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To reconstruct the response of vegetation to abrupt climate changes during the last glacial we have
compiled pollen records from the circum-Atlantic tropics between 23°N and 23°S from both marine and
terrestrial sediment cores. Pollen data were grouped into mega-biomes to facilitate the comparison

between the different records. Most tropical African records do not appear to register Dansgaard-
Oeschger (D-0) variability, although there are vegetation changes during Heinrich Stadials (HS). There is
a stronger signal of D-O and HS variability in the South American records. Records close to the modern
northern and southern limits of the Intertropical Convergence Zone (ITCZ) show opposite trends in
vegetation development during HS and D-O cycles. The pollen data from tropical South America
corroborate the hypothesis of a southward shift in the migration pattern of the ITCZ and a reduction in
the Atlantic Meridional Overturning Circulation (AMOC) during HS.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The last glacial (here 73.5-14.7 ka, see Sanchez Goii and Har-
rison, this issue) was marked by large and abrupt climate variability
in the form of Dansgaard-Oeschger (D-O) cycles and Heinrich
Events (HE, e.g. Bond et al., 1997; Sarnthein et al., 2001). The D-O
cycles registered in the Greenland ice cores are characterised by
rapid warming followed by progressive cooling, with a timescale of
ca 1500 years. The D-O cycles are thought to be related to a weak-
ening of deep water formation in the North Atlantic by dilution of
the surface waters through ice melt or other processes. Deepwater
formation resumes as a response to the build-up of salty waters
(e.g. Alley, 1998). Heinrich (1988) documented layers (Heinrich
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layers) with high lithic fragment content that are associated with
the abrupt occurrence of cold intervals (Heinrich Stadials: HS) at
the end of some D-O cycles in the North Atlantic. It is thought that
these cold intervals are triggered by iceberg discharges in the North
Atlantic resulting in a reduction or possible shutdown of the
Atlantic Meridional Overturning Circulation (AMOC) (e.g. Broecker
et al., 1992; see also Sanchez Gofii and Harrison, this issue).
However, recent studies (e.g. Hall et al., 2006) indicate that the
collapse of the AMOC preceded the deposition of Heinrich layers
and this suggests that Heinrich Events (HE) are a response to, rather
than the cause of, AMOC collapse (Shaffer et al., 2004; Fliickiger
et al., 2006; Clark et al., 2007).

The North Atlantic HE and the Younger Dryas (YD) climatic
perturbation have been shown to occur at a global scale (Voelker
et al., 2002). The EPICA Community (2006) have shown a strict
coupling between Greenland cold events and Antarctic warming,
and thus corroborated the see-saw hypothesis (e.g. Crowley, 1992;
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Riihlemann et al., 1999). Although it appears that both D-O cycles
and HE are registered globally, the response to these events varies
geographically and the mechanisms behind them are still poorly
understood although it is generally accepted that the strength of
the AMOC plays an important role (e.g. Sarnthein et al., 1994;
McManus et al., 2004; Clark et al., 2007).

There are two contrasting hypotheses concerning the behaviour
of the tropics in relation to abrupt climate change. The first invokes
changes in the tropical atmosphere-ocean dynamics as a cause of
abrupt changes, and specifically argues that the decrease in water-
vapour transport out of the tropical Atlantic during HS would lead
to an increased net freshwater balance in the Atlantic affecting the
density of ocean surface waters and the northward penetration of
latent heat (e.g. Cane and Clement, 1999; Schmittner et al., 2000;
Ivanochko et al., 2005). The second hypothesis attributes changes in
the tropics to a slow-down of the AMOC, which might have been
triggered by large iceberg discharges in the North Atlantic (e.g.
Rahmstorf, 2002; Broecker, 2003).

The aim of this paper is to document vegetation changes in
tropical Africa and South America, specifically focussing on inter-
vals coincident with D-O cycles as registered in Greenland and HS
as identified in the North Atlantic. The temporal definition for the
last glacial, Marine Isotope Stage (MIS) 2, 3 and 4, and HS was taken
from Sanchez Goiii and Harrison (this issue) and the chronological
limits for D-O cycles follows the timings and durations given in
Wolff et al. (this issue). By reviewing the existing low and high-
resolution pollen data of tropical Africa and South America covering
at least part of MIS 2, 3 and 4 (Table 1), we aim to document the
impact (if any), timing and amplitude of rapid climate changes on
the regional vegetation. Our synthesis provides the opportunity for
a direct comparison of (1) sites situated north and south of the
equator on the same continent, (2) responses of the tropical African
and South American vegetation, and (3) pollen data with results of
other terrestrial indicators. Our examination of vegetation records
from the tropical regions of Africa and South America should enable
us to test the plausibility of ideas that rapid climate changes are
triggered by changes in the tropics or are a response to extra-
tropical changes. Specifically, this synthesis allows us to test the
hypothesis that abrupt climate change in the tropics is the result of
shifts in the migration pattern of the ITCZ during the last glacial
coupled with changes in the AMOC (e.g. Peterson et al., 2000;
Mulitza et al., 2008).

The climate of the circum-Atlantic tropics today is strongly
coupled to the latitudinal position of the ITCZ, a low pressure belt of
warm, moist air surrounding the Earth near the equator (Ruddi-
man, 2001). Due to the strong linkage between variations in
atmospheric and oceanic conditions the position of the ITCZ follows
a seasonal cycle, with an abrupt shift from its northernmost posi-
tion during boreal summer to its southernmost position during
austral summer. These variations in the position of the ITCZ affect
the rainfall distribution in equatorial and tropical regions, resulting
in alternating wet and dry seasons (Fig. 1). Far from the equator the
dry season (winter) is severe and the rainy season (summer) short;
near the equator two short dry seasons occur (Ruddiman, 2001).
The annual migration of the ITCZ is influenced by the distribution of
land and ocean. Over the ocean the ITCZ is well defined by the
combination of convergence of trade winds and subsequent
convection and heavy rainfall. As a result moist air masses from the
tropical Atlantic penetrate eastwards into the interior of the African
continent during austral summer. In East Africa the penetration of
the easterly flow is limited by the highlands. Over land, the
meridional oscillation of the ITCZ across the equator responds to
the seasonal insolation cycle and the near-surface convergence and
convection become widely separated during the season of
maximum excursion (northern- or southernmost ITCZ position).

Thus, the latitude of surface convergence between trades and
monsoon over north-western Africa in August is around 18-20°N,
whereas the latitude of the rainbelt (associated with convection) is
about 10°N (Leroux, 1983; Nicholson, 2000). In South America
during austral summer, when the ITCZ is located at its southern-
most position, trade winds transport moisture from the equatorial
Atlantic towards the Amazon basin causing the South American
Summer Monsoon (Gan et al., 2004). These trade winds are chan-
nelled to the southeast to 20-23°S by the Andean Cordillera (Len-
ters and Cook, 1999). During the winter season the ITCZ moves to its
northernmost position at ~10°N.

The vegetation distribution within the tropical regions is
strongly affected by the length and the intensity of the dry season.
However, it is not only the total amount of annual precipitation that
is important, but also the seasonal distribution of rainfall. The
presence or absence of a consistent cloud cover also influences the
plant growth by limiting the solar radiation and the effective
evapotranspiration. Additionally, the temperature has an effect on
the evapotranspiration and therefore influences the moisture
availability. In the tropics temperature alone rarely limits vegeta-
tion growth except in high mountain areas.

The present-day African vegetation around the equator consist of
tropical forests including evergreen rainforest in the Congo basin
and in the moist part of western Africa, to semi-evergreen and
deciduous forest in northern Cameroon or southern Congo. North
and south of the forest fringes there is a narrow belt of natural grass
savannah. North of the xerophytic shrubland of the Sahel zone and
along the coast of Namibia and southwest Angola desert vegetation
occurs (White, 1983; see e.g. simulated vegetation distribution
according to BIOME4; Kaplan et al,, 2003). The modern South
American vegetation is dominated in the north by savannah, ever-
green and semi-evergreen broadleaf forest. In the east and southeast
deciduous forest and woodland, savannah, xerophytic shrubland
and warm-temperate mixed forest prevail (see e.g. simulated
vegetation distribution according to BIOME4; Kaplan et al., 2003).

2. Chronology

The age models of most of the sediment records reviewed here
were determined based on conventional, accelerator mass spec-
trometry (AMS) radiocarbon dating (Table 2). The chronology of
some marine sequences off western and north-western Africa
(Table 2) where radiocarbon dating is not feasible is based on
peak-to-peak correlation of isotopic records (e.g. Lézine and
Denéfle, 1997; Lézine et al., 2005). The age models of the Cariaco
Basin sequence and the marine record off northeast Brazil (GeoB
3104-1) are based on a combination of radiocarbon dating and
correlation with ice-core records. The original Cariaco records are
aligned with the 2*°Th dated Hulu Cave speleothems (Wang et al.,
2001; Hughen et al., 2006). In this review, however, we adapted
the time scale to the Greenland Ice Core Chronology 2005
(GICCO5) (Skinner, 2008; Wolff et al., this issue), aligning the steep
drops in the reflectance curve of the Cariaco sediments with the
start of Greenland Interstadials (GI). The time scale for the marine
core GeoB 3104-1 (Jennerjahn et al., 2004) has also been adapted
to the new GICCO5 ages. The age model of the Colénia record is
a combination of radiocarbon dates and tuning of the arboreal
pollen record to precessional insolation fluctuations (Ledru et al.,
2009). The age models of the Fiquene-2 and Fiquene-7C records
are a combination of radiocarbon dates, frequency analysis in the
depth domain, and tuning of the arboreal pollen record to the
LR0O4 benthic oxygen isotope record (Lisiecky and Raymo, 2005;
Bogota-Angel et al., in review; Mommersteeg and Hooghiemstra,
in review).
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Azimuthal equal-area projection
centered on 25°W, 0°

Average monthly rate of precipitation (mm/day)
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0 4 8 12 16

January

min.:0 mm/day
max.: 18 mm/day

min.:0 mm/day
max.: 21 mm/day

April

min.: 0 mm/day
max.: 14 mm/day

October

min.:0 mm/day
max.: 18 mm/day

Fig. 1. Rate of precipitation over tropical Africa and South America, (A) austral summer (January, April) and (B) austral winter (July, October).

