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To reconstruct variability of the West African monsoon and associated vegetation changes on precessional and millennial time scales, we analyzed a marine sediment core from the continental slope off
Senegal spanning the past 44,000 years (44 ka). We used the stable hydrogen isotopic composition (dD)
of individual terrestrial plant wax n-alkanes as a proxy for past rainfall variability. The abundance and
stable carbon isotopic composition (d13C) of the same compounds were analyzed to assess changes in
vegetation composition (C3/C4 plants) and density. The dD record reveals two wet periods that coincide
with local maximum summer insolation from 38 to 28 ka and 15 to 4 ka and that are separated by a less
wet period during minimum summer insolation. Our data indicate that rainfall intensity during the rainy
season throughout both wet humid periods was similar, whereas the length of the rainy season was
presumably shorter during the last glacial than during the Holocene. Additional dry intervals are identiﬁed that coincide with North Atlantic Heinrich stadials and the Younger Dryas interval, indicating that
the West African monsoon over tropical northwest Africa is linked to both insolation forcing and highlatitude climate variability. The d13C record indicates that vegetation of the western Sahel was consistently dominated by C4 plants during the past 44 ka, whereas C3-type vegetation increased during the
Holocene. Moreover, we observe a gradual ending of the Holocene humid period together with
unchanging ratio of C3 to C4 plants, indicating that an abrupt aridiﬁcation due to vegetation feedbacks is
not a general characteristic of this time interval.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Tropical monsoon variability and associated rain belt migration
is a prominent feature of global atmospheric circulation and the
resulting heat distribution over the globe. As part of the global
monsoon system, the West African monsoon has been linked to the
precessional cycle of the Earth’s orbit and related variability in
insolation through associated changes in the landeocean pressure
gradient and sea-surface temperature (eg, Kutzbach, 1981;
Rossignol-Strick, 1983; Pokras and Mix, 1987; Kutzbach and Liu,
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1997). Internal non-linear responses such as vegetationealbedo
feedbacks (eg, Charney, 1975; Kutzbach et al., 1996; Ganopolski
et al., 1998) may induce abrupt climate shifts despite a gradual
insolation forcing (eg, Claussen et al., 1999; deMenocal et al., 2000).
The most recent wet phase of northwest Africa, the so-called
African humid period (14.8e5.5 ka), occurred during a period of
maximal summer insolation and is regarded as an example of the
insolation-driven intensity of the West African monsoon (Gasse,
2000). Studies of marine records from the continental slope off
West Africa by Weldeab et al. (2007) (Nigeria) and Tjallingii et al.
(2008) (Mauritania) show a general correlation between the West
African monsoon and insolation intensity, but also a decreased
monsoonal response to insolation forcing during the last glacial
period. This latter feature is attributed to a lower amplitude of
insolation variability and increasing global ice sheet coverage.
Other studies of marine cores collected from Senegal (Mulitza et al.,
2008) and Mauritania (Jullien et al., 2007) also show sensitivity of
northwest African climate to high-latitude climate variations
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during North Atlantic Heinrich stadials, indicating multiple
controls on the West African monsoon. These stadials are less
pronounced in the humidity index of Tjallingii et al. (2008) and are
absent in estimates of the intensity of the West African monsoon
inferred from ﬂuvial runoff variation (Weldeab et al., 2007).
To provide a better understanding of long term variability of the
West African monsoon, we used the stable hydrogen and carbon
isotopic composition (dD and d13C) and abundance of terrestrial
plant wax n-alkanes in a marine sediment core from the continental slope off Senegal as proxies for past changes in continental
hydrology, vegetation composition and density. The dD values of
plant waxes have been applied successfully in earlier studies, eg, on
marine sediments off the Congo basin (Schefuß et al., 2005) and on
lacustrine sediments from Lake Tanganyika (Tierney et al., 2008),
revealing valuable insights into the controls of the central and
southeast African monsoon.
Our data show that the West African monsoon over tropical
northwest Africa is linked to both insolation forcing and highlatitude climate variability during the Younger Dryas and North
Atlantic Heinrich stadials of the past 44 ka.

2. Study area
2.1. Core location
Marine sediment core GeoB9508-5 was retrieved during RV
Meteor cruise M65/1 (Mulitza et al., 2006). The core location
(15 29.900 N, 17 56.880 W) is w160 km southwest of the Senegal
River mouth on the continental slope off Senegal at 2384 m water
depth (Fig. 1). The terrigenous fraction of continental slope sediments at this location is derived from both Senegal River suspended
load and from aeolian dust (Sarnthein et al., 1981; Mulitza et al.,
2008).
