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a b s t r a c t

The hydrogen isotopic composition of plant leaf-wax n-alkanes (dDwax) is a novel proxy for estimating dD
of past precipitation (dDp). However, vegetation life-form and relative humidity exert secondary effects
on dDwax, preventing quantitative estimates of past dDp. Here, we present an approach for removing the
effect of vegetation-type and relative humidity from dDwax and thus for directly estimating past dDp. We
test this approach on modern day (late Holocene; 0e3 ka) sediments from a transect of 9 marine cores
spanning 21�Ne23�S off the western coast of Africa. We estimate vegetation type (C3 tree versus C4
grass) using d13C of leaf-wax n-alkanes and correct dDwax for vegetation-type with previously-derived
apparent fractionation factors for each vegetation type. Late Holocene vegetation-corrected dDwax

(dDvc) displays a good fit with modern-day dDp, suggesting that the effects of vegetation type and relative
humidity have both been removed and thus that dDvc is a good estimate of dDp. We find that the
magnitude of the effect of C3 tree e C4 grass changes on dDwax is small compared to dDp changes. We go
on to estimate dDvc for the mid-Holocene (6e8 ka), the Last Glacial Maximum (LGM; 19e23 ka) and
Heinrich Stadial 1 (HS1; 16e18.5 ka). In terms of past hydrological changes, our leaf-wax based estimates
of dDp mostly reflect changes in wet season intensity, which is complementary to estimates of wet season
length based on leaf-wax d13C.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The stable hydrogen isotopic composition (D/H ratio; expressed
relative to the VSMOW standard as dD) of precipitation is a useful
indicator of hydrology and climate dynamics. In the tropics it re-
flects both local precipitation amount and non-local rainout pro-
cesses and is thus an indicator for both local- and large-scale
atmospheric circulation changes. Sedimentary leaf-wax n-alkanes
derived from terrestrial plants represent an archive of the hydrogen
isotopic composition of past precipitation (dDp) and are thus
a useful proxy of past atmospheric dynamics. However, the inter-
pretation of leaf-wax dD (dDwax) records is complex because dDwax
is also affected by vegetation life-form and relative humidity
(Sachse et al., 2012). Leaf-wax dD records have therefore been
interpreted as reflecting past relative humidity and/or precipitation
dDp changes (Schefuß et al., 2005; Tierney et al., 2008; Niedermeyer
et al., 2010), while concerns that vegetation-type changes may
All rights reserved.
dominate dDwax have also been raised (Smith and Freeman, 2006;
Douglas et al., 2012). A quantitative estimate of past dDp is therefore
desirable for accurate climate reconstructions. We use a new
approach, using estimates of vegetation type to correct for the ef-
fect of vegetation type and relative humidity on dDwax. We test this
approach on modern-day (late Holocene; 0e3 ka) marine sedi-
ments from a transect of 9 well-dated, high-resolution cores. These
span from 21�N to 23�S off the coast of western Africa, covering
West Africa, Central Africa and southwestern Africa (Table 1,
Fig. 1a). Marine sediment cores have relatively large catchment
areas and thus integrate the leaf-wax signal from a large conti-
nental area. Moreover, the large scale coverage of our mapping
approach provides a valuable dataset for comparison with dDp es-
timates from climate models. As well as the modern day, we also
analyse: the mid-Holocene (6e8 ka) to test the effect of increased
northern hemisphere summer insolation; the Last Glacial Max-
imum (19e23 ka) to test the effect of glacial conditions and Hein-
rich Stadial 1 (16e18.5 ka) to test the effect of Atlantic meridional
overturning circulation slowdown on African climate. These time
periods can be compared with climate modelling experiments.
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Table 1
Core transect off western Africa.

Figure
label

Region Core number Latitude Longitude Water
depth (m)

1 West GeoB7920-2 20� 45.090 N 18� 34.900 W 2278
2 West GeoB9508-5 15� 29.900 N 17� 56.880 W 2384
3 West GeoB9526-5 12� 26.100 N 18� 03.400 W 3223
4 West GeoB9535-4 8� 52.540 N 14� 57.660 W 669
5 Central GeoB4905-4 2� 30.000 N 9� 23.400 E 1328
6 Central GeoB6518-1 5� 35.300 S 11� 13.300 E 962
7 Central ODP1078C 11� 55.270 S 13� 24.020 E 500
8 Southwestern GeoB1023-5 17� 09.430 S 11� 00.700 E 1978
9 Southwestern MD08-3167 23� 18.910 S 12� 22.610 E 1948
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2. Background

2.1. Spatial pattern of precipitation in West, Central and
southwestern Africa

Most of the rain falling in tropical Africa is delivered by large
convective storms known as mesoscale convective systems (Mohr
and Zipser, 1996; Mohr et al., 1999; Nesbitt et al., 2006). Uplift
required to create this convective rainfall is associated with the
convergence of trade winds at the Intertropical Convergence Zone
(West and Central Africa) and Congo Air Boundary (Central and
southwestern Africa) and also with ascending air between the Af-
rican Easterly Jet and Tropical Easterly Jet streams (Nicholson and
Grist, 2003). These features, which collectively form the rainbelt,
Fig. 1. Modern-day climatology of Africa, highlighting the position of the rainbelt and domin
(boreal winter) and d) MAM (boreal spring). The wind reference arrow refers to 5 m/s. Wind
the University of Delaware dataset (climate.geog.udel.edu/wclimate). Numbered red circles
stations referred to in the text and in Fig. 2: Bamako, B; Kinshasa, K; and Windhoek, W. (For
the web version of this article.)
oscillate latitudinally along with the seasonal insolation maximum
(Nicholson and Grist, 2003). The rainbelt oscillates between ex-
tremes of w17�N in JuneJuleAug (Fig. 1a) and w21�S in DeceJane
Feb (Fig. 1c). In West and Central Africa, moisture for convective
rainfall originates mostly from the Atlantic Ocean (Fig. 1a, b, d) and
in southwestern Africa from the Indian Ocean (Fig.1c; Rouault et al.,
2003; Gimeno et al., 2010). Moisture is also recycled from the
continent (either evaporated from soils and lakes or transpired
from leaves; Peters and Tetzlaff, 1988; Taupin et al., 2000; Gimeno
et al., 2010). The Sahara and Namib Deserts receive very little
monsoonal precipitation. However, coastal fog, associated with
cold upwelled waters (e.g. Olivier and Stockton, 1989), is common
in Namibia and is an important source of moisture for plants (Louw
and Seeley, 1980; Lancaster et al., 1984; Eckardt et al., in press). The
wet season (whichwe define as the period of the year when rainfall
is greater than 5 cm per month) is longest in the Congo Basin and
Guinea coast regions (these regions experience two wet seasons
per year) and decreases towards the desert regions. The wet season
is most intense in the coastal Guinea and Cameroon regions and
this is associated with topography, proximity to moisture source
and the perpendicular orientation of winds to the coast (Hayward
and Oguntoyinbo, 1987; Sall et al., 2007).