All of the records considered here have age models in calendar
years. However, different calibration curves were used for the
different records, which may increase the uncertainties in
comparison between sites. Additionally, the age models of marine

Table 2

sequences dated by the radiocarbon method include a marine
reservoir age generally of 400 years which reflects the present-day
global average (Hughen et al., 2004). In general, temporal and/or

regional

variations

Chronological information for sites providing high-resolution pollen records from Africa and South America.

in reservoir ages are not taken

into

Site Interval Chronological control
AMS e U/Th  Other Tephra Varved Tuning
radiometric
Africa
Kashiru Bog, Burundi 0-40 ka 9 15 - - - - -
Lake Tanganyika 9-25ka 6 (core 1 (core - - correlate MPU-11 - Diatom correlation
MPU-12) MPU-11) and MPU-12
Lake Masoko, Tanzania 4.4-45 ka 18 - - - - - -
Lake Malawi, M86-18P 10.5-45ka 3 3 - - - - -
off Ivory Coast, KS 84-063 4-19 ka - - - - - - Correlation with SU8118
Barombi Mbo, Cameroon 0-32 ka - 12 - - - - -
off Angola, ODP 1078 0-30 ka - 24 - - - - -
off Cunene River Mouth, GeoB 1023 0-22 ka 7 2 - - - - -
South America
Cariaco Basin, Venezuela, MD 03-2622 26-68 ka - - - - - - Reflectance curve correlation
to ODP 1002
off NE Brazil, GeoB 3104 12-50 ka 12 - - - - - -
off NE Brazil, GeoB 3910-2 11-23 ka 7 - - - - - -
Lake Cagd, North Brazil 0-19ka 17 - - - - -
Coldnia, Brazil 0-130 ka - 6 - - - - Comparison to speleothem tuning
to precession
Siberia, Bolivia 0-50 ka 11 - - - - -
La Laguna, Bogota, Colombia 0-35ka 9 3 - - - - -
Faquene-2, Columbia 0-42 ka 3 - - - 7 - Orbital tuning
Faquene-7C, Colombia 0-85 ka 7 - - - - - Orbital tuning




I Hessler et al. / Quaternary Science Reviews 29 (2010) 2882-2899 2887

consideration in dating marine cores because they are difficult to
reconstruct (e.g. Bard et al., 1994) and, for pre-Holocene records are
exceeded by the uncertainties in the radiocarbon dating (Fairbanks
et al,, 2005). Model simulations also show that temporal fluctua-
tions in the marine reservoir age are less significant in the tropical
Atlantic compared to the northern high-latitudes (Hughen et al.,
2004; Franke et al., 2008).

3. Registration of abrupt climate variability in pollen records

We have reviewed pollen records from tropical Africa and South
America spanning some part of the last glacial (Table 1, Fig. 2) to
determine those that have the potential to document the vegeta-
tion response to abrupt climate variability. To be selected for
further analysis, the sites had to cover at least part of MIS 2 and/or 3
and/or 4, with a temporal resolution better than 1000 years for
a substantial part of the record, and sufficient age control to
pinpoint millennial-scale changes. In addition, the pollen data had
to be available. Only eight South American and eight African
records met these criteria (Table 2). Two of these records are
somewhat special cases. The Lake Malawi record (DeBusk, 1998)
has a temporal resolution of 1000 years/sample for most of the
record, but is included because the sample resolution is much
better around the period including HS 4. Indeed, this record has the
highest temporal resolution for the period associated with HS 4 of
all African pollen records (Fig. 3). The marine record GeoB 3104
(Behling et al., 2000) has a comparatively low temporal resolution
after ca 18 ka (Table 1) but provides significant insights into the
vegetation development of NE Brazil (Fig. 4) which extends the
record of the neighbouring shorter but high-resolution core GeoB
3910 (Dupont et al., 2009). We excluded core KW 31, located south
of the Niger Delta (Lézine and Cazet, 2005), despite a sufficient time
resolution due to substantial gaps in the pollen record (Table 1).

Differences in regional floras make it difficult to compare pollen
records from different continents directly. To facilitate comparisons
between sites, the vegetation records are summarized in terms of
major vegetation types (or mega-biomes using the terminology of
Harrison and Prentice, 2003, Table 3). This naturally involves
a certain loss of information, but allow us to described the main
vegetation changes for each record (Figs. 3-6) in a consistent way.
We assigned the pollen taxa to Plant Functional Types (PFTs)
following Jolly et al. (1998) and Peyron et al. (2006) modified by
Vincens et al. (2006) and Lebamba et al. (2009) for the African
records, and after Marchant et al. (2009) for the South American
records. The PFTs are then grouped into mega-biomes (Table 3) to
allow direct comparison of the records (Figs. 3-6). In some cases,
the response to millennial-scale climate variability is obscured by
this rather coarse classification of the vegetation, particularly when
this variability is expressed as within-biome fluctuations in species
composition rather than between-biome transitions. Therefore, for
each site, we have also selected a taxon that best illustrates the
vegetation response to millennial-scale variability. In the descrip-
tions of individual sites, we provide information on the original
interpretation of the records, to emphasise the coherence between
the original and simplified mega-biome data. We follow a slightly
different approach for the pollen records from the Cariaco Basin
(Fig. 5) and the Faquene record (Fig. 6). In both cases, we have kept
the original ecological grouping of pollen taxa. In the case of the
Cariaco Basin pollen record (Gonzalez et al., 2008), the grouping is
based on the regional ecological preferences of every taxon for the
Venezuelan flora. For the Faquene record (Fig. 6), the grouping is
based on the modern altitudinal zonation of vegetation in the
Eastern Cordillera of Colombia (Van Geel and Van der Hammen,
1973; Mommersteeg, 1998; Mommersteeg and Hooghiemstra, in
review).

3.1. Tropical Africa

The pollen record from Kashiru Swamp in east equatorial Africa
(Bonnefille and Riollet, 1988; Bonnefille et al., 1992) provides
avegetation record over the past ca 50 ka (Tables 1 and 2). Between
50ka and 40ka the pollen record of the Kashiru site is
characterised by high percentages of arboreal taxa (mainly warm-
temperate mixed forest, tropical forest, Fig. 3), indicating
a relatively wet climate. From 40 ka to the end of the deglaciation,
the vegetation is more open with widespread grassland, mainly C4
grasses, as well as savannah and xerophytic scrubland vegetation.
An increase in temperate plants during this period suggests
a lowering of the upper forest line as a consequence of cooler
climate (Bonnefille and Riollet, 1988; Bonnefille and Chalié, 2000),
although decreased atmospheric CO, during glacial times may have
limited tree growth and favoured grass development (Jolly and
Haxeltine, 1997; Harrison and Prentice, 2003). A short-term humid
phase, characterised by lacustrine conditions and an expansion of
Podocarpus forests (temperate-montane forest, Table 3, Fig. 3),
occurred at about 24 ka and is followed immediately by forest
development (Bonnefille and Riollet, 1988). Although of sufficient
duration and time resolution, the Kashiru pollen sequence does not
display D-O variability, but vegetation response to HS appears to
have been recorded.

The pollen record from the Mpulungu sub-basin of southern
Lake Tanganyika, east equatorial Africa (Fig. 3, Tables 1 and 2)
(Vincens, 1991; Vincens et al., 1993) provides a record of vegetation
changes during MIS 2. The pre- and post-Last Glacial Maximum
(LGM) vegetation is dominated by grassland/dry shrubland and
savannah/xerophytic scrubland vegetation (Fig. 3) with isolated
patches of woodland and large swamp areas around the lake.
During the LGM, tropical forest elements increased slightly
whereas swamp taxa (see original diagram Vincens et al., 1993) are
at their lowest abundance. The frequency of tropical forest taxa like
Brachystegia and Uapaca-type kirkiana increased at the glacial/
interglacial transition. A simultaneous decrease in Ericaceae
(characteristic of grassland and dry shrubland, Table 3, Fig. 3) and
an increase in drought-tolerant mountainous Olea and Myrica
(characteristic of temperate-montane forest, Table 3) are inter-
preted as indicating an expansion of open dry forest or dry
montane woodland on the uplands surrounding the basin (Vincens
etal., 1993). The Mpulungu record is too short to show D-O cycles of
MIS 3 and 4.

A high-resolution pollen record covering the period between 45
and 4.4 ka was obtained from Lake Masoko, southern Tanzania, east
equatorial Africa (Fig. 3, Tables 1 and 2) and documents changes in
the seasonal vegetation of the southern Miombo (Vincens et al.,
2007). Miombo woodlands are a widespread and characteristic
vegetation of the tropical forests of southern Africa dominated by
species of Brachystegia (tropical forest and warm-temperate forest,
Table 3, Fig. 3) (White, 1983). Between 42 and 23 ka the regional
vegetation was dominated by savannah and xerophytic shrubland
as well as grassland and dry shrubland (Fig. 3). In the original pollen
diagram, the vegetation composition is basically expressed by high
values of Poaceae (characteristic of savannah and xerophytic
shrubland, grassland and dry shrubland, Table 3) and low values of
local miombo woodland taxa (Vincens et al., 2007). Regrowth of
forest occurred during the LGM with expansion of warm-
temperate/mixed forest although grassy vegetation remained
abundant. From the onset of the Bolling/Alleréd period (B/A) to the
end of the YD there was a further increase in warm-temperate/
mixed forest taxa. Although the original authors did not interpret
the vegetation changes in terms of millennial-scale climate change,
some vegetation changes might be a response to HS. The moun-
tainous species Olea (characteristic of warm-temperate/mixed
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Fig. 2. Locations of high and low resolution pollen records during MIS 2, 3 and 4.

forest, temperate-montane forest, Table 3) is well represented
between 45 and 40.2 ka and appears to increase following HS 4 and
HS 1 (Fig. 3). However, there are no changes in the abundance of
Olea associated with HS 2 and HS 3. Vincens et al. (2007)

interpreted the general expansion of Olea between 45 ka and 33 ka
and between 16 ka and 14.1 ka as indicating reduced moisture
availability compared to today, which might be a result of North
Atlantic HS.
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taxon is shown for each site. Fractions are expressed as percentages (X-axes).

The Lake Malawi record (core M86-18P) of DeBusk (1998) has
a temporal resolution of about 1000 years/sample between 10.5 ka
and 38 ka, and so is unsuitable for the detection of millennial-scale
climate variability during this period. However, between 38 ka and
43 ka the record has a resolution of 200 years, and is therefore the

most detailed HS 4 record available for eastern Africa (Fig. 3, Tables
1 and 2). Prior to HS 4 the vegetation in the catchment of Lake
Malawi is dominated by an open vegetation type composed of
elements belonging to the biomes grassland and dry shrubland, and
savannah and xerophyic scrubland (Fig. 3). At the same time pollen
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Fig. 4. Summary diagrams showing vegetation changes for South America using the biomisation scheme given in Table 3. The overlapping parts of the two Fliquene records are
essentially the same. Here we have plotted the upper 15 ka of Fiquene-2 and the part 15-75 ka of Fiquene-7C. An additional indicator pollen taxon is shown for each site. Unless

otherwise stated, fractions are expressed as percentages (X-axes).
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Table 3
Definition of mega-biomes from Africa and South America in terms of major vegetation types, local vegetation names, and plant functional types (PFTs) and characteristic
pollen taxa.