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2.2. Environmental setting
Western Sahel precipitation derives from the Gulf of Guinea and,
to a lesser extent, from the tropical Atlantic off northwest Africa
(Gong and Eltahir, 1996). It is transported to the Sahel by the West
African monsoon and is further recycled by cloud convective
systems and evapotranspiration over the continent (Nicholson,
2009). The amount of rainfall in the Sahel (Fig. 2a) depends on
the moisture content of the West African monsoon and the position
of the tropical rain belt, moving between 10 and 20 N following
seasonal changes in maximum solar insolation. As a result, total
annual rainfall and duration of the rainy season decrease from the
Guinea coast (>3000 mm yr1) to the Sahara desert
(0e100 mm yr1) (compare Willmott and Matsuura database,
http://climate.geog.udel.edu/wclimate). Maximum precipitation
over the Sahel (100e500 mm yr1) occurs during the northern
hemisphere summer from July to September when the rain belt
reaches its northernmost position, followed by a long dry season for
the rest of the year when the rain belt moves southward. The
northesouth rainfall gradient is reﬂected by decreasing rainwater
dD values (Fig. 2b) from the Sahara desert to 10 N (due to the
amount effect (Dansgaard, 1964)) where they form a “bullseye”,
and increase again southward to the Guinea coast (reﬂecting the
continental effect (Dansgaard, 1964)).
Following the seasonal migration of the rain belt and the associated rainfall gradient, vegetation (Fig. 1) gradually shifts from
desert to dense tropical vegetation forming latitudinal bands
oriented almost parallel to the equator (White, 1983). The Sahara
desert is sparsely vegetated by few C4 plants and to a negligible
extent by CAM plants. The adjacent Sahel comprises both semidesert grassland (100e250 mm yr1) dominated by C4 grasses and
herbs, and dry savannah (250e500 mm yr1) with sporadic C3 trees.
Due to its transitional nature, the Sahel is a sensitive ecosystem that
is highly susceptible to even small climatic changes (Dupont, 1993).

Fig. 1. Position of core GeoB9508-5 and vegetation zones of tropical Northwest Africa (after White, 1983). Upper (lower) dashed line indicates the approximate northernmost
(southernmost) position of the tropical rain belt during northern hemisphere summer (winter). Arrows indicate dominant direction of northeasterly trade winds and the Saharan
Air Layer (SAL).
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Fig. 2. (a) Mean annual rainfall over tropical northwest Africa. Graphic is based on a compilation of rainfall data from the period 1950e1999 available on the Willmott, Matsuura
and Collaborators Global Resources Pages (http://climate.geog.udel.edu/wclimate/), Center for Climatic Research at University of Delaware. (b) Stable hydrogen isotopic composition
(dD) of precipitation over tropical northwest Africa during the growing season. Graphic is based on data from www.waterisotopes.org (Bowen and Revenaugh, 2003; Bowen, 2009).

It is bordered by the humid savannah (500e1000 mm yr1) which
receives sufﬁcient rainfall to maintain a higher vegetation cover
consisting of both tall C4 grasses and trees (C3). It shifts to tropical
deciduous forests (1000e2000 mm yr1) toward the equator that
become evergreen forests (2000e3000 mm yr1; both dominated
by C3 plants) at the Guinea coast.
During the dry season, the northwest African continent is
dominated by low-level (900 hPa) northeastern trade winds
(Sarnthein et al., 1981) (Fig. 1) that blow almost parallel to the West
African coast. An additional wind system, the high-level atmospheric African Easterly Jet, is most intense during northern
hemisphere summer and carries dust within the so-called Saharan
Air Layer. Dust of the Saharan Air Layer originates from the
southern Sahara and the Sahel, and is uplifted to higher atmospheric levels and deposited in the Atlantic between 10 and 25 N.
These two regimes are the most important agents of aeolian plant
wax transport (Huang et al., 2000) to the ocean off West Africa.
However, due to the ﬁne grain size and widespread distribution of
dust in the Saharan Air Layer its contribution to sediments at the
core location is relatively low compared to dust transported from
more proximal regions by the northeastern trade winds (Stuut
et al., 2005).
The study site also receives terrigenous material transported by
the Senegal River (Sarnthein et al., 1981; Mulitza et al., 2008)
located between w11e16 N and 10e16 W with a total drainage
area of approximately 350,000 km2 (Fig. 1). Given the northesouth
precipitation gradient, the major portion of Senegal River discharge
is generated in the tropical deciduous forests of the Guinea
Mountains and southern Mali, whereas the contribution from
higher tropical latitudes is small. Sedimentary discharge is closely
related to water runoff (Gac and Kane, 1986) and thus is highest
during the rainy season from June to October and drops to almost
zero during the end of the dry season.

40 ka were converted to calendar ages (Fairbanks et al., 2005);
seven additional age points were set by alignment of the core’s
benthic d18O record to the d18O stratigraphy of core MD95-2042
(Shackleton et al., 2004).
