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Pliocene vegetation dynamics and climate variability in West Africa have been investigated through pollen and
XRF-scanning records obtained from sediment cores of ODP Site 659 (18°N, 21°W). The comparison between
total pollen accumulation rates and Ti/Ca ratios, which is strongly correlated with the dust input at the site,
showed elevated aeolian transport of pollen during dusty periods. Comparison of the pollen records of ODP
Site 659 and the nearby Site 658 resulted in a robust reconstruction of West African vegetation change since
the Late Pliocene. Between 3.6 and 3.0 Ma the savannah inWest Africa differed in composition from its modern
counterpart and was richer in Asteraceae, in particular of the Tribus Cichorieae. Between 3.24 and 3.20 Ma a
stable wet period is inferred from the Fe/K ratios, which could stand for a narrower and better specified mid-
Pliocene (mid-Piacenzian) warm time slice. The northward extension of woodland and savannah, albeit
fluctuating, was generally greater in the Pliocene. NE trade wind vigour increased intermittently around 2.7
and 2.6 Ma, and more or less permanently since 2.5 Ma, as inferred from increased pollen concentrations of
trade wind indicators (Ephedra, Artemisia, Pinus). Our findings link the NE trade wind development with the
intensification of the Northern Hemisphere glaciations (iNHG). Prior to the iNHG, little or no systematic relation
could be found between sea surface temperatures of the North Atlantic with aridity and dust in West Africa.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

An understanding of the driving forces of Pliocene climate is the aim
of many studies because the middle Pliocene may constitute a geologi-
cal analogue for future climate (Salzmann et al., 2011; Fedorov et al.,
2013). Most of the Pliocene (Zanclean and the beginning of the
Piacenzian; 5.3–~3 Ma) was characterised by global mean annual tem-
peratures 2–4 °C higher than in preindustrial times and estimated
carbon dioxide concentrations were close to modern values of up to
400 ppm (Brierley et al., 2009; Bartoli et al., 2011).

Some authors claim that the so-called “permanent El Niño” state of
the Pacific Ocean was one of the most important features of Pliocene
warmth influencing the tropical atmosphere (Wara et al., 2005;
Fedorov et al., 2006; Lawrence et al., 2006). The “permanent El Niño”
is specified by a deep equatorial thermocline, a small east-to-west sea
surface temperature (SST) gradient, and a reduced SST gradient be-
tween the equator and the tropics resulting in an expanded tropical
warm pool in the Pacific Ocean with or without a reduced cold tongue
of low equatorial SSTs (Brierley et al., 2009; Fedorov et al., 2013).
These oceanic conditions would have had consequences for the
arum.de (L.M. Dupont),
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atmospheric circulation in the Southern and Northern Hemispheres in
the form of weaker Walker and Hadley cells (Brierley et al., 2009)
implying reduced trade winds, which today contribute to create the
asymmetry in the equatorial thermocline (Wara et al., 2005). Ocean–
atmosphere conditions changed once the meridional temperature
gradient started to increase and the tropical thermocline started to
shoal (Fedorov et al., 2013). However, recent studies by O'Brian et al.
(2014) and Zhang et al. (2014) question the temperature reconstruc-
tions of the West Pacific Warm Pool and Zhang et al. argue that the
meridional SST gradient was already in existence in the Tortonian or
Late Miocene (i.e. since 11.6 Ma).

A cooling trend indicated by heavier stable oxygen isotope values of
benthic foraminifers (e.g. Lisiecki and Raymo, 2005) started at around
~3.3 Ma. Many studies reconstructing SST in the Pacific (Wara et al.,
2005; Lawrence et al., 2006; Brierley et al., 2009; Etourneau et al.,
2010) reveal an increase in themeridional gradient and suggest intensi-
fication of theHadley cell during the cooling at the Pliocene–Pleistocene
transition, although the proposed timing of events varies. During the
cooling the Northern Hemisphere glaciations intensified (iNHG) and
the Earth's system changed from a unipolar glaciated setting to the
current bipolar glaciation with a circum-Arctic synchronous ice-sheet
response after 2.7 Ma (cf. Jansen et al., 1996; Ravelo et al., 2004; De
Schepper et al., 2014). The influence of obliquity on climate variability
became stronger (Lisiecki and Raymo, 2005). A likely explanation for
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1.Modernwind patterns over and vegetation zones inWest Africa (Hooghiemstra
et al., 2006). Location of ODP Site 659 (this study) and ODP Site 658 (data used for
comparison). AEJ: African Easterly Jet.
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the cooling is the reduction of atmospheric carbon dioxide concentra-
tions in the order of 100 ppm between 4 and 2 Ma (Bartoli et al.,
2011; Fedorov et al., 2013). Moreover, the development of strong strat-
ification in the subarctic Pacific Ocean could have resulted in both
cooling in spring and enough moisture in fall to trigger the growth of
large ice sheets in North America since 2.7Ma (Haug et al., 1999, 2005).

The results of the iNHG are apparent in the North Atlantic by the
southward diversion of the North Atlantic Current during glaciations
(Naafs et al., 2010; Hennissen et al., 2014). These authors studied SSTs
of the North Atlantic in combination with aeolian terrestrial input
from North America. The supply of plant wax in the marine
sediments strongly increased during every glacial since 2.7 Ma. Glacial
erosion in North America would have released dust and wax of higher
plants that were transported eastwards by west winds to the North
Atlantic (Naafs et al., 2012).

Over the last 5 Ma the climate in Africa showed a long-term
aridification trend starting around 3 Ma superimposed by alternating
wet–dry cycles paced by orbital precession driving themonsoon system
(Trauth et al., 2009). This trend resulted in a strong decline in tree cover
in West Africa at 2.7 Ma as recorded in sediments offshore from the
Niger Delta (Morley, 2000). Also in eastern Africa, vegetation became
more steppe-like when grasslands expanded and aridity increased
between 2.7 and 2.5 Ma (Bonnefille, 2010). Several studies pro-
posed that the aridification in subtropical West Africa occurred par-
allel to the iNHG and with the intensification of northeast trade
winds (deMenocal et al., 1993; Leroy and Dupont, 1994;
Tiedemann et al., 1994; deMenocal, 2004; Bonnefille, 2010). More-
over, the intensification of the trade wind system had an impact
on coastal upwelling systems. Marlow et al. (2000), studying the
Benguela upwelling system along the southwest coast of Namibia,
suggested that the intensification of trade winds started “a positive
feedback cycle” which helped in removing CO2 from the atmo-
sphere and started its storage in the deep ocean, thus enhancing
the global Pliocene cooling trend. Concerning northwest Africa,
Leroy and Dupont (1994) suggested a gradual increase of the north-
east trade winds between 3.3 and 2.5 Ma.

