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a b s t r a c t

Terrestrial fossil pollen records are frequently used to reveal the response of vegetation to changes in
both regional and global climate. Here we present a fossil pollen record from sediment cores extracted
from Lake Bosumtwi (West Africa). This record covers the last c. 520 thousand years (ka) and represents
the longest terrestrial pollen record from Africa published to date. The fossil pollen assemblages reveal
dynamic vegetation change which can be broadly characterized as indicative of shifts between savannah
and forest. Savannah formations are heavily dominated by grass (Poaceae) pollen (>55%) typically
associated with Cyperaceae, ChenopodiaceaeeAmaranthaceae and Caryophyllaceae. Forest formations
are palynologically more diverse than the savannah, with the key taxa occurring in multiple forest zones
being Moraceae, Celtis, Uapaca, Macaranga and Trema. The fossil pollen data indicate that over the last c.
520 ka the vegetation of lowland tropical West Africa has mainly been savannah; however six periods of
forest expansion are evident which most likely correspond to global interglacial periods. A comparison of
the forest assemblage composition within each interglacial suggests that the Holocene (11e0 ka) forest
occurred under the wettest climate, while the forest which occurred at the time of Marine Isotope Stage
7 probably occurred under the driest climate.

� 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.
1. Introduction

Today West Africa contains highly diverse grasslands and for-
ests (Myers et al., 2000) which play an important role in the global
carbon cycle (Lewis et al., 2009) and climate systems (Wang and
Eltahir, 2000). The distribution and composition of tropical West
African vegetation is strongly linked to the prevailing climate
(Holdridge et al., 1971). However, over the coming decades
regional climate models suggest that temperatures will increase
and precipitation regimes, such as the West African Monsoon, will
alter (Christensen et al., 2007). The response of vegetation to the
projected climate change remains uncertain. One way inwhich we
can improve our understanding of the relationship between
vegetation and climate is to examine fossil vegetation records
which span periods of global climate change of a comparable
magnitude.

Themost recent period of timewhich spans a similar magnitude
climate fluctuation to those projected for the future is the last
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glacialeinterglacial transition; c. 21e10 thousand years (ka) ago
(Jolly et al., 1998; Annan and Hargreaves, 2013). At the last glaciale
interglacial transition, West African terrestrial records of past
vegetation change, indicate the expansion of forests into previously
savannah dominated regions (Maley, 1991; Elenga et al., 1994;
Maley and Brenac, 1998). Continuously deposited sediments
recovered from offshore West African marine locations in the Gulf
of Guinea (e.g. Dupont and Agwu, 1992; Dupont et al., 1998; Jahns
et al., 1998) and the tropical Atlantic (e.g. Dupont et al., 1989;
Lézine and Casanova, 1991), indicate that the pattern of forest
expansion occurred repeatedly and coincident with periods of
warmer global climate during the latter half of the Quaternary
period (Dupont, 2011), i.e. forests were more extensive in West
Africa during interglacial periods. However, interpretation of the
composition of specific vegetation associations from marine fossil
pollen records is inherently difficult due to: (i) wide pollen source
areas (river and wind bourn input), (ii) complex oceanic transport
pathways, including offshore water currents (Dupont et al., 2000),
and (iii) low pollen concentrations within the sediments (e.g.
Frédoux, 1994). Consequently, marine pollen records are repre-
sentative of a large, but not accurately defined source area.

In this paper we present the first fossil pollen data from the
landmark Lake Bosumtwi sediment core to provide an overview of
tropical West African vegetation change during the last c. 520 ka.
We focus this study on exploring the palynological (floristic)
.
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Fig. 1. Map of the modern vegetation biomes of West Africa (White, 1983; Olson et al.,
2001) with climatological and oceanographic characteristics as well as the location of
Lake Bosumtwi and other records relevant to this study (Table 2). LB ¼ Lake Bosumtwi;
LT ¼ Lake Tilla; ND ¼ Niger Delta; BM ¼ Barombi Mbo; NgP ¼ Ngamakala Pond;
GC ¼ Guinea Current; SEC ¼ South Equatorial Current; EUC ¼ Equatorial Under-
current; SECC ¼ South Equatorial Counter-Current; AC ¼ Angola Current;
BOC ¼ Benguela Ocean Current; BCC ¼ Benguela Coastal Current; ABF ¼ Angola-
Benguela-Front. Oceanographic surface currents from Dupont et al. (2000). Note ITCZ
does not extend over land.
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composition of six past forest stages. Based upon correlation of the
Bosumtwi forest (BF) stages with fossil pollen records from the
marine (e.g. Dupont et al., 1989; Dupont and Agwu, 1992; Frédoux,
1994; Dupont and Weinelt, 1996; Dupont et al., 1998; Jahns et al.,
1998), and in line with independent age estimates (Koeberl et al.,
1997; Jourdan et al., 2009; Shanahan et al., 2012, 2013) we inter-
pret the six forest zones as most likely equivalent to the last six
interglacial periods (Marine Isotope Stages [MIS] 13, 11, 9, 7, 5e and
1). The past forest assemblages are then related to the modern day
vegetation of West Africa. To place the Lake Bosumtwi findings in a
broader context we go on to synthesise previously published fossil
pollen work from tropical West Africa into regional vegetation
maps. The ‘time-slice’ past vegetation maps produced are used to
discuss West African continental-scale changes in vegetation
distribution.