A total of 94 samples were collected from the upper 692 cm of
the core at 4e20 cm intervals, resulting in an average temporal
resolution of about 460 years.
3.1. Lipid extraction, identiﬁcation and quantitation
Lipids were extracted from freeze-dried and ﬁnely ground
sediment samples by ultrasonication in methanol (MeOH), 1:1
MeOH/dichloromethane (DCM), and DCM. An internal standard
(squalane) was added to the total lipid extracts. Each total lipid
extract was then washed with bi-distilled water (Seralpur) to
remove salts, dried over anhydrous Na2SO4, and concentrated by
rotary evaporation and under N2. Next, total lipid extracts were
saponiﬁed with 0.5 M KOH in MeOH at 80  C for 3 h. Neutral lipids
were extracted with hexane and separated by silicaegel column
chromatography. Alkanes were eluted with hexane, then further
puriﬁed by AgNO3-silica gel column chromatography again using
hexane as eluent.
n-Alkanes were identiﬁed by gas chromatography/ﬂame ionization detector (GC/FID) by comparing their retention times to
a standard mixture containing the corresponding n-alkanes at
known concentrations. Alkane abundances were quantiﬁed using
the FID peak areas calibrated against the standard mixture. Final nalkane concentrations in the sediment were corrected for losses
during sample preparation using the internal standard by assuming
identical losses of standard and sample n-alkanes. Repeated analyses of a reference sediment yielded a mean precision of 0.2 mg g1
for n-alkane abundance.
3.2. dD measurements

3. Methods
The age model of the core is based on a combination of radiocarbon dating and benthic stable oxygen isotope stratigraphy as
described in detail by Mulitza et al. (2008). Brieﬂy, 12 radiocarbon
ages were measured on samples of planktonic foraminifera and
corrected for a reservoir age of 400 years. 14C ages smaller than

The dD values of individual n-alkanes were measured using
a Thermo Trace GCULTRA coupled to a Thermo Finnigan DeltaþXP
isotope-ratio mass spectrometer via a pyrolysis furnace operated at
1430  C. Data processing and the daily Hþ
3 correction were
accomplished using Isodat v2.5 software as described by Sessions
et al. (2001). An external standard containing 15 homologous
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n-alkanes (from C16 to C30) with known dD values was analyzed
repeatedly with the samples, and yielded a standard deviation (1s)
of 2.7& and root-mean-squared accuracy of 2.7&. In addition, an
internal standard (C36 n-alkane) was coinjected with all samples
and yielded a standard deviation (1s) of 1.8& with a mean deviation from the known dD value of 9&. Due to a limited sample size,
replicate analyses were not possible for every sample. Those that
were analyzed in replicate yielded a mean standard deviation (1s)
of 2.3&. All dD values are reported in permil [&] relative to the VSMOW standard.
3.3. d13C measurement
The d13C values of individual n-alkanes were measured using
a Thermo Trace GCULTRA coupled to a Finnigan MAT 252 IRMS via
a Finnigan GC/C III combustion interface operated at 960  C. To
monitor the system’s performance, a standard mixture containing
squalane and 16 homologous n-alkanes (C20eC36) with known d13C
values was analyzed repeatedly. The d13C values of sample analytes
were calibrated against CO2 with known isotopic composition and
the internal standard (squalane). Samples were analyzed in duplicate or triplicate with a standard deviation (1s) for the n-C31 alkane
of 0.5&. Values of d13C are reported relative to the V-PDB standard.
4. Results
We report dD values only for the n-C31 alkane, which was the
most cleanly separated compound of adequate abundance. Time
series of the dD values of the n-C27 and n-C29 alkane (data not
shown) exhibited the same overall pattern as the n-C31 alkane,
indicating that the interpretation of our data is not biased by the
leaf wax n-alkane chain length. The dD values of the n-C31 alkane
(Fig. 3c, pink line) vary between 163 and 124&. Values of dD
corrected for ice volume changes (Fig. 3c, black line) are generally
lower during the last glacial interval with a slightly smaller
amplitude of variability between 167 and 133&. The overall
structure of both records exhibits a periodic pattern that is correlated with variations in intensity of local summer insolation at 15 N
(Fig. 3d, insolation values are shown for July 21 after Berger (1978)).
Lowest dD values are observed during periods of highest insolation
between 38e28 ka and 15e4 ka, whereas periods of reduced
insolation coincide with higher dD values. In order to analyze the dD
record for variations other than those linked to the insolation
pattern, we applied a high-pass ﬁlter (Rybicki and Press, 1995) with
a cut-off frequency of 1/(10,000 yr). The ﬁltered data (Fig. 4c)
indicate an excursion toward higher values between 9 and 7 ka and
further enrichments that coincide with the intervals of the Younger
Dryas interval and Heinrich stadials (HS) 1, 3 and 4.