Two different mechanisms for the intensification of the trade winds
have been suggested: one ties the strengthening of the atmospheric
circulation to the meridional and zonal oceanic temperature gradients;
the other links the strengthening of the trade winds to the iNHG. The
proposed forcing mechanisms have implications for the timing and
variability of the trade wind system during the Pliocene. To test which
forcing is more important for the climate of West Africa and the
strengthening of the NE trade winds, we investigated vegetation
change, pollen transport, and the evolution of the trade wind system
for the period of the Late Pliocene to Early Pleistocene (Piacenzian to
Gelasian; Cohen et al., 2013) as recorded in the marine sediments
retrieved offshore to the west of West Africa.

We present a not-yet-published pollen record of ODP Site 659 in
Section 4 comparing it with the pollen record of ODP Site 658 (Leroy
and Dupont, 1994) in Section 5. In Section 6 we present new XRF scan-
ning data of ODP Site 659. Using the record of West African vegetation
development as well as the dust record of ODP Site 659 (Tiedemann
et al., 1994), we interpret the new XRF-scanning results of elemental
ratios in ODP Site 659 sediments, which provide a high temporal resolu-
tion record of environmental change (Section 7) for two time windows
(5.0–4.6Ma and 3.6–2.5Ma). Finally, in Section 8we use the occurrence
of pollen grains from northerly (Mediterranean and North-Saharan)
sources to discuss when the NE trade winds started to intensify.

2. Modern setting

The modern atmospheric circulation over West Africa has three
main components: the northeast trade winds, the African Easterly
Jet (AEJ) and the southwest monsoon (Fig. 1). The NE trade winds
blow at low altitudes parallel to the African coast. The AEJ blows at
mid-tropospheric altitudes between 16 and 19°N during most of
the year (Nicholson and Grist, 2003). Both wind systems carry min-
eral dust particles, pollen, spores, diatoms and organic molecules
from the continent to the East Atlantic Ocean. The dust coming
from the north-western fringe of the Sahara, which is transported
by the trade winds is characterised by chlorite, illite (clay fraction)
and pale quartz (Sarnthein et al., 1981, 1982). The clay fraction of
the dust from the southern Sahara and the Sahel zones, transported
by the AEJ, is enriched in kaolinite and abundant reddish-stained
quartz that is rich in iron oxides and hydroxides (Sarnthein et al.,
1981, 1982; Balsam et al., 1995). The pollen distribution in the
marine sediments offshore of North-West Africa depends largely on
the wind patterns of the NE trade winds and the AEJ (Hooghiemstra
et al., 1986, 2006).

The combined action of the AEJ and the high tropospheric Tropical
Easterly Jet (not shown in Fig. 1) is the most important factor influenc-
ing the tropical rainbelt, which produces most of the rainfall over the
Sahel, effectively independent of the Intertropical Convergence Zone
(Nicholson, 2009). The vegetation in northwest Africa strongly depends
on the precipitation gradient and is zonally arranged. From north to
south the vegetation zones are Mediterranean forest, Steppe, Saharan
desert, Sahel zone, Sudanian woodland and grassland, Guinean dry
forest and Guineo-Congolian rain forest (White, 1983).

3. Material and methods

Material was sampled from the sediment cores of ODP Site 659
(Ocean Drilling Program, Leg 108) that were retrieved offshore from
northwest Africa (18°04 N, 21°01 W), ~530 km from the coast of
Mauritania in 1986 (Ruddiman et al., 1987). The site is located on top
of the Cape Verde Rise, at 3070 m water depth and bathed by North
Atlantic Deep Water (NADW). The sediment cores are composed of
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carbonate oozes. The site is considered an open-marine environment
site for its very low organic carbon values of less than 0.5% (Stein
et al., 1989). We use the age model obtained by Tiedemann et al.
(1994) whose stable oxygen isotope curve has been correlated with
the benthic stack LR04 published by Lisiecki and Raymo (2005).

116 pollen samples from cores of Hole A of ODP Site 659 were paly-
nologically analysed in 1990 by Suzanne Leroy (38), Lydie Dupont (4),
Susanne Jahns (32), and Chiori Agwu (58) and, in 2011, 32 additional
samples were analysed from cores 8 to 11, 14 and 15 by Francesca
Vallé. Samples of 2 cm thickness (10 and 20 cm3), were prepared with
standard palynological treatment using cold HCl to decalcify followed
by cold HF (~40%) attack. The clay and organic fraction smaller than
10–12 μm removed by ultrasonic sieving over an 8 μm mesh. The final
residues were stored in water and mounted in glycerol. To calculate
concentration values, sample volume was measured by water
displacement and one or two tablets containing exotic Lycopodium
spores were added during the decalcification step.

During resampling in 2011 we discovered that the cores became
mouldy in storage, which left fungal hyphens in the samples after
palynological preparation. Pollen grains were not visibly degraded.
However, in combination with the low pollen concentration the
counting of the resampled material turned out to be extremely labori-
ous and time-consuming as hyphens were clogging the slides hiding
pollen grains and Lycopodium spores. In order to find at least 50 pollen
and spores, we analysed up to 10 slides per sample, but never managed
to count more than 11% of the original sample (calculated after the
counted number of Lycopodium spores), whereas in 1990 average
counts covered ~20% (and often more than 30%) of the original sample
to reach an average of 200 pollen and spores. Pollen percentages are
based on the total number of pollen and spores and only calculated if
counts exceeded 50 grains. To account for the low counts and the
resulting uncertainties we draw confidence intervals (α = 0.05) of
the relative abundances following the method of Maher (1972). Total
pollen and spore accumulation rates were calculated for all samples,
using sedimentation rates re-calculated from the age model provided
by Tiedemann et al. (1994).