2. Setting: tropical West Africa

2.1. Modern vegetation

Seven vegetation biomes have been recognised in tropical
West Africa: (i) Deserts and Xeric Shrublands, (ii) Tropical and
Subtropical Grasslands, Savannas and Shrublands, (iii) Tropical
and Subtropical Dry Broadleaf Forests, (iv) Tropical and Sub-
tropical Moist Broadleaf Forests, (v) Flooded Grasslands and Sa-
vannas, (vi) Montane Grasslands and Shrublands, and (vii)
Mangroves (Fig. 1; White, 1983; Olson et al., 2001). The two most
extensive biomes in tropical West Africa are the ‘Tropical and
Subtropical Grasslands, Savannas and Shrublands’ and the
‘Tropical and Subtropical Moist Broadleaf Forests’ with a further
two, ‘Montane Grasslands and Shrublands’ and ‘Mangroves’
limited to small areas at high altitude and along the coast
respectively (Fig. 1). These four biomes have been sub-divided
into fourteen ‘ecoregions’ that have characteristic vegetation as-
sociations which are, in turn, related to the prevailing climate
conditions (Table 1; Olson et al., 2001).

2.2. Prevailing climate

Temperature and precipitation in tropicalWest Africa vary along
an approximately north-south gradient (36e24 �C, and <600e
6000 mm/yr). The Intertropical Convergence Zone (ITCZ), the
tropical rainbelt and the West African Monsoon govern the climate
inWest Africa. The tropical rainbelt lies c. 1000 km (or 10�) south of
the surface ITCZ (Nicholson, 2009). During boreal summer, an in-
crease in northern hemisphere summer (JuneeAugust) insolation
results in a northward shift in the ITCZ and the development of an
area of low pressure over North Africa. Differential pressure brings
moisture eastwards from the Atlantic Ocean to western Africa (SW
monsoon). In boreal winter, the opposite occurs, with the ITCZ
displaced southwards. Dry, aerosol-rich, continental January trade
winds from the NE dominate overWest Africa in thewinter months
(DecembereFebruary).

2.3. Lake Bosumtwi

2.3.1. Physical setting and hydrology
Lake Bosumtwi (6�30’N, 1�25’W) occupies a 1.08 � 0.04 Myr

(Koeberl et al., 1997; Jourdan et al., 2009) meteorite impact crater in
metamorphosed rocks belonging to the Precambrian-age Birimian
Supergroup (Koeberl et al., 2007). The impact crater has a diameter
of c. 11 km with a crater rim which varies in elevation from 210 to
460 m above sea level (asl). Since the time of impact c. 294 m of
sediment has accumulated in the centre of the basin (Koeberl et al.,
2005). The sedimentary deposits within the lake have originated
from erosion of the inside of the crater wall, vegetation within the
crater, long distance aeolian transport and biological and evapo-
rative processes within the lake.

Today, Lake Bosumtwi is 8.5 km in diameter (52 km2) with the
lake floor at 21 m asl at its deepest point and with a present day
lake surface elevation of 97 m asl (thus c. 74 m water depth). Lake
Bosumtwi is hydrologically isolated from the regional aquifer by
the bedrock and the crater walls. The lake is highly stratified, with
an anoxic hypolimnion beneath 15e18 m water depth, resulting in
anoxic sedimentation with thinly laminated varves (Peck et al.,
2004). The closed hydrology of Lake Bosumtwi makes the lake
level extremely sensitive to changes in precipitation, cloudiness
and temperature (Shanahan et al., 2006).



Table 1
Modern vegetation of tropical West Africa. The ecoregions shown are only those which contain taxa identified within the Lake Bosumtwi fossil pollen record (data from Olson
et al., 2001; White, 1983). Bolded taxa represent those present within the Lake Bosumtwi fossil pollen record.

Biome Ecoregion Vegetation Climate

Tropical and Subtropical
Grasslands, Savannah
and Shrublands

Sahelian Acacia Savanna Continuous grass cover, including: Cenchrus biflorus,
Schoenefeldia gracilis, and Aristida stipoides.
Woody species: Acacia tortilis, A. laeta, Commiphora
africana, Balanities aegyptica and Boscia senegalensis.

Temperature: 33e36 �C (monthly mean)
Precipitation:<600 mm/yr
Dry season: 6e8 months (MayeSeptember)

West Sudanian Savanna Grass understory, principally Hyparrhenia.
Dry woody species: Anogneissus spp. with Acacia spp.,
Balanites aegyptiaca, Combretum glutinosum, Commiphora
africana, Prosopis africana, Tamarindus indica and Ziziphus
mucronata.
Wet woody species: Afzelia africana, Burkea africana,
Combretum spp. and Terminalia spp.

Temperature: 30e33 �C (monthly mean)
Precipitation: 600e1000 mm/yr
Dry season: several months

Guinean Forest-savanna
Mosaic

Woody species: Afzelia Africana, Aningeria altissima,
A. robusta, Aubrevillea kerstingii, Chrysophyllum
perpulchrum, Cola gigantea, Hildegardia barteri, Khaya
grandifolia, Mansonia altissima, Morus mesozygia,
Nesogordonia papaverifera, Pterygota macrocarpa, Annona
senegalensis, Borassus aethiopum, Bridelia ferruginea
Principle grasses: Andropogon sp., Pennisetum unsetum,
Brachiaria brizantha etc.
The Guinean Forest-savanna Mosaic ecoregion boundaries
follow the ‘mosaic of lowland rain forest and secondary
grassland’ vegetation unit of White (1983), for an
extensive list of species within this ecoregion see
(White, 1983).

