Alv values range from 0.27–0.81
while Ac/Als values range from 0.21–0.52 (Fig. 5A). Ac/Alv and Ac/
Als ratios of greater than 0.6 are considered to indicate highly
degraded lignin (Goñi, 1997). Only the sample at 4 cal ka had an Ac/
Alv ratio greater than 0.6, and therefore, with the exception of this
sample, lignin in Lake Malawi sediments is not highly degraded with
Ac/Alv values often plotting near the range of values for fresh plant
tissue. In core M98-1P, the S/V ratio ranges from 0.97 to 1.54 with an
average value of 1.16, while the C/V ratio ranges from 0.10 to 0.64 with
an average value of 0.24 (Fig. 5B, C). Throughout the length of the
record, S/V ratios remain within the range of angiosperm tissues
while C/V ratios remain within the range of non-woody tissues. The
lignin phenol vegetation index (LPVI) provides another method for
examining vegetation shifts and is defined as:

LPVI = S S + 1ð Þ = V + 1ð Þ + 1f g × C C + 1ð Þ= V + 1ð Þ + 1f g½ �

With V, S and C expressed as % of the Λ8 (Tareq et al., 2004). The
advantage of the LPVI is that it provides better separation of different
vegetation sources compared with other lignin parameters, which is
important in diverse tropical ecosystems (Tareq et al., 2004).
Gymnosperm woods, non-woody gymnosperm tissues, angiosperm
woods and non-woody angiosperm tissues have average LPVI values

Fig. 4. A) The Carbon Preference Index (CPI), plotted in black, compared with mass
accumulation rates of biogenic silica (BSiMAR; data from Johnson et al., 2002), plotted in
gray. B) The Average Chain Length (ACL) of n-alkanes is potted in black. The Lake
Malawi temperature record based on the TEX86 paleotemperature proxy (data from
Powers et al., 2005) is plotted in gray.

Fig. 5. Lignin phenol data. The interval of the Younger Dryas (YD) is highlighted in all graphs. A) Acid to aldehyde ratios of vanillyl (Ac/Alv) and syringyl (Ac/Als) phenols. Values
above 0.6 indicate highly degraded lignin (Goñi, 1997). B) The ratio of syringyl to vanillyl phenols (S/V), which can be used to distinguish angiosperm and gymnosperm sources.
Angiosperms are characterized by S/V ratios of 0.6–4 and thus all the Lake Malawi samples plot within the range of angiosperm tissue. C) The C/V ratio, indicative of woody vs. non-
woody inputs is plotted in black. The δ13CTOC record is plotted in gray on top of the C/V record for comparison. D) The lignin phenol vegetation index (LPVI). Angiospermwoods are
characterized by LPVI values of 67 to 415 (with a mean value of 181), while non-woody angiosperm tissues are characterized by LPVI values of 378 to 2782 (with a mean value of
1090) (Tareq et al., 2004). E) Λ 8 values (the sum of vanillin, acetovanillone, vanillic acid, syringealdehyde, acetosyringone, syringic acid, p-hydroxycinnamic acid and ferulic acid) are
indicated by the black circles and are plotted next to the Lake Malawi TEX86 temperature record (Powers et al., 2005), which is indicated by the gray line.
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of 1, 19, 181 and 1090, respectively. The LPVI of Lake Malawi samples
ranges from 27 to 878, and reveals similar trends to the C/V ratio. This
record indicates increased inputs of non-woody angiosperm tissue
from ~12–13 cal ka (Fig. 5D).

5. Discussion

5.1. Bulk vs. molecular geochemical records

The Lake Malawi TOC, C/N, and δ13CTOC records of core M98-1P
have been examined previously and relationships between these
parameters are complex, with multiple scenarios existing that could
explain observed trends in the data (Filippi and Talbot, 2005). It is not
always clear in parts of the Lake Malawi record whether changes
observed in bulk organic geochemical parameters are reflecting
changes in algal productivity, changes in the delivery of terrestrial
organic matter to the lake, or a combination of both. Generally,
observed trends in the bulk geochemical data are that higher TOCMAR

is associated with increased BSiMAR, higher Corg/Ntot ratios, more
enriched δ13CTOC values, and decreased temperature (Fig. 2). The
relationships between higher TOCMAR, higher Corg/Ntot ratios and
more enriched δ13CTOC values can be explained by variations in
terrestrial inputs to Lake Malawi. Increased delivery of terrestrial
organic matter to the lake could increase TOCMAR values and Corg/Ntot