2.2. Temporal and spatial pattern of modern-day precipitation dD

In the tropics, the hydrogen isotopic composition of precipita-
tion is dominated by the amount effect (Dansgaard, 1964; Rozanski
ant surface wind systems during a) JJA (boreal summer), b) SON (boreal autumn), c) DJF
data are from the NCEP reanalysis (Kalnay et al., 1996) and precipitation data are from
mark the sediment cores used in this study (Table 1). Red squares mark the three GNIP
interpretation of the references to colour in this figure legend, the reader is referred to
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et al., 1993). This is a negative correlation between monthly pre-
cipitation amount and precipitation dD (dDp). The seasonal trend in
monthly precipitation amount and dDp associated with the passage
of the rainbelt is illustrated for three GNIP (Global Network for
Isotopes in Precipitation; IAEA/WMO, 2006) stations in West
(Bamako), Central (Kinshasa) and southwestern (Windhoek) Africa
(Figs. 1bed, 2). In terms of the amount effect, more depleted iso-
topes are attributed to a) reduced evaporation of falling raindrops
under a moister atmosphere and b) to downward advection of
isotopically depleted water vapour from high altitudes during
intense convective activity, which is then used in successive con-
vection (Risi et al., 2008a; Risi et al., 2010a). Due to the mean res-
idence time of water vapour in the atmosphere, the dDp integrates
convective activity (intensity and frequency of storms) of the pre-
vious w10 days (Risi et al., 2008b).

Spatially, however there is relatively poor correspondence of
precipitation-weighted mean-annual dDp (Fig. 3) with wet season
Bamako, Mali, 13°N
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Fig. 2. Seasonal cycle of precipitation amount (blue bars) and dDp (red squares) for
GNIP stations (IAEA/WMO, 2006) in a) West Africa (Bamako), b) Central Africa (Kin-
shasa) and c) southwestern Africa (Windhoek). Errors represent standard error, and
the number of monthly dDp observations followed by the number of monthly pre-
cipitation observations (n) is marked at the bottom of each figure. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Reconstructed precipitation-weighted mean-annual dDp for Africa, based on the
interpolated dataset of Bowen and Revenaugh (2003). Sediment cores are numbered
(1e9). Major African rivers are marked: Senegal (Se); Niger (Ni); Sanaga (Sa); Nyong
(Ny); Ntem (Nt); Congo (Co); Balombo (Ba); Cunene (Cu) and Orange (Or). Hatching
marks the approximate source area of each core (Cores 1e4 are joined for clarity: see
Table 2 for individual source areas). It should be noted that African GNIP stations are
relatively sparsely distributed and therefore the interpolated dataset of Bowen and
Revenaugh (2003) may not capture all regional isotopic variability in precipitation.
precipitation amount (Fig. 1aed). This is because other factors exert
an influence on dDp. These include temperature during transport
(altitude effect), transport distance (continental effect) and also
non-local amount effect (Dansgaard, 1964; Rozanski et al., 1992;
Dayem et al., 2010). These effects cause non-local rainout of an air
mass and hence deplete the air mass in the heavier isotope before
the moisture reaches the site of precipitation. As an example,
summer dDp is relatively depleted at theWindhoek station (Fig. 2c)
even though precipitation amount is low, compared to the other
stations (Fig. 2a, b). This is likely to be due to non-local rainout
(Rozanski et al., 1993) during long-distance and relatively high-
altitude transport from the Indian Ocean (Gimeno et al., 2010).
Another factor influencing dDp is the recycling of transpirationally-
derived moisture. Moisture that is derived from plant leaf-water
transpiration is thought to be unfractionated, which leads to rela-
tively enriched dDp values in subsequent precipitation (Salati et al.,
1979; Rozanski et al., 1993; Levin et al., 2009). Densely vegetated
regions such as the Congo rainforest are thought to contribute
a large amount of transpirationally derived moisture (Levin et al.,
2009).

2.3. Leaf-wax n-alkane dD as a recorder of precipitation dD

Long-chain, odd-numbered n-alkanes are produced by vascular
plants (Eglinton and Hamilton, 1967) to protect the leaf cuticle
(Koch and Ensikat, 2008) and are well preserved in sediments
(Schimmelmann et al., 1999; Yang and Huang, 2003). The main
control on spatial variations of dDwax is source-water dD (dDp;
Sachse et al., 2004; Sachse et al., 2012).

Biosynthesis of n-alkanes induces a large negative isotopic
fractionation and thus leaf-wax dD is normally negatively offset



Table 3
Age model for core MD08-3167.

Depth
(cm)

Radiocarbon age
(res. age uncorrected)

Std.
Dev.

Calibrated
age (yrs BP)

6.5 2045 30 1614
40 4880 35 5199
76 7500 40 7960
116 9290 50 10,138
216 13,190 60 15,184
312 15,920 70 18,723
420 19,630 100 22,897
515 24,740 190 29,120
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from dDp. However, biosynthetic fractionation is thought to be
constant for given compound classes (Sessions et al., 1999) and so
does not contribute to variations in dDwax values.

Relative humidity and vegetation type do, however, exert
a control on leaf-wax dD. To assess the effect of relative humidity
and vegetation type separately from dDp changes, leaf wax isotopic
data are commonly presented in terms of the fractionation between
dDwax and dDp, known as the ‘apparent fractionation’ (ε). Relative
humidity exerts a control on the extent of evapotranspiration (and
subsequentD enrichment) of soil-water and leaf-water. The effect of
relative humidity has been observed in greenhouse studies
(Kahmen et al., 2012a) and soil transect studies (Sachse et al., 2004;
Rao et al., 2009; Kahmen et al., 2012b): in less humid environments,
more soil water evaporation and transpirational leaf-water
enrichment results in isotopically enriched dDwax values. Vegeta-
tion type also acts to control leaf-water enrichment: C4 grasses are
thought to undergo less transpiration than C3 trees (Sachse et al.,
2012). In the natural environment, relative humidity changes may
be partly counteracted by vegetation type (Hou et al., 2008): species
that are less prone to evapotranspiration and leaf-water enrichment
tend to thrive in arid environments. In addition to controlling the
degree of leaf-water evapotranspiration, vegetation-type may
control dDwax in other ways such as by differences in water use ef-
ficiency (Hou et al., 2007) and rooting depth (Krull et al., 2006) and
different pathways of NADPH formation (Sachse et al., 2012). In
summary, dDwax is the result of 3 variables: a) dDp, b) relative hu-
midity, and c) vegetation type (plant physiology).
2.4. Source areas and transport mechanisms of n-alkanes

Plant leaf-waxes are transported from soils to continental
margin sediments along with suspended river material (Bird et al.,
1995) and windblown dust (Simoneit et al., 1988). Waxes can also
be directly abraded off plant leaves during dust storms (Simoneit
et al., 1988) and released during biomass burning (Conte and
Weber, 2002).

Although it is not possible to precisely constrain the continental
catchment areas of terrestrial leaf-wax bearing material to each
core, we are able tomake estimates based onmodern-day transport
pathways, which we briefly describe below. Based on these con-
straints, we estimate catchment areas for each core (Table 2, Fig. 3).
This allows us to derive precipitation-weighted catchment-mean
dDp values for each core (Fig. 6a), for comparison with our leaf-wax
based estimates of past dDp.

Our cores span 3 major regions in Africa: West, Central and
southwestern Africa (Fig. 1a). Off West Africa, cores 1e4 (21�Ne
Table 2
Estimated core-catchment areas. These are as previously estimated (Collins et al.,
2011) apart from cores 5 and 8 which have been slightly modified to include
some material from the Niger River (after Weldeab et al., 2011) and more material
from the Namib Desert (after Eckardt and Kuring, 2005), respectively.