Pollen taxa were identified following the atlas of Bonnefille and
Riollet (1980), the African Pollen Database (http://apd.sedoo.fr/pollen/),
as well as the reference collection of the Department of Palynology and
Climate Dynamics of the University of Göttingen. Pollen of shrubs and
trees and other tropical elements have been placed into two groups,
Sahel and forest/woodland (see Supplementary Tables 1 and 2), follow-
ing the same grouping as in ODP Site 658 (Leroy and Dupont, 1994).
The interpretation of the pollen record is guided by themodern distribu-
tion patterns of pollen and spores inmarine sediments offshore fromNW
Africa (Hooghiemstra et al., 1986, 2006). The palynological results of ODP
Site 659 shown in Fig. 2 are compared with those of ODP Site 658 (Sup-
plementary Fig. 1).

XRF scanning has beenperformed on sediments of ODP Site 659 for a
part of the Zanclean (5–4.6 Ma), the Piacenzian (3.6–2.5 Ma), and the
last glacial cycle (past 0.14 Ma). We scanned intensities (number of
counts per second) of the major light elements Al, Si, Ti, Fe, Ca, K, and
Fe directly at the surface of the sediment cores from Hole A and Hole
B of ODP Site 659 at 2 cm resolution using the Avaatech XRF core
scanner II at the IODP Core Repository at MARUM — Center for Marine
Environmental Sciences of the University of Bremen. A detailed descrip-
tion of the instrument and of themeasurement techniques can be found
in Röhl and Abrams (2000), Richter et al. (2006) and Jansen et al.
(1998). Scanning took place in 2011 and 2013. When analysing the
data, it became clear that the data scanned in 2013 showed an offset
compared to those from 2011. To calculate the offset and to be able to
correct for it, we rescanned selected sections and recalculated the inten-
sities to the level of 2011 by linear regression. From the measured and
corrected intensities,we calculated the natural logarithmof the elemen-
tal ratios Fe/K and Ti/Ca. Using the natural logarithm ensures symmetry
of the ratios around zero (Weltje and Tjallingii, 2008; Govin et al., 2012).
We carried out a linear regression analysis between dust percent-
ages and dust accumulation rates (Tiedemann, 1991; Tiedemann et al.,
1994) using ordinary least squares and Pearson's r correlation. We cal-
culated 95% confidence intervals of slope and intercept based on direct
calculation and bootstrapping (Supplementary Fig. 2). In Section 6
(Tables 1 and 2), we compare the results of pollen analysis and XRF-
scanning statistically testing for equal mean (t-test), variance (F-test),
andmedian (Mann–Whitney-test). To analyse cyclicity in the elemental
ratio record (Section 7), we carried out a continuous wavelet transform
of ln(Ti/Ca) and ln(Fe/K) using a Morlet wavelet (wavenumber 6). All
statistical analyses were performed with the paleontological statistics
package PAST vs 3.0 (Hammer et al., 2001). The significance of the
power maxima over red noise has been tested using the module
REDFIT (Schulz and Mudelsee, 2002) of the PAST package.

4. Pollen record of ODP Site 659

The pollen diagram of selected taxa is shown in Fig. 2 for the period
3.6 Ma to the present. The sediments of ODP Site 659 are poor in pollen
and spores, which generally are well preserved. The pollen and spore
accumulation rates fluctuate between 0 and 2000 grains per cm2 per
thousand years (N/cm2/ka) showing low values in the upper and lower-
most parts of the record and high and variable ones in between. Accu-
mulation rates of the summed pollen of Pinus, Ephedra, and Artemisia
(TW, trade wind indicators) increase first during the Gelasian and
reach maximum values in the Middle Pleistocene.

The most abundant pollen taxon is Poaceae with an average value
of ~30%. Other abundant pollen taxa are Caryophyllaceae and
Amaranthaceae including Chenopodiaceae (=CA), Cyperaceae,
Asteraceae (Liguliflorae, Tubuliflorae, and Artemisia pollen types),
and Ephedra (Fig. 2). Sparsely occurring pollen taxa have been
lumped into two groups, forest elements from the Sudanian and
Guinean vegetation (95 taxa, Supplementary Table 1) and pollen
from Sahelian taxa (25 taxa, Supplementary Table 2). Fern spores
do not exceed 20% (of the total pollen and spores) and are mainly
found in the older part of the record (before 1.5 Ma) parallel to raised
percentages of Rhizophora pollen (Supplementary Fig. 1). Moderate
fern spore percentage maxima (10–20%) occur around 2.85 Ma, be-
tween 2.2 and 2.6 Ma, and around 0.95 Ma, when the representation
of forest/woodland is high.

The relative abundance of Poaceae pollen is high until 2.6 Ma and
gradually declines thereafter (Fig. 2). Another maximum occurs shortly
before 2Ma. After 1.5Ma grass pollen percentages are rather stablewith
an average of just over 20%. Pollen abundance from the Sahel and forest/
woodland is also higher prior to 1.5 Ma and declines to very low values
after 0.9 Ma. The second most abundant pollen taxon is CA reaching
values exceeding 50% between 2.8 and 1.4 Ma. Artemisia and Ephedra
pollen percentages are high (~20%) after 0.5 Ma; other Ephedra pollen
percentage maxima occur between 2.2 and 1.9 Ma, when Artemisia
pollen percentages are low. Shortly before 2.5 Ma, a maximum occurs
for both Ephedra and Artemisia.

The Asteraceae record shows some remarkablemaximabefore 3Ma,
while values for Liguliflorae and Tubuliflorae are rather low throughout
the rest of the Pliocene and in the Pleistocene (Fig. 2). An isolated
Tubuliflorae pollen percentage maximum occurs at 1.3 Ma, but the
temporal resolution of the record for this period is too coarse to draw
conclusions from it. Besides low Cyperaceae pollen percentages during
the past 300 ka, no trend can be found for the rest of the Cyperaceae
record. Maximal values between 30 and 40% occur in both Pliocene
and Pleistocene.