Mega-biome Component biomes Equivalent local vegetation Component PFTs Characteristic pollen taxa

names

Temperate-montane
forest

Warm-temperate/
mixed forest

Tropical forest

Savannah and

Cool temperate rain
forest,
Cool mixed forest

Warm-temperate
rain forest,
Warm-temperate
evergreen broad-
leaved forest,
Warm-temperate
mixed forest

Tropical rain forest,
Tropical seasonal
forest,

Tropical try forest,
Tropical dry forest

Tropical dry forest,

Temperate rain forest, Upper
montane forest, High Andean
forest, Cloud forest,
Afromontane forest, temperate-
montane dwarf forest,
temperate rainforest

Lower montane forest, Sub-
Andean forest, Upper Andean
forest, Afromontane forest,
temperate rainforest

Amazonian forest, Atlantic
forest, Guinean-Congolian rain
forest, Guinean-Congolian
deciduous forest, Zambezian
forest, Lake Victoria Mosaic,
Cerrado, Restinga, Cactus forest,
Andean xerophytic bush,,
Miombo woodland, tropical
evergreen forest, tropical semi-
deciduous forest, moist tropical
forest

Pampa, Caatinga, Steppes,

xerophytic Steppe, Sudanian savannah, Somalia-
shrubland Savannah Masai region, Zambezian
savannah
Grassland and dry Cool grass Paramo, Grassparamo,
shrubland shrublands, Subparamo, Heather, Cushion
Cool grasslands, Heather Afroalpine, tropical
Temperate xero- alpine grasslands
phytic woods/
shrub
Desert Desert Coastal desert, semi-desert

Tree fern, Temperate (spring-
frost avoiding) cold-deciduous
broad-leaved tree, Temperate
(spring-frost tolerant) cold-
deciduous broad-leaved tree,
Temperate evergreen
sclerophyll broad-leaved tree,
Cool temperate evergreen
needle-leaved tree, Temperate
drought-intolerant forb, Herbs

Tree fern, Tropical wet
evergreen broad-leaved tree,
Tropical mesic drought-
deciduous broad-leaved tree,
Tropical xeric drought-
deciduous broad-leaved tree,
Warm-temperate evergreen
needle-leaved tree, Warm-
temperate evergreen broad-
leaved tree, Temperate
evergreen broad-leaved tree,
Cool temperate evergreen
needle-leaved tree, Cold
evergreen needle-leaved tree,
Temperate drought-intolerant
forb

Tree fern, Tropical evergreen
broad-leaved tree, Tropical wet
evergreen broad-leaved tree,
Tropical mesic evergreen
broad-leaved tree, Tropical
mesic drought-deciduous
broad-leaved tree, Tropical
xeric drought-deciduous broad-
leaved tree, Tropical drought-
intolerant forb, Wet/dry
tropical lianas, Wet tropical
herbs

Tropical xeric drought-
deciduous broad-leaved tree,
Drought-tolerant small-leaved
low or high shrub, Eurythermic
drought-adapted forb, Tropical
arid drought-deciduous broad-
leaved tree, Eurythermic
drought-tolerant forb, Dry
tropical herbs, Graminoid

Temperate sclerophyll broad-
leaved tree, Rosette or cushion
forb, Eurythermic drought-
adapted forb, Dry tropical
herbs, Herbs, Graminoid

Desert shrubs, Eurythermic
drought-adapted forb

Podocarpus,

Olea capensis,
Myrica,
Ploylepis-Acaena,
Quercus

Olea capensis

Brachystegia,

Uapaca-type kirkiana,

Isoberlinia,
Mallotus

Poaceae,
Tribulus,
Chenopodiaceae

Poaceae,
Ericaceae

percentages of Olea capensis (characteristic of temperate-montane
forest, Table 3) are at their minimum representing dry conditions
on the surrounding highlands. Subsequently, the percentages of
temperate-montane forests and warm-temperate/mixed forest
start to increase with their maximum occurring in the beginning of
HS 4. According to DeBusk (1998), temperate-montane forests
expanded during this period whereas woodland was reduced in the
area but still present. Another expansion of temperate-montane
forests, with its main component being Olea capensis, appears to

correlate with the LGM, but is less strong than the expansion during
HS 4 (Fig. 3). This forest expansion was interpreted by DeBusk
(1998) as resulting from substantial cooling and an increase in
effective moisture through decreased evaporation.

The pollen record of Lake Barombi Mbo, a large crater lake of
110 m maximum depth, provides a vegetation and climate record
from western equatorial Africa covering the last 32 ka (Maley and
Brenac, 1998). During the pre-LGM glacial period, the forest cover
was rather similar to that of today with high values of tree pollen
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Fig. 5. An additional summary grouping is given for the record of the Cariaco Basin
with montane forest elements, semi-deciduous trees of the tropical seasonal forest,
evergreen trees of the tropical rain forest, savannah elements, and xerophytic shrub-
land after Gonzélez et al. (2008). The Cariaco record hints at the existence of Dans-
gaard-Oeschger cycles. The start of each Greenland interstadial (GI, see also Wolff
et al., this issue) is indicated by an arrow.

characteristic of tropical forest and warm-temperate/mixed forest
(Fig. 3). Olea capensis (characteristic of warm-temperate/mixed
forest, Table 3) reached maximum abundance during HS 2. The high
abundance of this tree was interpreted as resulting from its
extension on the crater walls close to the lake, and to indicate
relatively cool conditions (Maley and Brenac, 1998). The interval
spanning the LGM and HS 1 is marked by an abrupt increase in
savannah and xerophytic scrubland vegetation (Fig. 3), as shown by
high values of Poaceae (Table 3). Maximum values of Poaceae occur
during HS 1 (Fig. 3). The LGM coincides with peaks of Cyperaceae
which is considered to represent lowering of the lake level (Maley
and Brenac, 1998). Cyperaceae percentages are not included in the
reconstruction of tropical biomes since it is regarded as an aquatic
taxon (e.g. Jolly et al, 1998). After a long transgressive phase
between ca 18.5 and 14.7 ka, a final reduction in the abundance of
forest taxa occurred during YD. The Barombi Mbo record (Fig. 3,
Tables 1 and 2) does not show millennial-scale climate variability
despite a mean temporal resolution of 600 years in the late Pleis-
tocene. However, marked vegetation changes occur during periods
that may be associated with HS 1 and HS 2.

The marine core from ODP Site 1078 C (Dupont and Behling,
2006; Dupont et al., 2008) provides a record of vegetation
changes in tropical southwest Africa from 31.7 ka onwards (Fig. 3,
Tables 1 and 2). During glacial times the vegetation in the source
area (Angola and the southern Congo basin) was savannah and
xerophytic scrubland, and grassland and dry shrubland (including
open montane vegetation). Vegetation development in the
sensitive high mountain areas during the last glacial (Fig. 3) is
reflected by changes in the abundance of Ericaceae, a typical
element of African alpine vegetation and an important constit-
uent of grassland and dry shrubland (Table 3). The interval
between 31.7 and 22 ka was generally characterised by open
vegetation in the mountains, and an expansion of desert and
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Fig. 6. An additional summary grouping is given for the Fiquene-7C record, in which
the grouping is according the altitudinal vegetation zones in the Eastern Cordillera of
the Andes. Increments of sub-Andean forest elements (green) are found in association
with the Greenland Interstadials (numbers). Start of each interstadial (Wolff et al., this
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semi-desert vegetation in the lowlands. Between 22 and 19 ka
temperate-montane forest became more extensive, as shown by
increased abundance of the montane taxon Podocarpus (charac-
teristic of temperate-montane forest, Table 3). Dupont et al.
(2008) suggests that the increase in Podocarpus reflects an
expansion of forest at intermediate altitude. In the lowlands,
a simultaneous increase in tropical forests representatives like
Mallotus indicates that rainforest became more widespread. The
last deglaciation is dominated by Podocarpus pollen, correspond-
ing in an expansion of temperate-montane forest, with
a maximum occurrence during the HS 1 (Fig. 3). However, Podo-
carpus is a prolific pollen producer and the pollen is readily
transported by wind; Podocarpus may therefore be over-
represented in the pollen diagram. Nevertheless, its abundance in
HS 1 suggests that Podocarpus forests were present locally.
Simultaneously, low percentages of Ericaceae and grasses pollen
indicate a reduction in grassland and dry shrubland. After HS 1,
the percentages of lowland forest pollen (characteristic of tropical
forest and warm-temperate/mixed forest) increased. The expan-
sion of rainforest and warm-temperate/mixed forest is accompa-
nied by a southward displacement of deserts and steppe
(xerophytic shrubland, Table 3). Although the record has been
analyzed in high-resolution and the time interval represented is
sufficient, there are no indications of D-O variability. Only HS 1
clearly had an impact on the vegetation.
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A marine sediment record (GeoB 1023-5) located in front of the
mouth of the Cunene River off the coast of Namibia, tropical
southwestern Africa, has been used to reconstruct vegetation
changes on the adjacent continent for the past 21 ka (Tables 1 and
2,Fig. 3)(Shi et al., 1998). The vegetation of the pollen source area of
GeoB 1023-5 (13-21°S, west of 24°E) is dominated by savannah and
xerophytic shrubland, and grassland and dry shrubland throughout
the whole record, with only minor changes in the vegetation
composition (Fig. 3). However, variations in the pollen percentages
of specific taxa indicate within-biome vegetation changes. High
pollen percentages of the taxon Tribulus (characteristic of savannah
and xerophytic shrubland, Table 3) indicate arid conditions during
the LGM and subsequent to HS 1 (Fig. 3). High abundances of
temperate taxa during the LGM in the original pollen data (Shi et al.,
1998) suggests temperatures lower than today. An increase of grass
pollen in association with low percentages of desert and semi-
desert taxa and increasing values of dry forest/woodland taxa after
the LGM, in the original pollen diagram, indicate increased
temperatures and humidity. The timeframe covered by this record
is too short to display D-O cycles. Moreover, the indications of
vegetation changes associated with HS 1 are ambiguous, despite
the high temporal resolution (185 years).

The pollen sequence from the deep-sea marine core KS84063 off
the Ivory Coast, north-western equatorial Africa (Lézine et al., 1994;
Lézine and Denéfle, 1997) only covers the timeframe from ~5 ka to
19 ka (Fig. 3, Tables 1 and 2) and consequently does not display D-O
cycles. Although there are only small vegetation changes apparent
in the biome diagram (Fig. 3), HS 1 and the YD are marked in Lézine
et al. (1994) and Lézine and Denéfle (1997) by maximum pollen
concentrations, Saharan dust input and the presence of Saharan
desert taxa. Increased aridity during HS 1 is shown by the reduction
in Isoberlinia (Fig. 3), an important component of tropical forest in
this region (Table 3). Moreover, Lézine et al. (1994) and Lézine and
Deneéfle (1997) show the sporadic occurrence of the Afromontane
taxon Podocarpus (characteristic of temperate-montane forest,
Table 3) which is usually restricted to the highlands further east.
The authors suggested that during dry events, such as HS 1, lower
temperatures were responsible for the extension of Podocarpus
forest towards middle and low altitudes. In contrast, the occurrence
of Saharan taxa originates from intensified meridional air-mass
exchange. At the end of the deglaciation (~12 ka), Podocarpus
forest retreated to its present-day altitudinal distribution.