Core position Catchment extent

Number Latitude Longitude Northern
extent

Southern
extent

Westward
extent

Eastward
extent

1 20.8�N 18.6�W 25.8�N 15.8�N West coast 5�W
2 15.5�N 17.9�W 20.5�N 10.5�N West coast 5�W
3 12.4�N 18.1�W 17.4� 7.4�N West coast 5�W
4 8.9�N 15.0�W 13.9�N 3.9�N West coast 5�W
5 2.5�N 9.4�E 15.0�N 0�N 0�E 20�E
6 5.6�S 11.2�E 5.0�N 10.0�S West coast/

10�E
30�E

7 11.9�S 13.4�E 6.9�S 16.9�S West coast 20�E
8 17.2�S 11.0�E 15.0�S 25.0�S West coast 20�E
9 23.3�S 12.4�E 20.0�S 30.0�S West coast 20�E
9�N) receive dust that is blown westwards from the Sahara and
Sahel (Goudie and Middleton, 2001) and material from West Afri-
can rivers (Fig. 3). Dust storms and rivers also transport material
latitudinally, the extent of which we previously estimated to be 5�

of latitude (Collins et al., 2011). In terms of longitudinal extent,
since most of the dust transported to the shelf originates from the
Mali-Mauritania regions (Ratmeyer et al., 1999; Goudie and
Middleton, 2001) and leaf-wax isotopic composition mostly re-
flects that of the vegetation from the latter part of a dust storm’s
path (Simoneit et al., 1988), we limit the eastward extent to 5�W. In
Central Africa, Core 5 (3�N) receives most of its material from the
Sanaga, Nyong and Ntem Rivers (Weldeab et al., 2011), some from
the Niger River (likely from the lower reaches; Martins, 1982), and
some dust from the Sahara (Stuut et al., 2005). Core 6 (6�S) receives
mainly river sediment from the Congo River (Schefuß et al., 2005).
Core 7 (12�S) receives material from the Balombo and other smaller
rivers (Dupont et al., 2008) and some dust from the Namib Desert
(Schefuß et al., 2003). In southwestern Africa, cores 8 and 9 (17�S
and 23�S) receive most of their material as dust from the Namib/
Kalahari Deserts (Prospero et al., 2002; Eckardt and Kuring, 2005)
and small amount of material from the Cunene and Orange Rivers
(Bremner and Willis, 1993). Some of the dust material blown from
the Namib Desert originates from the desert and some originates
from the Namibian plateau (Lancaster et al., 1984; Eckardt and
Kuring, 2005) and is brought into the desert by ephemeral rivers
during the wet season.
3. Methods

3.1. Age models

Age models for cores 1e8 are based on published 14C chronol-
ogies (Kim et al., 2002; Adegbie et al., 2003; Kim et al., 2003;
Schefuß et al., 2005; Weldeab et al., 2005; Dupont et al., 2008;
Mulitza et al., 2008; Zarriess and Mackensen, 2010; Collins et al.,
2011). The age model for core 9 is based on eight 14C ages
(Table 3). All 14C ages are converted to calendar ages using the Calib
6.0 marine09.14 calibration curve which corrects for a time-
dependent global ocean reservoir age of about 400 years (Stuiver
et al., 2005).
3.2. Sampling

In order to be able to directly compare n-alkane dD and d13C, we
used the same lipid extracts for the dD analyses as was used for the
published d13C measurements (Collins et al., 2011). Cores were
sampled using 10 ml syringes. Individual sampling depths were
chosen based on the 14C chronology: we sampled the late Holocene
(0e3 ka), mid-Holocene (6e8 ka), Heinrich Stadial 1 (16e18.5 ka)
and the Last Glacial Maximum (19e23 ka). We verified that these
time intervals capture the relevant climate events using existing
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time-series studies from West (Niedermeyer et al., 2010) and
Central (Schefuß et al., 2005) Africa. Two to three samples were
taken from each time interval, depending on availability. The
samples were taken at even temporal spacing within the timeslice
interval, avoiding the boundaries of the timeslices. For example, for
the mid-Holocene (6e8 ka), samples were taken at (or as close as
possible to) 6.7 ka and 7.3 ka (see Supplementary Table 1 for ages
and depths of samples). Apart from the samples provided in Collins
et al. (2011), we also took additional samples from the youngest
part of the HS1 timeslice in order to better characterise the stron-
gest reduction in Atlantic meridional overturning. Although the
mean ages of each timeslice vary slightly between cores (due to
material availability), this should induce little effect on our data
because the time periods themselves are relatively stable, com-
pared to difference between time periods.

3.3. dD and d13C analysis of n-alkanes

dD values of n-alkanes were measured using a Thermo Trace GC
coupled via a pyrolysis reactor to a Thermo Fisher MAT 253 isotope
ratio mass spectrometer (GC/IR-MS). dD values were calibrated
against external H2 reference gas. The internal standard (squalane,
dD ¼ �179.9&) added before extraction yielded an accuracy of
0.7& and a precision of 2.5& on average (n ¼ 196). Repeated
analysis (n ¼ 77) of an external standard (mixture of 12 n-alkanes)
between analyses yielded a root-mean-squared accuracy of 5.1&
and a standard deviation of on average 3.4&. The H3

þ factor had
amean of 5.32� 0.03 and varied between 5.27 and 5.38 throughout
analyses. Samples were analysed in duplicate or triplicate. For the
C31 n-alkane, the mean value of the standard deviation between
replicates is 1.3&. For the additional d13Cmeasurements of samples
from core MD08-3167 we followed the same method as in Collins
et al. (2011). Including additional samples, the internal standard
(squalane) yielded an accuracy of 0.1& and a precision of 0.5& on
average (n ¼ 222) for the d13C measurements.

3.4. Correction of dD for global ice-volume changes

For the LGM and HS1 timeslices, we correct dDwax values for the
effect of global ice-volume changes on meteoric water dD values,
similar to e.g. Schefuß et al. (2005) and Niedermeyer et al. (2010).
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We calculate the ice-volume dD correction for each sample based
on the sample age and a benthic foraminiferal oxygen isotope curve
(Waelbroeck et al., 2002). The curve was interpolated to each
sample age and converted to dD values using the global meteoric
water line (Craig, 1961). The correction assumes that dD changes
were uniform throughout the African moisture source regions. The
ice-volume correction shifts LGM and HS1 dD values by approx-
imately �8.3& and �7.9&, respectively.

4. Results

4.1. Source of n-alkanes

Long-chain n-alkanes from terrestrial leaf waxes typically
exhibit a dominance of odd over even homologues. This dominance
is quantified by the carbon preference index (CPI) and thus any
influence of mature leaf-wax n-alkanes, such as petroleum
(CPI z 1; Kolattukudy, 1976) can be assessed. Our data display
values between 2.9 and 7.8, with a mean of 5.4 (Supplementary
Table 1), indicating that our sediments underwent little or no
thermal maturation (they are taken from a depth of <10 m below
sea floor) and there is little influence of thermally mature organic
material or contamination by petroleum.

4.2. dDwax (not corrected for vegetation-type)

We present values for the C31 n-alkane since this was the most
cleanly separated homologue; it is abundant in both grasses and
trees (Vogts et al., 2009) and is thus most suitable for use across the
core transect which spans savanna and rainforest environments.
For the late Holocene (modern-day) timeslice, leaf-wax dD values
(dDwax) range from �138& (core 9) to �160& (core 2; Fig. 4a).
From north to south, the data display two minima at cores 2e3 and
cores 7e8 (Fig. 4a), at the locations of more negative values in the
modern-day dDp dataset at around 15�Ne5�N and 10�Ne17�S
(Fig. 3). In addition, there is a gradual trend to less negative values
from the north to south (Fig. 4a).