All HS intervals reﬂected in the dD record coincide with
decreased plant wax n-alkane concentrations (Fig. 3a), which
exhibit considerable variation between 1.7 and 0.4 mg g1. HS2,
which is only weakly expressed in the dD record, can be clearly
identiﬁed in the record of n-alkane concentration.
The d13C values of n-C31 alkane (Fig. 3b) vary between 26 and
21& and show no overall variation attributable to either insolation or HS. Generally, the d13C record varies between about 21 and
24& during the last glacial period and gradually decreases to
26& starting at around 18 ka. We used a two-component mixing
calculation to estimate the contribution of n-C31 from C4 plants by
assuming d13C values of 21& and 36& for the C4 and C3 end
members, respectively (Rieley et al., 1993; Collister et al., 1994). This
calculation indicates a C4 contribution of between 85 and 100%
during the last glacial, and a gradual decrease to 75% toward the
end of the record. During HS2 the d13C record indicates an increase
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of C4 plant waxes up to 100%. This is the HS with the least variability
in the dD record.
5. Discussion
5.1. Sources of long-chain sedimentary n-alkanes
Long-chain n-alkanes are integral parts of epicuticular waxes
from vascular plant leaves (Eglinton and Hamilton, 1967). They
have typical chain lengths ranging from C25 to C35 and exhibit
a dominance of odd-carbon numbered over even-numbered
homologues (Eglinton and Hamilton, 1967; Kolattukudy, 1976). The
extent of this odd-over-even predominance can be quantiﬁed as the
carbon preference index (CPI) with generally high values (>5) (eg,
Collister et al., 1994) for n-alkanes from higher plant waxes. Longchain n-alkanes that derive from other sources such as petroleum
or that released from other carbon pools through diagenetic
processes exhibit lower to negligible chain length predominance
and have a low CPI (<1) (Kolattukudy, 1976). We report a range of
CPI between 5.3 and 7.8 with an average CPI of 6.6 and a standard
deviation (1s) of 0.6 for n-alkanes at the study site indicating higher
terrestrial plants as the major source throughout the entire record.
5.2. Provenance of sedimentary plant wax n-alkanes
The study site receives terrigenous sediment contributions from
both aeolian dust and Senegal River suspended load (Sarnthein
et al., 1981; Mulitza et al., 2008). Today, aeolian dust deposited at
the study site is mainly carried by the northeastern trade winds
(Stuut et al., 2005), whereas the Senegal River basin drains more
humid areas to the south. Thus, the possibility must be considered
that the plant waxes originate from different geographic sources
and that the contribution of these sources may vary depending on
climate. To date there are no studies examining the contribution of
ﬂuvial vs. aeolian derived plant waxes to sediments off northwest
Africa. Pronounced ﬂuvial input of plant wax n-alkanes should be
indicated in the d13C record by enhanced contribution of C3 derived
n-alkanes during wet periods, because the Senegal River drains
more humid areas with increasing C3 vegetation toward the south.
As will be described in more detail in the following section, this
pattern is not observed suggesting that ﬂuvial input of plant wax nalkanes from its southern catchment to the study site is of minor
importance compared to the input through aeolian dust. This
agrees with studies of Lézine and Hooghiemstra (1990) indicating
that very little ﬂuvial pollen transport took place in the region even
in front of the Senegal outlet. However, minor plant wax contributions from the northern catchment draining parts of the Sahel
may still occur. In summary, we expect that the transport of plant
waxes to the study site is mainly by aeolian dust (Huang et al.,
2000; Schefuß et al., 2003). Plant waxes transported by the lowlevel northeastern trade winds (Schefuß et al., 2003) most likely
represent the vegetation type underlying the ﬁnal section of the
air-mass trajectory (Simoneit et al., 1989; Schefuß et al., 2003)
rather than the vegetation along the entire path. Because the
northeastern trade winds blow almost parallel to the northwest
African coast, plant waxes deposited at the study site are likely
abraded from the vegetation of northern Senegal, southwestern
Mauritania and western-central Mali and, therefore, reﬂect an
integrated signal of the climatic conditions in these areas.
5.3. Controls on plant wax d13C variability
The d13C value of plant wax n-alkanes can be used to distinguish
C3-from C4-type vegetation with the isotopic difference resulting
from physiological differences during CO2 acquisition for
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Fig. 3. Temporal evolution of (a) sedimentary n-alkane concentration; (b) stable carbon isotopic composition (d13C) of the C31 n-alkane (right axis) and fractional contribution of C4
vegetation (left axis); (c) pink line: stable hydrogen isotopic composition (dD) of the n-C31 alkane (n-C31); (c) black line: dD of the n-C31 alkane corrected for ice volume effects; (d)
insolation at 15 N on 21 July after Berger (1978). Filled triangles indicate age points derived by radiocarbon dating, open triangles indicate age points derived by correlation with the
benthic d18O record of core MD95-2042 (Mulitza et al., 2008). Error bar in (a) reﬂects the average precision as deduced from the internal standard. Error bars (1s) for (b) and (c) are
given for multiple-measurement samples. Data points without error bars derive from single measurements. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article).