Precipitation: 1600e2000 mm/yr
Dry season: 4e5 months

East Sudanian savanna Trees: Anogeissus leiocarpus, Kigelia aethiopica, Acacia seyal,
Combretum, Terminalia, Boswellia papyrifera, Lannea
schimperi and Stereospermum kunthianum.
Grasses: Oxytenanthera abyssinica, Hyparrhenia,
Cymbopogon, Echinochloa, Sorghum and Pennisetum

Temperature: 18e33 �C
Precipitation: 600e1000 mm/yr

Northern Congolian Forest
Savanna Mosaic

Gallery forest: Berlinia grandiflora, Cola laurifolia, Cynometra
vogelii, Diospyros elliotii, Parinari congensis and Pterocarpus
santalinoides, Gilbertiodendron dewevrei.
Dry forest: Afzelia africana, Aningeria altissima,
Chrysophyllum perpulchrum, Cola gigantea, Morus mesozygia
and Khaya grandifoliola.
Wet forest: Piptadeniastrum africanum and Sterculia
(Eriobroma) oblonga, Canarium schweinfurthii, Ricinodendron
heudelotii and Terminalia superba.
Wooded grasslands: Afzelia africana, Butyrospermum
paradoxum, Daniellia oliveri, Maranthes polyandra, Parkia
biglobosa, Piliostigma thonningii, Psuedocedrela kotschyi,
Pterocarpus erinaceus, Stereospermum kunthianun and
Terminalia sp., Annona senegalensis, Burkea africana,
Combretum collinum, Hymenocardia acida, Pariniari
curatelifolia, Stereospernum kunthianum, Strychnos sp. and
Vitex sp.

Temperature: 18e31 �C
Precipitation: 1200e1600 mm/yr

Tropical and Subtropical
Moist Broadleaf Forests

Eastern Guinean forests Lophira, Heritiera, Cynometra, Entandrophragma utile,
Khaya ivorensis, Triplochiton scleroxylum, Hymenostegia
afzelii, Diospyros mespiliformis, Anogeissus leiocarpus,
Millettia thonningii, Drypetes parvifolia, Malvaceae,
Sterculiaceae, Ulmaceae and Moraceae, Mimosaceae and
Caesalpiniaceae, Milicia excelsa, Triplochiton scleroxylon,
Antiaris africana, Diospyros mespiliformis, Afzelia africana,
and Ceiba pentandra, Cola grandifolia, Vitex sp., Celtis sp.,
Khaya grandifolia, and Holoptelea sp.

Temperature: 22e34 �C
Precipitation: 1000e2500 mm/pa
Dry season: 4e5 months

Guinean montane forest >800 m asl: Parinari excelsa, Gaertnera paniculata, Garcinia
polyantha and Syzygium staudtii.
Rocky outcrops: Afrotrilepis pilosa, Disa welwitschii, Osbeckia
porteresii, Polystachya microbambusa and Swertia mannii.
Humid valleys: Uapaca togoensis, Cola lateritia var.
maclaudii, Parinari excelsa, Piptadeniastrum africanum and
Canarium schweinfurthii, Guarea cedrata, Heritiera utilis,
Triplochiton scleroxylon.
Specialised: Ochna membranacea, Caloncoba echinata,Morus
mesozygia, Ramusatia vivipara.
Frequent fire: Trees: Lophira lanceolata, Parkia biglobosa
and Pterocarpus erinaceus. Grasses: Anadelphia leptocoma,
Andropogon tectorum and Hyparrhenia diplandra.
Sub-montane shrub savanna: Syzygium spp., Kotschya
ochreata var. ochreata, Monechma depauperatum, Dissotis
elliotii, Dissotis fructicosa, Cyathea manniana, Cyathea dregei.
Herbaceous plants and grasses: Ctenium newtonii, Loudetia

Temperature: 33e10 �C
Precipitation: 1600e2400 mm/yr

(continued on next page)
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Table 1 (continued )

Biome Ecoregion Vegetation Climate

kagerensis, Wedelia Africana, Hyparrhenia chrysargyra,
Rhytachne rottboellioides.
>1375 m, shrubs: Syzygium guineense var. macrocarpum,
Tetracera alnifolia, Canthium henriquesianum, Hibiscus
noldeae. Grasses and herbs: Samanea sp., Eupatorium
africanum, Vernonia purpurea and Hypolytrum cacuminum.
Sub-montane gallery forests: Parinari excelsa, Cyathea
camerooniana and Marattia fraxinea, Oxythenanthera
abyssinica, Anthonotha macrophylla, Amphimas
pterocarpoides, Daniella thurifera, Ficus congensis, Terminalia
ivorensis, Allanblackia floribunda and Musanga cecropioides,
Whitfieldia lateritia, Clematis grandiflora, Sopubia ramosa,
Anisopappus africanum, Lonchitis currovi and Ouratea
squamosa.
Pioneer species: Harungana madagascariensis and Trema
guineensis