5. Pliocene and Pleistocene trends in West African vegetation

Before we present the results of XRF scanning we compare the
pollen records of ODP Sites 659 and 658 (Leroy and Dupont, 1994) to
obtain a robust interpretation of the palynological results of ODP Site

http://apd.sedoo.fr/pollen/
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659. Age models (Tiedemann, 1991; Tiedemann et al., 1994; Leroy and
Dupont, 1997) and the correlation between both sites rely on the stable
oxygen isotopes of benthic foraminifera (Cibicidoides wuellerstorfi)
(Supplementary Fig. 1). The pollen records of the two sites overlap
between 3.7 and 1.7 Ma and between 0.8 and 0 Ma covering the
Piacenzian, the Gelasian, and the Middle and Late Pleistocene (Brunhes
Chron). The record of Site 659 has a lower temporal resolution and lower
pollen counts resulting in relatively large error bars (given as 95% confi-
dence intervals). The great distance of Site 659 to the coast (530 km),
being almost three times as far offshore as Site 658 (200 km), results in
10 times lower pollen concentrations. Moreover, sedimentation rates at
Site 659 vary between 1 and 6 cm/ka and those of Site 658 range
between 5 and 40 cm/ka, mostly exceeding 10 cm/ka. Despite large
differences in the distance to the coast and the sedimentation rates
between Sites 658 and 659, their pollen records are remarkably similar
in composition and relative abundance (percentages).

Within the Asteraceae three pollen taxa have been distinguished:
Artemisia, Liguliflorae (Tribus Lactuceae after Bremer, 1994), and



Table 1
Testing differences in total pollen accumulation rates (PAR) and percentages of grass
(Poaceae) and Caryophyllaceae–Amaranthaceae (CA) between samples showing Ti/Ca
maxima or minima indicating relatively dusty or non-dusty conditions, respectively. C.I.,
confidence interval; MW-test, Mann–Whitney test.

Pollen Poaceae % Ca % Par per cm2 per ka

Dusty Non-dusty Dusty Non-dusty Dusty Non-dusty

Number 18 24 18 24 18 45
Mean 33.47 47.44 30.88 13.34 521.94 188.64
95% C.I. 28.74 40.74 21.91 8.44 352.69 92.32

38.20 54.15 39.85 18.23 691.19 284.97
Variance 90.60 252.11 325.38 134.33 115830 102800
Median 31.13 50.37 29.57 9.55 452.79 56.22
F-test P b 0.05 P b 0.05 P N 0.05
T-test (P ≪ 0.01) (P ≪ 0.01) P ≪ 0.01
MW-test P ≪ 0.01 P ≪ 0.01 P ≪ 0.01
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Tubuliflorae (the rest except for Artemisia). Artemisia pollen is mainly
trade wind transported as the plants grow in the Mediterranean region
and the transitional steppes between the Mediterranean and Saharan
vegetation (White, 1983; Hooghiemstra et al., 1986). Artemisia pollen
percentages show the same pattern of stepwise increasing values
since the late Pliocene at both cores, i.e. an early maximum at 2.53 Ma
and increased values during the past 0.5 Ma (Supplementary Fig. 1).

The record for other Asteraceae pollen is remarkably different.
Tubuliflorae and Liguliflorae percentage maxima are found in the
Piacenzian, before 3 Ma, but the percentages remain low for the rest
of the record at both ODP sites (Supplementary Fig. 1; Fig. 6). The
Liguliflorae pollen grains mainly originate from species of the Tribus
Cichorieae (=Lactuceae, Bremer, 1994), which nowadays are scarce in
tropical West Africa (Hutchinson and Dalziel, 1963) as indicated by
low pollen percentages (b10%) in modern marine sediments offshore
fromWest Africa south of 27°N (Hooghiemstra et al., 1986). Pollen per-
centages of Asteraceae from modern terrestrial surface sediments are
low in the central and southern Sahara and Sahel and higher Asteraceae
percentages in the Sudanian savannah region of Nigeria are attributed
to modern anthropogenic pressure (Lézine, 1987; Schulz, 1991). Leroy
and Dupont (1994) proposed that the Liguliflorae pollen during this pe-
riod would originate from savannah species and that no modern ana-
logue for this type of savannah exists anymore. The record of ODP Site
659 also reveals increased representation of Asteraceae before 3Ma cor-
roborating the earlier inferences from ODP Site 658.

The group of woodland/forest comprises 95 pollen taxa whose
source areas are mainly in the Sudanian woodland and grassland and
Guinean dry forest (Supplementary Table 1) and together make up
less than 8% of the pollen assemblage. Most tropical trees produce little
pollen, which is not well dispersed by wind (Dupont and Agwu, 1991).
The pollen percentages for forest and woodland are slightly higher at
ODP Site 659 (Supplementary Fig. 1), which is explained by its location
Table 2
Testing differences in total pollen accumulation rates (PAR) and percentages of grass
(Poaceae) and Caryophyllaceae–Amaranthaceae (CA) between samples showing Fe/K
maxima or minima indicating relatively wet or dry conditions, respectively. C.I., confi-
dence interval; MW-test, Mann–Whitney test.

Pollen Poaceae % Ca % Par per cm2 per ka

Dry Wet Dry Wet Dry Wet

Number 17 23 17 23 17 23
Mean 30.80 51.23 30.28 12.21 473.63 383.02
95% C.I. 26.01 46.45 19.99 8.80 293.07 206.31

35.59 56.00 40.56 15.62 654.19 559.73
Variance 86.64 121.89 400.35 15.62 654.19 559.73
Median 30.86 51.02 30.80 10.00 406.93 191.12
F-test P N 0.05 P b 0.01 P N 0.05
T-test P ≪ 0.01 (P ≪ 0.01) P N 0.05
MW-test P ≪ 0.01 P b 0.05 P N 0.05
being almost three degrees of latitude south fromODPSite 658. Percent-
ages are somewhat higher in the Pliocene than in the Pleistocene,whose
trend is similar for both cores. The Sahel group comprises 25 pollen taxa
from the grassland, wooded grassland, and shrubland of the Sahel
(Supplementary Table 2). Grass (Poaceae) pollen originates mainly
from the Sahel and the Sudanian savannah as indicated by the modern
pollen distribution in marine surface sediment samples (Hooghiemstra
et al., 1986). Most maxima in the Sahel pollen co-occur withmaxima in
the grass pollen percentages emphasising that both groups have their
main sources in the same biomes. The higher temporal resolution of
the Site 658 record (Supplementary Fig. 1) reveals strong fluctuations
in the grass pollen percentages, but the trends are the same in ODP
Sites 659 and 658. Again the representation of grasses and Sahelian
taxa is higher in the Pliocene and declines after 2.5 Ma. Between 2.3
and 1.8 Ma grass pollen percentages fluctuate strongly at Site 658, but
at Site 659 only two maxima are recorded. At both sites, values are
relatively low during the past 0.3 Ma.