Fig. 4. Temporal variability of (a) the Fe/K record from the same core (Mulitza et al., 2008), (b) the Fe/K record and (c) the dD record both after high-pass ﬁltering (Rybicki and Press,
1995) with a cut-off frequency of 1/(10,000 yr) to show variability other than linked to insolation. Gray bars indicate periods of Heinrich stadials (HS, after Sarnthein et al. (2001)),
the Younger Dryas interval (YD) and the “8.2 ka” event. Filled triangles indicate age points derived by radiocarbon dating, open triangles indicate age points derived by correlation
with the benthic d18O record of core MD95-2042 (Mulitza et al., 2008). Error bars (1s) are given for multiple-measurements only.
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photosynthesis (O’Leary, 1981). It varies between 21& (C4 type)
and 36& (C3 type) (values are for the n-C31 alkane; Rieley et al.,
1993; Collister et al., 1994). The range of atmospheric pCO2 is
much smaller (Indermühle et al., 1999), making the photosynthetic
pathway the dominant control on the isotopic signature of plant
waxes. The geographic distribution of C3 and C4 plants depends on
climate parameters such as water availability, atmospheric CO2,
insolation intensity and temperature (Larcher, 2003). In tropical
northwest Africa, C4-type grasses and herbs are the dominant
species of the semi-desert and savannah grasslands with increasing
contribution of C3-type species (mainly shrubs and trees) with
increasing humidity toward the equator (White, 1983). The
competitive advantage of C4 over C3 herbaceous plants in hot and
arid environments such as northwest Africa is due to their ability to
internally concentrate CO2 prior to photosynthetic ﬁxation. This
allows for lower stomatal conductivity reducing the transpirational
loss of water. The growing season of C4 grasses is characterized by
higher minimum temperatures and a shorter rainy season
compared to that required for C3 plants. In addition, low atmospheric pCO2 may inﬂuence the dispersal of C3 plants as a limiting
factor of photosynthesis (Collatz et al., 1998; Bond et al., 2003;
Larcher, 2003).
5.4. Controls on plant wax dD variability
Variability in the dD values of plant wax n-alkanes has been
shown to relate to the dD-value of the plant source water (Sessions
et al., 1999; Chikaraishi and Naraoka, 2003; Huang et al., 2004;
Sachse et al., 2004, 2006; Hou et al., 2008). In high latitudes, the
dD-value of rainwater is mainly a function of temperature driving
progressive depletion of rainfall with decreasing temperature
through Rayleigh distillation (Dansgaard, 1964; Rozanski et al.,
1993; Alley and Cuffey, 2001). Therefore, ice core dD and d18O
records obtained from polar latitudes have been applied as paleothermometers (eg, Grootes and Stuiver, 1997, Johnsen et al., 1997).
In the tropics, however, this temperature effect is not generally
detectable as shown in the study of Rozanski et al. (1993). This is
because initial cloud formation (through tropical convergence) and
precipitation are spatially close e a feature that can be assumed to
have persisted over the time of our record e leading to a negligible
impact of tropical temperature change on rainwater dD through
progressive Rayleigh distillation. Instead, the dominant effect
controlling precipitation dD over the study area is the “amount
effect” (Dansgaard, 1964; Rozanski et al., 1993; Worden et al., 2007;
Risi et al., 2008a,b) with rainfall intensity controlling re-evaporation (and as a consequence, isotopic enrichment) of the falling rain.
This leads to lower values (that is stronger D-depletion through less
re-evaporation) in areas of high precipitation and higher values (Denrichment through more re-evaporation) when precipitation is
low. Taken together, we expect that any potential inﬂuence of
temperature on the isotopic composition of precipitation at the
study site will be small compared to the amount effect. Provided
that the local controls on the dD-value of precipitation are stable
over time, changes in the isotopic composition of plant wax nalkanes reﬂect changes in the amount of precipitation.
Strictly speaking it is not the isotopic composition of precipitation that is recorded by plant waxes but rather that of leaf water
(eg, Pendall et al., 2005). This water source may be D-enriched
relative to precipitation by soil evaporation and leaf transpiration
(eg, Dongmann et al., 1974; Epstein et al., 1977; Flanagan et al.,
1991), suggesting an additional inﬂuence of relative humidity on
leaf wax dD. Such a link has been found in studies of recent lakesurface sediments along a north-south European transect (Sachse
et al., 2004), in grasses from greenhouse and natural environments across the central USA (Smith and Freeman, 2006) and in
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shrubs and trees from semi-arid to arid regions of southern California (Feakins and Sessions, 2010). A survey of lake-surface
sediments across a transect of southwestern USA by Hou et al.
