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Abstract. ODP Site 1078 situated under the coast of An- (Leroux, 1983; Tyson, 1986). Shifts in the latitudinal po-
gola provides the first record of the vegetation history for An- sition of the ITCZ have been associated with the climate
gola. The upper 11 m of the core covers the past 30 thousandariability in the Sahara and Sahel, but much less is known
years, which has been analysed palynologically in decadal tabout the connections with the climate in southern Africa
centennial resolution. Alkenone sea surface temperature ege.g. Nicholson, 2000). Our knowledge mainly comes from
timates were analysed in centennial resolution. We studiedtudies on east African lakes, which focus on the climate of
sea surface temperatures and vegetation development dugast Africa and the Rift Mountains (e.g. Vincens et al., 2005,
ing full glacial, deglacial, and interglacial conditions. Dur- 2007; Bonnefille and Chaj 2000; Johnson et al., 2004).
ing the glacial the vegetation in Angola was very open con-They are, therefore, less suitable to monitor the effects of
sisting of grass and heath lands, deserts and semi-desert,CZ and CAB variability on climate and vegetation of west
which suggests a cool and dry climate. A change to warmesouthern Africa.
and more humid conditions is indicated by forest expansion Recording and understanding climate change in southern
;tarting in step with the earliest tgmperature rise in Antar'c—AfriCa is important because it opens a window to study the
tica, 22 thousand years ago. We infer that around the periogariapility of both tropical and subtropical climate systems
of Heinrich Event 1, a northward excursion of the Angola ¢ the Southern Hemisphere. How does the Atlantic mon-
Benguela Frontand the Congo Air Boundary resulted in coolgqop jn Angola change from glacial to interglacial? Does it
sea surface temperatures but rain fo.rest remained present fhve Northern or Southern Hemisphere timing? How much
the northern lowlands of Angola. Rain forest and dry forestjs the precipitation in Angola influenced by East Atlantic sea
area increase 15 thousand years ago. During the Holocengrface temperatures? What is the impact of changes in the
dry forests and Miombo woodlands expanded. Also in An- atjantic meridional overturning circulation?
ola globally recognised climate changes at 8 thousand and - - . :
gthogsand{/earsggo had an impact ogn the vegetation. Dur- The Iatltudmal_ position of the CAB IS conne_cted with
e amount of rainfall and the duration of the rainy season.

ing the past 2 thousand years, savannah vegetation becan% _ . . .
e land-ocean temperature contrast is associated with arid-

dominant. ity, wind strength and wind direction. Both directly affect
the vegetation. Earlier studies have shown that vegetation
) changes in Angola are sensitively recorded by pollen and
1 Introduction spores in marine sediments along the coast (Shi and Dupont,
1997; Dupont and Behling, 2006). The marine material al-
lows us to compare the pollen record with the sea surface
temperature (SST) record from the same core and thus en-
abling us a direct land-sea correlation.

The climate of tropical Africa is strongly coupled to the po-
sition of the Intertropical Convergence Zone (ITCZ) and its
southern African branch, the Congo Air Boundary (CAB)

We studied a high resolution marine core (ODP Hole

Correspondence td:. Dupont 1078C) spanning the past 30 ka encompassing the Last
BY (dupont@uni-bremen.de) Glacial Maximum, Deglaciation including Heinrich Event 1
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Fig. 1. Landcover of Africa (Bartholome et al., 2002), ocean surface currents of the eastern South Atlantic (Shannon and Nelsson, 1996), and
summer and winter position of important tropical frontal systems (Leroux, 1983). ITCZ, Intertropical Convergence Zone; CAB, Congo Air
Boundary; ABF, Angola Benguela Front; SECC, South equatorial Counter Current; AC, Angola Current; BCC, Benguela Coastal Current;
BOC, Benguela Ocean Current. Boundary of the state Angola in yellow. Boxes denote the detail shown in Fig. 2. Note that the extension of
the tropical rain forest (light to dark green) is associated with humid conditions all year round occurring between the southernmost position
of the ITCZ in January and the northernmost position of the CAB in July.

and the Younger Dryas period, and the Holocene. We ainof these systems determines the timing and duration of the
to interpret fluctuations in the pollen assemblage in terms ofrainfall seasons. They are associated with the global ther-
vegetation change on the continent taking into account efmal gradient and the strength and position of the Hadley Cell
fects of transport of pollen by wind and rivers. The thus (Nicholson, 2000). However, sea surface temperatures and
reconstructed vegetation variability is compared to otherocean circulation also have an impact on the position of the
African environmental records. We aim at a conceptuallITCZ.
model of shifts in the latitudinal position of atmospheric and  The surface and shallow subsurface ocean circulation in
marine fronts explaining environmental changes in Angolathe eastern Angola Basin is dominated by the South Atlantic
that might be tested with numerical models. cyclonic gyre consisting of the Benguela Ocean Current
flowing northwards and westwards over the Walvis Ridge,
the South Equatorial Counter Current flowing eastwards,
2 Regional climate and ocean circulation and its impact ~ and the Angola Current flowing southwards along the coast
on the modern vegetation of west southern Africa (Fig. 1). In the marine realm, as in the terrestrial one, an
important frontal system exists off the coast of Angola in
Present-day climate in Angola ranges from the permanenththe form of the Angola Benguela Front (ABF) annually mi-
wet climate of the Congo basin in the north to the dry sum-grating between 17 and 18. South of the ABF, the surface
mer rain climates in the south. The Atlantic or west African Benguela Coastal Current being a tongue of the Benguela

monsoon controls the climate of the northernmost part durOcean Current flows northwards along the coast. North
ing most of the year, while the middle and southern partsof the ABF, the Angola Current flows southwards and the

receive (Atlantic) moisture only during austral summer. An- Benguela Coastal Current can be traced as a shallow subsur-
gola is the southernmost region where the West African monface current up tosS (Peterson and Stramma, 1991; Schnei-
soon brings rain (Fig. 1). The boundary is in the form of a der etal., 1995, 1997).