Values for past timeslices are plotted as anomalies relative to the
late Holocene (Fig. 4b). For the mid-Holocene, dDwax anomalies are
negative (isotopically depleted relative to late Holocene) at all
cores, although they are within uncertainty at cores 7e9. The
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anomalies are largest at cores 2, 5 and 6 (largest negative anomaly
is �16&). For the LGM, ice-volume corrected dDwax anomalies for
cores 1e6 are positive or within uncertainty (Fig. 4b). The largest
positive anomaly is 10& (core 1). For cores 7e9, anomalies are
negative and the largest negative anomaly is �20& (core 9). For
HS1, ice-volume corrected dDwax anomalies are similar to the LGM,
apart from cores 1, 2 and 9, where anomalies are more positive
(largest positive anomaly of 13& at core 1; Fig. 4b).
5. Discussion

5.1. Seasonal timing of leaf wax n-alkane formation

The seasonal timing and duration of leaf-wax n-alkane synthesis
determines which part of the seasonal dDp (Fig. 2) and evapo-
transpirational cycle is recorded by the dDwax values. In each of the
core catchments precipitation is highly seasonal (Fig. 1), partic-
ularly in semi-arid regions. Since vegetation growth is limited by
water availability, almost all of the biomass (and thus most of the
leaf-wax material that ends up in the soil and sediment) is pro-
duced during the ‘wet season’ (Section 2.1). Since growth and thus
wax synthesis is proportional to precipitation it is reasonable to
assume that the environmental signal recorded by leaf wax is
therefore weighted with precipitation.

However, studies have shown that some plant species may
reflect the environmental conditions during a brief part of the wet
season. For example, dDwax values of field-grown barley and
greenhouse-grown trees reflect the meteoric water (dDp) and rel-
ative humidity at the early stages of leaf formation (Sachse et al.,
2010; Kahmen et al., 2011). This would suggest that our sedi-
mentary leaf-wax n-alkanes are biased towards reflecting the start
of the growing season. Conversely, however, it has also been shown
that different plants (European deciduous trees) display continuous
production of leaf-waxes throughout the growing season (Sachse
et al., 2009). This would suggest that our sedimentary leaf-waxes
reflect the isotopic composition of the latter part of the growing
season, before leaf senescence (Sachse et al., 2009). However, there
are as yet, no studies for African vegetation. Consequently it is not
clear whether there is a bias of our sedimentary dDwax signal to-
wards a particular part of the wet season. We suggest, however,
that the differences in seasonal timing between different species
are averaged out in our sedimentary samples and as such that our
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Fig. 5. (a) %C3 (100-%C4) vegetation in tropical western Africa for late Holocene (0e2 cal ka B
LGM and HS1, plotted as anomalies relative to the late Holocene. Error bars (standard erro
sedimentary waxes reflect a precipitation-weighted annual-mean
dD. In support of this, it has been shown that environmental and
physical stress can stimulate de novo leaf-wax synthesis (Shepherd
and Griffiths, 2006; Gao et al., 2012): such effects might be strong in
the tropics due to the intense hydrological cycle.

5.2. Pre-ageing of leaf wax n-alkanes

It has been shown that wind-blown sedimentary leaf-wax n-
alkanes from West Africa are pre-aged by w600 years relative to
the sediment (Eglinton et al., 2002). Pre-ageing is thought to be due
to storage in soils and river sediments before final deposition. Pre-
aged leaf waxes likely represent amixture of ancient and young leaf
waxes (Drenzek et al., 2009; Galy et al., 2011). Since pre-ageing of
600 years would not move our samples outside of our timeslices
(which are 2000e4000 years in duration), pre-ageing would not
affect our conclusions. It is possible, however, that the degree of
pre-ageing is different in the other regions of our study area.
However, at present there is no data on the degree of leaf-wax pre-
ageing in Central or southwestern Africa.

Changes in the strength of the hydrological cycle could be
expected to control the degree of leaf-wax pre-ageing. It is not yet
known whether a stronger hydrological cycle would increase pre-
ageing by eroding a greater proportion of ancient material, or
whether it would decrease pre-ageing by increasing vegetation
input and causing faster removal of material. However, the coeval
timing of abrupt global climate changes with changes in leaf-wax
n-alkane records from both West (Niedermeyer et al., 2010) and
Central (Schefuß et al., 2005) Africa suggests that there is not
a strong effect of pre-ageing on the climatic signal. Rather, it implies
that the pool of ancient leaf-waxes incorporated into the sediment
is relatively minor compared to the contribution of young material.
This suggests that pre-ageing acts to slightly dampen the magni-
tude of the signal, meaning that our dDwax anomalies are conser-
vative estimates of past climatic changes.
5.3. Correction of dD for vegetation-type

In order to remove the effect of vegetation-type from our dDwax
data and present vegetation-corrected values (dDvc), we estimate
vegetation-type changes and then remove apparent fractionation
factors from our dDwax values that are proportional to these
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vegetation type changes. We remove apparent fractionation factors
(ε) using the formula:

dDvc ¼ ½ðdDwax þ 1000Þ=ððε=1000Þ þ 1Þ� � 1000

In general, African vegetation types can be grouped into two
end-members: C4 grasses that thrive in semi-arid environments
with a short wet season, and C3 trees that thrive in humid envi-
ronments with a longer wet season (Trochain, 1980; White, 1983;
Castañeda et al., 2009; Collins et al., 2011). However, there are small
amounts of C3 grasses in the Sahara and Namib Deserts, although
this is a relatively minor contribution (e.g. Edwards et al., 2010).
There are also small amounts of C3 shrubs in arid environments in
Africa (Vogts et al., 2009), although again this is relatively minor.
Finally, there are also some CAM plants in the Namib Desert,
although the contribution is also thought to be relatively small
compared to that from C3 trees and C4 grasses. CAM plants are
mostly only abundant in the southern Namib, between 27�S and
34�S (White, 1983; Rommerskirchen et al., 2003).

We are able to estimate the proportion of C3 trees versus C4
grasses using d13C values of the C31 n-alkane (Fig. 5a,b). Although
this does not account for all possible vegetation-type changes, it
does account for the largest vegetation-type grouping and, sincewe
can do this for the same samples that were used for dDwax analysis,
it is the most directly comparable estimate of vegetation with our
dDwax data, in terms of timing and source area of material.

To estimate apparent fractionation factors for the C3 and C4
vegetation-type end members, we select apparent fractionation
factors derived from vegetation that grows in a similar climate (i.e.
similar relative humidity) to that of the respective vegetation type
in Africa. This may therefore act to correct for the effects of both
vegetation type and relative humidity (Section 2.3). Our estimate of
the apparent fractionation of C4 grasses is based on C4 grasses from
a semi-arid environment (Great Plains, USA), which have an
apparent fractionation value of �145 � 15& (Smith and Freeman,
2006). Our estimate for C3 trees is based on C3 rainforest trees
(South America), which have a mean apparent fractionation value
of �125 � 5& (Polissar and Freeman, 2010). Although these
apparent fractionation factors are based on the C29 n-alkane, the
values for the C31 n-alkane are very similar (Wang et al., 2012).
5.4. dDvc (vegetation-type corrected)

C4 vegetation has a more negative apparent fractionation factor
(�145&) and thus a larger-magnitude correction compared to C3
vegetation (�125&). Therefore the vegetation correction shifts C4-
rich regions to less negative dDvc values compared to C3-rich re-
gions. For the late Holocene, our vegetation-corrected dDwax (dDvc)
values range between �25& and 2& (Fig. 6a). Late Holocene dDvc
values are in close agreement with precipitation-weighted catch-
ment-mean dDp for cores 1e7 (Fig. 6a). However, at cores 8 and 9,
dDvc values are positively offset from dDp. The overall trend of
increasing dDwax values from north to south that was seen before
vegetation correction (Fig. 4a) has been removed after the vegeta-
tion correction (Fig. 6a), leaving only an increase in cores 8 and 9.
This suggests that the northesouth increase in dDwax values was
mostly the result of vegetation type. The cause of the relatively
positive values at cores 8 and 9 that remain after correction is
discussed in Section 5.6.