ratios. In this scenario, if most of the organic matter is terrestrially
derived, shifts noted in the δ13CTOC record would reflect changes in C3
vs. C4 vegetation in the watershed. Alternatively, the trends noted in
the Lake Malawi bulk geochemical records can also be explained by
variations in aquatic productivity. The observed relationship between
high TOCMAR or high BSiMAR values and lower temperature may be a
reflection of changes in the prevalence of northerly winds or in the
thermal stratification of Lake Malawi. Northerly winds promote
upwelling in the north basin of the lake, and cooling of surface waters
could decrease thermal stratification making it easier for wind-
induced upwelling to occur. In this scenario, changes in algal product-
ivity could be the dominant control on δ13CTOC values.

The molecular data produced in this study, including C/V ratios
and n-alkane δ13C, sheds light on the origin of organic matter in Lake
Malawi. C/V ratios, which likely reflect changes in non-woody vs.
woody vegetation (discussed further in Section 5.3), generally track
changes noted in the δ13CTOC record (Fig. 5C), suggesting a terrestrial
control on the carbon isotopic signature of Lake Malawi organic mat-
ter. Similarly, n-alkane δ13C values (hereafter referred to as δ13Calk;
Castañeda et al., 2007) also track changes noted in the δ13CTOC record
(Fig. 2), offering support to the hypothesis that the Lake Malawi
δ13CTOC record primarily reflects changes in C3 vs. C4 vegetation. An
exception to this pattern between δ13Calk and δ13CTOC values occurs
during the Younger Dryas, when the δ13Calk record indicates more 13C-
enriched values while δ13CTOC values become slightly more 13C-
depleted (Fig. 2). The Younger Dryas clearly stands out in Lake Malawi
TOCMAR and BSiMAR records (Fig. 2). This event has been previously
described in Lake Malawi and is marked by a 2 °C cooling of surface
waters (Powers et al., 2005) and increased diatom productivity, which
resulted from increased northerly winds enhancing upwelling in the
northern basin of the lake (Johnson et al., 2002; Filippi and Talbot,
2005). It appears that during the Younger Dryas, algal productivity
imparted a greater signature on the δ13CTOC record than did terrestrial
inputs. However, for the majority of the record, changes in terrestrial
vegetation appear to be the main driver of variability in the δ13CTOC
record. Thus,we suggest that the δ13CTOC signal in LakeMalawi primarily
reflects changes in C3 vs. C4 vegetation in the watershed and that
terrestrial inputs to Lake Malawi are more important than previously
reported (e.g. Filippi and Talbot, 2005). These results are in contrast to
the results of Filippi and Talbot (2005) who examined the hydrogen
index (HI) of Lake Malawi sediments and concluded that the organic
matter is primarily of algal origin, although no parts of the core contain

purely algal remains. Although algal inputs are undoubtedly an
important source of organic matter to Lake Malawi sediments, they do
not appear to be the main influence on δ13CTOC values.

5.2. n-alkane ACL and CPI

n-alkanes are transported to marine and lacustrine sediments via
wind and runoff (Simoneit, 1977) but in arid environments wind can
be the dominant transport mechanism (Schefuß et al., 2003b). In Lake
Malawi, accumulation rates of n-alkanes may reflect transport history
rather than the amount of biomass in the watershed. Lake Malawi is
situated at the southernmost extent of the ITCZ and normally the
regional winds are from the south (Nicholson, 1996), but a strong
diurnal component of onshore/offshore wind patterns is super-
imposed (Hamblin et al., 2003). Previous studies of Lake Malawi
have provided strong evidence for periods in the past when the ITCZ
was located at a more southerly position than today (Johnson et al.,
2002; Filippi and Talbot, 2005; Brown and Johnson, 2005). During
these intervals, it is likely that ITCZ-driven and diurnal temperature-
driven changes in the wind regime produced stronger or more
frequent northerly winds over Lake Malawi, resulting in increased
upwelling in the northern basin of the lake, and, in turn, increased
diatom productivity (Johnson et al., 2002). It is likely that ITCZ-driven
changes in the wind regime over Lake Malawi have also affected the
transport of plant leaf waxes to the lake because winds are a major
feature of modern East African climate.