Western Guinean
Lowland forests

Tree: Dacroydes klaineana, Strombosia glaucenscens,
Allanblackia floribunda, Coula edulis, Diospyros sanza-minika.
Evergreen forests plant associations: Anthonotha sp.,
Erythrophleum ivorense, Klainedoxa gabonensis, Parkia
bicolor, Parinari excelsa and Piptadeniastrum africanum,
Calpocalyx aubrevillei, Dialium sp., Heritiera utilis, Lophira
alata and Sacoglottis gabonensis, Gilbertiodendron preusii,
Parinari excelsa or Tetraberlinia tubmaniana.
Moist evergreen forest: Heritiera utilis, Cryptosepalum
tetraphyllum, Erythrophleum ivorense and Lophira alata,
Klainedoxa gabonensis, Uapaca guineensis, Oldfieldia africana,
Brachystegia leonensis and Piptadeniastrum africanum
Semi-deciduous forests: Celtis sp.,Mansonia latissima,Milicia
excelsa, Nesogordonia papaverifera, Sterculia rhinopetala and
Pterygota macrocarpa, Entandrophragma sp., Khaya sp,
Anthonotha fragrans, Bridelia grandis, Daniella thurifera,
Parinari excelsa, Parkia bicolor, Pycnanthus angolensis,
Terminalia superba and Terminalia ivorensis, Khaya
senegalensis, Erythrophleum sp., Terminalia sp., Chlorophora
regia and Antiaris excelsa.

Temperature: 33e12 �C
Precipitation: 3300 mm/yr
Dry season: 3 months
(DecembereFebruary)

Nigerian Lowland
Forests

Moist region: Leguminosae family (Brachystegia sp.,
Cylicodiscus gabunensis, Gossweilerodendron balsamiferum,
Piptadeniastrum africanum), and the Meliaceae family
(Entandrophragma sp., Guarea sp., Khaya ivorensis, Lovoa
trichilioides)
Dry region: Sterculiaceae (Cola sp., Mansonia altissima,
Nesogordonia papaverifera, Pterygota sp., Sterculia sp.,
Triplochiton scleroxylon), Moraceae (Antiaris africana, Ficus
sp., Milicia excelsa), Ulmaceae (Celtis sp., Holoptelea
grandis).

Precipitation: 2500e1500 mm/yr
Dry season: 3 months
(DecembereFebruary)

Niger Delta Swamp
Forests

Strong seasonal variations: Lophira alata, Pycnanthus
angolensis, Ricinodendron heudelotii, Sacoglottis gabonensis,
Uapaca sp., Hallea ledermannii, Albizia adianthifolia, Irvingia
gabonensis, Klainedoxa gabonensis, Treculia Africana, Ficus
vogeliana, Calamus deerratus.
Continuous water-logged forest: Euphorbiaceae (Uapaca
sp., Klaineanthus gaboniae, Anthostema aubreyanum,
Macaranga sp.) Annonaceae (Xylopia sp., Hexalobus
crispiflorus) Guttiferae (Symphonia globulifera, Pentadesma
buteraceae), Rubiaceae (Hallea ledermannii, Rothmannia
sp.), Myristicaceae (Coelocaryon preussii, Pycnanthus
marchalianus), and Ctenolophonaceae (Ctenolophon
englerianus).
In dry sections: Lophira alata, Sacoglottis gabonensis,
Irvingia gabonensis, Klainedoxa gabonensis, Alstonia boonei,
Ctenolophon englerianus, Klaineanthus gaboniae, Raphia sp,
Oxystigma mannii (Ceasalpinioideae), Diospyros preussii,
Ouratea sp., Massularia acuminata, Monodora myristica,
Homalium sp., Alchornea cordifolia.
Palms: Eremospatha and Podococcus sp.

Temperature: 28 �C (monthly mean)
Precipitation: 4000 mm/yr
Dry season: 2 months
(January and February)

Cross-Sanaga-Bioko
Coastal Forests

Annonaceae, Leguminosae, Euphorbiaceae, Rubiaceae
and Sterculiaceae, Medusandra sp.

Temperature: 33e15 �C
Precipitation:>10,000 mm/yr
Dry season: none, low seasonality

Montane Grasslands
and Shrublands

Jos Plateau Forest-
grassland Mosaic

Tree species: Isoberlinea doka, Vitex doniana, Lannea
schimperi, Syzygium guineense, Berlinea sp, Carissa edulis,
Dalbergia hostilis, Diospyros abyssinica, D. ferrea, Dodonaea
viscosa, Euphorbia desmondii, E. kamerunica, E. poissonii,
Ficus glumosa, Kleinia cliffordiana, Rhus longipes,

Temperature: 15.5e30.5 �C
Precipitation: 1500e2000 mm/yr

C.S. Miller, W.D. Gosling / Quaternary Science Reviews 84 (2014) 7e2510



Table 1 (continued )

Biome Ecoregion Vegetation Climate

R. natalensis, Ochna schweinfurthiana, Olea capensis, Opilia
celtidifolia, and Pachystela brevipes.

Mangrove Guinean mangrove Rhizophora mangle, R. harrisonii, R. racemosa, Avicennia
germanians and Laguncularia racemosa.

Precipitation: 750e6000 mm/yr

Central African
mangrove

R. racemosa, R. mangle, and R. harrisonii, A. germinans,
L. racemosa and introduced species, Nypa fruticans.
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2.3.2. Surrounding vegetation
Lake Bosumtwi is ideally situated for the study of past vegeta-

tion in lowland tropical West Africa because of its proximity to the
transition between savannah (to the north) and moist forest to the
south (Fig. 1). Today, Lake Bosumtwi lies within the ‘Tropical and
Subtropical Moist Broadleaf Forest’ biome (Fig.1; Olson et al., 2001).
Prior to the degradation of the natural vegetation by human set-
tlement and cultivation, the lake was surrounded by moist semi-
deciduous forest (Gill, 1969; Rebelo and Siegfried, 1990), with a
dominant canopy comprised of trees from the Ulmaceae and Ster-
culiaceae families (Hall and Swaine, 1981; Beuning et al., 2003). The
main crops cultivated around the lake today are Elaeis guineensis
(oil palm), Musa sp. (Banana), Theobroma cacao (Cocoa) and Man-
ihot esculenta (Cassava). There is a natural area of Imperata cylin-
drica grassland which occurs on the north-east quadrant of the
crater rim, coinciding with the outcrop of the Pepiakese granite
which intruded into the Birimian metasediments (Moon and
Mason, 1967).