For the mid-Holocene, the dDvc anomaly at cores 4, 5 and 7
(Fig. 6b) is more negative relative to the dDwax anomaly, due to
increased C3 vegetation at themid-Holocene at these core sites. The
overall pattern during the mid-Holocene (negative anomaly at all
core sites) remains after the vegetation-type correction. The mag-
nitude of the anomaly ranges between �2& (core 8) and �19&
(core 6).

For the LGM and HS1, the dDvc anomaly (Fig. 6b) at cores 1e3
and 6e9 is more positive relative to the dDwax anomaly (Fig. 4b),
due to increased C4 vegetation at the LGM and HS1 in these regions.
At the LGM and HS1 the dDvc data still display a positive anomaly or
values within uncertainty at cores 1e7 and negative anomaly at
cores 8e9, which is also a similar overall pattern to before the
vegetation-type correction. The magnitude of the anomaly ranges
between 20& (core 1) and �20& (core 9).
5.5. Magnitude of the control of vegetation-type on leaf-wax dDwax

Our data suggests that the control of (C3 treeeC4 grass) vege-
tation type on dDwax is relatively minor. For example, during the
late Holocene, the spatial changes in vegetation type (Fig. 5a) are
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different to those of dDwax (Fig. 4a) and also the temporal changes in
vegetation type (Fig. 5b) are different to those of dDwax (Fig. 4b). In
addition, the vegetation correction has a minor effect on the overall
pattern of our data: the general pattern of the dD anomalies is
similar before (Fig. 4b) and after (Fig. 6b) vegetation-type correc-
tion (Section 5.4). This is because a) the difference in apparent
fractionation values between the C3 and C4 end-members is rela-
tively small (w20&) and b) the temporal changes in vegetation
type at each site are relatively small (largest %C3 anomaly is 25%;
Fig. 5b). Therefore the maximum correction in our data is approx-
imately 5&, which is small compared to most of the changes in
dDwax between timeslices that we measured (Fig. 4b).

However this does not negate the importance of the vegetation
correction because in other settings, for example, changes in %C3
vegetation may be larger. In addition, vegetation changes other
than C3 treeeC4 grass (with greater differences in apparent frac-
tionation), may have taken place. For example, C3 shrubs exhibit
a smaller apparent fractionation factor (�99& � 7&) than C4
grasses and C3 trees (Feakins and Sessions, 2010; Sachse et al.,
2012). Therefore, for C3 shrubs the vegetation correction would
be smaller in magnitude and would yield more positive dDvc values.
We can estimate themaximum effect that the presence of C3 shrubs
would have on our data, by assuming that the C3 end-member is
dominated by C3 shrubs. We do this for the most arid region of our
transect (core 1), where the C3 end-member is most likely to be
influenced by shrubs. C3 shrubs exhibit a d13C composition of
�34.4& for the C31 n-alkane (Vogts et al., 2009), similar to C3 trees.
Based on this, we calculate the proportion of C4 grasses versus C3
shrubs and then re-calculate the dD vegetation-correction using the
apparent fractionation for C3 shrubs. The maximum shift towards
more positive dDvc values that is induced by assuming dominance
of C3 shrubs is 8& during the late Holocene. This can be considered
amaximum estimate because it is unlikely that the C3 end-member
is dominated by C3 shrubs: in reality the C3 end-member is a mix of
C3 shrubs and C3 trees. Overall, it is clear that specific apparent
fractionation factors for the vegetation of each study region would
be useful for future studies.

Finally, it has been shown that d13C values of C3 vegetation span
a relatively large range (Diefendorf et al., 2010). Thus, shifts to
enriched d13C values could represent C3 vegetation rather than
a shift to C4 vegetation. However, given that pollen data also indi-
cate increased C4 grasses in both northern and southern hemi-
sphere savanna at the LGM (Dupont et al., 2000), we can assume
that our d13C-based estimate of vegetation-type is reasonable.

5.6. Comparison with dDp and the effect of relative humidity on
dDvc

As well as vegetation type, relative humidity is thought to
control dDwax by causing evapotranspirational enrichment in leaf
and soil waters (Sachse et al., 2004; Rao et al., 2009; Kahmen et al.,
2012a, 2012b). As such, we would expect that evapotranspiration
would also cause an offset (enrichment) of dDvc relative to dDp in
our samples (Section 2.3), particularly in arid regions such as the
SaharaeSahel. However, this is not the case in our samples for cores
1e7 (Fig. 6a). Rather, for these cores our dDvc values are closely
matched with precipitation-weighted dDp values (Fig. 6a), even in
the arid SaharaeSahel region (cores 1 and 2; 21e15�N). This sug-
gests that evapotranspirational enrichment was already incorpo-
rated in the apparent fractionation values that we used for the
vegetation correction (Section 5.3). Specifically, our C4 grass end
member was from a relatively arid environment and thus would
have undergone some evapotranspirational enrichment. This was
incorporated into the apparent fractionation value of �145& that
was used for the vegetation correction. Similarly, the apparent
fractionation values for tropical rainforest (Polissar and Freeman,
2010) would also incorporate the effect of evapotranspirational
enrichment in this setting. Another factor contributing to the lack
of an evapotranspirational signal may be the bias of leaf-wax syn-
thesis to the wet season; the difference of wet season relative hu-
midity between the SaharaeSahel and equatorial regions is much
smaller than the difference of annual-mean relative humidity.

In contrast to cores 1e7, dDvc in southwestern Africa (cores 8e9;
17�Se23�S) is isotopically enriched compared to dDp (Fig. 6a). We
attribute this to the use of coastal fog as a moisture source by
Namibian vegetation (Section 2.1). Coastal fog is isotopically
enriched relative to monsoon precipitation. For example, in the
western Namib Desert at 24�S, dD of fog equals �9.5&, whereas dD
of groundwater derived from monsoon precipitation equals
�48.6& (Schachtschneider and February, 2010). Other estimates of
monsoon precipitation dD from this region are �24.3& (based on
Windhoek GNIP station; IAEA/WMO, 2006), which is also isotopi-
cally depleted relative to fog. Therefore, we suggest that isotopically
enriched fog-derived moisture biases the dDvc of leaf-wax material
from the Namib Desert towards values that are less negative than
dDp. The catchment-mean dDp estimate for this region (Fig. 6a;
Bowen and Revenaugh, 2003) is based on the Windhoek GNIP
station data which does not incorporate (D-enriched) fog-derived
moisture that is affecting the leaf-waxes.

Other explanations for the enrichment of dDvc relative to dDp

could be associated with vegetation-type. In arid regions, C3 shrubs
are known to exhibit small apparent fraction factors (�99&; Sec-
tion 5.5) and so it is possible that we are ‘over-correcting’ the dDwax
values from this region. However, this is unlikely to be the cause of
the enrichment of dDvc relative to dDp because there is no similar
offset in the Sahara, where C3 shrubs are also known to be present
(Vogts et al., 2009). CAM plants are however, relatively unique to
the Namib Desert (e.g. White, 1983; Rommerskirchen et al., 2003).
The contribution of CAM plants to our core is hard to determine
because the leaf-wax d13C signature of CAM plants spans a rela-
tively wide range (Chikaraishi et al., 2004). Nonetheless, it is
thought that CAM plants contribute relatively little to the total
biomass (Lüttge, 2004) compared to C4 grasses, and in addition,
they are concentrated in the southern Namib (White, 1983;
Rommerskirchen et al., 2003). Therefore the effect on ourmeasured
dDvc is likely to be relatively minor compared to the contribution
from C4 grasses. In addition, an existing study (albeit not from the
Namib) suggests a fractionation factor of �142&, which is not
smaller than C4 plants (Sachse et al., 2012). Therefore we suggest
that the contribution of fog moisture is the most likely explanation
for the enrichment of dDvc relative to dDp values in this area.

