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New biomarker analyses from Lake Albert, East Africa spanning ~15–9 ka show the most extreme, abrupt,
multi-stage climate and environmental shifts during the last deglacial transition of anywhere in Africa.
Records of hydroclimate expressed in compound specific δD values from terrestrial leaf waxes and a
TEX86 paleotemperature record support multiple stages of pronounced drying and cooling from 13.8 to
11.5 ka and demonstrate the dynamic behavior of the low latitude tropics during the deglaciation. The
vegetation response, illustrated by compound specific δ13C values and fossil pollen records, was an expansion
of C4 grassland when the region was cool and arid. These results advance our understanding of a spatially and
temporally complex regional response to global climate forcing, suggesting weakening of the Indian Ocean
monsoon at the end of the Pleistocene that coincides with aminor decrease in the rate of the Atlantic Meridional
Overturning Circulation (AMOC) and during a time of stepwise cooling in the northern high latitudes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Debate regarding the history of millennial scale climate variability in
the African tropics includes the geographic extent, synchroneity of
onset and termination, and potential forcing mechanisms associated
with the global deglaciation. Difficulty in constraining the response
and causal mechanisms during these intervals is associated with
the seemingly abrupt, short-lived nature of events that involve nonlinear
and complex feedbacks. Commonly defined from the Greenland ice
cores, the ‘deglacial transition’ contains the Bølling/Allerød (BA),
a warm, wet interstadial period, beginning ~14.7 ka and ending with
the start of the Younger Dryas (YD) at ~12.7 ka (Alley and Clark, 1999),
marked by pronounced cooling. The BA is punctuated by three abrupt,
century-scale cold events: the intra-Bølling, the Older Dryas (OD), and
the intra-Allerød (Alley and Clark, 1999). Near this time, the Southern
Hemisphere also underwent a cold interval called the Antarctic Climate

Reversal (ACR), ~14.8–12 ka (Jouzel et al., 1995). Records from the
Northern and Southern hemispheres, specifically the high latitude
polar regions, suggest an anti-phased climate response during the
deglacial that has been termed the ‘bipolar seesaw’(Broecker, 1998;
Alley and Clark, 1999). These intervals are commonly attributed to a
variety of mechanisms that include changes to oceanic circulation,
atmospheric greenhouse gases, ice sheet extent, and orbital insolation
(Alley and Clark, 1999). A statistical synthesis of global records that
span the deglaciation characterized a first mode of variability related to
rising CO2, and a second mode that reflects the bipolar seesaw effects
of the Atlantic Meridional Overturning Circulation (AMOC) (Shakun
and Carlson, 2010).

The East African expression of these millennial-scale perturbations in
climate during the shift from a relatively arid Last Glacial Maximum
(LGM) to a wetter early Holocene (Gasse, 2000) is complex and is an
ongoing area of research. This is in part due to the orographic complexity
of East Africa, to shifting boundaries between major air masses, and to
changing patterns of sea surface temperature in the Indian and Atlantic
Oceans that can affect the timing and response to global and
regional triggers. Paleorecords suggest both spatially uniform and
variable African climate responses to perturbations during the last
deglaciation. For instance, there is evidence of extensive aridity
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in tropical Africa contemporaneous with the YD, including de-
creased lake levels and river discharge and changes in wind regime
(Talbot et al., 2007 and references therein). However, the interval im-
mediately preceding the YD, a time when the Greenland ice core δ18O
records demonstrate a pronounced, step-wise cooling in the Northern
high latitudes, shows a more spatially and temporally heterogeneous
pattern of African climate response. Our understanding of this time
period in Africa is far from complete.

In this study, we focus on the climate dynamics of the equatorial
tropics around Lake Albert, specifically addressing the question of
whether this region responded in a congruent way with other African
records. We present new biomarker records from Lake Albert com-
paring TEX86 paleotemperatures and compound specific δ13C and
δD values of leaf waxes to provide records of temperature, vegeta-
tion change, and hydroclimate, respectively. These records indicate
that the region surrounding Lake Albert underwent a multi-stage
climatic and environmental shift after the LGM not seen everywhere
across Africa.

2. Methods & background

Lake Albert lies at 2° N in the Rift Valley between Uganda and the
Democratic Republic of the Congo at an altitude of 620 m (Fig. 1). The
region today receives rain in two seasons: August–November and
March–May (Nicholson, 1996), linked to the position and intensity of
the Intertropical Convergence Zone (ITCZ). The Congo Air Boundary
(CAB) is also nearby, marking the convergence of moisture derived
from the Atlantic and Indian Oceans.