low pressure area, the CAB (formerly Zaire Air Boundary), The ABF is recognizable by a sea surface temperature
that annually migrates over Angola from its southern sur-(SST) gradient of 4C per T of latitude and identifiable to
face position around 20-1% in January (austral summer) a depth of at least 200m. The front is most intense within
to its northern position around 926 in July (austral win- 250 km from the coast. The position and the strength of the
ter) (Leroux, 1983). The CAB is part of the discontinuities front are maintained through a combination of factors includ-
that divide easterly trades and westerly monsoonal wind sysing coastal orientation, wind stress, and opposing flows of the
tems over Africa and can be regarded as a southern branabquatorward Benguela Coastal Current and the poleward An-
of the ITCZ. The latitudinal position and annual migration gola Current (Shannon and Nelson, 1996). Within the limits
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of the coastal orientation, there is a coupling between the po-
sition of the ABF and the CAB on land. South of the front the
zonal component of the wind stress over the ocean is east (SE”*
trades) and north of the front the zonal component is west
(SW monsoon). Strong SE trade winds will trigger both a
cooling south of the ABF by increasing the upwelling along
the coast and a warming north of the ABF due to stronger K
intrusion of warm equatorial waters by the Angola Current
(Kim et al., 2003). Intense coastal upwelling occurs only
south of the ABF, whereas directly north of it upwelling is
seasonal and relatively weak (Wefer et al., 1998).

The position of the climatic and oceanic frontal systems is
reflected in the vegetation of southern Africa. The southern -
boundary of the Congolian rain forest corresponds to the lat-
itudinal July (austral winter) position of the CAB. The Zam-
bezian phytogeographical region is extended in Angola con-
sisting of different types of dry forest, woodland, savannahrig. 2. eft, topography, bathemetry, and major rivers of the study
and edaphic grassland (Fig. 2: White, 1983). In the north ofarea. Topography after GLOBEttp://www.ngdc.noaa.gov/mgg/
Angola the transition between the Zambezian and the Contopo/globe.html(Hastings and Dunbar, 1998). Bathymetric con-
golian vegetation zones nowadays is mainly occupied by sectours of 100, 200, 500, 1500, 2000, 2500, 3000, and 3500 m are
ondary grassland and savannahs. However, surviving cloughown. Red crosses give the locations from left to right of GeoB
forests of Congolian affinity exist occurring at altitudes be- 1016 and ODP Sites 1079/1078, respectively. Major rivers in blue,
tween 350 and 1000 m. Along the west coast, climate and:ongo River (Co), Cuanza R_iver (Ca), Balombo River (_B), Cuhalda
vegetation are strongly influenced by the SST. Especially, thd12"a (CH), and Cunene River (Ce). The Balombo River probably
low SSTs of the upwelling area south of the ABF Suppressls the more |mp0rtant provider of terrestrial input to the coring site,

. . . because marine surface currents flow southwards along the Angolan
coastal rain fall (Nicholson and Entekabi, 1987). As a result

i 'coast. Dashed line denotes the average July (austral winter) position
the vegetation along the Angolan coast south 6f8%1as 4t the congo Air Boundary (Leroux, 1983). Right, major rivers,

affinities with the Namib Desert (desert of the Mocamedes)predominant offshore wind directions, and simplified phytogeogra-
and south of 11S with the Karoo-Namib shrubland (White, phy after White (1983). 1 (dark green), Congolian rain forest; 2

1983). (light brown), transition between Congolian forest and Zambezian
The vegetation of Angola forms the transition between thesavannah and forest; 3 (dark brown), Zambezian dry forest and sa-
tropical lowland rain forest of the Congo and the dry savan-vannah; 4 (light green), Mopane savannah; 5 (yellow), Nama Karoo
nahs and deserts of the Kalahari and Namibia (Fig. 2). [tsSemi-desert; 6 (white),.Namib desert; 7 (pink), Afromontane forest;
development is sensitive to climate change and shifts of thé (Plue green), edaphic grassland; 9 (orange), Damdo woodland.
frontal systems described above. In this paper, we prese lack arrows show the predominant wind direction to the study site

. . . uring fall and winter; white arrow shows the predominant wind di-
a detailed pollen record of marine sediments of ODP HOIerection during spring (simplified after Dupont and Wyputta, 2003).

1078C, which allows the study of the vegetation history of b, ing symmer and partly during spring, wind is blowing mostly

the past 30 ka during full glacial, deglacial, and interglacial from the ocean and does not bring pollen. Water depths between

conditions. 0-130 m, 130—2000 m, and 2000—4000 m are distinguished by dif-
ferent shades of blue. Red cross denotes the position of ODP Site
1078.