The woody shrubs Calligonum and Ephedra presently grow in the
northern Sahara and the transitional steppes between the desert and
theMediterranean vegetation (Knapp, 1973;White, 1983). Their pollen
distribution in modern marine sediments reaches south of the latitudi-
nal plant distribution as the result of pollen transport by the tradewinds
(Hooghiemstra et al., 1986). At both ODP Sites 658 and 659 Calligonum
pollen percentages increased from 2.5 to 2.2 Ma and during the last
Glacial (Supplementary Fig. 1). At Site 659 Ephedra pollen percentages
had already increased to values over 20% at the beginning of the
Pleistocene (maxima around 2.1 and around 1.9 Ma), while at Site
658 such values are reached only in the past 0.5 Ma. The higher
relative abundance of Ephedra pollen at the southern site might indi-
cate an increase of Ephedra in the Sahara south of 21°N (latitude of
ODP Site 658) during the Gelasian.

During the Gelasian the representation of CA is high. Sources of CA
pollen are mainly along the coast and in the Sahara and many
Amaranthaceae species grow on saline soils. Their pollen is distributed
westwards by the easterly flow of the AEJ (Hooghiemstra et al., 1986).
An increase in desert vegetation since 2.7 Ma is indicated by recurrent
maxima in CA pollen percentages at ODP Sites 659 and 658 (Supple-
mentary Fig. 1). For the period between 2.3 and 1.7 Ma, the Site 658
record shows high variability with rapidly repeating maxima. During
theMiddle and Late Pleistocene the CA pollen percentages are generally
lower at ODP Site 659 than at Site 658.

TW pollen sums up the counts of Artemisia, Ephedra, and Pinus
pollen. The transport of these pollen types to ODP Sites 658 and 659 is
almost exclusively by the NE trade winds (Hooghiemstra et al., 1987).
Our TW group deviates from the original trade wind indicators as de-
scribed byHooghiemstra et al. (1987) andHooghiemstra (1988) leaving
out the Asteraceae other than Artemisia. TW pollen concentrations at
Site 658 are ten times higher than at Site 659, but fluctuations and
trends in the TW record run parallel at both sites (Supplementary
Fig. 1; Fig. 6). Shortly before 2.5 Ma, maxima in the TW pollen concen-
tration concurrent in both sites mark the intensification of NE trade
winds at the start of the Pleistocene. Leroy and Dupont (1994) inferred
earlier short periods with increased trade wind vigour, but while
comparing the pollen records of ODP Site 659 and 658, we argue that
the main trade wind intensification occurred during the Pliocene–
Pleistocene transition. During this period, relative abundance maxima
of Artemisia and Ephedra pollen are recorded at both sites and a Pinus
pollen percentage maximum is found at ODP Site 659. Increased pollen
percentages of Artemisia, Ephedra, and Pinus occurred intermittently
between 3.7 and 2.7 Ma, but concentrations are low.

In summary, the new record of ODP Site 659 confirms the results of
ODP Site 658 which have been previously interpreted as a record of the
existence of a no analogue Asteraceae-rich (notably Cichorieae) savan-
nah between 3.6 and 3.0 Ma in West Africa (Leroy and Dupont, 1994).
Between 3.0 and 2.5 Ma the savannah changed in composition and pe-
riodswith extended desert vegetation becamemore andmore frequent.
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After 2.6Ma,woodland and forest declined, tradewinds became impor-
tant, and desert vegetation further extended. Increasing the temporal
resolution of our record might reveal the mechanism leading to vegeta-
tion and climate shifts associatedwith the intensification of theNorthern
Hemisphere glaciations at 2.6 Ma. Therefore, we XRF scanned sediments
dated between 3.6 and 2.5Ma (Piacenzian), between 5.0 and 4.6 (part of
the Zanclean) and of the past 0.14 Ma (last glacial cycle) at an average
resolution of 0.5 to 1.2 ka.

6. XRF scanning; results and interpretation

The major element intensities (counts per second) differentiate be-
tween terrestrial andmarine origins of the elements (Fig. 3). The counts
of terrigenous elements aluminium (Al), titanium (Ti), potassium (K),
silicon (Si), and iron (Fe) fluctuate consistently but opposite to those
of the element calcium (Ca) that is almost an order of magnitude
more abundant than themost abundant terrigenous element, Fe. Inten-
sities of all terrigenous elements including Si correlate with the dust
percentage record of Tiedemann (1991). Themaximum in the terrestri-
al elements, however, has been counted in a dark layer of sediment,
dated at 3.07 Ma and recognised by Faugères et al. (1989) as one of
the few turbidites reaching the Cape Verde Rise during this part of the
Pliocene (marked as “T” in Fig. 3). Subsequently, we discarded the turbi-
dite samples from further analysis.

The elemental composition of dust reflects its mineralogical compo-
sition (Scheuvens et al., 2013) depending in turn on the soil types and
on the climate conditions in which the soils are formed, while the min-
eralogy of the dust holds information about the source area (Moreno
et al., 2006; Govin et al., 2012). In this study we present the variations
of Fe/K and Ti/Ca ratios (Fig. 4). As the Al counts are very low, probably
because of the site's great distance from the shore, we cannot use the
Al/Si ratio as an indicator of dust supply (Collins et al., 2013).