3.2. Subtropical and tropical South America

The high-resolution pollen record of MD 03-2622 from the
Cariaco Basin, off Venezuela, provides a record of changing envi-
ronmental conditions during the period from 28 to 68 ka (Figs. 4
and 5, Tables 1 and 2) (Gonzalez et al., 2008). Although sea-level
changes have had an impact on this record (Gonzalez and Dupont,
2009), the pollen diagram clearly shows the cold intervals associ-
ated with Greenland Stadials (GS) and with HS (Gonzalez et al.,
2008). The biome allocation procedure used for other South
American records results in a rather bland representation of
changes in Venezuelan vegetation in response to millennial-scale
climate variability (Fig. 4). However, using the ecological groupings
of Gonzalez et al. (2008), Greenland Interstadials (GI) are obviously
characterised by the expansion of tropical evergreen and semi-
deciduous forests (Fig. 5) suggesting increased precipitation and
river discharge. In contrast, GS show the opposite trend with the
dominance of open vegetation (mainly savannah vegetation) and
salt marsh taxa (e.g. Chenopodiaceae, Fig. 4, Table 3) indicating
drier climatic conditions in the lowlands. Furthermore, enhanced
orographic precipitation during GS promoted the expansion of
montane forests (Gonzalez et al., 2008). The reflection of HS in the

Cariaco Basin is a more extreme case of GS vegetation change,
combined with the effects of increased sea-level that promotes the
expansion of salt marshes and the succession of coastal vegetation
(Gonzalez and Dupont, 2009).

The GeoB 3104-1 core from the upper continental slope north-
east of Fortaleza (Fig. 4, Tables 1 and 2) provides a vegetation record
from northeastern Brazil reaching back over 50 ka (Behling et al.,
2000). The neighbouring marine core GeoB 3910-2 (Fischer et al.,
1996; Dupont et al., 2009) provides a high-resolution vegetation
record covering HS 1, and thus complements the record from GeoB
3104-1. During the last glacial, there are only small changes in the
biome diagram (Fig. 4): the vegetation composition was similar to
the present day and characterised by dominance of caatinga
(savannah and xerophytic shrubland, grassland and dry shrubland,
Table 3) indicating semi-arid conditions. In the original pollen
diagram (Behling et al, 2000; Jennerjahn et al, 2004), forest
vegetation became more abundant during HS 1, HS 3, HS 4, and
possibly HS 5 (although the dating of the lower part of the sequence
is rather uncertain). A less-pronounced increase in forest occurred
during HS 2. Forest expansion is interpreted as indicating wetter
conditions, and is marked by increased pollen influx rates (Fig. 4).

Sediment core GeoB 3910-2 (Dupont et al., 2009), located
offshore northeastern Brazil, supports the results of the neigh-
bouring record GeoB 3104-1 (Behling et al., 2000) by providing
a highly detailed vegetation history during the period including HS
1 (Fig. 4, Tables 1 and 2). At the beginning of HS 1, increased pollen
influx (Fig. 4) suggests increased precipitation in the catchment
area of GeoB 3910-2. However, Dupont et al. (2009) assume that the
vegetation was still open, dominated by savannah and grassland
vegetation, and the increased water supply results firstly in
increased erosion. During the second part of HS 1 (16.6-14.9 ka)
higher percentages of forest taxa (Fig. 4) imply a denser vegetation
cover. In the original pollen diagram it is obvious that the diversity
of trees increased significantly during the second part of HS 1
(Dupont et al., 2009). After HS 1, the vegetation gradually changes
into a mixture of savannah and grassland comparable to the
vegetation assemblage before 18 ka.

The pollen record from Lagoa do Cago (Fig. 4, Tables 1 and 2) in
northeastern Brazil (Ledru et al., 2001; Ledru et al., 2006) provides
a detailed record of vegetation change during HS 1. Open grassland
and savannah vegetation prevailed during the LGM, though at
17.5 ka an increase in fern spores marked the initial establishment
of forests (Fig. 4). Dense moist forest was well established by 17 ka.
Two brief intervals of forest decline occurred during the Lateglacial
at 15 and 13.5 ka. The forest was destroyed at 12.8 ka, probably by
fire, and the region was characterised by savannah and xerophytic
scrubland vegetation during the Holocene (Ledru et al., 2006).

Along core from a peat bog in the impact crater Colénia near Sdo
Paulo, southeastern Brazil (Fig. 4, Tables 1 and 2) provides a vege-
tation record that covers a complete interglacial-glacial-intergla-
cial cycle with sub-millennial temporal resolution for most of the
sequence (Ledru et al., 2009). Here we only consider the last 75 ka
of the Colonia pollen record (i.e. the last glacial as defined by
Sanchez Gofii and Harrison, this issue). There are possible indica-
tions of D-O variability, particularly between 80 and 40 ka, indi-
cated by higher arboreal pollen percentages. However, the age
model relies on the assumption that forest growth is coupled to
precession. The beginning of the glacial was characterised by
a slight decrease in tree pollen frequencies but an increase in the
frequency of Podocarpus (characteristic of temperate-montane
forest, Table 3). Between 55.8 and 40.9 ka an expansion of tropical
forests occurred in the pollen source area of the Col6nia crater. The
floristic composition was very similar to that observed during the
interglacial. Another expansion of tropical forests occurred from 30
to 23 ka and was characterised by an assemblage of plant taxa that
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might represent a temperate rainforest. During the periods from ca
40 to 30 ka, and from 23 to 12 ka, tropical forest was replaced by
open vegetation dominated by grasses. The Atlantic forest,
a regional type of tropical forest (Table 3) found in relatively wet
climates, was considerably reduced during these dry episodes
although small patches remaining in protected areas around the
crater (Ledru et al,, 2009). In general, the variations in the abun-
dance of forest taxa seem to be correlated to precession and
moisture availability. The floristic composition of the forest was
different in each precession cycle attesting to varying climatic
conditions and interference of high latitude climate change in this
tropical region (Ledru et al., 2009).

The pollen record from the La Laguna depression (Helmens
et al., 1996), located on the outer slopes of the Eastern Cordillera of
Colombia west of the high plain of Bogota, shows vegetation
changes since 30 ka (Fig. 4, Tables 1 and 2). The pre-LGM period
(before 25 ka) is characterised by relatively high proportions of
grassland pollen and relatively low abundances of arboreal taxa,
suggesting that the site was located in the grassparamo (grassland
and dry shrubland) vegetation zone. Helmens et al. (1996) recog-
nized the occurrence of an interstadial period in the middle of the
LGM (La Laguna Interstadial) from 23 to 20.5 ka. At this time
glaciers retreated, extensive soil formation took place, and the
upper Andean forest limit and mean annual temperature rose
considerably. During the La Laguna Interstadial, grass pollen
dominates the original diagram but pollen of Polylepis-Acacena
(characteristic of temperate-montane forest, Table 3) is also well
represented. In general, the LGM shows open grassparamo condi-
tions implying a lowering of the upper forest limit by 1100 m (early
part of LGM) to 900 m (late LGM) and a drop in mean annual
temperature (Helmens et al., 1996). Increasing percentages of Pol-
ylepis-Acaena pollen during the La Laguna Interstadial, indicate an
expansion of temperate-montane dwarf forest. This forest type
occurs at upper treeline, and thus the expansion indicates an
upward shift of the upper forest limit resulting from higher
temperatures (Fig. 4). Thus, the palynological data suggest that the
La Laguna Interstadial warming event might be associated with the
period between HS 1 and HS 2 (Fig. 4). Interstadial conditions are
again registered during the Lateglacial, i.e. during the Guantiva
Interstadial (Van Geel and Van der Hammen, 1973; Van der Ham-
men and Hooghiemstra, 1995; Van't Veer et al., 2000) at around
14 ka, when declining grass pollen percentages and increased
arboreal pollen suggest slightly warmer temperatures than during
the La Laguna Interstadial.

The pollen records of Fiquene-2 (Van Geel and Van der Ham-
men, 1973) and Fiquene-7C (Mommersteeg, 1998; Mommersteeg
and Hooghiemstra, in review) come from Lake Faquene, located at
2580 m in the Eastern Cordillera of Colombia. The lake lies ca 600 m
below the present-day upper Andean forest (a type of warm-
temperate/mixed forest) limit. The Fiquene-7C pollen record has
a gap in the Lateglacial period, but the FGquene-2 record provides
good coverage for the last ca 15 ka (Figs. 4 and 6, Tables 1 and 2).
Although the combined Fliquene records cover the last 85 ka, only
the last 75 ka (corresponding to the glacial, see Sanchez Gofii and
Harrison, this issue) are shown here (Figs. 4 and 6). The pollen
record shows a series of interstadials which resulted in shifts in the
relative importance of different biomes (Fig. 4); the interstadial
intervals are even more clearly expressed in the original pollen
record (Fig. 6). The trees Polylepis-Acaena, Quercus, and Podocarpus
(all characteristic of the temperate-montane forest, Table 3) show
considerable changes in abundance in response to millennial-scale
climate variability. These taxa, Quercus in particular, are tolerant of
a broad range of moisture conditions, thus the variability in arbo-
real taxa is assumed to reflect temperature change. The upper
Andean forest limit (i.e. the transition between temperate-montane

forest and tropical alpine grasslands, paramo) occurs today at the
~13.5°C annual isotherm. The pollen record indicates that this
ecotonal boundary occurred at ca 2100 m (a decrease of >1000 m
compared to its current elevation of ca 3180 m) during the LGM.
During the warmest part of the Holocene, the boundary occurred at
ca 3300 m (an increase of ca 150 m compared to its current
elevation) during the warmest part of the Holocene. Such shifts,
which are characteristic of the observed stadial-interstadial vege-
tation changes, imply temperature changes from ca 8 °C cooler to ca
1 °C warmer than today.

The 40 ka pollen record (Fig. 4, Tables 1 and 2) from a small,
closed lake basin at 2920 m in the eastern Cordillera of Bolivia
(Siberia: Mourguiart and Ledru, 2003) has a mean temporal reso-
lution of about 750 years. Neverthless, there are no obvious
changes in vegetation in response to abrupt climate variations.
From ca 40 to 29 ka, the vegetation was dominated by an open
forest with cloud forest taxa (temperate-montane forest). Accord-
ing to Mourguiart and Ledru (2003) the low arboreal pollen
percentages during the LGM suggest an open landscape, dry and
cold climatic conditions, indicating a drastic lowering of moisture
availability from the Amazonian region. Increasing percentages of
Polylepis-Acaena (temperate-montane forest, Fig. 4) and the algae
Botryococcus correspond to a short, rapid increase in moisture
around 23 ka. Between 20 ka and 13 ka, a moist tropical forest
developed. An initial increase in Polylepis-Acaena at 20ka is
attributed to an increase in moisture, immediately followed by the
development of the moist tropical forest which can be attributed to
an upslope shift of the upper forest limit and to more adiabatic
moisture from the Amazonian Basin due to an increase in
temperatures.

4. Discussion
4.1. Tropical Africa

There are eight records from tropical Africa, but only six of these
include MIS 3. The longest record, from Kashiru swamp in Burundi,
extends back to 50 ka. Most of these records show changes in
vegetation in response to periods associated with Heinrich events
(Tables 4 and 5). HS 1 is recorded in nearly all African records, but
the nature of the vegetation response varies from site to site. The
period including HS 2 is only covered by five of these records; in the
case of the Lake Malawi record the time resolution is marginal.
Pollen records that cover the time periods of HS 3 and 4 are
available from just two East African records (Lake Masoko and Lake
Malawi). Only the Kashiru swamp pollen record (Burundi) reaches
back to 50 ka, and thus covers the period of HS 5. However, despite
several of the records having sufficient temporal resolution during
the end of MIS 3 and the first part of MIS 2, there is no indication of
vegetation changes corresponding to D-O cycles in any of the
African pollen records.