12

3 Material and methods

The material used is sediment from the upper 11 m ODP SitdNg & marine reservoir effect of 400 yearsg=0). All ages
1078 Hole C. The site is located outside the Bight of An- are expressed in 1000 years calibrated BP abbreviated as ka.

gola at 1255 S, 1324 E in 426 m deep water. The sedi- Datesat10.71 and 10.21 m below sea floor (mbsf) have been

ments are composed predominantly of a moderately bioturdiscardEd, because the shell fragments mlght have been dis-
bated olive-gray silty clay with varying amounts of nanno- Placed to lower levels by burrowing.
fossils and foraminifers (Wefer et al., 1998). Preparation of palynological samples follows standard
The age model is established after radiocarbon AMS meaprocedures. In brief, 3-4 chsediment was decalcified
surements on foraminifer tests and molluscs carried out atvith diluted HCL (ca. 1%) and treated with HF (ca. 40%)
the Leibniz-Laboratory, University of Kiel, Germany (Kim for several days to remove silicates. Samples were sieved
et al., 2003; Rhlemann et al., 2004). Extension of the age over an 8um mesh using ultrasonic sieving removing parti-
model uses eight dates (Table 1: S. Mulitza, personal comeles smaller than 10-12m. Pollen samples were mounted
munication, 2007) calibrated after Fairbanks et al. (2005) usin glycerine jelly, microscopically examined by H. Behling
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Table 1. AMS radiocarbon dates of ODP Site 1078C below 9.80 mbsf (S. Mulitza, personal communication 2007). Calibration using R=400
after Fairbanks et al. (2005).

Lab. No Core/Section Interval (cm) Depth (mbsf) Material 14C age (@)  Error Calibrated
age range (a)

KIA13030 2H-3 20-22 9.91 fract. mollusk 21340 +220/~210 24799-25415
KIA13008 2H-3 30-32 10.01 fract. mollusk 22780 +260/~250 26586-27 146
KIA13028* 2H-3 50-52 10.21 fract. mollusk 16960 +/-130 19522-19838
KIA13027* 2H-3 100-102 10.71 fract. mollusk 22850 +260/~250 26 661-27 220
KIA13023 2H-4 70-72 11.91 fract. mollusk 30250 +630/~590 34 282-35567
KIA13038 2H-5 60-62 13.31 fract. mollusk 33880 +1010/~-890  37357-39780
KIA13007 2H-5 130-132 14.01 Nacariua wolfi(snail) 36 780 +1560~1300 40444-42791
KIA13006 2H-CC 17-19 16.48 planktic forams 44850 +5190~3130 >45000

* dates not used in the age model

and L. M. Dupont. Pollen grains were identified using ble 2: S. Mulitza, personal communication, 2007) are out-
several publications (Ybert, 1979; Bonnefille and Riol- side the range of the marine calibration curve and have been
let, 1980; Kohler and Biickner, 1982; Sowunmi, 1973, calibrated using Fairbanks et al. (2005). Except for the low-
1995), the African Pollen Databak#p://medias.obs-mip.fr/ ermost date, the material consisted out of mollusc shell frag-
pollen/ and a reference collection. Samples are counted rouments. Some radiocarbon ages seem to occur at different
tinely up to 300 pollen grains (without fern spores). How- levels, which can be explained by burrowing down of the
ever, some samples turned out to be too poor to reach thaholluscs. We therefore consequently chose the upper ones
goal: five samples have a sum of total pollen between 15Go include in the age model. Calibration ranges increase with
and 200 (at 3.8, 20.6, 22.0, 30.0, and 31.7 ka), two sampleage and the uncertainty of the calibration.
between 100 and 150 (at 4.0 and 19.9 ka). These samples For the calibration of the radiocarbon dates, we have ap-
neither show exceptionally low diversity nor domination of a plied a reservoir effect of 400 years as suggested by the
single taxon. Charcoal particles have been counted from th@resent day marine reservoir correction database (Butzin et
pollen slides. Percentages are expressed on the total numbat., 2005). Although there are no direct measurements in the
of pollen and fern spores, which is denoted in Fig. 5. vicinity of ODP Site 1078, we think this is justifiable because
Detailed information on analytical techniques used for thethe site is just outside the coastal upwelling range and the in-
determination of long-chain alkenones can be found in thefluence of the open ocean is more pronounced than at sites
study by Kim et al. (2002). We calculated the alkenone un-north or south of it (Wefer et al., 1998). Simulations for the
saturation index fronijé(?':[C37:2]/([C37:2]+[037;3]), where  glacial ocean indicate an increase in the surface reservoir age
Cs72 and Grz.3 represent the di- and triunsaturated;C to maximal 600 years (Butzin et al., 2005). An extra shift of
alkenones, respectively (Prahl and Wakeham, 1987). Th&O00 years in the glacial dates would not significantly change
U:f{ values were converted into temperature values apply-our age model.
ing the culture calibration/X =0.034 x T40.039 by Prahl The sedimentation rates for ODP Site 1078 that result from
etal. (1988), which has also been validated by core-top comlinear interpolation between the calibrated radiocarbon ages
pilations (Muller et al., 1998). The precision of the mea- are alsogivenin Fig. 3. Until 27 ka sedimentation rates range
surements£10) was better than 0'0@31;’ units (or 0.2C),  between 22 and 35 cm/ka, but are rather imprecise. Between
based on replicate extractions on different days of two lab-10-9.8 mbsf (27-22 ka) sedimentation rates drop to low val-
oratory internal reference sediments (CC 2107-3 and cc!/és of about 4 cm/ka. This estimate is supported by three
1706-2) from the South Atlantic. ages, if we reject the datum’s at lower levels (see above).
Moreover, a concentration of shells and molluscs have been
found at those levels both in Hole C, used in this study, and
4 Age model and sedimentation rates in the neighbouring Hole B (Wefer et al., 1998). The very
low sedimentation might have occurred during the last glacial
The age depth model is shown in Fig. 3. The upperlowest sea-level period. This seems to be much too early, but
9.80m (0—22 ka) has been dated by Kim et al. (2003) ancf recent publication provided evidence that the period of low-
Rithlemann et al. (2004). This age model uses the calibra€St Sea-level must have occurred between 26 and 21 ka ago
tion of Calib and the marine calibration curve (Stuiver and (Peltier and Fairbanks, 2006).
Reimer, 1993; Hughen et al., 2004). The lower dates (Ta-
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Table 2. Percentage mean and standard deviation per zone for selected pollen taxa and groups (listed in the appendix) and ordered after thi
earliest maximum occurrence. “LGM” period of lowest sea level at the site (see Sect. 4); el. = elements.