CPI values may provide some insight into the wind transport
history of n-alkanes. Plots of CPI values and mass accumulation rates
of biogenic silica (BSiMAR), a proxy for diatom productivity, display the
same general trends with higher CPI values noted during times of
increased BSiMAR values and vice versa (Fig. 4A), although major
differences in sampling resolution exist between the two records (796
BSi measurements compared to 61 n-alkane measurements). A likely
explanation for this relationship is that periodic increased northerly
winds over LakeMalawi, which lead to increased upwelling and diatom
productivity in the northern basin of the lake (Johnson et al., 2002),
enhance wind erosion and transport of plant leaf waxes to the lake. The
highest CPI values (5–7) observed in the Lake Malawi sedimentary
record are found during intervals of increased BSiMAR and clearly
indicate a terrestrial plant source. LakeMalawi samples have an average
CPI value of 3.9, also indicating a terrestrial plant source. However, in
parts of the core CPI values are as low as 1.7, which may suggest an
additional source of n-alkanes to Lake Malawi sediments (Fig. 4A). Low
CPI values (b3) can indicate hydrocarbon contamination by petroleum
(Bray and Evans,1961), and hydrocarbon seeps have been reported from
nearby Lake Tanganyika (Simoneit et al., 2000). Although hydrocarbon
seeps have not been reported from Lake Malawi, their presence cannot
be ruled out. However, vegetation shifts indicated by the δ13Calk record
are supported by the lignin phenol records (discussed in detail below),
and these trends would not be expected if Lake Malawi sediments
contained significant amounts of n-alkanes from hydrocarbon sources.
We note that wood burning is a possible source of low CPI n-alkanes
(Standley and Simoneit, 1987), and dry-season fires are a natural and
common occurrence in East Africa.

An interesting feature of the Lake Malawi n-alkane record is the
observed relationship between the ACL and temperature. In general,
shorter ACLs are present during periods of lower temperature while
longer ACLs are present during periods of higher temperature (Fig. 4B).
Relationships between ACL and temperature have been previously
suggested (e.g. Gagosian and Peltzer, 1986; Kawamura et al., 2003;
Zhang et al., 2006). Kawamura et al. (2003) found that trees growing in
tropical zones had higher ACL values compared to trees growing in
temperate or sub-temperate zones, although this observationwas based
on a limited data set. Similarly, Zhang et al. (2006) note lower n-alkanol
ACL values during colder periods and higher ACL values during warm
periods in samples from the Chinese Loess Plateau that span the past
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170 kyr. Rommerskirchen et al. (2003) suggest that leaf surface
temperature, which is related to either mean daily maximum tempe-
rature or absolute maximum temperature, may be a key factor affecting
the ACL. Increasing the ACL raises the melting point of protective leaf
surface waxes and thus plants growing at higher temperatures may
synthesize longer chain n-alkanes in order to maintain the protective
waxy coating on their leaves (Rommerskirchen et al., 2003). The
observed relationshipbetweenACLand temperature in this LakeMalawi
core offers further support for this hypothesis.

Conversely, it has been suggested that a direct relationship exists
between longer chain n-alkanes and increased aridity (Peltzer and
Gagosian, 1989; Poynter et al., 1989; Schefuß et al., 2003b; Liu and
Huang, 2005). However, this relationship does not appear to hold true
for the Lake Malawi samples, especially in the Late Pleistocene. For
example, it is known that Lake Malawi was cooler (3.5 °C lower annual
mean lake surface temperature than today; Powers et al., 2005) and
significantly more arid during the LGM, with the lowest and most
sustained lake level lowstandoccurring from22.8–16 cal ka (Gasse et al.,
2002). This lowstandwas then followed bya sharp rise in lake level from
15.7–15 cal ka, with amaximumhighstand lasting until 13 cal ka (Gasse
et al., 2002). Comparing this lake level (aridity) information data to ACL
values,we note lowACL from~22 to 18 cal ka (Fig. 4B),which centers on
the lake-level lowstand. ACL values gradually increase to higher values
until ~15.5 cal ka, and then fluctuate but remain high until ~13 cal ka
(Fig. 4B). If a relationship exists between longer chain n-alkanes and
aridity,wewould expect tofindhigher ACL values during the LGMwhen
it wasmore arid followed by a trend towards gradually lower ACL values
from ~15–13 cal ka when more humid conditions were present, but in
fact the opposite trends are observed.