To interpret the changes in the ratios, we look at the implied sources
of the terrigenous elements. Most of the Ca contained in the Atlantic
surface sediments can be assigned to carbonates of marine origin
(e.g. Jansen et al., 1998; Arz et al., 1999; Govin et al., 2012). Si is
the most abundant element in mineral dust and mainly incorporated
in quartz grains (Scheuvens et al., 2013). It could also be related to
biogenic opal; however, opal concentration in ODP Site 659 sedi-
ments is lower than 2% and considered negligible (Tiedemann
et al., 1989). Today, dust coming from the north-western fringe of
the Sahara is enriched in pale quartz, illite and feldspar (Sarnthein
et al., 1981) and dust coming from the southern Sahara and Sahel
zone is rich in Fe-stained quartz and kaolinite (Sarnthein et al.,
1981). Ti represents an important crustal indicator and high Ti con-
tents in aerosol samples are proposed as a marker for Saharan dust
(e.g. Nicolás et al., 2008), which is often enriched in Ti. For example
the source sediments of the Bodélé depression (central Sahara)
exhibit high Ti/Al ratios (Scheuvens et al., 2013).

Possible sources of Fe are iron oxides and hydroxides (hematite and
goethite) that are a component of the distal aeolian dust, while quartz
grains represent coarser grain size (Balsam et al., 1995). K is associated
with many aluminosilicates such as illite (Scheuvens et al., 2013) or
potassium feldspar (Zabel et al., 2001) that are abundant in soils with
reduced chemical weathering (Govin et al., 2012). Modern dust filter
contents show that the Fe/K ratio is twice as high in dust from the
savannah as from the Sahel because of the deep chemical weathering
of tropical soils (Mulitza et al., 2008).

To test whether the Ti/Ca ratios can be used as a dust proxy at ODP
Site 659, we compared those ratios to the dust content calculated from
the carbonate free siliciclastic content, which can be regarded as the ter-
restrial component because the Plio-Pleistocene sediments of ODP Site
659 hardly contain biogenic opal or volcanic glass (Tiedemann, 1991).
The ln(Ti/Ca) is linearly correlated to the dust percentages (r2 = 0.82;
Supplementary Fig. 2) as also observed for the last glacial cycle from
ODP Site 659 (Kuechler et al., 2013). A lesser though still significant
correlation (r2 = 0.54) exists between the ln(Ti/Ca) and the accumula-
tion rates of dust; but we prefer the correlation between ln(Ti/Ca) and
dust percentage as both measures concern relative abundance. The
correlation is good enough to consider the ln(Ti/Ca) a proxy for dust
percentages in sediments of ODP Site 659, whereby

ln Ti=Cað Þ ¼ 0:05� dust%−6:9: ð1Þ

Some Ti/Ca ratios are particularly low during the Zanclean (Fig. 4)
and the residuals from the regression display negative values (Supple-
mentary Fig. 2). Obviously the linearity of the relationship between
ln(Ti/Ca) and dust percentages breaks down at very low values of
dust. When dust is scarce the dust percentages either overestimate or
the ln(Ti/Ca) values underestimate the dust supply. During the last gla-
cial cycle, the residuals are positive; here the Ti/Ca ratios are generally
high while the dust percentages strongly fluctuate.

For further characterisation, we compare Fe/K and Ti/Ca ratios of
specific samples with their pollen content (Fig. 4). Our rationale is that
while dusty periods are recorded by high Ti/Ca ratios, humid periods
would be recorded by high Fe/K ratios. We put pollen samples into
four different groups depending on maxima and minima in the Fe/K
and Ti/Ca ratios and tested differences in total pollen accumulation
rates and pollen percentages of Poaceae and CA between dusty samples
(Ti/Ca maxima) and non-dusty ones (Ti/Ca minima) and between sam-
ples fromwet periods (Fe/Kmaxima) and arid ones (Fe/Kminima). The
results are presented in Tables 1 (dusty vs non-dusty) and 2 (wet vs
arid).

The F-test indicates that the variance for Poaceae and CA pollen per-
centages differs between the dusty and non-dusty groups, but the dusty
and non-dusty pollen accumulation rates have about the same variance.
Thus, only the result of the t-test in the accumulation rates is robust. The
Mann–Whitney test, however, indicates that the medians differ signifi-
cantly. Pollen accumulation rates and CA pollen percentages are higher
and Poaceae pollen percentages are lowerwhen terrestrial dust is abun-
dant as indicated by the Ti/Ca ratio. It seems that concerning total pollen
accumulation at ODP Site 659, wind transport is the most important.
Pollen accumulation rates have previously been used as an indicator of
the transport capacity of the wind systems (Hooghiemstra, 1988;
Hooghiemstra et al., 2006).

Concerning the difference between samples fromhumid (high Fe/K)
and arid (low Fe/K) periods (Table 2), the F-test indicates that the vari-
ance in the groups for Poaceae pollen percentages and accumulation
rates is about the same, but the CA pollen percentages differ in variance.
Thus the t-test result is not robust for the CA percentages. Accumulation
rates do not differ significantly between wet and dry periods, but
Poaceae percentages are higher and CA percentages are lower during
wet periods as indicated by the Fe/K ratio.

We interpret these results as follows: during dusty periods more
pollen is transported to the site by easterly and north-easterly winds;
during wetter periods savannah grassland extended as indicated by
the high Poaceae pollen percentages; during drier periods desert vege-
tation extended as indicated by the high CApollen percentages. Howev-
er, the pollen accumulation rates do not allow distinction between
humid and arid periods, which is possibly the result of the opposing ef-
fects of increased terrestrial input and less pollen producing vegetation
during arid periods.

7. Environmental change in West Africa prior to the iNHG

With the results of the previous section in mind, we interpret the
high resolution ln(Ti/Ca) and ln(Fe/K) record of the Piacenzian and
part of the Zanclean, in which we did not find enough pollen for analy-
sis. A continuous wavelet transform traces the development in the
pacing of climatic fluctuations (Fig. 5).We interpolated the data to equi-
distant steps of 1 ka for the period from4.99 to 4.60Ma and from3.62 to
2.53Ma.We used the agemodel of Tiedemann et al. (1994). Application
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of the alternative model of Clemens (1999), which shifts most ages
older than 3 Ma by roughly one precession cycle (maximum 28 ka),
leads to very similar results.