We analyzed sediment from Core F, collected in Lake Albert in 1971
(1°50.1′N, 31°10.2′E, 46 m water depth) by Prof. Dan Livingstone
and his student, Thomas Harvey, of Duke University (Harvey, 1976).

The upper 6.6 m of core consisted of dark gray–black diatomaceous
mud overlying a thin sand layer. Between 6.6 and 8.4 m, the lithology
changes dramatically into partially lithified sediments indicating fre-
quent desiccation with few to no diatoms and ostracods but abundant
root traces. The basal 80 cmof the core (8.4–9.2mburial depth) consists
of laminated black muds with visible diatoms and sponge spicules,
interpreted to signify a shallow, well-mixed lake (Beuning et al.,
1997). The top 1 m of core originally contained finely laminated muds,
but these had been heavily sampled prior to this study.

We use a previously established age model based on 11 radiocarbon
dates, 7 from Core F and 4 from core G (another core taken at the same
site), correlated lithologically with Core F (Fig. 1, Table 1) (Beuning
et al., 1997;Williams et al., 2006). Six of the eleven dates define a nearly
constant sedimentation rate of about 1.0m/ky that spans the interval in
this paper, from 12,500± 190 14C ybp (14.76± 0.44 ka) at 640–665 cm
depth in core (which lies just above a paleosol representing the Late
Pleistocene desiccation of Lake Albert as described above (Beuning
et al., 1997) to 8230 ± 60 14C ybp (9.21 ± 0.10 ka) at 84 cm depth
in core. The core was sampled where intact, from 71 to 606 cm,
corresponding to ~7.1–14.3 ka, with an average sampling interval of
15 cm, corresponding to ~150 years. Absolute age uncertainty within
this sampled interval is about 200 years.

2.1. Sedimentary biomarker extraction and purification

Freeze-dried, homogenized sediments (typically 1–3 g dry weight)
were extracted using soxhlet extraction with 2:1 DCM:MeOH for 24 h
to produce a total lipid extract (TLE). The TLE was isolated into
neutral, free fatty acid, and phospholipid fatty acid fractions using
an aminopropylsilyl bond elute column, cleaned prior to use. Short
column chromatography with activated alumina as the stationary
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Fig. 1.Map of Lake Albert (star) and Lakes Malawi, Tanganyika, Victoria, Challa, and the Congo Basin. Inset: Chronology of Lake Albert Core F. The shaded section indicates the interval
sampled for this study.
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phase was used to further separate the neutral fraction into apolar
and polar fractions. The polar fraction contains the glycerol dialkyl
glycerol tetraether (GDGT) lipids necessary for TEX86 analysis. This
polar fraction was filtered (0.45 μm filter), dried under N2, then
redissolved in 99:1 hexane:isopropanol for analysis. The apolar
fraction containing n-alkanes was further separated into saturated
and unsaturated hydrocarbons using Ag+ impregnated silica gel
column chromatography as described in Castañeda et al. (2007).

2.2. GDGT analysis and TEX86 as a temperature proxy

The TEX86 paleotemperature proxy is based on the distribution
of isoprenoid glycerol dialkyl glycerol tetraether (GDGT) lipids from
aquatic Thaumarchaeota, which correlates with water temperature
(Schouten et al., 2002; Kim et al., 2010) and has been used to recon-
struct ancient SSTs back to 160 Ma (Jenkyns et al., 2012). GDGTs were
analyzed by high performance liquid chromatography/atmospheric
pressure chemical ionization mass spectrometry (HPLC/MS) as de-
scribed in Schouten et al. (2007). GDGTswere analyzed using an Agilent
1100 series LC-MSD (Alltech Prevail Cyano column150×2.1mm;3 μm)
at 30 °C for separation. All runs were started with an isocratic elution
for 5 min (flow rate of 0.2 ml/min), followed by a linear gradient
to 1.8% isopropanol in 45 min. Detection was achieved using atmo-
spheric pressure positive ion chemical ionization mass spectrometry
(APCI-MS) of the eluent.