2.3.3. Climatic conditions
Lake Bosumtwi lies directly in the path of the migration of the

ITCZ and the associated tropical rainbelt (Nicholson, 2009), and
therefore the sediment cores from Lake Bosumtwi are likely to
record change within these climate systems. Average monthly
temperatures at Lake Bosumtwi range from c. 23 �C in August to c.
27 �C in February, with a mean annual temperature of c. 26 �C. The
cooler temperatures in the summermonths are due to a decrease in
the incoming solar radiation caused by increased cloudiness
(Shanahan et al., 2007). Humidity varies from c. 85% in August to c.
75% in January (Turner et al., 1996). January typically has the lowest
rainfall (c. 17 mm) with June having the highest (c. 234 mm). The
average annual precipitation is c. 1450 mm (Shanahan et al., 2007).

2.3.4. Palaeoenvironmental change
The published past vegetation reconstruction from Lake

Bosumtwi covers the last c. 28 ka. Fossil pollen data indicates an
abrupt transition at c. 9.5 14C yr BP (c. 9.2e9 cal ka BP) from
grasslands (during the late last glacial period) to forest vegetation
during the Holocene (Maley, 1991). Abundant taxa identified from
the late last glacial period include Poaceae, Chenopodiaceae-
Amaranthaceae, Olea sp. and Cyperaceae. Poaceae is typical of the
‘Tropical and Subtropical Grasslands, Savannah and Shrublands’
biome, Olea sp. characteristic of ‘Montane Grasslands and Shrub-
lands’, and Cyperaceae, a marginal plant which may thrive under
low lake level conditions. The Holocene is characterised by arboreal
taxa such as Alchornea, Celtis, Moraceae, Lannea and Uapaca asso-
ciated with the ‘Tropical and Subtropical Moist Broadleaf Forest’
biome.

Carbon isotope (d13C) analysis of coarse fraction bulk organic
sediments from the late last glacial period in Lake Bosumtwi range
from �11.5& to �19.6&, which have been interpreted to reflect a
dominance of C4 (grassland) plants (Talbot and Johannessen, 1992);
an interpretation supported by the high percentages of Poaceae
(grass) pollen grains (Maley,1991). The transition into the Holocene
is marked by a negative 20& shift in the d13C which has been
interpreted as indicative of a change to C3-dominated (forest)
vegetation (Talbot and Johannessen, 1992). The switch from
savannah to forest at c. 9.5 14C yr BP (c. 9.2e9 cal ka BP) coincides
with the onset of deep lake conditions (Talbot and Delibrias, 1980)
and a lithological shift from muddy-silts to dark green laminated
organic muds (Talbot et al., 1984).

Lake Bosumtwi lake level reconstructions for the last c. 28 ka are
based on the radiocarbon dating of exposed lacustrine deposits in
the river gullies around the crater. Radiocarbon dates indicate that
the lake was much lower than present before c. 15.6e14.1 cal ka BP
(Talbot and Delibrias, 1980). After c. 12.8e11.8 cal ka BP thick suc-
cessions of turbidite silts are interpreted to represent a shift to a
deep, stable, stratified lake (Talbot and Delibrias, 1980). A well-
developed terrace and overflow notch (at c. 110 m above present
lake level) indicates that the lake overtopped the crater from c.
11.6e8.8 cal ka BP. Beach sands c. 0.5 m above the present lake level
indicate a regression before c. 4.2e3.6 cal ka BP. Additional beach
deposits show a most recent lake level highstand c. 25 m above
present lake level between c. 3.6e1.5 cal ka BP (Talbot and Delibrias,
1980; Shanahan et al., 2006).

Millennial and sub-millennial scale climate changes have also
been identified from the Lake Bosumtwi sediments. Magnetic
hysteresis measurements spanning the last c. 26 ka have been used
to suggest that: (i) during the last glacial period the input of aeolian
dust into the lake was high, and (ii) during the Holocene there were
millennial-scale fluctuations in dust input. The changes in dust
input at Lake Bosumtwi are thought to be related to changes in
Atlantic Sea Surface Temperature (SST) and glacial boundary con-
ditions (Peck et al., 2004); with cooler SST leading to a reduction in
evaporation and moisture needed to fuel the West African
monsoon, leading to reduced vegetation cover and more dust
production. In addition, high resolution elemental data (Al, Si, K, Ca,
Ti, Mn and Fe), as a proxy for the terrigenous sediment component,
spanning c. 2.7 ka from Lake Bosumwti identified annual lamina-
tions which indicate intervals of severe drought, thought to be
related to changes in monsoon intensity driven by fluctuations in
Atlantic SST and the Atlantic Multidecadal Oscillation (Shanahan
et al., 2009).

3. Materials and methods

3.1. Sediment recovery and age

In 2004, an expedition led by the International Continental
Scientific Drilling Program (PI’s C. Koeberl; B. Milkereit; J. Overpeck;
C. Scholz) raised 1833 m of sediment from 14 separate drill holes
from Lake Bosumtwi (Ghana). The longest continuous core recov-
ered was from site 5, core BOS04-5B (hereafter 5B), located in the
deepest part of the lake (c. 74 mwater depth), totalling 294.67 m of
sedimentary succession (Koeberl et al., 2007).