5.7. Controls on past dDp

Since we have accounted for changes in relative humidity and
vegetation type, most of the past changes in dDvc are therefore
likely to have been due to past changes in dDp. Studies have inter-
preted records of past dDp as changes in local precipitation amount
(Schefuß et al., 2005; Tierney et al., 2008) while modelling studies
have also emphasised the importance of changes in non-local
precipitation and fractionation processes (LeGrande and Schmidt,
2009; Lewis et al., 2010; Pausata et al., 2011). Non-local processes
are those acting outside of the core-catchment regions to control
the amount of rainout from an air mass along its path from source
to site of precipitation (Section 2.2). For the timescales under
consideration here they include changes in non-local precipitation
amount and changes in distance to moisture source.

Temperature changes could also exert a control on dDp. Tropical
air and sea surface temperatures at the LGM were 3e5 �C lower
than the late Holocene (Weijers et al., 2007; MARGO, 2009).
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However a modelling study indicates that changes in the isotopic
composition of precipitation at the LGM resulted from the changes
in circulation and precipitation amount rather than the direct effect
of temperature changes on isotopic fractionation (Risi et al., 2010b).

Changes in vegetation-type may also have controlled past dDp
by controlling the amount of transpirationally-derived moisture
that is available for use in convective precipitation (Section 2.2;
Levin et al., 2009). By this mechanism, the expansion of rainforest
at the mid-Holocene (Fig. 5; Collins et al., 2011) would be expected
to cause an increase in the proportion of moisture that is
transpirationally-derived thus enrichment of dDp. However, since
our data exhibit a negative dDvc anomaly at the mid-Holocene, it is
unlikely that vegetation change was the major control on dDp.

As such, the main controls on changes in past dDp (and thus on
dDvc) would have been local precipitation amount, non-local pre-
cipitation amount and changes in distance to moisture source.
Since our dDvc values likely reflect precipitation-weighted annual-
mean dDp (Section 5.1), the amount effect component (local and
non-local) likely reflects mean monthly precipitation amount
during the wet season (i.e. ‘wet season intensity’). As such, more
negative values suggest increased wet season intensity while more
positive values suggest reduced wet season intensity. This is in
contrast to the use of vegetation type as a climate indicator, which
is generally more sensitive to the length of the wet season (‘wet
season length’; Trochain, 1980; Gritti et al., 2010; Collins et al.,
2011).

5.8. Local versus non-local amount effect for the modern-day

We estimate the effect of local versus non-local controls on dDp
using modern-day dDp-precipitation amount relationships. Esti-
mates of the amount effect range between 10& and 13& per
100 mm monthly precipitation for ocean island stations
(Dansgaard, 1964). In Africa, where precipitation dD also in-
corporates non-local amount and the continental effect, the rela-
tionship between dDp and precipitation amount is steeper. At
Bamako the relationship is �26& per 100 mm monthly rainfall, at
Kinshasa �14& per 100 mm monthly rainfall and at Windhoek
�48& per 100 mm monthly rainfall. Consequently, southwestern
Africa appears to be the most strongly influenced by non-local
rainout, while Central Africa seems to be the least influenced by
non-local rainout.

The above relationships give us some indication of the climatic
significance of the signal in terms of precipitation amount. In West
Africa, the greatestmagnitude dDvc anomaly is 20&� 4&. Based on
the dDp-amount relationship for the Bamako GNIP station, this
equates to 77 mm � 15 mm monthly precipitation, equivalent to
about 40% of modern-day monthly wet season precipitation. In
Central Africa, the greatest magnitude anomaly is �18& � 4&,
which equates to 129mm� 29mmmonthly precipitation based on
the Kinshasa station and is equivalent to about 80% of modern-day
monthly precipitation. In southwestern Africa, the greatest mag-
nitude anomaly is �20& � 2&, at the LGM, which equates to an
increase in monthly precipitation of 42 mm � 8 mm, based on the
dDp-amount relationship at Windhoek and is equivalent to about
50% of modern-day monthly wet season precipitation. Overall, the
largest anomalies that we document would equate to large changes
in monthly precipitation (40%e80% of modern day). The above
calculations assume that the dDp-amount relationships that we
used for each region have been constant over time. Since this was
not necessarily the case, these precipitation estimates should only
be considered as an approximation, intended to highlight the
climatic significance of the dDvc changes.

In addition, there are a number of reasons why our proxy data
are likely to be conservative estimates of the millennial-scale
changes in dDp that took place. Firstly, our timeslice approach
means that we are integrating temporally by taking the mean of
a timeslice. This will act to average out the most extreme values
within the timeslice that would ordinarily be resolvable using
a time-series approach. In addition, we integrate spatially: our
sediments integrate a range of latitudes (Section 2.4) and thus
a range of climate zones, which may also be acting to reduce the
magnitude of the climate signal. Finally, a small contribution of
ancient leaf-wax material (Section 5.2) is also likely to be attenu-
ating the climate signal.

Although we use only a limited number of samples per time-
slice, the general homogeneity of values between one timeslice of
a given core and the same timeslice of an adjacent core suggests
that our values are robust. Moreover, these subcontinental-scale
patterns are unlikely to be explained by sediment re-distribution
resulting from ocean current changes. It is thought that 3 degrees
of latitude is the maximum transport distance that can be asso-
ciated with ocean currents (Grousset et al., 1998) because dust
particles are large and river sediments coagulate and sink relatively
rapidly (Wefer and Fischer, 1993).
5.9. dDvc during the mid-Holocene

The mid-Holocene (6e8 ka) was characterised by interglacial
conditions and increased northern hemisphere summer insolation
relative to today. Our dDvc for the mid-Holocene exhibits a negative
anomaly at all core sites in West and Central Africa and similar
conditions in southwestern Africa. This is broadly in agreement
with an isotope-enabled climate model, which suggests a dDp
anomaly of �8& to �24& across most of West and Central Africa
(Risi et al., 2010b), and was attributed to increased precipitation
amount. Other climate models, however, suggest a different
response (Tierney et al., 2011a).

West Africa displays a negative anomaly during the mid-
Holocene. At the Bamako GNIP station (Figs. 1 and 2), dDp is
partly controlled by local precipitation amount and partly by non-
local rainout over the Eastern Sahel (Section 5.8; Risi et al., 2008b).
As such, the negative dDvc anomaly at themid-Holocenemay reflect
an increase in local wet season intensity, increased non-local wet
season intensity or increased distance to moisture source. In sup-
port of increased local wet season intensity, many studies indicate
wetter conditions throughout West Africa during the mid-
Holocene. For example, the expansion of lakes and the recharge
of groundwater in the Sahara (Gasse, 2000), increased coverage of
water bodies (Lézine et al., 2011) and increased input of river-
derived material versus dust from the Senegal River (Mulitza
et al., 2008) suggest wetter conditions during the mid-Holocene.
The Oxford Lake-Level Database (Street-Perrott et al., 1989) also
suggests wetter conditions throughout most of West Africa. In the
Guinea Coast region, lake levels were increased at Lake Bosumtwi
(6�N; Shanahan et al., 2006). Climate models also suggest increased
wet season precipitation acrossWest Africa (Braconnot et al., 2007).
As such, at least part of the negative dDvc anomaly must be due to
increased local wet season intensity in West Africa. Further work
with climatemodels will elucidate the other atmospheric processes
represented by our dDvc anomalies.