Analytical TEX86 reproducibility for this studywas determined using
a series of replicates from a set of East African lakes run and integrated
by the authors (n=51 fromLakesMalawi, Turkana, Albert, andVictoria)
(Berke et al., 2012a, 2012b). The relationship between mean annual
lake surface temperatures (as a proxy for air temperatures) and
TEX86 values are calibrated using the equation for marine sediments,
TEXH

86 (Kim et al., 2010). The TEX86 mean error of all duplicates
is 0.007, with an average temperature of 0.3 °C using the TEXH

86

calibration of Kim et al. (2010), plotted here for all Lake Albert
TEX86 values. This temperature calibration has an error estimation
of ~2.5 °C based on global marine surface sediment samples (Kim
et al., 2010). This calibration was chosen, instead of the global lake
calibration of Powers et al. (2010) due to its ability to more closely
reconstruct the range of Lake Albert water temperatures most likely
seen in the Holocene based on knownmodern water temperatures at
Lake Albert (Talling, 1963). The amplitude of temperature change
through time is nearly identical using lacustrine or marine calibra-
tions (Blaga et al., 2009; Kim et al., 2010; Powers et al., 2010;
Tierney et al., 2010). While it is unclear why the global marine cali-
bration provides the closest match to modern water temperatures
at Lake Albert, a similar occurrence was documented in Lakes
Turkana (Berke et al., 2012b) and Victoria (Berke et al., 2012a) and
attributed to the possible lack of a permanent chemocline and anoxic
deep water, which holds true for Lake Albert as well. Selection of one
of the lacustrine calibrations (Blaga et al., 2009; Powers et al., 2010;
Tierney et al., 2010) would shift the absolute temperature values

slightly, but would not significantly alter the trends or amplitude of
temperature variation discussed here.

Where there are large inputs of soil-derived isoprenoid tetraether
compounds the TEX86 paleotemperature proxy, which relies on the
lipids derived from aquatic Thaumarchaeota, is not robust (Blaga et al.,
2009; Powers et al., 2010; Sinninghe Damsté et al., 2012). Terrestrial
influence is quantified using the BIT index, a ratio of predominantly
soil-derived branched GDGTs to crenarchaeol lipids produced primarily
by aquatic Thaumarchaeota, varying from predominantly aquatic
(yielding a BIT of 0) to predominantly terrestrial (yielding a BIT
of 1) (Hopmans et al., 2004). TEX86 is not considered robust when
BIT values exceed ~0.4 (Blaga et al., 2009; Powers et al., 2010); BIT
values for this study were all less than 0.25.

2.3. δ13C analysis and use as a proxy for vegetation change

The δ13C values of leaf wax compounds (hereafter δ13Cwax) are here
used to reconstruct changes in plant communities, with long-chain
compounds (such as the n-alkanes used here) attributed primarily to
epicuticular waxes from higher plants (Eglinton and Hamilton, 1967).
The two CO2 fixation pathways used by most terrestrial plants result
in distinct isotope values (in bothbulk and compound specific isotopes),
allowing the use of δ13Cwax to distinguish vegetation change (O'Leary,
1981). The metabolic pathways C3 (found globally in shrubs, trees,
and grasses) and C4 (found in grasses and sedges) have differing
enzymatic processes that govern how atmospheric CO2 is utilized
(O'Leary, 1981). The carbon concentrating mechanism employed by C4
plants allows them to have an ecological advantage in warmer, drier,
or low pCO2 environments (Cerling et al., 1997; Ehleringer et al., 1997)
due to their ability to curb possible desiccation by closing stoma-
ta and reducing transpiration and CO2 loss. Thus, C4 plants have a
13C-enriched signature compared to C3 plants (Collister et al.,
1994; Rieley et al., 1993). Additionally, there is a δ13C signature
associated with the carbon use efficiency in plants (Diefendorf
et al., 2010), though if present, is likely to only to strengthen the
direction of C3/C4 shifts with regard to changes in hydroclimate
(described below).

The δ13C of leaf wax n-alkanes were measured on an Agilent 6890N
GC (60 m HP-1 column, 0.32-um diameter, 0.25 μm film thickness)
interfaced to a Thermo Finnigan DeltaPlus XP mass spectrometer. The
GC temperature program began at 50 °C and increased at a rate of
50 °C/min to 180 °C followed by a rate of 3 °C/min to 320 °C. The final
temperature of 320 °C was held for 6 min. The n-alkanes separated
by the GC column were oxidized at 940 °C and converted to CO2.
A standard mixture of n-alkanes of known δ13C values was analyzed
multiple times daily (“Mix-A”, C16–C30 provided by Dr. Arndt
Schimmelmann, Indiana University), and based on these repli-
cate measurements, typical precision of the δ13C measurements
were ±0.5‰ (1σ). Each sample was run in duplicate and co-injected
with squalane to monitor reproducibility. Replicates of all C29, C31,
and C33 δ13C values from Lake Albert sediments have a mean error
of ±0.75‰. The δ13C trends for C29, C31, and C33 were generally similar
and thus a weighted average (C29–C33) was used here. All δ13C values
are reported as per mil deviations from Vienna Pee Dee Belemnite
(VPDB) standard using conventional delta notation.