Another interesting feature of the Lake Malawi record is that
individual mass accumulation rates of C25, C27, C29 and C31 n-alkanes
displaymaxima at different times (Fig. 3). For example, the C25 n-alkane
reaches maximum abundance at 19.2 cal ka, the C27 n-alkane reaches
maximum abundance at 10.5 cal ka, whilemaximum abundances of the
C29–C31 n-alkanes are noted at 12.3, 7.8 and 5.3 cal ka. These differences
in the dominant homologue suggest varying sources of n-alkanes to
Lake Malawi over the past 23 cal ka. However, at present, no surveys of
lipid distributions in modern East African vegetation have been
conducted that might explain the observed shifts in the dominant
homologues. It should be noted that submerged and floating-leaf
aquatic macrophytes have been found to contain increased abundances
of C23 and C25 n-alkanes (Ficken et al., 2000). However, in Lake
Malawi aquaticmacrophytes are not believed to be an important source
ofn-alkanes as the steep sides of thenorthern lake basin (Fig.1B) restrict
the area of the littoral zone.

5.3. Lignin phenols

It is interesting to note that in core M98-1P, changes in the C/V
ratio, which reflect inputs of woody (i.e. trees) vs. non-woody (i.e.
grasses) tissue, may reflect variations in the amount of C3 vs. C4
vegetation present in the watershed. The overall trends observed
between the C/V ratios and the δ13Calk record (Fig. 6) suggests that
during periods of wetter climate, as reflected by depleted δ13Calk

values, woody C3 plants increased in abundance thereby decreasing C/V
values. Similarly, during periods of drier conditions, indicated by
enriched δ13Calk values, C4 grasses expanded and inputs of non-woody
tissue increased, thus increasingC/Vvalues.Nearlyall trees utilize theC3
photosynthetic pathway while in C4 grasses are a common component
of savannavegetation zones in tropical Africa. Thus, the variations noted
in the C/V ratio are consistent with, and therefore supportive of, the
δ13Calk based C3/C4 interpretations.

Recent applications of lignin phenols to track C3/C4 shifts in
semitropical savannas in southern Texas illustrate that C/V molecular
parameters cannot be used to distinguish between input of the shoots
of C4 grasses and the leaves of C3 woody plants as they have similar

values (Filley et al., 2008b). However, the roots and wood of C3 tissue
is greatly lower in C/V than grasses and their associated roots.
Therefore, in order for surface litter to have provided the distinction in
plant source to core M98-1P, wood tissue would have to have been
mobilized to LakeMalawi sediments. If the plant carbon in soil organic
matter, which may be predominantly derived from root tissue (e.g.
Rasse et al., 2005) is delivered to the lake sediments, the roots may be
the plant tissues that provide the distinctions in source. It is important
to note that changing C/V ratios in sediments and decayed plant
matter can also indicate the degree of degradation of a plant source, as
was shown in a long-term decomposition study where the C/V ratio
declined with time during litter decay (Opsahl and Benner, 1995).
However, in core M98-1P the highest C/V values are not observed in
the youngest sediment samples but instead at ~12 cal ka (Fig. 5C).
Additionally, in the older section of this core (13 to 23 cal ka) the C/V
ratio displays an overall increase with increasing age, suggesting that
the C/V ratio in Lake Malawi mainly reflects vegetation shifts rather
than a decay signal.

Another notable feature of the Lake Malawi lignin record is that
increased Λ8 values generally correlate with increased temperatures
(Fig. 5E). This relationship may be related to changes in precipitation
(aridity) as warm/wet and cool/dry conditions are generally
associated in East Africa (compare Johnson et al., 2002; Brown and
Johnson, 2005; Powers et al., 2005). For example, during the LGM
when conditions were cooler (Powers et al., 2005) and more arid
(Gasse et al., 2002), low Λ8 values are noted (Fig. 5E). Following the
LGM a trend of generally increasing Λ8 values continues until ~13 cal
ka. Gradually increasing Λ8 values from the LGM until ~13 cal ka are
consistent with a transition to a more humid climate at this time
(Gasse et al., 2002) because enhanced lignin transport would have
occurred in response to increased runoff. Transport of lignin phenols
by wind is unlikely because these compounds are primarily
transported by water (Goñi et al., 1997; Meyers, 2003) and in Lake
Malawi delivery of terrigenousmaterial to the lake is related to rainfall
(Johnson and McCave, 2008).