(2008), however, found no correlation between in situ sourcewater/leaf wax fractionation and relative humidity. The question of
how much relative humidity inﬂuences D-enrichment in leaf waxes
thus remains unresolved. Regardless, both effects (soil water
evaporation, leaf water transpiration and the amount effect on
precipitation) should point in the same climatic direction, causing
D-enrichment of leaf waxes during more arid conditions (Worden
et al., 2007).
There is also debate about whether vegetation type has an
inﬂuence on leaf wax dD through differences in leaf anatomy,
photosynthetic pathway or rooting depth (Chikaraishi and Naraoka,
2003; Liu et al., 2006; Smith and Freeman, 2006; Hou et al., 2007;
Liu and Yang, 2008). Values of d13C for the n-C31 alkane in our
record (Fig. 3b) do not vary considerably during the last glacial and
show no correlation with the dD record, suggesting that plant type
variability likely exerts little inﬂuence on the dD signal at the study
site. Furthermore, the dD values of plant waxes extracted from
surface sediments along a northesouth European transect (Sachse
et al., 2004) correlate well with the isotopic composition of the
referring rainfall, indicating that species speciﬁc differences are
smoothed in the integrated sedimentary signal.
Inﬂuence on plant wax dD other than West African monsoon
intensity is exerted by ice volume effects on the dD-value of
meteoric water. To account for this, the n-alkane dD record was
corrected for glacialeinterglacial changes in seawater isotopic
composition as follows. The average global change in seawater d18O
since the Last Glacial Maximum is about 1.0& (eg, Schrag et al.,
2002; Waelbroeck et al., 2002). To account for additional
seawater d18O variability prior to the Last Glacial Maximum, we
corrected the n-alkane dD record using the benthic d18O record
obtained from tests of Cibicidoides wuellerstorﬁ from the same core
(Mulitza et al., 2008). The benthic d18O record was converted to the
V-SMOW scale and adjusted to match the Last Glacial interglacial
shift of 1& (set after Schrag et al. (2002) as the maximal amplitude
of the d18O decrease between the Last Glacial Maximum and the
Holocene). The equivalent dD variability was calculated using the
global meteoric water line (Craig, 1961). This correction does not
account for changes caused by variability of deuterium excess
which comprises a range of w4& within the past 45 ka (MassonDelmotte et al., 2005). The corrected data (Fig. 3c, black line)
account for an approximation of these effects and show lower dD
values during the last glacial but no changes in the overall temporal
structure.
Taken together, we interpret lower plant wax dD values in our
record as reﬂecting periods of enhanced precipitation and/or
higher humidity (‘wetter’), though we cannot speciﬁcally disentangle those two effects. Similarly, higher dD values likely reﬂect
intervals of drier conditions. In addition, since plant wax n-alkane
production occurs during the growing season, we infer that dD
variability likely corresponds to climatic variability during the
growing (wet) season and, hence, to rainfall intensity during the
rainy season. However, based on the dD record alone we cannot
deduce West African monsoon variability relating to a shortening
or expansion of the wet season.
5.5. Orbital-scale climate variability
The large-scale variability of both dD records (raw and icevolume corrected, Fig. 3c) matches the temporal structure of variations in local summer insolation at 15 N (Fig. 3d), exhibiting two
wetter periods between 38e28 and 15e4 ka that coincide with
highest summer insolation. This suggests a link between insolation
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variability and the West African monsoon. Indeed, such a link has
been described by earlier studies (Wang et al., 2001; Yuan et al.,
2004; Weldeab et al., 2007; Tjallingii et al., 2008) as a global
feature of monsoon systems. However, Tjallingii et al. (2008)
recently presented grain-size data from a marine core off
Mauritania indicating a decreased inﬂuence of insolation on the
West African monsoon during the last glacial period. They attribute
their ﬁndings to the generally weaker amplitude of insolation
variability during marine isotope stage 3 of the last glacial period in
combination with an expansion of the northern hemisphere ice
caps. This leads to an intensiﬁcation of the dry northeastern trade
winds that limits the northward extension of the West African
monsoon. Our data, however, indicate that the current study site e
which is located w3 further south e was under the climatic
inﬂuence of an insolation-forced West African monsoon during the
last glacial period. This suggests that the border between the two
wind systems may have been located between 17 and 20 N during
this period.