Central Africa displays the largest negative dDvc anomaly. Sea
surface salinity indicates increased river discharge from the Sanaga
(Weldeab et al., 2007) and Congo Rivers (Schefuß et al., 2005).
Climate models also suggest wetter conditions in Central Africa
during the mid-Holocene (Braconnot et al., 2007). Since there is
little influence of non-local rainout in this region (Section 5.8), the
large negative dDvc anomaly likely reflects a large increase in local
wet season intensity in this region.
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In southwestern Africa, our dDvc data are within uncertainty of
the late Holocene. Increased clay content in sediments suggests
increased Cunene River discharge at the mid-Holocene (Gingele,
1996). In addition, proxies from the Namib Desert also suggest
that the mid-Holocene (Chase et al., 2009) was wetter than today.
In contrast, our data suggests relatively little change in wet season
intensity (within uncertainty) in this region compared to the late
Holocene.

Overall, the dDvc data suggest that during the mid-Holocene
there was an increase in wet season intensity between 21�N and
12�S. Leaf-wax d13C (Collins et al., 2011), an indicator for vegetation
type, suggested an increase inwet season length between 10�N and
12�S, in agreement with other pollen data (e.g. Dupont et al., 2008;
Ngomanda et al., 2009; Vincens et al., 2010). Taken together, the
dDvc and d13C imply that wet season intensity and wet season
length have changed differently in the past. In particular, wet sea-
son intensity was more important than wet season length for the
wetter conditions in the SaheleSahara (e.g. cores 1e3) during the
mid-Holocene, while in Central Africa, both wet season intensity
and wet season length increased.

5.10. dDvc and hydroclimate at the LGM

The Last Glacial Maximum (LGM; 19e23 ka) was characterised
by larger northern hemisphere ice sheets (Dyke et al., 2002;
Svendsen et al., 2004), increased sea ice in the Southern Ocean
(Gersonde et al., 2005) and lower global temperatures (e.g. MARGO,
2009). Our dDvc values for the LGM display a northesouth dipole
pattern with positive anomalies or values within uncertainty for
cores 1e7 (West and Central Africa) and negative anomalies for
cores 8e9 (southwestern Africa; Fig. 6b). A similar pattern is
reproduced by an isotope-enabled climate model for the LGM
(Tharammal et al., 2012), although not in other climatemodels (Risi
et al., 2010b). The difference between models may be due to the
relatively low resolution of the model grids or shortcomings in the
simulation of land surface processes (Risi et al., 2010b).

In West Africa, LGM dDvc anomalies (Fig. 6b) are positive (cores
1e3) and within uncertainty (core 4). Reduced Senegal River dis-
charge (Mulitza et al., 2008), and lower lake level at Lake Bosumtwi
(Shanahan et al., 2006) imply drier conditions inWest Africa during
the LGM. Climate models also suggest that West Africa experienced
reduced wet season precipitation at the LGM (Braconnot et al.,
2007). Although again we cannot rule out some influence of
decreased non-local amount or reduced distance to moisture
source, the overall agreement of drier conditions in western West
Africa suggests that part of the dDvc signal must be due to reduced
local wet season intensity. For the Fouta Djallon region (core 4),
little change relative to the late Holocene implies that wet season
intensity remained similar to today, which is different to the rest of
West Africa and Central Africa.

In Central Africa (cores 5e7), LGM dDvc anomalies are positive or
within uncertainty of the late Holocene (Fig. 6b). Sea surface sal-
inity records suggest reduced discharge from the Sanaga (Weldeab
et al., 2007) and Congo (Schefuß et al., 2005) Rivers. Climatemodels
also suggest drier conditions in this region (Braconnot et al., 2007).
Since there is a relatively small effect of non-local rainout in this
area, the data most likely reflects a small reduction in wet season
intensity.

In southwestern Africa (cores 8 and 9), LGM dDvc anomalies are
negative (Fig. 6b). One possibility is that this represents a reduction
in the proportion of fog-derived moisture available to the vegeta-
tion. The presence of fog is primarily the result of the advection of
warm moist air over cold Benguela waters (e.g. Eckardt et al., in
press). Benguela LGM sea surface temperatures (SSTs) were par-
ticularly cool compared to the rest of the south Atlantic, due to
stronger upwelling (MARGO, 2009), which might have increased
the occurrence of fog. However, stronger upwelling may have also
increased the width of the upwelling zone at the LGM, whichmight
have decreased fog occurrence (Olivier and Stockton, 1989). The
degree of land-surface cooling with respect to Benguela sea surface
cooling, and thus the potential for on-land advection of fog, is not
well known. Overall, the net effect of LGM conditions on the
availability of fog-derived moisture is not clear.

In terms of hydroclimate, southwestern Africa presents a com-
plicated picture for the LGM. Some studies indicate wetter condi-
tions in southwestern Africa at the LGM. Increased delivery of river-
derived material versus dust has been suggested for the LGM (Stuut
et al., 2002) and terrestrial records suggest wetter conditions for
the southernmost portion of southwestern Africa (Chase and
Meadows, 2007). These studies invoke a northward shift of the
winter rainfall as the cause of wetter conditions (Stuut et al., 2002;
Chase and Meadows, 2007). However, the negative dDvc anomaly
suggests this not to be the case. This is because precipitation in the
winter rainfall zone is isotopically enriched compared to mon-
soonal rainfall. For example, at Cape Town, which is located in the
winter rainfall zone, long-term precipitation-weighted mean-
annual dDp is �13& (IAEA/WMO, 2006). In monsoonal rainfall re-
gions, however, dDp values are �24.3& (Windhoek, Namibia) and
�43& (Menogue, Angola). Consequently, the negative dDvc anom-
aly in our data suggests an enhancement of summer (monsoonal)
rainfall rather than winter rainfall in this region at the LGM.
Moreover, since winter rainfall regions are dominated by C3 vege-
tation and our data indicate a decrease in C3 vegetation in this re-
gion at the LGM (Fig. 5), this would also argue against an expansion
of the winter rainfall zone into this part of the Namib Desert at the
LGM.

Other studies suggest that the Namib Desert remained dry
during the LGM (Lancaster, 2002). In addition, the clay composition
and thus discharge from the Cunene River, north of the Namib was
similar to today (Gingele, 1996). The presence of arid-adapted
vegetation in southwestern Africa at the LGM (Shi et al., 1998)
and reduced fluvial activity in the desert (Eitel et al., 2006) in-
dicates drier conditions. However, slackwater deposits in the desert
are interpreted as representing increased fluvial activity on the
Namibian plateau at the LGM (Heine and Heine, 2002). This would
have delivered more fine material to the desert for deflation during
the dry season. This may therefore also explain the increase in fine
material in sediment cores (Stuut et al., 2002).