Alternatively, increased Λ8 values could result from an increase in
the amount of biomass present in the Lake Malawi watershed, with
more biomass present during wetter intervals. Another issue to
consider is that changes in the amount of stored litter, woody debris
and soil organic carbon also have been observed to occur with the
transition from grassland to woodland (Liao et al., 2006). When
grasslands are converted to woodlands, soil C and N concentrations
increase and the soil fractions responsible for C-protection shift from
free silt and clay in grasslands to microaggregate and aggregate
protected C in woodlands, which, in turn, influences organic carbon
preservation (Liao et al., 2006). Organic carbon associated with
macroaggregates and free particulate organic matter is less decom-
posed than carbon present in microaggregates and silt and clay
fractions (Liao et al., 2006). Such changes have likely imparted a
signature on the Lake Malawi lignin phenol record but past changes in
soil organic carbon preservation and storage are difficult to evaluate.
However, in core M98-1P, the general agreement between the δ13Calk

and lignin C/V records provides robust evidence for past vegetation
changes in the Lake Malawi watershed.

5.4. Paleovegetation history of Lake Malawi

5.4.1. Previous studies
Previous studies of vegetation history from the Malawi region are

limited with a major focus on the origin of Afromontane grasslands,
which are characterized by small patches of forest surrounded by
grasslands (Meadows and Linder, 1993). A debate focused onwhether
these grasslands existed as the result of recent anthropogenic land
burning or if they occurred naturally. Meadows (1984) examined
pollen records from a series of peat cores from the Nyika Plateau in
northern Malawi and concluded that small patches of montane forest
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surrounded bymontane grasslandswere present inMalawi for at least
the past 5000 years and possibly as far back as the past 12,000 years.
These pollen records indicate significant variability in the vegetation
assemblages of the Nyika Plateau during the past 5000 years but the
limited chronology on the peat cores restricted comparisons to other
East African paleoenvironmental proxies (Meadows, 1984). DeBusk
(1998) examined the pollen records of two Lake Malawi sediment
cores from the central and southern basins of the lake. These records
extend back to 37,500 BP, possibly capturing the LGM in East Africa but
this study is also hampered by the possibility of hiatuses in the cores
and uncertainties in the chronology. DeBusk (1998) reached similar
conclusions as Meadows (1984), that small patches of forest
surrounded by montane grasslands were present throughout the
Holocene and did not result from recent anthropogenic activities. To
date, the most robust records of vegetation change from the Malawi
region come fromwell-dated pollen records of two lakes that lie to the
north of Lake Malawi, Lake Rukwa (Vincens et al., 2005) and Lake
Masoko (Vincens et al., 2003; Garcin et al., 2006). These two records,
located in close proximity to each other, also indicate considerable
variability in East African vegetation during the Late Pleistocene and
Holocene, and, for certain time intervals, reach differing conclusions
regarding climatic conditions in East Africa.

Many uncertainties exist regarding paleovegetation histories of
East Africa due to the climatic and topographic complexity of the
region. For example, Lake Malawi is presently situated within a C3
dominated tree savanna vegetation zone, but to both the north and
south of the lake C4 dominated grass savanna vegetation zones are
present (Fig. 1). Previous studies of tropical Africa have demonstrated
that aridity is the main factor controlling the distribution of C3 vs. C4
vegetation (Castañeda et al., 2007; Schefuß et al., 2003a), and thus it is

likely that the different vegetation zones have expanded/contracted
and migrated during the past 23 cal ka in response to changes in
precipitation. Superimposed on this regional variability is local
complexity that results from the steep topography surrounding Lake
Malawi. Mountains in the northern basin of Lake Malawi rise sharply
from the lake and reach elevations of over 2500 m. Vegetation along
this gradient is zoned and ranges from types that are limited to the
lakeshore, to closed-canopy (wetter) and open-canopy (drier)
miombo woodlands at low elevations, to montane grasslands with
patches of Afromontane forests at high elevations (above 1500 m)
(DeBusk, 1998). These vegetation zones may have migrated to higher
or lower elevations in response to climate variability.