Previous studies have established 135 independent radiometric
age control points from the 5B core: 127 radiocarbon dates
(Shanahan et al., 2012; Shanahan et al., 2013), 1 U-series age
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(Shanahan et al., 2013), 6 optically stimulated luminescence ages
(Shanahan et al., 2013) and a basal impact glass Ar-Ar age (Koeberl
et al., 1997; Jourdan et al., 2009). The published independent ages
from the 5B core are presented in Appendix A (Fig. S1). The good
agreement between the previously published independent age
estimates suggest that the upper 150 m of sediment from core 5B
used in this study spans the last c. 520 ka.

3.2. Fossil pollen analysis

To reconstruct past vegetation change in tropical West Africa
during the last half million years we analysed 217 samples, at an
average temporal resolution of 2.4 ka from the upper 150 m of core
5B for fossil pollen. The pollen samples were prepared using
standard techniques (Faegri and Iversen, 1989), with pollen con-
centrations calculated with reference to known abundances of the
exotic marker Lycopodium (Stockmarr, 1972). Pollen sums of >300
terrestrial grains were achieved wherever possible; however, in
samples with low pollen concentration (i.e. with pollen sums from
15 to 175, and concentrations <1392 grains cm�3) counting ceased
when 2000 exotic Lycopodium spores had been counted. The
identification of pollen grains was achieved using the pollen
reference collection held at The Open University, UK, as well as
African pollen reference guides (Reille, 1995; Lézine, 2005; Gosling
et al., 2013).

3.3. Identification and analysis of forest assemblage zones

Visual inspection of the summary fossil pollen data for the
entire c. 520 ka record was initially used to identify periods of
dominance by forest (vs. savannah) taxa. To allow focus on the fossil
pollen assemblages which contain a higher percentages of forest
taxa we then zoned the diagram by classifying all samples where
grass (Poaceae) pollen was >55% of the pollen sum in three
consecutive samples as savannah. Grass was chosen as the
discriminator between forest and savannah type vegetation
because of its high representation in the fossil pollen record, and its
importance as an indicator of savannah-type vegetation (Maley,
1991; Hooghiemstra et al., 2006). Fossil pollen diagrams were
then plotted to show the detailed assemblages within each of the
forest assemblage zones. All pollen diagrams were produced using
C2 software (Juggins, 2005).

Statistical comparison of fossil pollen assemblages was achieved
using the detrended correspondence analysis (DCA) function in
Psimpoll (Bennett, 2003). DCA was performed on: (i) all pollen
samples and including all pollen/spore taxa reaching an abundance
of >2% of the pollen sum in at least one sample (43 taxa; taxon
scores), and (ii) on just the pollen samples occurring within the
forest assemblage zones including all taxa>2% of the pollen sum in
at least one sample (22 taxa; sample scores).

Additionally, the Simpson’s Index of Diversity (1-D) was calcu-
lated for each sample; the calculated value ranges from 0 to 1, with
higher values representing greater diversity. The index represents
the probably that two randomly selected individuals from a sample
will belong to the same species (Peet, 1974).

4. Results

In total, 216 pollen taxa were identified to at least family level
and a further 311 pollen types were described, but remain as un-
known in terms of botanic taxonomy. Out of 217 fossil pollen
samples analysed, 100 samples were included in the six separate
stratigraphic zones containing ‘forest assemblages’ (Figs. 2e5).
These six Bosumtwi forest assemblages are discussed below and
are named Bosumtwi forest (BF) zones 6-1. A pollen diagram
displaying taxa >2% of the pollen sum is shown in Appendix A (Fig.
S2 and S3). All pollen taxa identified comprising >2% of the pollen
sum are in Appendix A (Table S1).

4.1. Bosumtwi forest assemblage zones

4.1.1. Bosumtwi forest (BF) zone 6 (BF6; 140.6e125.62 m); 24 pollen
samples

Zone BF6 (Fig. 3a) is characterised byMoraceae (mean14%),Celtis
(mean 7.2%), Alchornea (mean 2.8%), Macaranga (mean 2.8%) and
FabaceaeMimosaceae (mean 2.2%). Percentages of Poaceae are high
(<67%) but fluctuate throughout zone BF6. The aquatic Menyanthes
trifoliata increases to 6.9% within zone BF6. Celtis and Moraceae
increase to 33% and 48.1% respectively. The mean pollen concen-
tration in zone BF6 is 20,193 grains cm�3 and the mean Simpson
diversity value (1-D) for the pollen assemblage is 0.83 (Fig. 3a).

4.1.2. Bosumtwi forest zone 5 (BF5; 111.25e105.45 m); 8 pollen
samples

Zone BF5 (Fig. 3b) is characterised by Celtis (mean 8.6%), Mor-
aceae (mean 7.5%), Macaranga (mean 7%), Alchornea (mean 3.3%)
and Pycnanthus (mean 0.8%). Cyperaceae percentages are low
(<2.7%) for the duration of zone BF5. Vegetation composition
throughout BF5 is relatively stable. Burseraceae reaches a
maximum percentage of 8.9% towards the end of BF5. The mean
pollen concentration in zone BF5 is 41,160 grains cm�3 and the
mean Simpson diversity (1-D) for the pollen assemblage is 0.92
(Fig. 3b).