The evidence of D-O variability in other palaesoenvironmental
records from tropical Africa is equivocal. Mulitza et al. (2008), for
example, found no traces of D-O variability (although they do see
prominent HS variability) in grain size records from a marine core
off the mouth of the Senegal River. On the other hand, elemental Zr/
Ti- and Si/Ti records from Lake Malawi, which reflect changing
aeolian inputs and hence aridity, show changes related to both D-O
cycles and HS (Brown et al., 2007). We suggest that the absence of
D-0 variability is a real phenomenon in north-western Africa, and
that only the most marked climate changes corresponding to the
HS were registered in the vegetation of tropical Africa.

Although there is no indication of vegetation changes in
response to D-O warming events, there are changes related to HS. In
general, the HS are marked by an increase in arboreal taxa, perhaps
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reflecting an increase in moisture availability. However, where
multiple Heinrich events are registered at a site, the vegetation
changes are not identical (Figs. 3 and 4). In general, in all the
tropical African sites, the vegetation changes during HS are much
less-pronounced than those registered in extra-tropical regions of
the northern hemisphere (see e.g. Europe: Fletcher et al., this issue).

The absence of vegetation changes corresponding to HS 1 in the
marine record off Ivory Coast is surprising because other palae-
oclimatic indicators do show marked changes during this interval.
The nearby marine record off the Senegal River mouth, for example,
shows decreased river flow and increased aeolian dust during HS
1-5 (Mulitza et al., 2008). The magnetic grain size record of Lake
Bosumtwi in Ghana also shows strong increases during HS 1, HS 2
and the YD (Peck et al., 2004). Peck et al. (2004) interpreted this as
aresult of increased aeolian dust input and increased erosion due to
reduction in vegetation cover.

There is clearly a need for more records from tropical Africa,
particularly from the northern equatorial tropics where there is no
high-resolution pollen record at all. Furthermore, our interpreta-
tion of the existing records is limited by the rather low sample
resolution of most cores and by our focus on vegetation changes at
the mega-biome level in order to facilitate comparisons between
sites and between regions. Despite these caveats, the existing
records do show a vegetation response to HS variability and suggest
that the response to rapid climate changes is not as strong in Africa
as in other regions. The observed changes are consistent with the
hypothesis that tropical climate changes are associated with a shift
in the migration pattern of the ITCZ during HS due to reduction in
the strength of the AMOC. The fact that the response is not as strong
as that observed in extra-tropical regions is consistent with the idea
of an attenuation of the North Atlantic climate signal into the
tropical regions (e.g. Rahmstorf, 2002; Broecker, 2003). The fact
that the magnitude of the response at a given site is not identical
during each HS is unsurprising; the annual pattern of the ITCZ and
the related Congolian Air Boundary is highly complicated over the
African continent and it is unlikely that the behaviour of this system
was consistent during different HS. The observed vegetation
changes in tropical Africa are not consistent with the hypothesis
that the circum-Atlantic tropics themselves play a key role in
generating rapid climate changes. Although we have suggested
a plausible climatic interpretation of the observed vegetation
changes, there are a number of other influences including the
effects of elevation, atmospheric CO,, evaporation which are still
poorly investigated and understood (e.g. Gasse et al., 2008).

4.2. Tropical South America

There are eight sites from South America with sufficiently high-
resolution to record millennial-scale variability (Tables 4 and 5).
The records from the northern (Cariaco Basin) and southern (Lagoa
de Cag6, GeoB 3910) present-day limits of the ITCZ show that
vegetation responds to both HS and to D-O variability. In the
northern sites, lowland forests characterise GI while the vegetation
becomes more open during GS. The opposite signal is found at the
southern limit: vegetation cover increases during GS and becomes
more open during GI. The records from Lake Ca¢o and GeoB 3910
even mimic the two phase internal structure of HS 1 (Ledru et al.,
2001; Jennerjahn et al., 2004; Dupont et al., 2009). The opposition
of vegetation changes at the northern and southern limits of the
ITCZ support the hypothesis of a southward shift in the migration
pattern of the ITCZ during HS (Martin et al., 1997; Peterson et al.,
2000).

Records for southeast Brazil and western South America (Col6-
nia, Lake Siberia, La Laguna, Lake Fiquene) do not seem to register
rapid climate changes associated with D-O variability in
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Table 5

Summary of inferred climate changes through D-O cycles at individual high-resolution sites from Africa and South America.

D-0 cycle Kashiru swamp Lake Masoko

Colonia

GeoB 3104 Cariaco Basin Faquene

D-O1 GS (YD) cool,
GI moderately wet
D-O warming

D-0 2 GS(HS 1) cool and
GI moderately dry,
D-0 warming effects of low

CO,
D-0 3 GS (HS 2) wet

moderately
wet, short dry
seasons
moderately wet

Gl
D-O warming
D-0 4 GS cool and
GI moderately dry,
D-O warming effects of low

D-05 GS (HS 3) co2 dry

GI
D-O warming
D-06 GS
Gl moderately dry
D-0 warming and cool
D-07 GS
GI
D-O warming
D-08 GS

D-O warming
GS (HS 4) cool and
GI increasingly
D-O warming drier, and/or
D-0 10 GS effects of low
GI co2
D-O warming

D-09

D-0 11 GS wet

Gl moderately wet
D-O warming
D-0 12 GS

GI no data
D-O warming
GS (HS 5) cool,
GI moderately wet
D-O warming
D-0 14 GS
GI
D-O warming
GS (HS 5a)
GI
D-O warming
D-0 16 GS

GI

D-O warming
D-0 17 GS
GI
D-O warming
GS (HS 6)
GI
D-O warming
D-0 19 GS

GI

D-O warming

D-0 13

no data

D-0 15

D-0 18

dry, wetter at
19 and 12 ka

cool and dry wet

moderately wet
GI wet dry

moderately dry no data

moderately wet

moderately cool
moderately cold, dry

cold, dry
moderately dry cold

moderately
wet?
moderately dry

moderately cold

moderately wet
moderately dry

dry, cool
very dry

warm
wet

wet, cool cold, dry
wet cool, dry

moderately wet
moderately dry

dry, cool
very wet

moderately cold, dry
cold, dry
wet cool, dry
moderately cool

wet?
moderately dry wet

moderately cold, dry

moderately wet dry
moderately dry wet

Cold, dry

no data moderately dry moderately cool

warm, wet

very warm, wet
wet

moderately dry

dry, cool
wet

cool, wet
warm, wet

no data

a consistent way. Changes in forest cover at Colonia are related to
precessional variation rather than rapid climate change. Vegetation
changes at the three high altitude sites (Lake Fquene, La Laguna,
and Lake Siberia) primarily reflect changes in temperature. At Lake
Siberia, there are reductions in forest cover during HS, and traces of
D-O variability in the abundance of trees from moist open forests
between HS 4 and HS 3. D-O variability is reflected in the Lake
Faquene record by altitudinal shifts in the lower temperate-
montane forest, which extends upslope during GI. Similarly, the La
Laguna record indicates an upward shift in the Andean forest limit

resulting from increased temperatures following HS 2 and HS 1
which might also reflect traces of D-O variability.

5. Perspectives

This paper attempts to review and synthesise vegetation records
from tropical Africa and South America covering the last glacial and
to explore the response of the tropical vegetation to climate
changes during a period characterised by millennial-scale climate
variability and rapid warming events. Records from both continents
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show vegetation response to HS; the response to D-O variability is
more muted in tropical South America and absent from records
from Africa. The records from northern South America show
opposite responses in the northern and southern hemispheres,
which support the hypothesis of a southward shift in the position of
the ITCZ during HS. However, there are insufficient vegetation
records from northern Africa to determine whether this pattern is
mirrored on that continent.

There is a clear need for more, and higher-resolution, records
from both regions. There is also an urgent need for improved
dating of key records. The creation of age models independent of
orbital-tuning techniques is required in order to be able to study
leads and lags in the climate system. We have not included some
key records from the Colombian Andes (e.g. Funza-1, Funza-2 and
Faquene-9C) because the existing age models are currently being
reviewed.

It may not be possible to obtain high-quality records from
terrestrial sites for some regions, either because of the lack of
suitable basins or because recent climate conditions have pre-
vented organic accumulation. An obvious example of this is the
northern African tropics. An alternative is to make more use of
pollen records from offshore marine cores. Not all such cores will
provide a sufficiently high-resolution record to document rapid
climate changes during the last glacial, but there are regions where
this has proved possible and we have shown that such records can
provide useful insights into the nature of the vegetation response to
rapid climate changes. Marine records can be difficult to interpret
because they record pollen coming from a very large source area,
which may therefore include several different biomes (Dupont and
Wyputta, 2003). Nevertheless, and again as we have shown here, it
is possible to use such records to document latitudinal shifts in key
biomes.

For comparison purposes, we have expressed the high-resolu-
tion pollen records from the African and South American tropics in
terms of changes in major vegetation types (or mega-biomes)
drawing on pre-existing schemes for converting pollen taxa to PFTs
and PFTs to mega-biomes. However, the pre-existing schemes for
Africa and South America are not mutually compatible, and our
classification is to a large extent subjective. The data set of high-
resolution pollen records produced through this synthesis exercise,
in conjunction with the records from other regions (Fletcher et al.,
this issue; Jiménez-Moreno et al., this issue; Kershaw et al., in this
volume; Takahara et al., this issue), will allow standard biomisation
methods (see Prentice et al., 2000) to be applied in a globally
consistent way to reconstruct global vegetation changes through
the last glacial.

Acknowledgements

The authors are thankful to Sandy Harrison for many valuable
discussions and suggestions. We also would like to thank our
reviewers for their constructive comments and helpful suggestions
that helped improve the manuscript. The African Pollen Database
http://fpd.mediasfrance.org/bibli.do and the pollen database of the
World Data Center for Paleoclimatology http://www.ncdc.noaa.
gov/paleo have been most helpful in making the compilations.
We are grateful to George H. DeBusk as well, who made available
his Lake Malawi dataset via the African Database. This paper was
conceived and developed at a series of workshops sponsored by the
UK QUEST (Quantifying Uncertainty in the Earth System) pro-
gramme of NERC in support of the QUEST project DESIRE
(Dynamics of the Earth System and the Ice-core REcord) and are
a contribution to the ongoing work of the QUEST Working Group on
Abrupt Climate Change. We are grateful to QUEST for their long-
term support of the Working Group on Abrupt Climate Change.

Financial support during the final production of this paper was
given through DFG-Research Center/Cluster of Excellence “The
Ocean in the Earth System” and DFG.

References

Agwu, C.O.C,, Beug, H.-J., 1982. Palynological studies of marine sediments off the
West  African coast. Meteor Forschungsergebnisse, Deutsche For-
schungsgemeinschaft, Reihe C Geologie und Geophysik C36, 1-30. Gebriider
Borntrager, Berlin, Stuttgart.