5.4.2. Late Pleistocene–Holocene vegetation history of Lake Malawi
During the LGM, conditions in Lake Malawi were 3.5 °C cooler

(Powers et al., 2005) and significantly more arid than at present
(Gasse et al., 2002), with a lake level lowering of 100 m (Scholz et al.,
2007). Elevated C/V ratios and more enriched δ13Calk values indicate
that LakeMalawi was surrounded by a greater proportion of C4 grasses
at this time (Fig. 6). In nearby Lake Rukwa, located to the north of Lake
Malawi (Fig. 1C; ~280 km between coring sites), a well-dated pollen
record indicates lowering of montane taxa from 23 to 19 cal ka
(Vincens et al., 2005). Similar changes have been noted during the
LGM at other East African sites (Van Zinderen Bakker, 1969; Kendall,
1969; Livingstone,1971; Vincens et al., 1993). In contrast, conditions at
Lake Masoko, located between Lakes Malawi and Rukwa, were wetter
during the LGM (Garcin et al., 2006).

Following the LGM, temperatures in Lake Malawi increased
steadily from ~24 °C at 23 cal ka to ~28 °C at 13.8 cal ka (Powers
et al., 2005) and precipitation appears to have increased throughout

Fig. 6. A) Summary of Lake Malawi records. The Younger Dryas (YD) is highlighted by the gray shading. The C/V ratio is indicated by the solid black circles and the weightedmean
n-alkane δ13C record (Castañeda et al., 2007) is shownwith the open squares. The Lake Malawi temperature record, based on TEX86, is shown by the solid gray line (Powers et al.,
2005). Note that the x-axis scale has been reversed to facilitate comparison with the vegetation records. B) January insolation at 10°S (Berger and Loutre, 1991). C) Generalized
summary of Lake Rukwa pollen zones (data from Vincens et al., 2005). Zone IV displays a dominance of Afromontane pollen (found above 1800 m today) and increased
herbaceous taxa, indicating arid conditions. Zone III is characterized by a decrease in Afromontane taxa and an increase inwoodland arboreal taxa, indicating a shift towardsmore
humid conditions. Zone II is characterized by diverse woodland and bushland vegetation, indicating wet conditions. Zone 1 is characterized by scarce arboreal taxa and increased
percentages of grass and sedge pollen, indicating a return to dry conditions. D)Generalized summaryof conditions at LakeMasokobased onpollendata andmagnetic susceptibility records
(Garcin et al., 2006). In contrast to Lake Malawi, which was dry during the LGM and YD, Lake Masoko experienced wet conditions at these times and was especially wet during the YD.
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this interval based on our δ13Calk and C/V data. Following low lake
levels during the LGM, Lake Malawi refilled rapidly beginning at
15.7 cal ka and reached a highstand at ~13 cal ka (Gasse et al., 2002).
Associated with these climate changes, C/V ratios and δ13Calk values
indicate a gradual transition from increased inputs of C4 vegetation
to increased inputs of C3 vegetation until ~13.6 cal ka (Fig. 6). This
shift from C4 dominated to C3 dominated vegetation following
the LGM is consistent with vegetation changes noted at other sites
in East Africa (Kendall, 1969; Vincens, 1991, 1993; DeBusk, 1998).
At Lake Rukwa, similar changes have been noted from ~17–11 cal ka
and this interval is characterized by an increase of arboreal taxa
accompanied by a decrease of grasses (Vincens et al., 2005). Pro-
gressive reforestation is noted beginning after 15 cal ka at Lake
Masoko (Garcin et al., 2006).