Holocene Deglaciation Glacial

Pollen zone 7 6 5 4 3 2 1 “LGM”

upper

boundary (m) 0.00 1.50 2.80 4.20 8.02 8.80 9.70 9.81-9.99
upper

boundary (ka) top 3.7 7.8 10.0 15.4 18.8 21.9 22.4-26.3
Pollen taxon mean stdev mean stdev mean stdev mean stdevn mean stdevn mean stdevn mean stdev mean stdev
Mountain el. 1.1 0.7 0.8 0.6 15 0.8 2.6 1.0 2.8 1.7 4.2 14 7.4 15 5.9 1.6
Ericaceae 0.2 0.3 0.6 0.6 0.6 0.4 0.9 0.7 1.4 1.1 22 11 5.4 1.4 4.3 1.1
Phaeoceros 0.2 0.3 0.4 0.3 0.5 0.4 0.6 0.6 2.1 1.2 2.8 1.3 3.0 0.9 3.0 1.0
Brachystegia 0.9 0.6 5.1 2.0 1.9 0.9 15 0.9 0.8 0.6 1.0 06 15 0.9 1.4 0.9
Desert el. 3.0 1.0 2.4 1.0 2.0 0.9 3.7 1.6 6.4 1976 1.6 8.3 1.6 9.5 1.1
Asteroideae 1.1 0.5 0.7 0.4 0.6 0.4 1.6 0.8 2.6 1.2 3.3 11 4.0 1.2 4.5 1.4
Poaceae 38.2 125 9.6 1.5 17.1 3.3 25.6 3.8 26.5 7.0 31.7 6.7 35.2 3.6 33.2 2.6
Cyperaceae 12.9 2.6 5.6 1.1 8.4 2.1 5.6 1.9 8.2 2.8 10.0 2.3 9.2 2.5 10.2 3.4
Rhizophora 2.7 1.4 0.6 0.6 6.0 2.3 3.2 1.3 15 1.0 0.9 0.7 0.1 0.2 0.1 0.2
Rainforest el. 4.5 1.2 2.3 1.0 3.5 1.3 3.9 1.7 2.8 1.1 3.1 1.2 1.6 0.7 1.7 0.8
Mallotustype 0.7 0.6 0.4 0.3 0.6 05 25 1.7 15 0.9 1.6 1.0 0.3 0.4 0.6 0.7
Myrica 0.2 0.3 0.0 0.1 0.3 0.2 0.5 0.3 0.8 06 1.2 0.6 0.8 0.5 0.9 0.4
Podocarpus 13.2 100 409 4.1 28.3 3.7 33.0 48 331 115 220 5.7 14.8 3.0 16.7 2.6
Burkeatype 1.4 1.0 0.4 04 1.2 0.7 0.7 0.6 0.2 0.2 0.2 0.2 0.1 0.2 0.1 0.2
Combretaceae 0.6 0.5 0.3 0.3 0.5 04 0.6 0.4 0.1 0.2 0.1 0.2 0.2 0.3 0.2 0.2
Miombo el. 2.8 1.3 8.8 2.3 5.1 1.8 3.2 1.5 1.7 1.0 1.7 1.1 2.2 0.9 2.0 0.8
Uapaca 1.2 0.7 1.7 1.3 2.4 0.8 1.3 0.7 0.3 0.4 0.1 0.2 0.2 0.2 0.1 0.1
Alchornea 1.9 1.0 0.6 0.5 1.1 0.7 0.3 0.3 0.1 0.2 0.1 0.2 0.1 0.2 0.2 0.4
Dry forest el. 7.6 1.8 5.7 2.3 5.7 1.8 34 1.3 2.8 1.1 2.9 1.1 3.1 1.3 3.9 1.2
Tarchonanthus 1.4 1.0 0.1 0.2 1.0 0.8 0.0 0.1 0.1 0.2 0.1 0.2 0.2 0.3 0.2 0.3
Artemisia afra
Afzelia 0.5 0.5 1.6 1.0 0.4 0.5 0.2 0.3 0.4 0.4 0.5 0.5 0.3 0.3 0.3 0.2
Berlinia-type 0.2 04 05 0.6 0.1 0.2 0.0 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.0
Rhamnaceae 0.2 0.2 0.6 0.5 0.2 0.3 0.0 0.0 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2
Pteris 0.6 0.5 3.4 15 1.7 0.8 1.4 0.9 1.1 0.6 1.2 0.7 1.2 0.5 0.9 0.6
Hymenocardia 1.2 0.8 0.1 0.2 0.2 0.3 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0