Most modelling studies suggest that southwestern Africa was
drier at the LGM (Kim et al., 2008; Tharammal et al., 2012). In
southeastern Africa, however, modelling studies indicate an
increase in precipitation (Kim et al., 2008; Tharammal et al., 2012)
at the LGM. In addition, proxy records from southeastern Africa
(Tierney et al., 2011b; Wang et al., 2012) also suggest relatively wet
conditions at the LGM. In light of this, and since most moisture to
southwestern Africa comes from the Indian Ocean via southeastern
Africa (Gimeno et al., 2010), we interpret our depleted dDvc values
at the LGM to mostly reflect an increase in non-local precipitation
amount (wet season intensity) over southeastern Africa. However,
given that there is some evidence for a wetter Namibian plateau
(Heine and Heine, 2002), the dDvc anomaly may also partly repre-
sent increased local wet season intensity on the Namibian plateau.
Nonetheless, the dominance of C4 vegetation in southwestern Af-
rica at the LGM suggests that the wet season was brief in duration,
even if it was more intense. The Namib Desert itself is thought to
have remained arid at the LGM (Lancaster, 2002).

Overall, the decrease inwet season intensity inWest and Central
Africa and the evidence for a strong increase in southeastern Africa
(possibly as far West as the Namibian plateau) suggests that wet
season intensity was likely shifted southeastwards at the LGM:
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West and Central Africa experienced less intense wet season rain-
fall, while southeastern Africa experienced more intense wet sea-
son rainfall. This might reflect a southward shift of the ITCZ, which
is expected to occur globally as a response to ice-sheet forcing
(Kang et al., 2008). In contrast, however, our vegetation-type esti-
mates based on leaf-wax d13C (Fig. 5) suggested a contraction of the
vegetation belts and thus a contraction of wet season length to-
wards the equator (Collins et al., 2011). Pollen data from the LGM
also suggest a similar pattern (e.g. Lézine,1989; Dupont et al., 2000;
Shi et al., 2001).We suggested the vegetation pattern to be linked to
a latitudinal contraction of atmospheric circulation over western
Africa (Collins et al., 2011) which could have been caused by cooler
SSTs in both hemispheres of the eastern tropical Atlantic (Jansen
et al., 1996; MARGO, 2009; Niedermeyer et al., 2009) or by lower
global temperatures (Frierson et al., 2007). The difference between
the LGM vegetation-type pattern and the LGM dDvc pattern seems
to suggest that wet season length can change independently of wet
season intensity.

5.11. dDvc during Heinrich Stadial 1 (HS1)

Heinrich Stadial 1 (HS1 16e18.5 ka) is characterised by a back-
ground glacial state, with the addition of cool conditions in the North
Atlantic (de Abreu et al., 2003), discharge of icebergs (Vidal et al.,
1997) and a slowdown of the Atlantic meridional overturning circu-
lation (McManus et al., 2004). In our dDvc data, HS1 displays a northe
south dipole, broadly similar to the LGM.Relative to the LGM,ourHS1
data displays a small shift to less negative dDvc inWest Africa at cores
1e2 (21�Ne15�N) and at core 9 (23�S). Freshwater forcing model
simulations (approximate to HS1) display a positive dDp anomaly of
approximately 8& inWest andCentral Africa and a negative anomaly
of approximately �8& in southwestern Africa (Lewis et al., 2010).
Although,we see apositive anomaly inourWestAfrican dDvc data,we
do not see a positive anomaly in Central Africa or a negative anomaly
in southwestern Africa when compared to the LGM. However, the
freshwater forcing was applied to pre-industrial rather than glacial
conditions and so may not be directly comparable with our data.

For West Africa, proxy records suggest reduced river versus dust
input (Mulitza et al., 2008; Tjallingii et al., 2008). Freshwater forc-
ing experiments also suggest a decrease in precipitation in the
Sahel (Kageyama et al., 2009). Therefore, we interpret the positive
dDvc anomaly to reflect slightly reduced wet season intensity in the
SaharaeSahel region, relative to the LGM.

In Central and southwestern Africa, however, there is little
change in dDvc relative to the LGM, apart from at 23�S. In Central
Africa other proxies also suggest similar or slightly drier hydro-
logical conditions persisted from LGM into HS1 in Central Africa
(Schefuß et al., 2005; Weldeab et al., 2007; Tierney et al., 2008).
Freshwater forcing experiments also show little change in Central
and southwestern Africa: the increase in precipitation only extends
from South America as far as the westernmost part of the African
continent (Kageyama et al., 2009). However, records from south-
eastern Africa suggest more positive dDp values during HS1
(Schefuß et al., 2011; Wang et al., 2012). Via the non-local amount
effect, this may explain the positive dDvc anomaly (relative to the
LGM) at core 9.

In addition, our d13C values did not show any major changes at
HS1 relative to the LGM (Collins et al., 2011). Since HS1 is a rela-
tively brief period it may be that we are not fully capturing the
maximum ‘excursion’ with our timeslice approach. Another
explanation may also be that the response to Heinrich Stadials is
not coeval across the entire continent (Thomas et al., 2012). How-
ever, continuous records also agree that changes in Central Africa
were relatively small in particular when compared to other regions,
such as South America (Hessler et al., 2010). As such, we conclude
that freshwater input and ocean circulation slowdown at the HS1
was felt in West Africa, but was weakly transmitted to Central and
southwestern Africa in terms of both wet season length and wet
season intensity. Perhaps the lack of a response during HS1 in the
Central and Southwest African regions is due to the lack of a strong
SST increase in the low latitude South Atlantic at HS1 relative to the
LGM (Weldeab et al., 2007; Dupont et al., 2008), compared to the
strong cooling in the northeast Atlantic (de Abreu et al., 2003;
Niedermeyer et al., 2009).

6. Summary and conclusions

Using the hydrogen isotopic composition of plant leaf wax n-
alkanes (dDwax) taken from a large-scale transect of marine sedi-
ment cores we have estimated past leaf-wax dD for West, Central
and southwestern Africa. We correct our dDwax values for the effect
of vegetation-type (C3 trees versus C4 grass; estimates based on leaf
wax d13C) changes and find that vegetation-type has a relatively
small influence on dDwax values. For the late Holocene, our vege-
tation corrected dD (dDvc) closely matches with dDp for all regions,
apart from southwestern Africa, where fog-derivedmoisture seems
to be causing isotopic enrichment of leaf-wax dD relative to mon-
soon precipitation. There appears to be little effect of evapo-
transpiration on dDvc, suggesting that it is also compensated for
with the vegetation correction and thus that dDvc represents an
estimate of dDp. However, the vegetation correction could be
improved by a more detailed representation of vegetation changes
and by specific apparent fractionation factors for African
vegetation.

During the mid-Holocene, dDvc anomalies are negative across
the whole continent, with particularly strong changes in West and
Central Africa. We interpret this to mostly reflect increased local
monthly precipitation during the wet season (increased wet season
intensity), although there is likely some influence of non-local
processes on the signal. This suggests that increased wet season
intensity was more important for hydrology than increased wet
season length during the mid-Holocene inWest Africa. During both
the LGM and HS1, dDvc anomalies are positive in West and Central
Africa but negative in southwestern Africa. We interpret the posi-
tive anomalies to reflect reduced wet season intensity. In south-
western Africa, negative dDvc anomalies at the LGM indicate an
increase in the rainout over southeastern Africa. Overall, this sug-
gests a southeastward shift of wet season intensity at the LGM. This
is a different spatial pattern to wet season length which was
reduced symmetrically about the equator at the LGM. Differences
between HS1 and the LGM are small, apart from slightly more
positive anomalies in West Africa which likely reflect reduced wet
season intensity in this region. Overall, the use of leaf wax hydrogen
and carbon isotopes in tandem is a valuable method for recon-
structing both the wet season intensity and wet season length and
thus understanding the dynamics of the rainbelt. Future work with
water isotope-enabled climate models could investigate the
importance of local and non-local processes on the isotopic com-
position of precipitation in Africa.
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