Not surprisingly, variability and trends in the ln(Ti/Ca) record is sim-
ilar to those inferred by Tiedemann et al. (1994) from the dust accumu-
lation rates. The amount of dust is slightly less during the Zanclean part
(5.0–4.6 Ma) than during the Piacenzian (3.6–2.6 Ma) and the dust is
much less in the Pliocene compared to the last glacial cycle. The number
of dust outbreaks was less during the Zanclean and increased in the
Piacenzian. The power at the precession band (19–23 ka) varies be-
tween 3.6 and 2.5 Ma; power at the obliquity band (41 ka) is relatively
low between 3.4 and 3.0 Ma; power at the 100 ka band shows maxi-
mum values between 4.8 and 4.6 Ma and between 3.3 and 2.9 Ma
(Fig. 5).

The variability and frequencies in the Fe/K ratios differ strongly
from those in the Ti/Ca ratios. Fe/K ratios, indicating changes in hu-
midity, have more high-frequency variability (significant periodic-
ities between 2 and 3 ka) than the Ti/Ca ratios, especially during
the Zanclean. This result underlines that dust is not a good indica-
tor for aridity as its production additionally depends on the lack
of vegetation and on ephemeral fluvial activity (Trauth et al.,
2009). Interesting is the suborbital variability in the Fe/K ratios
existing long before the iNHG suggesting that millennial cycles in
tropical climate may be forced, at least in part, by processes inde-
pendent from high latitude icecaps (Peterson et al., 2000). On the
other hand, after 2.9 Ma power in the precession band increased in-
dicating a role of the growing Northern Hemisphere ice-sheets on
the pacing of tropical humidity cycles in West Africa.
Although the short-term fluctuations in the Fe/K ratios general-
ly agree with the pollen interpretation (see previous section), the
long-term trends do not. While pollen records indicate more desert
and more arid conditions during the last glacial cycle compared to
the Pliocene, the average Fe/K ratios are higher in the last glacial
cycle (Fig. 4). The average ln(Fe/K) value rose from 0.57 in the
Zanclean to 0.78 in the Piacenzian before 3 Ma. It dropped slightly
during the Piacenzian from 0.78 between 3.6 and 3.0 Ma to 0.71 be-
tween 3.0 and 2.5 Ma, but is much higher, 0.92, in the last glacial
cycle. Similarly, the average dust content during the last glacial
cycle is significantly higher (41%) than during the Pliocene (21%
in the Zanclean and 26% in the Piacenzian). Interpreting the Fe/K
long-term trend as an indication of generally increasing humidity
in West Africa since the beginning of the Pliocene would be at
odds with other terrestrial and marine records (e.g. Ruddiman
et al., 1989; Dupont and Leroy, 1995; deMenocal, 2004; Salzmann
et al., 2008) and contrary to the accepted view that Fe/K ratios be-
come higher under wetter conditions because of the effect of
weathering (Zabel et al., 2001). A more likely explanation for the
rising trend in Fe/K ratios is a slow and gradual change in the
source area, maybe a shift southwards as vegetation belts moved
south, from less weathered soils to deeply weathered ones that
are richer in iron (Fe) and/or more depleted in potassium (K).

In Fig. 6, the Ti/Ca and Fe/K ratios are compared with SST and
plant wax records from IODP Site U1313 (Leg 306) in the central
North Atlantic (Naafs et al., 2010, 2012). The most prolonged
humid period in West Africa based on the Fe/K ratios occurred be-
tween 3.24 and 3.20 Ma. At that time temperatures in the North
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Atlantic at 41°Nwere between 22 and 20 °C (Naafs et al., 2010). Dur-
ing this period the terrestrial input at ODP Site 659 was very low,
thus precluding a pollen record. Also the aeolian input of terrestrial
material from North America in the North Atlantic was minimal dur-
ing this period (Naafs et al., 2012). Fortunately, ODP Site 658 – situ-
ated much nearer to the coast – does have a pollen record revealing a
strong increase in the representation of woody elements of the
Sudanian and Guinean vegetation (Fig. 6) and low values for ele-
ments from the desert such as Ephedra and CA.

The period between 3.24 and 3.20Ma is the wettest andmost stable
period in West Africa during the Piacenzian. Expansion of steppe and
wooded grasslands during this period is reported by Bonnefille et al.
(2004) for eastern Africa at the Hadar section, also suggesting wetter
conditions compared to present-day arid conditions. Our data support
previous modelling studies of the mid-Pliocene (mid-Piacenzian)
warm period (~3.3–3.0 Ma), which reconstructed increased precipita-
tion in subtropical Africa (Contoux et al., 2012) and indicate a smaller
Sahara desert and a northward expanded woodland vegetation into
today's arid region (Salzmann et al., 2008). These warmer and wetter
conditions probably were similar to the ones reconstructed for
the Holocene African Humid Period, between ca. 14.8 and 5.5 ka
(deMenocal et al., 2000a), when the Sahara desert was covered
with grasses and shrubs (COHMAP Members, 1988), palaeolakes
were extended (Gasse, 2000), and the dust supply to the eastern
Atlantic was drastically reduced (deMenocal et al., 2000b). In both
cases (Holocene and Pliocene), eccentricity and with it the preces-
sion variability in insolation was low, but atmospheric CO2 might
have been higher during the Pliocene (Laskar et al., 1993; Bartoli
et al., 2011).
8. The onset of strong NE trade winds over Africa

Based on meridional SST differences in the equatorial Pacific
(e.g. Lawrence et al., 2006), several authors suggest that enhancement
of the zonal andmeridional atmospheric circulation, including the trade
winds, already started around 3 Ma (Wara et al., 2005; Fedorov et al.,
2006). Others, however, date the strongest increase of the zonal tem-
perature gradient much later, i.e. at 2.2–2.0 Ma (Etourneau et al.,
2010; Steph et al., 2010). Concerning the latter scenario, a positive feed-
back cycle was possibly established around 2 Ma, in which decreasing
SSTs, intensified trade winds and increased wind-driven upwelling
favoured long-term sequestration of atmospheric carbon dioxide in
the sediment (Marlow et al., 2000).