Alley, R.B., 1998. Icing the North Atlantic. Nature 392, 335-337.

Bard, E., Arnold, M., Mangerud, ., Paterne, M., Labeyrie, L., Duprat, J., Méliéres, M.-A.,
Senstegaard, E., Duplessy, J.-C., 1994. The North Atlantic atmosphere-sea
surface '“C gradient during the Younger Dryas climatic event. Earth and Plan-
etary Science Letters 126, 275-287.

Behling, H., 1997. Late Quaternary vegetation, climate and fire history from the
tropical mountain region of Morro de Itapeva, SE Brazil. Palaeogeography,
Palaeoclimatology, Palaeoecology 129, 407-422.

Behling, H., Arz, HW.,, Pdtzold, J., Wefer, G., 2000. Late Quaternary vegetational and
climate dynamics in northeastern Brazil, inferences from marine core GeoB
3104-1. Quaternary Science Reviews 19, 981-994.

Behling, H., Arz, HW., Pitzold, J., Wefer, G., 2002. Late Quaternary vegetational and
climate dynamics in southeastern Brazil, inferences from marine cores GeoB
3229-2 and GeoB 3202-1. Palaeogeography, Palaeoclimatology, Palaeoecology
179, 227-243.

BIOME4: http://pmip2.1sce.ipsl.fr/synth/biome4.shtml.

Bogota-Angel, R.G., Groot, M.H.M., Hooghiemstra, H., Berrio, J.-C. Late Pleistocene
sediment infill of the Fiquene Basin (Colombian Andes) from 4 pollen records
and global significance of the centennial-resolution climate change. Journal of
Quaternary Science, in review.

Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi, P., deMenocal, P., Priore, P.,
Cullen, H., Hajdas, L., Bonani, G., 1997. A pervasive millennial-scale cycle in North
Atlantic Holocene and glacial climates. Science 278, 1257-1266.

Bonnefille, R.,, Chalié, F., 2000. Pollen-inferred precipitation time-series from
equatorial mountains, Africa, the last 40 kyr BP. Global and Planetary Change
26, 25-50.

Bonnefille, R., Riollet, G., 1988. The Kashiru pollen sequence (Burundi). Palae-
oclimatic implications for the last 40,000 yr. B.P. in tropical Africa. Quaternary
Research 30, 19-35.

Bonnefille, R., Chalié, F, Guiot, ]., Vincens, A., 1992. Quantitative estimates of full
glacial temperatures in equatorial Africa from palynological data. Climate
Dynamics 6, 251-257.

Broecker, W.S., 2003. Does the trigger for abrupt climate change reside in the ocean
or in the atmosphere? Science 300, 1519-1522. doi:10.1126/science.1083797.

Broecker, W.S., Bond, G.C,, Klas, M., Clark, E., McManus, ].F,, 1992. Origin of the
northern Atlantic’s Heinrich events. Climate Dynamics 6, 265-273.

Brown, E.T,, Johnson, T.C., Scholz, C.A., Cohen, A.S., King, ].W., 2007. Abrupt change in
tropical African climate linked to the bipolar seesaw over the past 55,000 years.
Geophysical Research Letters 34, 1-5.

Burbridge, R.E., Mayle, EE., Killeen, TJ., 2004. Fifty-thousand-year vegetation and
climate history of Noel Kempff Mercado National Park, Bolivian Amazon.
Quaternary Research 61, 215-230.

Bush, M.B., Silman, M.R,, Urrego, D.H., 2004. 48,000 years of climate and forest
change in a biodiversity hot spot. Science 303, 827-829.

Bush, M.B., Correa-Metrio, A., Hodell, D.A., Brenner, M., Ariztegui, D., Anselmetti, D.,
Gilli, A., Burton, C., Muller, A.D., 2009. The Last Glacial Maximum: Central
America. In: Vimeux, F, Sylvestre, F., Khodri, M (Eds.), Past Climate Variability in
South America and Surrounding Regions. Springer, Paris.

Cane, M., Clement, A.C., 1999. Mechanisms of global climate change at millennial
time scales. In: Clark, P.U., Webb, R.S., Keigwin, L.D. (Eds.), Geophysical Mono-
graph, vol. 112. American Geophysical Union, Washington, DC, pp. 373-383.

Clark, P.U., Hostetler, S.W., Pisias, N.G., Schmittner, A., Meissner, K., 2007. Mecha-
nisms for an ~7-kyr climate and sea-level oscillation during Marine Isotope
Stage 3. In: Schmittner, A., Chiang, ].C.H., Hemming, S.R. (Eds.), Ocean Circula-
tion: Mechanisms and Impacts. American Geophysical Union, vol. 173, pp. 209-
246.

Cohen, A.S., Stone, J.R., Beuning, KRM., Park, LE., Reinthal, PN., Dettman, D.,
Scholz, C.A., Johnson, T.C., King, ].W., Talbot, M.R,, Brown, E.T,, Ivory, SJ., 2007.
Ecological consequences of early Late Pleistocene megadroughts in tropical
Africa. Proceedings of the National Academy of Sciences 104 (42), 16422-16427.

Colinvaux, P.A., De Oliveira, P.E., Moreno, J.E., Miller, M.C., Bush, M.B., 1996. A long
pollen record from lowland Amazonia: forest and cooling in glacial times.
Science 274, 85-88.

Crowley, TJ., 1992. North Atlantic deep water cools the Southern hemisphere.
Paleoceanography 7 (4), 489-497.

DeBusk, G.H., 1998. A 37,500-year pollen record from Lake Malawi and implications
for the biogeography of afromontane forests. Journal of Biogeography 25, 479-
500.

Dupont, LM., Agwu, C.0.C,, 1992. Latitudinal shifts of forest and savanna in N.W.
Africa during the Brunhes chron: further marine palynological results from site
M 16415 (9°N 19°W). Vegetation History and Archaeobotany 1 (3), 163-175.



2898 I. Hessler et al. / Quaternary Science Reviews 29 (2010) 2882-2899

Dupont, L., Behling, H., 2006. Land-sea linkages during deglaciation: high-resolu-
tion records from the eastern Atlantic off the coast of Namibia and Angola.
Quaternary International 148, 19-28.

Dupont, L., Weinelt, M., 1996. Vegetation history of the savanna corridor between
the Guinean and the Congolian rain forest during the last 150,000 years.
Vegetation History and Archaeobotany 5, 273-292.

Dupont, L., Wyputta, U., 2003. Reconstructing pathways of aeolian pollen transport
to the marine sediments along the coastline of SW Africa. Quaternary Science
Reviews 22, 157-174.

Dupont, L., Beug, H.-],, Stalling, H., Tiedemann, R., 1989. First palynological results
from site 658 at 21°N off Northwest Africa: pollen as climate indicators. In:
Ruddiman, W., Sarnthein, M., et al. (Eds.), Proceedings of the Ocean Drilling
Program, Scientific Results, vol. 108, pp. 93-111.

Dupont, L., Marret, F, Winn, K., 1998. Land-sea correlation by means of terrestrial
and marine palynomorphs from the equatorial East Atlantic: phasing of SE
trade winds and the oceanic productivity. Palaeogeography, Palaeoclimatology,
Palaeoecology 142, 51-84.

Dupont, LM.,, Behling, H., Kim, J.-H., 2008. Thirty thousand years of vegetation
development and climate change in Angola (Ocean Drilling Program Site 1078).
Climate of the Past 4, 111-147.

Dupont, L.M,, Schliitz, F., Teboh Ewah, C., Jennerjahn, T.C., Paul, A., Behling, H., 2009.
Two-step vegetation response to enhanced precipitation in Northeast Brazil
during Heinrich Event 1. Global Change Biology online.

Elenga, H., Schwartz, D., Vincens, A., 1994. Pollen evidence of late Quaternary
vegetation and inferred climate changes in Congo. Palaeogeography, Palae-
oclimatology, Palaeoecology 109, 345-356.

EPICA Community Members, 2006. One-to-one coupling of glacial climate vari-
ability in Greenland and Antarctica. Nature 444, 195-198.

Fairbanks, R.G., Mortlock, R.A., Chiu, T.-C,, Cao, L., Kaplan, A., Guilderson, T.P,
Fairbanks, T.W., Bloom, A.L., 2005. Marine radiocarbon calibration curve span-
ning 10,000 to 50,000 Years B.P. based on paired 2*°Th/?*4U/?38U and '*C dates
on pristine corals. Quaternary Science Reviews 24, 1781-1796.

Fischer, G., Arz, H., Baschak, B., Bassek, D., Costa, E., Dierssen, H., Deeken, A., Die-
kamp, V., Eichner, C.,, Engeglbrecht, L., Elmeking, K., Figueiredo, A., Flechsenhaar,
K., Frederrichs, T, Freesemalln, A., Gartemicht, U., v. Herz, M., Hiibscher, C,,
Krawath, B., Kasten, S., Kinkel, H., Kolling, M., Miesner, L., Ratmeyer, V., Schliinz,
B., Scheider, R., Schmieder, F.,, Ruhland, G., Zabel, M., 1996. Report and prelim-
inary results of Meteor-Cruise M 34/4, Recife-Bridgetown, Berichte, Fachbereich
Geowissenschaften, Universitdt Bremen, 80, pp.105.

Fletcher, W., Sanchez Goiii, M.E, Allen, ].R.M., Cheddadi, R., Combourieu Nebout, N.,
Huntley, B., Lawson, 1., Londeix, L., Magri, D., Margari, V., Miiller, U., Naughton,
F., Novenko, E., Roucoux, K., Tzedakis, C. Millennial-scale variability during the
last glacial in vegetation records from Europe. Quaternary Science Reviews, this
issue, doi:10.1016/j.quascirev.2009.11.015.

Fliickiger, ]., Knutti, R., White, J.W.C., 2006. Oceanic processes as potential trigger
and amplifying mechanisms for Heinrich events. Paleoceanography 21
(PA2014), 11.

Franke, J., Paul, A., Schulz, M., 2008. Modeling variations of marine reservoir ages
during the last 45000 years. Climate of the Past 4, 125-136.

Fredoux, A., Tastet, ].-P., 1993. Analyse pollinique d’'une carotte marine au large de la
Cote d'Ivoire. Variations de la végétation et du climat depuis 225 000 ans BP.
Palynosciences 2, 173-188.

Gan, M.A,, Kousky, V.E., Ropelewski, C.F., 2004. The South American monsoon
circulation and its relationship to rainfall over West-Central Brazil. Journal of
Climate 17, 47-66.

Gasse, F, Chalié, F.,, Vincens, A., Williams, M.AJ., Williamson, D., 2008. Climatic
pattern in equatorial and southern Africa from 30,000 to 10,000 years ago
reconstructed from terrestrial and near-shore proxy data. Quaternary Science
Reviews 27, 2316-2340.

Gonzalez, C., Dupont, L.M., Behling, H., Wefer, G., 2008. Neotropical vegetation
response to rapid climate changes during the last glacial period: palynological
evidence from the Cariaco Basin. Quaternary Research 69, 217-230.