Following the post-LGM gradual warming period that lasted until
13.8 cal ka, temperatures in Lake Malawi decreased to ~25 °C at
12.5 cal ka (Powers et al., 2005). This coolingmarks the Younger Dryas
in Lake Malawi, which is noted in both the bulk and molecular
geochemical records of M98-1P (Figs. 2, 5 and 6). Additionally, the
Younger Dryas is evident in almost all available geochemical records
from Lake Malawi (Johnson et al., 2002; Filippi and Talbot, 2005;
Powers et al., 2005; Talbot et al., 2007) and was clearly a period
characterized by significantly different climatic conditions. There is
strong evidence that during the Younger Dryas increased northerly
winds were present over Lake Malawi, which stimulated primary
productivity in the northern basin of the lake (Johnson et al., 2002;
Filippi and Talbot, 2005; Talbot et al., 2007). Our molecular data from
Lake Malawi also supports the Younger Dryas as a time of increased
primary productivity (Castañeda et al., in review) as well as increased
aridity. At this time, δ13Calk values indicate a major shift to more 13C-
enriched values, similar to those noted during the LGM (Fig. 6). The
most 13C-enriched δ13Calk values are noted at ~12.5 cal ka, coincident
with themaximumcoolingobservedduring the YoungerDryas. The C/V
ratio of lignin phenols and the LPVI both indicate major excursions to
higher values within the Younger Dryas interval (Fig. 5C, D),
suggesting increased inputs of non-woody angiosperm tissues at
this time, which is generally consistent with the δ13Calk data. It may
be possible that a drop in lake level occurred in association with the
Younger Dryas event, and thus the lignin phenol record may also
reflect reworking of terrestrial OM at this time. However, re-worked
OM might be expected to have elevated Ac/Al ratios (Dalzell et al.,
2007; Nierop and Filley, 2007) but an increase in Ac/Al values in
M98-1P is not noted during the Younger Dryas (Fig. 5). In contrast to
the major excursions noted in Lake Malawi geochemical records,
pollen records from Lake Rukwa do not indicate anymajor excursions
during the Younger Dryas (Vincens et al., 2005) while a decrease in
herb pollen and a simultaneous increase in Zambezian tree pollen
indicates wetter conditions at LakeMasoko during the Younger Dryas
(Garcin et al., 2006).

The early Holocene in LakeMalawi (~11.6 cal ka until ~7.7 cal ka) is
characterized by fluctuating but generally increased inputs of C4
vegetation, as indicated by the δ13Calk record (Fig. 6). The sampling
resolution of lignin phenols is lower than that of n-alkane δ13C
throughout this interval, but C/V ratios display increased inputs of
non-woody vegetation at ~9 cal ka. Temperature also fluctuates
throughout this interval with slightly cooler temperatures of 24–26 °C
prevailing (Powers et al., 2005). Generally enriched δ13Calk values are
consistent with previously noted Early Holocene arid conditions at
Lake Malawi (Filippi and Talbot, 2005; Gasse et al., 2002; Finney et al.,
1996). At Lake Masoko, more arid conditions are also noted beginning
at ~11.7 cal ka (Garcin et al., 2006). Early Holocene aridity at Lake
Malawi (and Lake Masoko) is anomalous compared to the other lakes
farther north in the East African Rift Valley, which experienced lake
level highstands or overflowing conditions at this time (Gasse, 2000).
Humid conditions are noted from 12.1 to 5.5 cal ka at Lake Rukwa
(Vincens et al., 2005) and a paleo-shoreline has been described from

~200 m above present day lake level, which is dated to 11–10.7 cal ka
(Delvaux et al., 1998).

From 7.7 until ~2 cal ka, increased inputs of C3 vegetation are noted
in Lake Malawi with the δ13Calk record indicating the highest
contributions of C3 vegetation at 4.9 cal ka and the lowest C/V value
occurring at 4 cal ka (Fig. 6). The temperature record indicates a
gradual warming from ~25 °C at 7.7 cal ka to ~29 °C at 5 cal ka (Fig. 6;
Powers et al., 2005). Expansion of forests during the middle Holocene
has been noted in many East African records (Bonnefille et al., 1995;
Ssemmanda and Vincens, 2002; Beuning et al., 1997) and has been
attributed to a strengthening of the African monsoon (DeMenocal
et al., 2000). In Lake Rukwa humid conditions initiate at 12.1 cal ka and
continue until 5.5 cal ka, with the maximum abundance and diversity
of arboreal taxa occurring during this time (Vincens et al., 2005).

The past 2 cal ka in Lake Malawi is marked by a return to greater
inputs of C4 vegetation, indicating a shift back to increasingly drier
conditions in East Africa, which appears to have initiated following peak
wet conditions at ~4–5 cal ka (Fig. 6). A gradual shift towardshigher C/V
and LPVI values is noted from 4 cal ka to the present (Fig. 5C, D) while
more enriched δ13Calk values are noted from 4.9 cal ka to the present
(Fig. 6). In Lake Rukwa, increasingly arid conditions and similar
vegetation changes (decreased arboreal taxa and the expansion of
grasses) are noted from 5.5 cal ka to the present (Vincens et al., 2005). A
high-resolution pollen record from LakeMasoko, which extends back to
4.2 cal ka, indicates periods of dry conditions between 4.2 cal ka and the
present (Vincens et al., 2003). However, the LakeMasoko record, which
is of considerably higher resolution than the Lake Malawi lignin record,
also indicates periods of wetter conditions occurring within the past
4.2 cal ka (Vincens et al., 2003).