2.4. δD analysis and use as proxy for precipitation amount

The most abundant leaf wax compounds, n-alkanoic acids
(fatty acids), were used for δD analysis. Despite the high abundance
of n-alkanoic acids relative to other leaf wax compounds, it was not
sufficient to measure both δD and δ13C, thus n-alkanes were analyzed
for δ13C values in this study. The fatty acid fractions were methylated
using 5% BF3 in methanol (100 °C for 2 h) to produce fatty acid methyl
esters (FAME). The FAME fractionwas extracted using hexane and NaCl
solution, using sodium sulfate columns to remove excess water

Table 1
Core chronology for the uppermost 7 m of Lake Albert Core F (Beuning et al., 1997;
Williams et al., 2006). Horizontal (radiocarbon) and vertical (sampled sediment range)
error bars shown. Core G dates (sampled from another core at the same site) indicated
with (G) next to the depth range.

Depth (cm) range 14C years BP Cal ybp Material

10–60 1850 ± 90 1777 ± 107 Bulk organic matter
35–39 3370 ± 250 3656 ± 310 Bulk organic matter
64.5 5050 ± 65 5805 ± 95 Wood fragments
84 8230 ± 60 9205 ± 97 Pollen-lignin-charcoal fraction
140–150 (G) 8750 ± 400 9841 ± 496 Bulk organic matter
160–200 (G) 9005 ± 145 10093 ± 216 Bulk organic matter
450–460 (G) 10980 ± 260 12933 ± 244 Bulk organic matter
640–665 (G) 12500 ± 190 14765 ± 437 Bulk organic matter
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and cleanedwith DCM followed by hexane elution through extracted Si
gel. Palmitic acid of a known isotopic value was methylated to deter-
mine the isotopic composition of the attached methyl group. δD was
also corrected for changes in ice volume and subsequent shifts in the
δD of sea water (Konecky et al., 2011; Schrag et al., 1996; Tierney
et al., 2011) and adjusted for shifts through time according to the
LR04 benthic oxygen isotope stack (Lisiecki and Raymo, 2005).

The FAME δD values of leaf waxes (hereafter δDwax) were deter-
mined using a MicroMass IsoPrime GC–IRMS with instrumental condi-
tions outlined in Grice et al. (2008). H2 gas of known isotopic value
and high purity grade was injected as a reference gas standard. A mix
of 6 FAMEs of known isotopic composition was run between samples
to monitor instrument accuracy, with a mean error from duplicate
analyses (reported here) of ±2.5‰. C28 was the most abundant FAME
homolog measured at Lake Albert and hereafter the δDwax refers specif-
ically to the δD value of C28 leaf wax. Sedimentary n-alkanoic acid
homologs C26–C30 are thought to be supplied primarily from terrestrial
higher plants (Volkman, 2006). The dominant FAME homolog found
at Lake Albert matches that of other East African lake sites (Berke
et al., 2012a; Costa et al., 2014; Konecky et al., 2011; Tierney et al.,
2008, 2011) and provides additional confidence in the preservation
of FAMEs at Lake Albert. All δDwax values are reported as per mil (‰)
deviations from Vienna Standard Mean Ocean Water (VSMOW) in
delta notation (Coplen, 2011).

The δDwax tracks source water δD with a biosynthetic fractionation
offset (Sachse et al., 2012). The δD of tropical rainfall is inversely
correlated with amount of precipitation, through Rayleigh distillation
(Dansgaard, 1964; Rozanski et al., 1993), and thus times of increased
aridity are linked to more D-enriched isotopes than wetter times.
Influences on δDwax at Lake Albert beyond rainfall amount are consid-
ered secondary. For example, eastward migration of the CAB is limited
by the Blue Mountains immediately to the west, leaving Lake Albert in
an Atlantic moisture rain shadow (Camberlin, 2009). Thus, the rain
source likely remained constant from the Indian Ocean. Further, while
shifts in vegetation occurred, δDwax is unlikely to be solely an artifact
of biosynthetic fractionation. Studies have shown that the difference
in apparent fractionation of δD between C3 trees and C4 grasses may
be small, or negligible (Sachse et al., 2012), without the presence of
appreciable C3 grasses. C3 grasses have a significant difference in appar-
ent fractionation (Smith and Freeman, 2006), but the majority of
modern grasses b2000 m in East Africa (N90%) are C4 (Livingstone
and Clayton, 1980; Tieszen et al., 1979), an observation supported
at Lake Albert (Beuning et al., 1997). Lastly, the role of humidity on
δDwax is debated, but may exaggerate δDwax shifts. Hou et al. (2008)
found a ~10‰ decrease in apparent fractionation for each 20% increase
in humidity, so even with a possible humidity magnification of δDwax, it
is likely only a small fraction of the N40‰ shift seen in δD record from
Lake Albert.We therefore attribute primary control on δDwax to changes
in the Lake Albert regional precipitation amount.