After 22 ka sedimentation rates increase again to levels Results
between 20 and 40 cm/ka and jump to levels around 1 m/ka
shortly before 14 ka. We associate the strong increase in sedtlkenone-derived SSTs showed a typical glacial-interglacial
imentation rates with the rapid sea-level rise during Meltwa-warming trend, ranging from 2%o 24°C over the last 30 ka
ter Pulse la dated between 14.6-14.3 ka (Fairbanks, 1984Fig. 4). During the glacial period, alkenone-derived SSTs
Hanebuth et al., 2000). The levels of high sedimentation rateyaried between Zland 23C and decreased to the lowest
between 8 and 3 mbsf (14-9 ka) shows raif¥dzophora  Value of 20.9C at 16.3 cal ka during Heinrich Event 1.
pollen percentages. This increased relative abundance difterwards, alkenone-derived SSTs increased towards the
mangrove pollen comes together with increased amounts dffolocene, showing a warm period during the Younger Dryas.
other mangrove materials and is interpreted as sedimentatioRuring the Holocene, alkenone-derived SSTs continued to
of eroded mangrove peat (Kim et al., 2005). Sedimentatiorincrease to a core-top value of 24®with a slight cooling
levels remain high until 9 ka, when they drop again to levelsaround 5 cal ka.
between 25 and 40 cm/ka. Based on the relative abundance of the most conclusive
Thus the history of sea-level change at ODP Site 1078 agollen taxa, seven pollen zones (PZ) have been distinguished.
reconstructed with our age model fits well into the global In this section, each zone is briefly characterised. Aver-
picture, which makes us more confident about the age mode?ge percentage values per pollen zone are given for selected
itself. pollen taxa in Table 2. Percentages of groups and selected

pollen taxa are given in Figs. 5-7. Appendix A lists the
pollen taxa within each group.
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Fig. 3. Age model for ODP Hole 1078C (Kim et al., 2003{IRemann et al., 2004; Mulitza, personal communication, 2007). Denoted in

blue are the age ranges calibrated with Calib using the marine04 calibration set (Hughen et al., 2004). Denoted in red are the age range:
calibrated after Fairbanks et al. (2005). Bottom shaded curve and left axis, pollen perBénieashoralmangrove tree); bottom line and

far left axis, sedimentation rates against depth; right shaded curve and upper axis, eustatic sea-level change after Fleming et al. (1998); righ
line and upper axis, sedimentation rates against age. YD, Younger Dryas; H1, H2, H3, Heinrich Events 1, 2, 3, respectively.

PZ 1: 25 samples between 11.16 (lowermost sample analelements only percentages Mhllotustype andTetrorchid-
ysed) and 9.70 m, dated between 31.7-21.9 ka. The recordim are raisedRhizophorgoercentages also increase.
is poor between 9.99 and 9.81 m (26.3-22.4 ka), but not PZ 4: 43 samples between 8.02-4.20 m, dated between
systematically different from the rest of the zone (see Ta-15.4-10.0 ka. Pollen accumulation rates are dominated by
ble 2). Radiocarbon dates indicate very low sedimentatiorthe sedimentation rates (Fig. 4). Increase of pollen percent-
rates (4 cm/ka) for this part of the zone. Maximum per- ages ofUapacaand Brachystegiaand the sum of Miombo
centages of the mountain elements including pollen of Eri-elements. Rain forest percentages are relatively high and so
caceaeMyrica andllex cf. mitis, as well as spores of the are the values for a number of constituentstrorchidium,
fern Anemiaand liverworts Phaeoceros Anthocero} are Lophira, CeltisandAlchornea Rhizophorgercentages also
found. High pollen percentages of Asteroidemebetype, rise (Fig. 3), parallel to the global eustatic sea-level curve
Poaceae, and other desert elements, Figulus occur as  (Fleming et al., 1998).
well as raised percentagesi®fachystegia PZ 5: 15 samples between 4.20-2.80 m, dated between
PZ 2: 19 samples between 9.70-8.80 m, dated betweeh0-0-7.8 ka. Percentages@feadecrease, those of Miombo
21.9-18.8ka. Gradual increase in the pollen concentratiofplements includin@rachystegizand Uapacaare high, per-
(Fig. 4) and a decline in percentages of desert and mountaif€ntages of dry forest witBurkeatype increase, and per-
elements are foundMyrica percentages are still relatively Centages of rain forest elements decline with the exception
high. First rise inRhizophorapollen percentages. Increase Of Alchornea High percentages dlarchonanthus/Artemisia

in percentages oPodocarpusand rain forest elements in- afra also occurRhizophoraand Cyperaceae percentages are
cludingMallotustype. maximal between 9-8 kaProteapollen occur shortly be-

PZ 3: 23 samples between 8.80-8.02 m, dated betweel;lore 8 ka, when also Poaceae and Cyperaceae percentages

18.8-15.4 ka. MaximurRodocarpuspercentages occur par- are enhanced._ Pollen concentrations are high and exceed on
L . . verage 1Hgrains per ml.

allel to a minimum in sea surface temperatures as mferreda

from alkenones (Fig. 4. Kim et al., 2003). Of the rain forest
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ODP Site 1078 Hole C,11°55 S 13°24 E, -426m
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Fig. 4. From top to bottom. Pollen zones. Alkenone based sea surface temperatures (red line, upper right axis). Accumulation rates of total
pollen percn% and ka (green line, upper left axis). Total pollen concentration (green linefpashacarpugollen concentration (blue line)

per ml sediment (middle right axis). Sedimentation rates in m per ka (shaded, lower left axis) and rates of sea-level change (line, lower right
axis) after Fleming et al. (1998).

PZ 6: 17 samples between 2.80-1.50 m, dated betweefi Vegetation development in Angola in relation to cli-
7.8-3.7 ka. Maximum percentages are foundRodocar- mate change
pus Miombo elements includingBrachystegia Afzelig
Berlinia-type, andUapaca Furthermore percentages of
Rhamnaceae pollen (small pollen grains probably fini-
phug andPteris spores are raised. From the dry forest ele-
mentsAdansonia digitatandLanneatype have higher val-
ues. Minimal Poaceae arRhizophorapercentages occur
and Cyperaceae percentages are low. Pollen influx (acc
mulation rates) ofPodocarpusand Miombo elements stay
at the same level, but decline for Poaceae, Cyperatdde,
zophora dry forest and rain forest elements.