With exception of the Younger Dryas and early Holocene (11.6 to
7.7 cal ka), the Lake Rukwa pollen record and Lake Malawi molecular
records are in general agreement (Fig. 6). The often out-of-phase
behavior noted at Lake Masoko, which is situated between Lakes
Malawi and Rukwa, is intriguing. It appears that when conditions in
Lake Malawi were significantly more arid, such as during the LGM and
during the Younger Dryas, Lake Masoko experienced significantly
wetter conditions (Fig. 6). Given the extremely short distances
between these sites (b100 km between the Lake Malawi M98-1P
coring site and Lake Masoko and b200 km between Lakes Masoko and
Rukwa; Fig. 1C) it is difficult to envision such dramatically different
climate regimes. Considering the small size of Lake Masoko (area of
0.38 km2 compared with 22,490 km2 for Lake Malawi) (Barker et al.,
2003; Spigel and Coulter, 1996), and the fact that Lake Masoko is
located at an elevation of 840 m in the Rungwe volcanic highlands
surrounding northern Lake Malawi, it may be likely that Lake Masoko
is influenced more by local orographic effects whereas Lake Malawi
responds to more regional climatic forcing. Another intriguing
observation is that while rainfall at Lake Masoko is noted to be
strongly controlled by changes in low-latitude insolation (precession)
(Garcin et al., 2006), geochemical records from Lake Malawi indicate
greater complexity. Insolation is likely one of many factors influencing
the climate of southeast Africa; however, at Lake Malawi insolation
does not appear to be the dominant factor influencing climate (Fig. 6).
Instead, especially close ties are noted between conditions at Lake
Malawi and migrations of the ITCZ, with arid conditions accompany-
ing southward ITCZmigrations (Castañeda et al., 2007). Strong ties are
also noted between conditions at Lake Malawi and the sea-surface
temperature gradient in the Atlantic Ocean off the western coast of
Africa (Castañeda et al., 2007), which controls the strength of the
southeast tradewinds and the ability of Atlantic moisture to penetrate
into the interior of the African continent (Schefuß et al., 2005). The
apparent difference in the response of Lakes Malawi and Masoko to
regional climate forcing highlights the complexity of East African
(paleo)climates and demonstrates both the need to better understand
modern climatic processes in this region, and to obtain additional
well-dated and high-resolution paleoclimate records from East Africa.
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6. Conclusions

1) Major vegetation changes have occurred in the Lake Malawi
watershed since the LGM and are noted in records of lignin phenols
and plant leaf wax biomarkers. The vegetation history of Lake
Malawi can be summarized into four main periods: 1) increased
abundances of C4 grasses during the LGM followed by a gradual
transition to increased abundances of C3 vegetation until 13.6 cal ka,
2) fluctuating but generally elevated abundances of C4 vegetation
from13.6 to 7.7 cal ka, including the interval of the YoungerDryas, 3)
a middle Holocene shift towards greater C3 abundances from 7.7 to
~2 cal ka, and 4) a late Holocene shift to increased C4 abundances
from ~2 cal ka until the present. Aridity is likely the main factor
driving these vegetation changes.

2) In Lake Malawi sediments, the ratio of cinammyl to vanillyl (C/V)
lignin phenols likely reflects shifts in C4 grasses vs. C3 trees. During
periods of wetter climate, woody C3 plants increased in abundance
resulting in decreased C/V values and vice versa.

3) A relationship is noted between ACL values and temperature in
Lake Malawi samples with higher ACL values correlated with
higher temperatures. Higher temperatures may cause plants to
synthesize longer chain n-alkanes to increase the melting point of
their protective leaf surface waxes.

4) Higher CPI values correlate with higher BSiMAR values. Increased
BSiMAR values have been linked to upwelling associated with
stronger or more frequent northerly winds over Lake Malawi, and
therefore, the relationship betweenCPI andBSiMAR is likely reflecting
increased transport of higher plant leaf waxes to the lake during
periods of increased northerly winds.

5) The δ13CTOC record in Lake Malawi generally agrees with changes
observed in the n-alkane δ13C and lignin phenol C/V records, and
likely reflects shifts in C3 vs. C4 vegetation. Molecular data obtained
in this study indicates that terrestrial inputs have greater control
on δ13CTOC values in Lake Malawi than previously thought.
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