Gonzalez, C., Dupont, L.M., 2009. Tropical salt marsh succession as sea-level indi-
cator during Heinrich events. Quaternary Science Reviews 28, 939-946.

Haberle, S., Maslin, M.A., 1999. Late Quaternary vegetation and climate change in
the Amazon Basin based on a 50,000 year pollen record from Amazon Fan, ODP
Site 932. Quaternary Research 51, 27-38.

Hall, LR,, Moran, S.B., Zahn, R., Knutz, P.C,, Shen, C.C., Edwards, R.L., 2006. Acceler-
ated drawdown of meridional overturning in the late-glacial Atlantic triggered
by transient pre-H event freshwater perturbations. Geophysical Research
Letters 33 (L16616), 5.

Hansen, B.C.S., Wright Jr., H.E., Bradbury, ].P,, 1984. Pollen studies in the Junin area,
central Peruvian Andes. The Geological Society of America Bulletin 95, 1454-
1465.

Harrison, S.P., Prentice, C.I., 2003. Climate and CO, controls on global vegetation
distribution at the last glacial maximum: analysis based on palaeovegetation
data, biome modelling and palaeoclimate simulations. Global Change Biology 9,
983-1004.

Heinrich, H., 1988. Origin and consequences of cyclic ice rafting in the northeast
Atlantic Ocean during the past 130,000 years. Quaternary Research 29, 142-152.

Hooghiemstra, H., 1988. Changes of major wind belts and vegetation zones in NW
Africa 20,000-5000 yr B.P., as deduced from a marine pollen record near Cap
Blanc. Review of Palaeobotany and Palynology 55 (1-3), 101-140.

Hughen, KA., Baillie, M.G.L,, Bard, E., Beck, JW., Bertrand, CJ.H., Blackwell, P.G.,
Buck, C.E., Burr, G.S., Cutler, KB., Damon, P.E., Edwards, R.L.,, Fairbanks, R.G.,

Friedrich, M., Guilderson, T.P., Kromer, B., McCormac, G., Manning, S., Bronk
Ramsey, C., Reimer, PJ., Reimer, RW., Remmele, S., Southon, J.R,, Stuiver, M.,
Talamo, S., Taylor, EW.,, van der Plicht, J., Weyhenmeyer, C.E., 2004. MARINEO4
marine radiocarbon age calibration, 0-26 cal kyr BP. Radiocarbon 46 (3), 1059-
1086.

Hughen, K., Southon, ]., Lehman, S., Bertrand, C., Turnbull, J., 2006. Marine-derived
14 calibration and activity record for the past 50,000 years updated from the
Cariaco Basin. Quaternary Science Reviews 25, 3216-3227.

Helmens, K.F, Kuhry, P, Rutter, N.W., van der Borg, K, De Jong, A.FM., 1996.
Warming at 18,000 yr B.P. in the tropical Andes. Quaternary Research 45, 289-
299.

Ivanochko, T.S. Ganeshram, R.S. Brummer, G.-J.A., Ganssen, G., Jung, SJ.A.,
Moreton, S.G., Kroon, D., 2005. Variations in tropical convection as an amplifier
of global climate change at the millennial scale. Earth and Planetary Science
Letters 235, 302-314.

Jahns, S., 1996. Vegetation history and climatic changes in West Equatorial Africa
during the Late Pleistocene and the Holocene based on a marine pollen
diagram from the Congo fan. Vegetation History and Archaeobotany 5, 207-
213.

Jahns, S., Huls, M., Sarnthein, M., 1998. Vegetation and climate history of west
equatorial Africa based on a marine pollen record off Liberia (site GIK 16776)
covering the last 400,000 years. Review of Palaeobotany and Palynology 102,
277-288.

Jennerjahn, T.C, Ittekot, V., Arz, HW., Behling, H., Pitzold, J., Wefer, G., 2004.
Asynchronous terrestrial and marine signals of climate change during Heinrich
Events. Science 306, 2236-2239.

Jiménez-Moreno, G., Anderson, R.S., Desprat, S., Grigg, L.D., Grimm, E.C. Heusser,
L.E., Jacobs, B.F,, Lopez-Martinez, C., Whitlock C.L., Willard, D.A. Millenial-scale
variability during the last glacial in vegetation records from North America.
Quaternary Science Reviews, this issue, doi:10.1016/j.quascirev.2008.04.004.

Jolly, D., Haxeltine, A., 1997. Effect of low glacial atmospheric CO, on tropical African
montane vegetation. Science 276, 786-788.

Jolly, D., Prentice, 1.C., Bonnefille, R., Ballouche, A., Bengo, M., Brenac, P., Buchet, G.,
Burney, D., Cazet, J.-P., Cheddadi, R., Edorh, T., Elenga, H., Elmoutaki, S., Guiot, J.,
Laarif, F,, Lamb, H., Lézine, A.-M., Maley, ], Mbenza, M., Peyron, O., Reille, M.,
Reynaud-Farrera, I, Riollet, G., Ritchi, J.C., Roche, E., Scott, L., Ssemmanda, I.,
Straka, H., Umer, M., Van Campo, E., 1998. Biome reconstruction from pollen and
plant macrofossil data for Africa and the Arabian Peninsula at 0 and 6000 years.
Journal of Biogeography 25, 1007-1027.

Kaplan, J.O., Bigelow, N.H., Prentice, I.C., Harrison, S.P., Bartlein, PJ., Christensen, T.R,,
Cramer, W., Matveyeva, N.V., McGuire, A.D., Murray, D.F, Razzhivin, V.Y,
Smith, B., Walker, D.A., Anderson, PM. Andreev, A.A. Brubaker, LB,
Edwards, M.E., Lozhkin, A.V., 2003. Climate change and arctic ecosystems II:
modeling, paleodata-model comparisons, and future projections. Journal of
Geophysical Research 108 (D19), 8171. doi:10.1029/2002JD002559.

Lebamba, J., Ngomanda, A., Vincens, A., Jolly, D., Favier, C., Elenga, H., Bentaleb, I.,
2009. A reconstruction of Atlantic Central African biomes and forest succession
stages derived from modern pollen data and plant functional types. Climate of
the Past 5, 403-429.

Ledru, M.P,, Soares Braga, P.., Soubiés, F, Fournier, M., Martin, L., Suguio, K,
Turcq, B., 1996. The last 50,000 years in the Neotropics (Southern Brazil):
evolution of vegetation and climate. Palaeogeography, Palaeoclimatology,
Palaeoecology 123, 239-257.

Ledru, M.-P., Campello, R.C., Landim-Dominguez, ].M., Martin, L., Mourguiart, P.,
Sifeddine, A., Turcq, B., 2001. Late-Glacial cooling in Amazonia inferred from
pollen at Lagoa do Cagd, Northern Brazil. Quaternary Research 55, 47-56.

Ledru, M.-P,, Ceccantini, G., Gouveia, S.E.M., Lopez-Saez, J.A., Pessenda, L.CR.
Ribeiro, A.S., 2006. Millenial-scale climatic and vegetation changes in
a northern Cerrado (Northeast, Brazil) since the Last Glacial Maximum.
Quaternary Science Reviews 25, 1110-1126.

Ledru, M.-P., Mourguiart, P,, Riccomini, C., 2009. Related changes in biodiversity,
insolation and climate in the Atlantic rainforest since the last interglacial.
Palaeogeography, Palaeoclimatology, Palaeoecology 271, 140-152.

Lenters, J.D., Cook, K.H., 1999. Summertime precipitation variability over South
America: role of the Large-Scale circulation. Monthly Weather Review 127, 409-
431.

Leroux, M., 1983. Le climat de L'Afrique tropicale (Texte et atlas). Champion, Paris,
France.

Lézine, A.-M., 1991. West African paleoclimates during the last climatic cycle
inferred from an Atlantic deep-sea pollen record. Quaternary Research 35, 456-
463.

Lézine, A.-M., Cazet, ].-P,, 2005. High-resolution pollen record from core KW31, Gulf
of Guinea, documents the history of the lowland forests of West Equatorial
Africa since 40,000 yr ago. Quaternary Research 64, 432-443.

Lézine, A.M., Denéfle, M., 1997. Enhanced anticyclonic circulation in the eastern
North Atlantic during cold intervals of the last deglaciation inferred from deep-
sea pollen records. Geology 25, 119-122.

Lézine, A.M., Vergnaud-Grazzini, C., 1993. Evidence of forest extension in West
Africa since 22,000 BP: a pollen record from the Eastern Tropical Atlantic.
Quaternary Science Reviews 12, 203-210.

Lézine, A.M.,, Tastet, ].P., Leroux, M., 1994. Evidence of atmospheric paleocirculation
over the Gulf of Guinea since the Last Glacial Maximum. Quaternary Research
41, 390-395.

Lézine, A.-M., Duplessy, ].-C., Cazet, ].P., 2005. West African monsoon variability
during the last deglaciation and the Holocene: evidence from fresh water algae,



I Hessler et al. / Quaternary Science Reviews 29 (2010) 2882-2899 2899

pollen and isotope data from core KW31, Gulf of Guinea. Palaeogeography,
Palaeoclimatology, Palaeoecology 219, 225-237.

Leyden, B.W., Brenner, M., Hodell, D.A., Curtis, J.H., 1994. Orbital and internal forcing
of climate on the Yucatan Peninsula for the past ca. 36 ka. Palaeogeography,
Palaeoclimatology, Palaeoecology 109, 193-210.

Lisiecky, L.E., Raymo, M.E., 2005. A Pliocene-Pleistocene stack of 57 globally
distributed benthic 0 records. Paleoceanography 20, PA1003.

Maley, J., 1991. The African rain forest vegetation and paleoenvironments during
Late Quaternary. Climatic Change 19, 79-98.

Maley, J., Brenac, P.,, 1998. Vegetation dynamics, palaeoenvironments and climatic
changes in the forests of western Cameroon during the last 28,000 years BP.
Review of Palaeobotany and Palynology 99, 157-187.

Marchant, R., Taylor, D., Hamilton, A., 1997. Late Pleistocene and Holocene History at
Mubwindi Swamp, Soutwest Uganda. Quaternary Research 47, 316-328.

Marchant, R., Harrison, S.P,, Hooghiemstra, H., Markgraf, V., van Boxel, ].H., Ager, T.,
Almeida, L., Anderson, R., Baied, C., Behling, H., Berrio, ]J.C., Burbridge, R.,
Bjorck, S., Byrne, R., Bush, M.B., Cleef, A.M., Duivenvoorden, J.F, Flenley, ].R., De
Oliveira, P, van Geel, B., Graf, K., Gosling, W.D., Harbele, S., van der Hammen, T.,
Hansen, B.C.S., Horn, S.P, Islebe, G.A., Kuhry, P, Ledru, M.-P,, Mayle, FE.,
Leyden, B.W., Lozano-Garcia, S., Melief, A.B.M., Moreno, P., Moar, N.T., Prieto, A.,
van Reenen, G.B., Salgado-Labouriau, M.L., Schdbitz, F., Schreve-Brinkman, E.J.,
Wille, M., 2009. Pollen-based biome reconstructions for Latin America at 0,
6000 and 18000 years. Climate of the Past Discussions 5, 369-461.