ODP Site 1078 located on the lower shelf only 50 km from
the shore is in an ideal position to collect pollen from the
mainland. Directly east of the sampling site, the land rises
steeply to elevations exceeding 1000 m; highest peaks in the
L}:|uambe Mountains are just over 2000 m. Fluvial transport
of pollen is important, because the site is situated on the shelf
in the vicinity of several rivers of which the Balombo River
is the most important draining all ranges of the mountains.
Because of the marine surface currents flowing southwards
Pz 7: 34 samples between 1.50-0 m, dated between 3.7 kalong the Angolan coast, discharge by the Balombo River
and modern. Maximum percentages of Poaceae and Cypeand other smaller rivers nearby is more likely to contribute
aceae occur. Poaceae percentages reach their absolute maxaterial than that of rivers such as the Cuhal do Hanha hav-
imum after 2 ka. Percentages are raised againRbr- ing their estuaries south of ODP Site 1078. The river col-
zophoraand rain forest elements, in particuldchorneaand lects pollen from a wide range of vegetation types passing at
Elaeis guineensisAlso dry forest elements are better rep- present through Afromontane vegetation, wetter Zambezian
resented includingdymenocardiaTarchonanthug\rtemisia ~ Miombo woodland and bushy Karoo-Namib shrubland along
afra, Proteg Burkeatype, and Combretaceae. the coast (White, 1983). Almost® 2horth of the site, the
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southernmost mangrove swamps on the Atlantic coast 06.1 Glacial

Africa are situated along the Longa River (Spalding et al.,

1997). Southwest of ODP Site 1078, Mocamedes bushlandhe lowermost part of the record, PZ1, covers the glacial
and desert stretches along the coast of southern Angola angetween 31.7 and 21.9 ka. As discussed above, it includes
Namibia. Further inland in Angola, Mopane scrub wood- the Last Glacial Maximum (defined as the period of low-
lands occur. Aeolian transport of pOIIen to ODP Site 1078e3t g|0ba| Sea-|eve|)_ From the h|gh p0||en percentages
is mainly expected during austral fall and winter when the of mountainous elements, including Ericacellyrica and

lower troposphere flow is from the SE (Dupont and Wyputta, |lex accompanied with high relative abundances of pollen
2003). Source areas for fluvial and aeolian pollen largelyof Poaceae and Asteraceae, we infer that open mountain-
overlap. An extensive discussion of pollen transport to andous vegetation with heather species (Ericaceae), compos-
pollen distribution in marine sediments along the SOUthWGSﬁtes (Asteraceae), and grasses (Poaceae) was Wide-spread
African coast is given in Rommerskirchen et al. (2003), (Fig. 6). Ericaceae andlex mitis are typical elements
Dupont and Wyputta (2003), and Dupont et al. (2007). from the Afromontane vegetation (White, 1983). Palgrave
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(2002) mentions severdllyrica species from mountain ar- ever, should have lowered the SST below the general cooling
eas. AlsoAnthospermurnspecies have been associated with of the glacial ocean, which is estimated at 4&5or the east
ericaceous mountain vegetation (Scott, 1982). No pollen ofequatorial Atlantic (Niebler et al., 2003). Comparison of sev-
Restionaceae has been found. We, therefore, do not expeetal SST profiles with a coarser timely resolution between 5
to have Ericaceae pollen originating from southern source arand 20 S did not indicate a shift of the ABF north of 13

eas other than the regional mountains (Dupont and Behlinggduring the glacial (Schneider et al., 1995). Thus, there is little
2006). indication of upwelling of cooler intermediate waters.

Apart from the Afromontane vegetation, the existence of 1N€ Open mountainous vegetation and the expansion of
dry woodlands, probably at lower altitudes is suggested b)pesert and sgml-desert s.uggest a cooler and drier climate
the occurrence of pollen drachystegizand spores oAne- N Angola during the glacial. Our data corroborate terres-

mia. The Flora Zambesiaca (Schelpe, 1970) describes th&ial mountain records, especially in east Africa, of an open
present habitat ofAnemia angolensién the undergrowth glacial landscape covered with a grass- and ericaceous-rich

of dry woodland at altitudes between 600-1525 m. PollenVegetation, e.g. Sacred Lake &t9)37 E (Coetzee, 1967),

from composites and grasses probably had their sources né"d Kashiru at3S 30 E (Bonnefille and Riollet, 1988; Bon-
only from Afromontane vegetation but from desert and semi-né€fille and Chag, 2000). However, in Congo at Ngamalaka

desert vegetation along the coast, as well. Extension of deseffond (4 S 15°E) located at lower altitudes and nearer to
and semi-desert is also indicated by the regular occurrence ¢f'€ €quator, no mountain elements were found (Elenga et
TribulusandStoebetype pollen. Is this extension a resultof a &l-» 1994). Forest growth in the mountains might have been
northward shift of the Angola Benguela Front (ABF) and in- impeded by low temperatures at higher altitudes, dry condi-
creased upwelling along the coast? Alkenone measurementns, and/or due to low glacial atmospheric carbon dioxide
indicate SSTs (Fig. 4) were around°Z2(Kim et al., 2003)  levels (Jolly and Haxeltine, 1997).