3. Results & discussion

3.1. The climate of the Lake Albert region since the latest Pleistocene

A two-stage D-enrichment and TEX86 decrease between 13.8 ka–
11.5 ka shows that significant aridity accompanied cooling (Fig. 2).
δ13Cwax varies between −25 and −32‰ (Fig. 2). C4 vegetation likely
increased somewhat after 13.5 ka following the changes in temperature
and moisture. The peak in C4 plants at 12.3 ka agrees with dry condi-
tions interpreted from D-enrichment. The δ13Cwax record indicates a
continuous protracted reduction in C4 plants after the YD that continued
until 10.1 ka.

Comparison of δ13Cwax with a fossil pollen record from Lake Albert
(Beuning et al., 1997) suggests these proxies are recording similar
though not identical aspects of vegetation. The onset and termination
of cooling between 13.8 and 11.5 ka is synchronous with an extended

period of aridity, as marked by a pronounced increase in grasses
and reduction of semi-deciduous forest taxa (Fig. 2). This period of
pollen-inferred aridity is interrupted by slightly wetter conditions
~12.8–12.3 ka, shown by a decrease in open grassland and slight
recovery of Moraceae forest taxa. This pollen shift is correlative
with moderate transient warming (~12.6–12.1 ka) and a modest
shift to D-depleted values within the otherwise cold, arid interval.

A13C-enrichment of 3‰ occurs during a pronounced grassland in-
crease at the beginning of the Lake Albert record (~13.8–12.5 ka) but
the protracted 13C-depletion in the early Holocene is not identical in
timing with grassland disappearance (Fig. 2). Although C3 grasses are
not expected to contribute significantly to this record, one possible
explanation is that while C4 grassland dominated, the remainder could
be supplied by C3 grasses, contributing more Poaceae pollen and
“muted” 13C-enrichment. Alternatively, CO2 by this time was higher
(Monnin et al., 2001) and temperatures were cooler, potentially
balancing the tendency for relative aridity to allow C4 vegetation to
flourish (Sinninghe Damsté et al., 2011). Lastly, differences in produc-
tion or residence time before deposition may factor into temporal
differences between pollen and n-alkane records.

3.2. Controls on δDwax at Lake Albert

We observe a similar trend in the pollen and δDwax records in Lake
Albert (Fig. 2); the shifts in δDwax do not align precisely with shifts
in the dominant pollen, suggesting changing vegetation does not
significantly alter δDwax values. Further, apparent fractionations for
C28 fatty acids were described for a C4 grass (127 ± 6‰) and C3

tree (114 ± 8‰) (Hou et al., 2008). The apparent fractionation
of δDwax appears to be relatively constant along field transects
with variable C3/C4 vegetation, correlating linearly with rainfall in
Europe (Hou et al., 2008; Sachse et al., 2004) and in the southwestern
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USA (Feakins and Sessions, 2010; Hou et al., 2008). Additionally, a
transect of surface sediments from lakes across Cameroon (west
Central Africa) found that δDwax of long chain n-alkanes served well as
a proxy of regional source water, and that changes between C3 and C4
photosynthetic pathway could not explain variations seen in δDwax

(Garcin et al., 2012). This consistencymay imply that a regional integra-
tion of isotopic fractionation is preserved in sediments and differences
in vegetation play a smaller role at broad scales. The δ13Cwax record
from Lake Albert shows significant changes from a Moraceae-
dominated (C3 trees/shrubs) landscape to a Poaceae-dominated (C4

grasses) landscape (Fig. 2). Yet a shift to a C3-tree dominated environ-
ment in the early Holocene at Lake Albert does not appear to reduce ap-
parent fractionation (which would be demonstrated through a shift to
less D-depleted values) and suggests δDwax is not controlled by vegeta-
tion type, supporting our assumption of the independence of δDwax

from major vegetation changes. Beyond vegetation controls on δDwax,
the influence of temperature on δDwax values of precipitation is also
considered negligible in the tropics (Araguás-Araguás et al., 2000;
Dansgaard, 1964; Rozanski et al., 1993). Consequently the variability
in δDwax seen at Lake Albert is here ascribed to changes in the regional
hydroclimate, with little influence from changes in terrestrial
vegetation.