4.1.3. Bosumtwi forest zone 4 (BF4; 95.95e93.57 m); 4 pollen
samples

Zone BF4 (Fig. 4a) is characterised by Celtis (mean 16.8%) Mor-
aceae (mean 15%), Olea sp. (mean 10.2%), Macaranga (mean 4.9%)
and Alchornea (mean 3.1%). The base of zone BF4 is determined by a
decrease in both Poaceae and Cyperaceae percentages to 49.6% and
0% respectively (Fig. 4a). The percentage of Moraceae and Celtis
increase through zone BF4 and reach maxima (36% and 35.3%) at
the top of the zone (Fig. 4a). The mean pollen concentration in zone
BF4 is 28,570 grains cm�3 and themean Simpson diversity (1-D) for
the pollen assemblage is 0.83 (Fig. 4a).

4.1.4. Bosumtwi forest zone 3 (BF3; 70.3e58.05 m); 23 pollen
samples

Zone BF3 (Fig. 4b) contains high percentages of Olea sp. and
Moraceae at mean percentages of 9.3% and 8.3% respectively. Zone
BF3 contains large fluctuations in pollen percentages, but generally
contains a decrease in Poaceae and an increase in arboreal taxa. The
zone is divided into three sub-stages. The first sub-stage (70.3e
68.6 m) contains a rapid decrease in Poaceae percentage from 93 to
7.2% and a maximum in Olea sp. percentage (59.5%) at 70.3 m,
followed by an increase in Moraceae percentages (46.5%) at 68.6 m.
The second sub-stage (68.6e59.45 m) contains highly variable
Poaceae pollen percentages (93.5e24.3%). Cyperaceae percentage is
low but constant throughout (0.6e11.7%). Moraceae reaches a
maximum percentage of 32.7% at 63.6 m. The third sub-stage
(59.45e58.25 m) is characterised by low percentages of Poaceae
(>27%) and Cyperaceae (>0.7%) and high percentages of Olea sp.
(<32%) and Moraceae (<22%). The mean pollen concentration in
zone BF3 is 31,705 grains cm�3 and the mean Simpson diversity (1-
D) for the pollen assemblage is 0.52 (Fig. 4b).

4.1.5. Bosumtwi forest zone 2 (BF2; 35.85e28.1 m); 26 pollen
samples

Zone BF2 (Fig. 5a) is characterised by Moraceae (mean 13.2%),
Celtis (mean 6.6%), Macaranga (mean 6.6%), Alchornea (mean 3%),
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Fabaceae Papilionoideae (mean 2.3%), Fabaceae Mimosaceae (mean
1.83%), Uapaca (mean 1.7%) andHoloptelea (mean 0.3%). Prior to BF2
there is a prolonged period of savannah stability (>80% Poaceae;
Fig. 5a). At the base of zone BF2 Olea sp. reaches its maximum
percentage over the last c. 520 ka (71%) and pollen concentration
increases to 234,117 grains cm�3. Zone BF2 is characterized by an
abrupt decrease in Poaceae percentages from 61 to 5.6% at 35.05 m.
Poaceae percentages recover between 33.85 and 32.9 m, however
total pollen concentration decreases to c. 90 grains cm�3, rendering
these samples effectively barren (BI; Fig. 2; Fig 5a). Themean pollen
concentration in zone BF2 is 43,427 grains cm�3 and the mean
Simpson diversity (1-D) for the pollen assemblage is 0.86 (Fig. 5a).

4.1.6. Bosumtwi forest zone 1 (BF1; 4.8e0 m); 15 pollen samples
Prior to BF1, Poaceae percentages reached 91% (Fig. 5b) and

Typha and Cyperaceae were key components of the vegetation
assemblage. Olea sp. has maxima at 16.6 m and 4.8 m (>10%) but is
reduced (to<2%) in zone BF1. Cyperaceae has a maximum of 44% at
10 m but is reduced (to <1%) in zone BF1. Zone BF1 (Fig. 5b) con-
tains high percentages of Moraceae (mean 18.9%), Alchornea (mean
8.8%), Celtis (mean 4.2%), Macaranga (mean 3.7%), Trema (mean
2.3%), Hymenocardia (mean 3.6%), Fabaceae Mimosaceae (mean
1.5%) and Holoptelea (mean 1.2%). Percentages of Alchornea,
Fig. 2. Pollen abundance diagram (displaying taxa >10% of the pollen sum) from 150 to 0 m
with <55% Poaceae. Dark and pale-grey bars are Bosumtwi forest zones (BF). Red bar is the
based on Olson et al. (2001). NC/C ¼ taxa ‘not classified’ or ‘common’ in many biomes.
Arecaceae and Tetrorchidium show maxima of 31%, 17% and 14%
respectively at 2.2m. Trema is present throughout BF1 but increases
to 8% at 1.8 m. Moraceae is a major component of the zone BF1
assemblage, reaching maximum percentages of 77% at core-top
exceeding any value over the last 520 ka. The mean pollen con-
centration in zone BF1 is 52,205 grains cm�3 and themean Simpson
diversity value (1-D) for the pollen assemblage is 0.91 (Fig. 5b).