The dD record indicates insolation forcing of the West African
monsoon between 38 and 28 ka. Further evidence for this wet
period from terrestrial archives (eg, lacustrine deposits) is sparse
and equivocal, and faces the problem of erosion during dry intervals. In addition, lower sampling resolution in earlier terrestrial
studies using marine archives (eg, Lézine and Casanova, 1991)
further complicate comparison to our data. They indicate
a preceding humid phase between 52 and 44 ka which unfortunately is not covered by our record. Regardless, a precession forced
humid period between 38 and 28 ka is in agreement with earlier
evidence for orbital controls on West African monsoon (RossignolStrick, 1983; Pokras and Mix, 1987; McIntyre et al., 1989; Collister
et al., 1994; Gasse, 2000).
Although plant wax dD is a sensitive proxy for the isotopic
composition of precipitation it is not yet possible to quantify the
changes with respect to rainfall amounts. Judging from dD values
alone, however, precipitation intensity throughout the rainy season
during the last glacial wet period and the wet period during the
Holocene might have been similar. However, the d13C record
(Fig. 3b) does not show an increase of C3 plants during the last
glacial wet period (the proportion of about 90% C4 plants remains
almost constant), indicating that the length of the rainy season was
not high enough to sustain signiﬁcant C3 vegetation. Today, in order
to support a woodlandegrass savannah (humid savannah) with
considerable contribution of C3 shrubs and trees, rainfall in
northwest Africa must exceed 400 mm year1 (Walter, 1970). From
this, one might infer that rainfall over the source area during the
last glacial wet period was below 400 mm year1. Low atmospheric
pCO2 during the last glacial period (Indermühle et al., 2000) may
have further stabilized the dominance of C4 plants (Collatz et al.,
1998; Bond et al., 2003). Continuously high sedimentary n-alkane
concentrations (Fig. 3a), in spite of lower wind intensity and aeolian
dust supply during this period (Jullien et al., 2007), point to
increased terrestrial biomass possibly related to an increase in C4
plant abundance. However, changes in plant wax availability can be
caused by both, vegetation density and plant wax availability (e.g.,
cuticle thickness). Furthermore, sediment n-alkane concentration
may vary with dust ﬂux intensity (dilution effect) (compare Adkins
et al., 2006). Taken together, we suppose that mean annual
precipitation between 38 and 28 ka was lower than during the
Holocene humid period, which is in agreement with earlier studies
(eg, Gasse, 2000) pointing to generally drier conditions during the
last glacial. However, rainfall intensities during the rainy season
were presumably similar during both wet periods.
The second wet period identiﬁed within the dD record reaches
its maximum from 15 to 4 ka. This agrees with earlier studies that
describe an insolation-forced African humid period during the

Holocene (eg, deMenocal et al., 2000; Gasse, 2000; Salzmann et al.,
2002). In contrast to the study by deMenocal et al. (2000) we do not
observe an abrupt end of the African humid period but a rather
gradual decrease of precipitation starting around 5 ka. Vegetation
type (the ratio of C3 to C4 plants) also shows no abrupt changes in
response to the decrease in precipitation, the d13C signal remains
rather stable. However, we note that different hydrologic preferences within a photosynthetic pathway exist and that changes in
vegetation composition toward drier conditions may have occurred
without notable changes in vegetation type (d13C).
deMenocal et al. (2000) attribute the abruptness to non-linear
vegetation and albedo feedbacks (Charney, 1975; Kutzbach, 1981;
Kutzbach et al., 1996). For this to occur, vegetation cover needs to
fall below a certain threshold to produce an abrupt non-linear
response to the gradual orbital forcing (Claussen et al., 1999). The
gradual decrease observed within this study agrees with compilation studies of pollen data (Lézine, 2009; Watrin et al., 2009) and
observations of Mulitza et al. (2008) from the same core as well as
with studies from the Lake Tilla crater (northeastern Nigeria)
(Salzmann et al., 2002) and Lake Yoa (northern Chad) (Kröpelin
et al., 2008). Thus, an abrupt termination about 5.5 ka is not
a general characteristic of the Holocene African humid period,
possibly because vegetation density at some locations did not fall
below the threshold value required for an abrupt climate transition.
Interestingly, palynological analyses indicate an abrupt vegetation shift toward modern semi-arid conditions in Senegal around
2 ka (eg, Lézine, 1988, 1989) which is about 3.5 ka later than
observed by deMenocal et al. (2000) indicating that the Holocene
humid period was shorter in the North and longer in the South.
Unfortunately, the time interval between 2 and 1 ka (the end of our
record) is covered by only two data points and so does not allow for
further comparison at this time. We further note that several abrupt
changes occurring at different times in different regions may
appear smoothened in the integrated dD record.