Marret, F., 1994. Evolution paléoclimatique et paléohydrologique de I'Atlantique
est-equatoriale et du proche continent au quaternaire terminal. Contribution
palynologique (Kystes des dinoflagellés, pollen et spores). Thése Université
Bordeaux I, pp. 271.

Marret, F., Scourse, ]J., Versteegh, G., Jansen, J.H.F,, Schneider, R., 2001. Integrated
marine and terrestrial evidence for abrupt Congo River palaeodischarge fluctu-
ations during the last deglaciation. Journal of Quaternary Science 16 (8), 761-766.

Martin, L., Bertaux, J., Correge, T, Ledru, M.-P., Mourguiart, P, Sifeddine, A,
Soubies, F., Wirrmann, D., Suguio, K., Turcq, B., 1997. Astronomical forcing of
contrasting rainfall changes in tropical South America between 12,400 and
8800 cal yr BP. Quaternary Research 47, 117-122.

Mayle, EE., Burbridge, R., Killeen, TJ., 2000. Millennial-scale dynamics of southern
Amazonian rain forest. Science 290, 2291-2294.

Mayle, EE., Langstroth, R.P, Fisher, R.A., Meir, P,, 2007. Long-term forest-savannah
dynamics in the Bolivian Amazon: implications for conservation. Philosophical
Transactions of the Royal Society B 362, 291-307.

McManus, J.F., Francois, R., Gherardi, ].M., Keigwin, L.D., Brown-Leger, S., 2004.
Collapse and rapid resumption of Atlantic meridional circulation linked to
deglacial climate changes. Nature 428, 834-837. doi:10.1038/nature02494.

Mommersteeg, H.J.P.M., 1998. Vegetation development and cyclic and abrupt
climate change during the late Quaternary. PhD thesis, University of Amster-
dam, 191 pp.

Mommersteeg, H.J.P.M., Hooghiemstra, H. Millennium scale climate variability and
vegetation development in the tropical Andes from 85ka pollen record
Faquene-7C (Colombia). Journal of Quaternary Science, in review.

Morrison, M.E.S., 1968. Vegetation and climate in the uplands of South-Western
Uganda during the later Pleistocene period: Muchoya Swamp, Kigezi District.
Journal of Ecology 56, 363-384.

Mourguiart, P., Ledru, M.-P., 2003. Last Glacial Maximum in an Andean cloud forest
(eastern Cordillera, Bolivia). Geology 31, 195-198.

Mulitza, S., Prange, M., Stuut, ].-B.W., Zabel, M., von Dobeneck, T., Itambi, A.C.,
Nizou, J., Schulz, M., Wefer, G., 2008. Sahel megadroughts triggered by glacial
slowdowns of Atlantic meridional overturning. Palaeoceanography 23, 1-11.

Mumbi, C.T.,, Marchant, R., Hooghiemstra, H., Wooller, M J., 2008. Late Quaternary
vegetation reconstruction from the Eastern Arc Mountains, Tanzania. Quater-
nary Research 69, 326-341.

Nicholson, S.E., 2000. The nature of rainfall variability over Africa on time scales of
decades to millennia. Global Planetary Change 26, 137-158.

Paduano, G.M., Bush, M.B., Baker, P.A,, Fritz, S.C., Seltzer, G.0., 2003. A vegetation
and fire history of Lake Titicaca since the Last Glacial Maximum. Palae-
ogeography, Palaeoclimatology, Palaeoecology 194, 259-279.

Peck, J.A., Green, R.R., Shanahan, T., King, J.W., Overpeck, ].T,, Scholz, C.A., 2004. A
magnetic mineral record of Late Quaternary tropical climate variability from
Lake Bosumtwi, Ghana. Palaeogeography, Palaeoclimatology, Palaeoecology
215, 37-57.

Peterson, L.C., Haug, G.H., Hughen, KA., R6hl, U, 2000. Rapid changes in the
hydrologic cycle of the tropical Atlantic during the Last Glacial. Science 290,
1947-1951.

Peyron, O., Jolly, D., Braconnot, P., Bonnefille, R., Guiot, J., Wirrmann, D., Chalié, F,
2006. Quantitative reconstructions of annual rainfall in Africa 6000 years ago:
model-data comparison. Journal of Geophysical Research 111 (D24110), 1-9.

Prentice, 1.C., Heimann, M., Sitch, S., 2000. The carbon balance of the terrestrial
biosphere: ecosystem models and atmospheric observations. Ecological Appli-
cations 10, 1553-1573.

Rahmstorf, S., 2002. Ocean circulation and climate during the past 120,000 years.
Nature 419, 207-214.

Ruddiman, W.F, 2001. Earth’s Climate: Past and Future. W.H. Freeman and
Company, New York, 464 pp.

Rithlemann, C., Mulitza, S., Miiller, PJ., Wefer, G., Zahn, R., 1999. Warming of the
tropical Atlantic Ocean and slowdown of thermohaline circulation during the
last deglaciation. Nature 402, 511-514.

Sanchez Goili, M.E, Harrison, S.P. Millennial-scale climate variability and vegetation
changes during the last glacial: concepts and terminology. Quaternary Science
Reviews, this issue, doi:10.1016/j.quascirev.2009.11.014.

Sarnthein, M., Winn, K., Jung, SJ.A., Duplessy, ].C,, Labeyrie, L., Erlenkeuser, H.,
Ganssen, G., 1994. Changes in East Atlantic deep water circulation over the last
30,000 years: an eight time-slice record. Paleoceanography 9, 209-267.

Sarnthein, M., Stattegger, K., Erlenkeuser, H., Grootes, P, Haupt, BJ., Jung, S.,
Kiefer, T., Kuhnt, W,, Pflaumann, U., Schafer-Neth, C.,, Schulz, H., Schulz, M.,
Seidov, D., Simstich, J., van Kreveld, S., Vogelsang, E., Vélker, A., Weinelt, M.,
2001. Fundamental modes and abrupt changes in North Atlantic circulation and
climate over the last 60ky — concepts, reconstruction and numerical modeling.
In: Schdfer, P, Ritzrau, W., Schliiter, M., Thiede, ]. (Eds.), The Northern North
Atlantic: A Changing Environment. Springer, Berlin, pp. 365-410.

Schmittner, A., Appenzeller, C., Stocker, T.F, 2000. Enhanced Atlantic freshwater
export during El Nifio. Geophysical Research Letters 27, 1163-1166.

Shaffer, G., Olsen, S.M., Bjerrum, C.J., 2004. Ocean subsurface warming as a mech-
anism for coupling Dansgaard-Oeschger climate cycles and ice-rafting events.
Geophysical Research Letters 31, 1-4.

Shi, N., Dupont, L., 1997. Vegetation and climatic history of southwest Africa:
a marine palynological record of the last 300,000 years. Vegetation History and
Archaeobotany 6, 117-131.

Shi, N., Dupont, L., Beug, H.-]., Schneider, R., 1998. Vegetation and climate changes
during the last 21 000 years in S.W. Africa based on a marine pollen record.
Vegetation History and Archaeobotany 7, 127-140.

Skinner, L.C., 2008. Revisiting the absolute calibration of the Greenland ice-core
age-scales. Climate of the Past 4, 295-302.

Takahara, H., Igarashi, Y., Hayashi, R., Kumon, F,, Liew, P-M., Yamamoto, M., Kawaj, S.,
Oba, T, Irino, T. Millennial-scale variability in vegetation records from the East
Asian Islands - Taiwan, Japan and Sakhalin. Quaternary Science Reviews, this
issue, doi:10.1016/j.quascirev.2009.11.026.

Taylor, D.M., 1990. Late Quaternary pollen records from two Ugandan mires:
evidence for environmental change in the Rukiga Highlands of southwest
Uganda. Palaeogeography, Palaeoclimatology, Palaeoecology 80, 283-300.

Van der Hammen, T., Hooghiemstra, H., 1995. The El Abra stadial, a Younger Dryas
equivalent in Colombia. Quaternary Science Reviews 14, 841-851.

Van Geel, B., Van der Hammen, T., 1973. Upper Quaternary vegetational and climatic
sequence of the Fiquene area (Eastern Cordillera, Colombia). Palaeogeography,
Palaeoclimatology, Palaeoecology 14, 9-92.

Van't Veer, R, Islebe, G.A., Hooghiemstra, H., 2000. Climatic change during the
Younger Dryas chron in northern South America: a test of the evidence.
Quaternary Science Reviews 19, 1821-1835.

Vincens, A., 1991. Late Quaternary vegetation history of the South-Tanganyika Basin;
Climatic implications in South Central Africa. Palaeogeography, Palae-
oclimatology, Palaeoecology 86, 207-226.

Vincens, A., Chalié, F.,, Bonnefille, R.,, Guiot, ]., Tiercelin, J.-]., 1993. Pollen-derived
rainfall and temperature estimates from Lake Tangayika and their implication
for Late Pleistocene water levels. Quaternary Research 40, 343-350.

Vincens, A., Buchet, G., Williamson, D., Taieb, M., 2005. A 23,000 yr pollen record
from Lake Rukwa (8°S, SW Tanzania): new data on vegetation dynamics and
climate in Central Eastern Africa. Review of Palaeobotany and Palynology 137
(3-4), 147-162.

Vincens, A., Bremond, L., Brewer, S., Buchet, G., Dussouillez, P., 2006. Modern pollen-
based biome reconstructions in East Africa expanded to southern Tanzania.
Review of Palaeobotany and Palynology 140, 187-212.

Vincens, A., Garcin, Y., Buchet, G., 2007. Influence of rainfall seasonality on African
lowland vegetation during the Late Quaternary: pollen evidence from Lake
Masoko, Tanzania. Journal of Biogeography 24, 1274-1288.

Voelker, A.H.L., and workshop participants, 2002. Global distribution of centennial-
scale records for Marine Isotope Stage (MIS) 3: a database. Quaternary Science
Reviews 21, 1185-1212.

Wang, YJ., Cheng, H., Edwards, R.L, An, Z.S., Wy, ].Y,, Shen, C.-C,, Dorale, J.A., 2001. A
high resolution absolute-dated late Pleistocene monsoon record from Hulu
Cave, China. Science 294, 2345-2348.

Watts, W.A., Bradbury, J.P., 1982. Paleoecological studies at Lake Patzcuaro on the
west-central Mexican Plateau and at Chalco in the basin of Mexico. Quaternary
Research 17, 56-70.

Weng, C., Bush, M.B,, Curtis, J.H., Kolata, A.L,, Dillehay, T.D., Binford, M.W., 2006.
Deglaciation and Holocene climate change in the western Peruvian Andes.
Quaternary Research 66, 87-96.

White, F., 1983. The vegetation of Africa. UNESCO/AETFAT/UNSO, Maps and Memoir,
pp. 356.

Wolff, E.W., Chappellaz, ]., Blunier, T., Rasmussen, S.O., Svensson, A. Millennial-scale
variability during the last glacial: the ice core record. Quaternary Science
Reviews, this issue, doi:10.1016/j.quascirev.2009.11.013.