3.3. A regional view of climate change across the last deglacial in East Africa

The emerging regional pattern from African continental
paleotemperature records at low elevations (b1000 m above
sea level) shows a departure from a progressive deglacial warming,
evident in a 2 °C cooling for LakeMalawi (Powers et al., 2005), ~1 °C for
Lake Tanganyika (Tierney et al., 2008), and a pause in warming for Lake
Victoria (Berke et al., 2012a) and the Congo Basin (Weijers et al., 2007)
and a gradual increase in temperature at Lake Challa (SinningheDamsté
et al., 2012) spanning ~14 to 11.5 ka (Fig. 3). The magnitude of
temperature change seen at Lake Albert (ca. 3 °C) is surprisingly
large in comparison to the aforementioned African records ormodeling

results of the tropics (Liu et al., 2009). Lakes Tanganyika, Malawi,
and Albert begin cooling ~13.8–13.6 ka and while Lakes Malawi and
Tanganyika reached temperature minima at ~13.4 ka, Lake Albert
continued to cool until ~12.9 ka.

Hydroclimate proxies show a shift to arid conditions around the
YD in Africa, even in regions with little to no cooling (Fig. 4). Lake
level estimates in and around equatorial Africa show a significant
decrease during the YD (deMenocal et al., 2000; Gasse, 2000; Gasse
et al., 2008; Olago et al., 2000). YD aridity extended north to parts
of the Sahara (Gasse et al., 1990) and the Sahel (Gasse, 2000;
Street-Perrott and Perrott, 1990), more recently confirmed by
minor leaf wax D-enrichment and supported by δ13C (Niedermeyer
et al., 2010). Significant aridity interpreted from a leaf wax δD recon-
struction and increased C4 vegetation at the YD is observed without
associated cooling in the Congo Basin (Schefuß et al., 2005). The Lake
Challa δD record shows a shift comparable to Lake Albert δDwax, with
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Fig. 3. Select continental molecular temperature records from Africa (in °C), Lake Albert
(A), Lake Victoria TEX86 (Berke et al., 2012a) (B), Lake ChallaMBT/CBT (Sinninghe Damsté
et al., 2012) (C), Lake Tanganyika TEX86 (Tierney et al., 2008) (D), Congo Basin MBT/CBT
(Weijers et al., 2007), (E), Lake Malawi TEX86 (Powers et al., 2005) (F). Gray bars indicate
Younger Dryas (YD) and the early deglacial hydroclimate transition described in the text.
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Fig. 4. Greenland ice core δ18O (Grootes et al., 1993) (A) compared to select continental
molecular δD records from Africa, Lake Tana C28 n-alkanoic acid (Costa et al., 2014) (B),
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a 30‰ D-enrichment during the YD as well as D-enrichment between
14–13 ka of ~15‰ (Tierney et al., 2011). An interval of minor, yet vari-
able D-enrichment begins at ~14 ka at Lake Tanganyika, preceding the
YD and roughly coincident with initiation of the cool, dry interval in
Lake Albert. Lake Tanganyika also shows a 23‰ D-depletion at the
end of the YD, signaling that while there may be little to no δD shift
into this interval, an increase in moisture can be seen at its termination
(Tierney et al., 2008). While the δD record at Lake Malawi has been at-
tributed to changes in atmospheric circulation (Konecky et al., 2011),
a record of δ13Cwax used as a secondary proxy for aridity (Castañeda
et al., 2007), showed a decrease in humid conditions at Lake Malawi
during the YD. A new δD record from Lake Tana, Ethiopia shows the
only significant D-enrichment of ~70‰ across the deglacial interval
(Costa et al., 2014).

3.4. Forcing mechanisms of Lake Albert climate

We observe general aridity with varying intensities and durations,
supported by molecular and other sedimentological proxies (Gasse,
2000), particularly with respect to the recovery to less arid conditions
during the deglaciation from the latest Pleistocene to early Holocene
in East Africa. The Late Pleistocene brief cooling and drying that preced-
ed the YD ~14 ka at Lakes Albert, Challa, and Tanganyika (Figs. 3, 4) is
mechanistically perplexing. The spatial and temporal heterogeneity in
tropical Africa at this time interval implies a complex climate pattern
across the continent, perhaps due to variations in moisture source or
regional internal climate drivers. Western African regions do not
experience increased aridity at 14 ka (Schefuß et al., 2005) while
other records do not have sufficient resolution to fully address changes
during the interval from 14–13 ka, such as at Lake Victoria (Berke et al.,
2012a) or the Sahel (Niedermeyer et al., 2010). However, available
reconstructions indicate a network of climate regimes across the region
that mimic modern African climatology, where complex topography
and multiple drivers control regional cloud cover, temperature, and
rainfall delivery (Camberlin, 2009).