5.6. Millennial-scale climate variability
The high-pass ﬁltered dD record (Fig. 4b) reveals climate forcing
of arid intervals other than those linked to insolation. Millennialscale dry periods coincide with North Atlantic Heinrich stadials
(HS) in agreement with other studies from near Senegal (Mulitza
et al., 2008; Itambi et al., 2009) and Mauritania (Jullien et al.,
2007). Whereas most of the proxies applied in these studies
likely reﬂect enhanced dust input during the dry season, we ascribe
D/H variability of plant wax n-alkanes to climatic conditions during
the wet season. Our data, therefore, indicate that climate variability
during HS also affected the rainy season toward drier conditions. In
order to depict the distinct responses of the wet and dry seasons,
we show Fe/K ratios from the same core (Fig. 4a) (Mulitza et al.,
2008) using the same high-pass ﬁltering (Fig. 4b) as for the dD
record. Lower Fe/K ratios correspond to decreased riverine input
and enhanced dust supply, suggesting drier conditions during these
intervals (Mulitza et al., 2008).
HS2 seems to be anomalous in its weak response (if at all) in the
dD record. Sedimentary n-alkanes (Fig. 3a), in contrast, show
a pronounced decrease in abundance. This may derive from both
lowered plant wax production and increased dust input (as
reconstructed by Jullien et al. (2007)) and points toward intensiﬁcation of the dry season. Fe/K ratios in sediments from the same
core (Fig. 4a, b) (Mulitza et al., 2008) also indicate intensiﬁcation of
the dry season during HS2. The dD record, however, exhibits only
slight variation during this period, whereas the d13C values (Fig. 3b)
suggest an increase in C4 plant abundance. We speculate that this
could reﬂect a shortening of the rainy season without a concomitant change in precipitation rate. This would lead to an extended
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dry season favoring C4 plants over trees but with little change in
precipitation dD values during the growing season.
The ﬁltered data indicate additional aridiﬁcation between 13
and 11.5 ka. Such a drying event has been widely observed in
tropical Northwest Africa, eg, in lacustrine sediments from Lake
Tilla (northeastern Nigeria) (Salzmann et al., 2002), Lake Bosumtwi
(Ghana) (Talbot and Johannessen, 1992; Peck et al., 2004; Shanahan
et al., 2006) and Lake Barombi Mbo (western Cameroon) (Maley
and Brenac, 1998), and is attributable to the Younger Dryas interval.
The dD record indicates a further excursion toward dry conditions between 9 and 7 ka. The data for this period have large error
bars, complicating the interpretation. However, aridiﬁcation of
tropical African climate within this interval is reported in a range of
studies (eg, Gasse and Van Campo, 1994; Gasse, 2000; Shanahan
et al., 2008) which supports the persistence of drier conditions in
the western Sahel around 8 ka as indicated by the dD record. This
interval possibly coincides with the “8.2 ka” event, a period of
colder conditions in the high-latitude North Atlantic realm and
beyond (Alley et al., 1997; Alley and Ágústsdóttir, 2005; Ellison
et al., 2006).
The dry episodes during Heinrich stadials, the Younger Dryas
interval and around the 8.2 ka event coincide with reduced Atlantic
overturning circulation (McManus et al., 2004; Ellison et al., 2006)
and are probably induced by cool North Atlantic sea-surface
temperatures (Mulitza et al., 2008; Niedermeyer et al., 2009). In the
model of Mulitza et al. (2008), an abrupt drop in extratropical
northeast Atlantic sea-surface temperature creates a positive sea
level pressure anomaly over northern North Africa. This leads to
a southward shift of the monsoon trough, with the Sahel drying
further being ampliﬁed by an intensiﬁcation of the African Easterly
Jet. The intervals of lowered precipitation identiﬁed within the dD
record indicate that this mechanism is important for tropical West
African climate throughout the seasons.
6. Conclusions
The pattern of dD variability in terrestrial leaf wax n-alkanes
suggests persistent local insolation forcing of the West African
monsoon during the past 44 ka. We identify two wet periods from
38 to 28 ka and from 15 to 4 ka that coincide with maximal local
summer insolation. Rainfall intensity during the growing season
was presumably similar throughout both wet periods, whereas
mean annual precipitation was lower between 38 and 28 ka than
during the Holocene humid period.
Millennial-scale intervals of reduced precipitation/humidity are
identiﬁed that coincide with North Atlantic Heinrich stadials 1, (2),
3 and 4, the Younger Dryas interval and, possibly, the “8.2 ka” event.
We, therefore, conclude that the West African monsoon is
susceptible to both local insolation and North Atlantic climate. This
suggests a crucial role of the North Atlantic in controlling tropical
northwest African climate.
We observe a gradual end of the Holocene African humid period
in the western Sahel which implies that decreasing precipitation
did not initiate non-linear vegetation feedbacks as suggested for an
abrupt climate transition during this period. The ratio of C3 to C4
plants at the study site generally shows low correlation to changes
in hydrology indicating that additional controls such as atmospheric pCO2 may have been relevant during the period covered by
this record.
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