In both cases, the strength of the trade winds is associated with the
meridional SST gradient. To investigate whether the dust supply from
West Africa is related to the meridional SST gradient, we compared
our Ti/Ca dust record with several SST records from the Atlantic, ODP
Sites 662, 607, 982 (Lawrence et al., 2009, 2010; Herbert et al., 2010),
and with the SST differences between the Equatorial Atlantic Site
662 and the North Atlantic Site 607 (Fedorov et al., 2013). We
did the same with our Fe/K record to test the relationship between
Atlantic SSTs and SST gradients with West African humidity be-
tween 3.5 and 2.5 Ma (not shown). We could not find any consis-
tent correlation between the SST and our records, at least not for
the period before 2.7 Ma. If there is a relationship between dust
and aridity in West Africa and SST of the North Atlantic, it is not
a simple one.

The upwelling history offshore from Mauretania might reveal the
timing of the beginning of strongNE tradewinds. Grain size distribution
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of ODP Site 658 indicates that regular river input of fluvial clays
occurred prior to 3.0 Ma, which reduced stepwise between 3.0 and
2.5 Ma during glacial periods (Tiedemann et al., 1989). An early maxi-
mum of the biogenic opal at ODP Site 658 would indicate that coastal
upwelling offshore from Cape Blanc began around 3 Ma suggesting an
increase of the northeast trade winds by that time (Tiedemann et al.,
1989). However, the three main opal maxima at ODP Site 658 fall in
“warm” periods (minima in the oxygen isotope stratigraphy) and
could also have been induced by river-borne nutrients instead of up-
welling. Moreover, Etourneau et al. (2012) argue that upwelling global-
ly was weak between 3 and 2.7 Ma and that in the case of the Benguela
upwelling system high diatom and opal productivity in the South
Atlantic occurred under weak upwelling, even stratified, conditions.

The NE tradewindhistory probably is better recorded in the concen-
trations of TW pollen (Fig. 6). Comparison of the pollen records of ODP
Sites 659 and 658 shows the first concurrent maximum in TW pollen
concentration occurring at 2.53 Ma. TW pollen concentrations remain
at a higher level afterwards. The TW maximum shortly before 2.5 Ma
is preceded by two maxima recorded at Site 658 only (~2.7 and
2.6 Ma). Earlier maxima of trade wind indicators are rather ambiguous.
Prior to the 2.7 Ma, before the iNHG, little or no systematic relationship
occurs between SST of the North Atlantic with aridity and dust in West
Africa (Fig. 6). This changes around 2.7 Ma (Marine Isotope Stage G6/
G4), when, in the central North Atlantic (IODP Site U1313), the first
maximum in aeolian input of n-alkanes (higher plant waxes) is regis-
tered together with a minimum in SST (Naafs et al., 2010, 2012). Naafs
et al. (2012) attribute the aeolian higher plant wax supply to sources
made accessible by glacial erosion and transported by westerly winds
from North America. The next combined SST minima and wax maxima
at Site U1313 occurred at 2.6 (Marine Isotope Stage 104) and just before
2.5 Ma (Marine Isotope Stage 100). During the glacial period of Stage
G6/G4 and the two sequels around 2.6 and 2.5 Ma, aridity (decreasing
Fe/K ratios) and dust levels (increasing Ti/Ca ratios) in West Africa
correlate with the indication of increased NE trade winds (TW pollen
concentration at Site 658). These results associate the increase of trade
wind strength in West Africa to the intensification of the Northern
Hemisphere glaciations.
9. Conclusions

Terrestrial input to the marine sediments of ODP Site 659 is almost
exclusively aeolian. The ratio between titanium and calcium expressed
as ln(Ti/Ca) can serve as a proxy for dust input at the site. Pollen trans-
port by easterly and north-easterly winds increased during dusty
periods.

Savannah grassland expanded during wetter periods characterised
by high ln(Fe/K) values and desert vegetation expanded during drier
periods characterised by low ln(Fe/K) values.

During the Pliocene, humid climate alternates with arid and dusty
conditions inWest Africa. The longest period of warm and humid cli-
mate occurred between 3.24 and 3.20 Ma, which only covers a part –
albeit the warmest one – of the mid-Pliocene (mid-Piacenzian)
warm period.

Comparison of the pollen records of ODP Sites 659 and 658 revealed
remarkable similarities in composition adding confidence to the
reconstruction of vegetation change in Pliocene West Africa. Shifts of
the vegetation between woodlands, grasslands and desert occurred at
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black line ln(Fe/K) 31-point moving average) of ODP Site 659 with alkenone derived SSTs (Naafs et al., 2010) and n-alkane concentration (Naafs et al., 2012) of ODP Site 306-
U1313 in the North Atlantic (41°N 33°W). Note the reversed scale of the alkenone SST. Pollen percentages of forest/woodland elements and of Asteraceae Liguliflorae from ODP
Sites 658 (line and shading) and 659 (boxes). 95% confidence intervals are denoted by the width of the shading (Site 658) and the length of the boxes (Site 659). TW pollen
concentration as an indication of NE trade wind vigour at ODP Sites 658 (shading) and 659 (boxes). Humid conditions prevailed between 3.24 and 3.20 Ma (reddish bar).
Strengthening of the NE trade winds was concurrent with increased supply of plant wax (n-alkanes) to the North Atlantic during the intensification of the Northern
Hemisphere Glaciations (blue bars) around 2.7, 2.6, and just before.
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orbital time scales. The long-term trend reveals a decline of woodland
and forest after 2.6 Ma. The desert extended substantially since 2.7 Ma.

The high relative abundance of Asteraceae Liguliflorae pollen indi-
cates that species from the Tribus Cichorieae (=Lactuceae after
Bremer, 1994)might have grown in the savannah until 3 Ma. The floris-
tic composition changed and the savannah became poor in Asteraceae
after 3 Ma.

NE trade winds intensified in West Africa after 2.53 Ma and during
two short periods before that (~2.7 and 2.6 Ma) associated with the in-
tensification of the Northern Hemisphere glaciations.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2014.09.023.
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