We note that cooling and drying occurred during the deglaciation in
East Africa, particularly at Lake Albert, but began earlier than the YD, at a
time of significant global change. Lake Albert cooling began ~13.8 ka
(Fig. 2) and is coincidentwithin agemodel error of cooling in Greenland
(Grootes et al., 1993) and the OD, and follows the ACR. The ACR may
have occurred from northward migration of the Subtropical Front
(Putnam et al., 2010), altering the Agulhas current and reducing leakage
of Indian Ocean water to the Atlantic Ocean around Africa (Beal et al.,
2011). Reduced input from the Indian Ocean has been shown in
model (Weijer et al., 2002) and proxy studies (Chiessi et al., 2008) to
haveweakened the AMOCduring the last deglaciation stadials, reducing
cross basin exchange (Bard and Rickaby, 2009). Modeling has linked
freshwater input to the Atlantic to an arid western Indian Ocean
(Zhang and Delworth, 2005). Likewise, reconstruction of the AMOC
using 231Pa/230Th shows an inflection in the slope of reconstructed
AMOC strength at ~14 ka suggesting a minor reduction in circulation
strength (McManus et al., 2004). This is supported by δ13C values
of benthic foraminifera, a proxy of deep water ventilation and AMOC
strength (Vidal et al., 1997). Recently, Ritz et al. (2013) used temper-
ature proxy reconstructions and model simulation hindcasting to re-
construct AMOC strength. Their results support the 231Pa/230Th
reconstruction of McManus et al. (2004), and seem to indicate that
while AMOC anomalies were high, there was a minor reduction in
the AMOC rate at ~14 ka, the first decline of any kind since the
LGM. This possible AMOC suppression, while not as rapid or signifi-
cant as at the YD, may have been sufficient to cause an Indian Oceanic
disturbance, which in turn is thought to trigger cool, arid conditions
in regions of East Africa.

This stadial was a time of variable, but overall decreasing tempera-
tures in the northern high latitudes as indicated by δ18O in the GISP2 ice
core (Alley and Clark, 1999; Grootes et al., 1993). The North Atlantic

experienced cooling of surface water temperatures (Bard et al., 2000;
Waelbroeck et al., 1998). Speleothem records demonstrate
teleconnections between the climates of Greenland and the Indian
Ocean, with drier (wetter) conditions associated with stadials (intersta-
dials) in the North Atlantic (Burns et al., 2003; Shakun et al., 2007). Fur-
ther, a δ18O speleothem record from Socotra Island, Yemen shows an
increase in dry conditions in the Indian Oceanwith timing roughly equiv-
alent to cooler Greenland temperatureswhile also varying in concertwith
a sedimentary δ15N record from the Indian Ocean, a proxy of denitrifica-
tion (Ivanochko et al., 2005). Reduced denitrification has been attributed
to a reduction of wind-driven upwelling productivity from a weaker
Indian Monsoon during Greenland stadials (Altabet et al., 2002). These
paleoclimate records all support a change in the Indian Oceanmonsoon
~14 ka. Verschuren et al. (2009) proposed from their Lake Challa record
that during stadial events, northern polar ice influence and a reduction
of Indian Ocean SSTs overshadowed regional insolation controls.

Within dating uncertainty, the described cooling in Greenland
around the OD aligns well with the spatially complex pattern of cooling
and drying in East Africa beginning in the latest Pleistocene preceding
the YD. Here, we link these conditions to a weakened Indian monsoon
that may have been affected by changes in the AMOC and Agulhas
leakage into the Atlantic (Stenni et al., 2001). The pressure gradient
that is established between hemispheres can force tropical surface
winds and reduce the monsoonal system in the region as the ITCZ is
shifted southward (Chiang and Friedman, 2012).