2 to 3 degrees lower than today. Increased upwelling, how-
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Between 21.9 and 18.8 ka, PZ2, the vegetation in An-gests higher terrestrial — probably fluvial — input. Change
gola gradually changes. The relative abundance of pollerto warmer and more humid conditions after the glacial thus
from open vegetation types (Afromontane and desert) destarts much earlier in Angola than in West Africa north of the
clines, and tree pollen percentagesRafdocarpus(Fig. 5) equator as indicated by the Niger and Sanaga River discharge
andMallotustype (Fig. 7) rise. Probablypodocarpudrees increasing not before 14—15 ka (Adegbie et al., 2003; Lezine
were spreading in the mountains, while rainforest started taand Cazet, 2005; Weldeab et al., 2007).
expand in the northern lowlands with pioneer trees such as ]

Mallotus (Maley and Brenac, 1998). Other Afromontane SOUth of the equator, at the Bateke Plataeu in Congo
trees such alex mitis andMyrica are still present (Fig. 6). around Ngamalake Pond%(8), humid forest elements in-

The gradual increase in pollen concentration (see Fig. 3) sugvade an open landscape as early as 24 ka (Elenga et al.,
2004). Around 22 ka, contemporaneously with the Angolan
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January (austral summer) position July (austral winter) position of CA
of ITCZ (and CAB) . S

PR TR YT PNy
N7 Y] b

Fig. 8. Conceptual model of shifted average latitudinal positions of the Congo Air Boundary (CAB) and Intertropical Convergence Zone
(ITCZ) during Deglaciation. Left, ITCZ January position for 22—19 ka (line). Dashed line denotes the present-day average January position
of the ITCZ system (Leroux 1983). Star shows the position of ODP Site 1078 and numbers the locations of published sites mentioned in
the discusion. 1, Sacred Lake (Coetzee 1967); 2, Kashiru (Bonnefille and Riollet, 1988; Bonnefille agd Z0iadl); 3, Ngamalaka Pond

(Elenga et al., 1994); 4, Barombi Mbo (Maley and Brenac, 1998); 5, Lake Malawi (Johnson et al. 2004); 6, Lake Masoko (Vincens et al.
2007); 7, Lake Rukwa (Vincens et al., 2005). Box denotes the area shown in detail. Right, CAB July position for 15-10 ka (line) projected
on the GLOBE topography (see Fig. 2). Dashed line shows the present-day average July position of the CAB (Leroux, 1983). Crosses denote
the locations from left to right of core GeoB 1016 and ODP Sites 1079/1078, respectively.

sequence, the lake level of Lake Malawi {34 E) rises  north and south of the equator proceeding in opposite direc-
after the glacial lowstand indicating increased precipitationtions would fit with a southern average position of the ITCZ
in the East African mountains (Johnson et al., 2004). Furthercoupled to a southern position of the CAB (Fig. 8). Our in-
more, semi-deciduous forest elements became establishddrpretation fits the study of Johnson et al. (2004) inferring a
around Lake Masoko (5 34 E) just north of Lake Malawi  southern average position of the ITCZ between 23 and 19 ka
suggesting the dry season became as short as 3 to 4 montbased on the increased productivity in Lake Malawi coupled
(Vincens et al., 2007). Glacial woodland and bushland withto northerly winds over the lake.

Afromontane elements around Lake Rukw& $833 E) in

Tanzania, howgver, indicate that the climate was still ratherg » Deglaciation

cool and dry (Vincens et al., 2005).

Expansion of rain forest in the northern lowlands of An- The pollen diagram for the period between 18.8 and 15.4 ka,
gola also suggests increased precipitation, which is possibl®Z3, covering Heinrich Event 1, is dominatedPgdocarpus
if the winter migration of the CAB migrated less northwards (Fig. 5). Podocarpustrees produce much aerodynamically
than in the period before. Then the CAB position would re- well-equipped pollen and are, therefore, overrepresented in
main sufficiently to the south to allow Atlantic rain pene- the pollen record, especially when wind transport is impor-
trating during most of the year in the northern lowlands of tant. Still, there are few other elements represented save
Angola. The spread of forest between 22 and 19 ka is todor Mallotus and Tetrorchidiumfrom the rain forest (Fig. 7).
early to be an effect of rising carbon dioxide levels, becauseThus, although rain forest remained present in the northern
the CQ rise after the glacial is dated by Monnin et al. (2001) lowlands,Podocarpudorest might have been locally abun-
between 17 and 15.4 ka. Moreover, the pollen diagram fromdant in the mountains. Unfortunately, the marine record
Lake Barombi (8N 9° E) in Cameroon indicates an open- of Podocarpusfor this period is not consistent, because a
ing of the forest and increase of grasslands from ca. 24 ka&omparablePodocarpuspollen maximum is missing in the
on (20'*C ka, Maley and Brenac, 1998). The developmentnearby core of GeoB1016 (location given in Fig. 2 left; Shi
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and Dupont, 1997), but present in core GIK16867%® E) indicating a change in the mountain forest composition. The
further north along the trajectory of the trade winds (Dupont Younger Dryas period is not distinguished as such in our
et al. 1996). The terrestrial pollen records in Cameroonpollen record, but part of a longer period of favourable con-
and Congo indicate a mixture of semi-deciduous forests andiitions for forest growth.
grasslands but neither an open savannah réodocarpus Most African records show a first return to moister condi-
forest (Elenga et al., 1994; Maley and Brenac, 1998; Elengdions after the glacial around 15 ka, or slightly later (e.g. Ma-
et al., 2004). Precipitation estimates based on deuterium ofey and Brenac, 1998; Gasse, 2000; Gasse and Van Campo,
terrestrial plant waxes from a core off the Congo River mouth2001; Barker et al., 2004; Lezine and Cazet, 2005). Deu-
indicate minimal humidity in the Congo Basin (Schefuf3 et terium based precipitation estimates are high between 15 and
al., 2005). 12 ka and low between 12 and 11 ka (Scheful} et al., 2005).