Among the paleoclimate records now available for tropical Africa
that cover the last deglaciation, the Lake Albert basin appears to have
responded most dramatically to the OD and YD stadials. Temperatures
began cooling at 13.8 ka and continued cooling by more than 3 °C by
12.9 ka andmore by the end of the YD.None of the other African records
display such cooling: theMalawi basin cooled ~2 °C, Tanganyika cooled
only 1 °C, and no other African sites display any measurable cooling.
The Albert basin also experienced the greatest reduction in rainfall
of all of the African sites investigated to date, as indicated by the
40‰ D-enrichment, which surpasses even that observed at Lake
Challa (~30‰) (Tierney et al., 2011) or Lake Tanganyika (~20‰)
(Tierney et al., 2008).

It is unclear why the climate response of the Albert basin was more
extreme than that of other African sites that have been analyzed thus far
for their deglacial history. Lake Albert is situated farther inland than any
of the other sites, so perhaps its temperature is not ameliorated asmuch
bymaritime influence and its aridity is alsomore severe due to its more
distal location from the Indian Ocean.

The coincident shift to more arid conditions during the YD in
both Lake Challa and Lake Albert runs counter to the decadal–centennial
pattern of rainfall variability in East Africa reported by Tierney et al.
(2013). This pattern exhibits an anti-phased relationship between
rainfall in the Rift Valley where Lake Albert and Lake Tanganyika lie,
and more coastal East Africa, where Lake Challa is found. This pattern
of rainfall is attributed to the zonal gradient of SSTs in the Indian
Ocean, which is not necessarily tied to the effects of North Atlantic
stadial conditions that are considered to have caused the YD.

Recently, studies from around East Africa have documented past
CAB movements and an influence of Atlantic-derived moisture that
appear to explain past hydrological conditions (Costa et al., 2014;
Junginger and Trauth, 2013). Similarly, moisture at Central and
West African sites is often attributed to an Atlantic Ocean source
(Niedermeyer et al., 2010; Schefuß et al., 2005). We suggest that
Lake Albert was primarily isolated from Atlantic-sourced moisture due
to regional orography, as has been suggested for much of easternmost
Africa (Tierney et al., 2011). δDwax records from predominantly Indian
Ocean-influenced regions including Lakes Albert, Challa (Tierney et al.,
2011), and Tanganyika (Tierney et al., 2008) indicate an OD drying
interval and on average more D-enriched leaf wax compounds. Those
that have been suggested to have more Atlantic Ocean moisture
influence including the Sahel (Niedermeyer et al., 2010), Congo Basin
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(Schefuß et al., 2005), and Lake Tana (Costa et al., 2014) do not appear
to show an initial stage of drying at the OD and indicatemore similar δD
values to each other (generally more D-depleted during OD and YD)
than those records to the east seemingly less affected by Atlantic
Ocean moisture.

As meso-scale models of climate dynamics in East Africa are further
developed, taking into account the effects of regional topography and
lake-feedback effects, the paleoclimate records of Lake Albert and
other sites on the African continent will provide excellent opportunities
for testing future model validity.

4. Conclusions

New organic geochemical reconstructions from Lake Albert allow
us to investigate changes in East African climate from the Late
Pleistocene to early Holocene. We observe an unusually strong
response to the OD and YD, with multi-stage cooling in a record of
TEX86 paleotemperatures between 13.8 and 11.5 ka. Changes in
hydroclimate, as evidenced from a D-enrichment from leaf wax
FAMEs, support the interpretation that this region also experienced
unusually pronounced drying during this interval. Regional vegeta-
tion records, including previously analyzed pollen and newly added
leaf wax n-alkane δ13C, show that vegetation responded to these
shifts, with increasing C4 vegetation (Poaceae pollen) during cool,
arid intervals and increasing C3 vegetation (Moraceae pollen) during
warmer and less arid intervals.

Multi-stage cool, dry conditions at Lake Albert began prior to the YD,
at a globally significant time that coincides with the Older Dryas.
This coincides with the beginning of stepwise cooling in Greenland,
a decrease in the rate of the AMOC for the first time since the LGM,
and a reduction of the Indian Ocean monsoon. We interpret the ob-
served changes at Lake Albert during this interval as the manifestation
of changes incurred to themonsoon and ultimatelymonsoonal mois-
ture delivery to Lake Albert. While there are multiple paleorecords
that indicate a shift, particularly in hydroclimate, ~14 ka, regional
complexity in climate reconstructions between African sites empha-
sizes the heterogeneous patterns of climate across the continent
and the importance of regional drivers. The complex pattern of East
African climate response to the influence of shifting conditions in the
North Atlantic Ocean during the last deglaciation underscores the
need for the development of more refined models of climate dynamics
in East Africa, not only to better comprehend the past but, more impor-
tantly, to be able tomore accurately predict future trends in this heavily
populated region.
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