During this period SSTs reach a minimum of°Zland  In the Congo Basin increased precipitation resulted subse-
the temperature difference with data from a site located 5 dequently (at 13.5 ka) in a large palaeo-discharge event (Mar-
grees of latitude further south (GeoB1023) is minimal (Kim ret et al., 2001). Interruption and return to arid conditions
et al., 2003). Kim et al. concluded that because of the smalbluring the Younger Dryas period is clear in the records from
SST difference between 12 and°1S, the SE trade winds north of the equator (e.g. Hoelzmann et al., 2004). South
must have been weak. During the same period, biomarkeof the equator, Lake Malawi shows an increase of produc-
based annual temperature estimates for the Congo Basin inivity during the Younger Dryas period interpreted as the ef-
dicate lowest temperatures of the past 25 ka (Weijers et al fect of strong northerly winds over Lake Malawi connected
2007). The low SSTs at 25 suggest a northern position of to a southern position of the ITCZ (Johnson et al., 2004).
the ABF, over or even north of the location of the site. The The pollen record of Lake Masoko shows an abrupt and irre-
CAB took a northern position again, at least during australversible change in the flora of the Younger Dryas period sug-
summer. The associated SE trade winds probably reachegesting the climate changed from a mild short (3—4 months)
further northward and might have brought m&adocarpus  dry season to a distinctive dry period of no less than 5 to
pollen grains with them to the site increasing the representaé months (Vincens et al., 2007). Some records from west
tion of Podocarpusboth in absolute values (pollen concen- southern Africa indicate wetter conditions that might be as-
tration, Fig. 4) and relative ones (pollen percentages, Fig. 5)sociated with the Younger Dryas (Shi et al., 2000). Others,
Another implication is that upwelling over the site intensi- from eastern South Africa, indicate cooler and possibly drier
fied. This upwelling would have increased the reservoir ef-conditions (e.g. Scott, 1982; Holmgren et al., 2003) but many
fect in the radiocarbon dates and the material consequentlgre inconclusive concerning the Younger Dryas period (Scott
might be several centuries younger than dated by our aget al., 1995).
model. If we assume a younger age of 15-18 ka for this The strong development of the rain forest and the initial
pollen zone, i.e. 4 to 8 centuries younger, it would still in- development of the woodlands in Angola suggest an early
clude the period of Heinrich Event 1. southward shifting of the CAB during winter and summer

According to our age model, sedimentation rates increasgFig. 8). The summer latitude might have been comparable to
strongly to values around 1 m/ka at 14.3 ka which correlateghose of today and the winter latitude might have been further
with Meltwater Pulse 1a and global sea-level rise (Fairbanksto the south causing a southward shift of the area with more
1989; Hanebuth et al., 2000). Higher sedimentation rates inor less humid conditions all year round. SSTs rose strongly
creased the accumulation of all pollen types,Rhizophora  indicating that the ABF, and with it the area of coastal up-
pollen from the mangroves is overrepresented (Fig. 5). Awelling, probably shifted poleward, south of the site. The
raised representation of mangroves both in relative pollenarge difference in SSTs between 12 anél $&uggest strong
abundance and by biomarkers during this time is explainedrade winds, in particular during the Younger Dryas period
by erosion of coastal mangrove peat during transgression an@kim et al., 2003).
sea-level rise (Kim et al., 2005).

After Heinrich Event 1, between 15.4 and 10.0 ka 6.3 Holocene
(PZ4), the representation of the lowland rain forest becomes
stronger. Not only pioneer trees such Mallotus, Celtis, During the early Holocene, between 10.0 and 7.8 ka (PZ5),
andAlchorneaoccurred, but als@etrorchidiumandLophira, dry forest and Miombo woodlands became increasingly im-
indicating increase and maturing of the forest. During this portant while rain forest elements retreated, but for the pio-
period — just before the Holocene — the lowland rain forestneer treéAlchornea(Fig. 7). Miombo woodland is nowadays
probably reached its southernmost extension (Fig. 7). Aparthe prevalent vegetation on well drained soils of the main
from the expansion of the lowland rain forest, elements fromplateau in Angola and other parts of the Zambezian region
dry forest and woodlands, such Bsirkeatype and Com-  (White 1983). The woodlands are dominated by species of
bretaceae, and from the Miombo woodlands, suclidas  Brachystegiaoften accompanied bjulbernardiaor Isober-
paca and Brachystegia are increasingly represented. The linia (included in theBerlinia-type). Associates ar&fzelig
Podocarpugecord goes slightly down and that©fearises =~ Uapaca and Pericopsis Decline in the representation of
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most rain forest elements suggests a northward shift of theah. The modern savannah forest mosaic of northern Angola
winter CAB more or less to its modern position. Mangrove might have come into existence around two thousand years
peat erosion increased during Meltwater Pulse 1b aroundgo. The patchy character of the forests is underlined by
10 ka (Flemming et al., 1998) and the high total pollen in- the increased representation of light-loving trees suchlas
put afterwards is associated with more river discharge. chorneaand the oil palmElaeis guineensig-ig. 7).

The occurrence dfarchonanthus/Artemisia af@ndPro- Other changes are found in the composition of the dry
tea shortly before 8 ka migh