4.2. Fossil pollen ordination

Detrended Correspondence Analysis (DCA) was applied to the
pollen assemblages to identify similarities (Fig. 6). Rare taxa were
downweighted as this lowers (but does not remove) the influence
of low percentage species on the DCA results (Bennett, 2003). DCA
was performed on all pollen/spore taxa comprising >2% of the
pollen sum in at least one sample. Pollen taxon scores were
grouped into vegetation biomes according to Olson et al. (2001;
Fig. 6a). Generally, taxon scores of Poaceae, Chenopodiaceae-
Amaranthaceae, and Caryophyllaceae plot toward the negative on
axis 1. Taxon scores of Uapaca, Macaranga, Celtis and Trema plot
positive on axis 1 (Fig. 6a). All sample scores from zone BF1 plot
positive on axis 1 (Fig. 6b). Sample scores from zone BF2 are widely
dispersed, having both positive and negative values along axis 1
depth (c. 520 ka BP to present). Horizontal dark-grey bars indicate �3 adjacent samples
barren interval (BI). Pollen concentration is in grains cm�3. Taxa classified into biomes



Fig. 3. Pollen abundance diagram (displaying taxa >3% of the pollen sum). A) BF6 (140.6e125.62 m depth; MIS 13). B) BF5 (111.25e105.45 m; MIS 11). Horizontal dark-grey bars
indicate �3 adjacent samples with <55% Poaceae. Dark and pale-grey bars are Bosumtwi forest zones (BF). Pollen concentration is in grains cm�3. Taxa classified into biomes based
on Olson et al. (2001). NC/C ¼ taxa ‘not classified’ or ‘common’ in many biomes.
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Fig. 4. Pollen abundance diagram (displaying taxa >3% of the pollen sum). A) BF4 (95.95e93.57 m; MIS 9). B) BF3 (70.3e58.05 m; MIS 7). Horizontal dark-grey bars indicate �3
adjacent samples with <55% Poaceae. Dark and pale-grey bars are Bosumtwi forest zones (BF). Pollen concentration is in grains cm�3. Taxa classified into biomes based on Olson
et al. (2001). NC/C ¼ taxa ‘not classified’ or ‘common’ in many biomes.
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Fig. 5. Pollen abundance diagram (displaying taxa >3% of the pollen sum). A) BF2 (35.85e28.1 m; MIS 5e). B) BF1 (4.8e0 m; Holocene). Horizontal dark-grey bars indicate �3
adjacent samples with <55% Poaceae. Dark and pale-grey bars are Bosumtwi forest zones (BF). Pollen concentration is in grains cm�3. Taxa classified into biomes based on Olson
et al. (2001). NC/C ¼ taxa ‘not classified’ or ‘common’ in many biomes.
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Fig. 6. Fossil pollen DCA ordination of Lake Bosumtwi data. A) Ordination of Lake Bosumtwi fossil pollen DCA taxon scores axis 1 vs. axis 2. Axis 1 represents most of the ecological
variance (eigenvalue (EV) 0.44), axis 2 EV is 0.21. DCA was performed on all pollen/spore taxa reaching an abundance of >2% of the pollen sum in at least one sample. In total, 43
pollen/spore taxa were included from 217 fossil pollen samples. Ecological biome classifications follows Olson et al. (2001). B) Ordination of Lake Bosumtwi forest zone DCA sample
scores. DCA was performed using Psimpoll (Bennett, 2003).
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(Fig. 6b). Zone BF3 sample scores plot solely (apart from one sam-
ple) with negative scores on axis 1 (Fig. 6b). Sample scores from
both BF4 and BF5 plot around the origin of axis 1 and 2. Zone BF6
sample scores are highly condensed and plot negative on both axis
1 and 2 (Fig. 6b).

5. Discussion

The fossil pollen record from Lake Bosumtwi contains six forest
assemblage zones through the last c. 520 ka (Fig. 2). Fossil pollen
records obtained from nearby marine core sites (Fig. 1; Table 2)
also record six periods of forest expansion over the same time
period that have been related to global interglacial climates
through parallel oxygen isotope analyses (Dupont et al., 1989;
Dupont and Agwu, 1992; Jahns et al., 1998; Dupont et al., 2000).
Consequently, we interpret the six forest zones (BF) identified as,
most likely, reflecting the expansion of forests around Lake
Bosumtwi during the last six interglacial periods (MIS 13, 11, 9, 7,
5e and 1).

The diameter of Lake Bosumtwi (c. 8.5 km) means that c. 80% of
the pollen accumulating in the sediments is likely to be derived
from the regional landscape (greater than several hundred metres
from the basin) (Jacobson and Bradshaw, 1981). The remaining c.
20% is likely to be comprised of local (<20 m) and extralocal (from
plants between 20 and several hundredmetres from the edge of the
lake) sources (Jacobson and Bradshaw, 1981). The constrained na-
ture of the Lake Bosumtwi basin (meteorite impact crater) means
that evenwith a dramatic change in lake level (� 100 m; Shanahan
et al., 2006) there cannot have been a large change in lake diameter
(lake bottom 6 km diameter, crater rim 11 km diameter). Conse-
quently, the relative proportion of local vs. long distance pollen
entering the lake due to fluctuations in lake level is likely to have



Table 2
Fossil pollen records from the marine and terrestrial cores of West Africa. Records shown are those covering at least one major climate event (i.e. records spanning at least the
last c. 17 ka BP). Terrestrial records are shaded in grey.

Site Core reference on Figs. 1, 8 and 9 Location Deposit Duration (ka BP) Reference

GIK 16867 GIK 16867 2�120S, 5�6E Marine 700e0 Dupont et al., 1998
GIK 16415 GIK 16415 9�340N, 19�050W Marine 700e0 Dupont and Agwu, 1992
ODP 658 ODP 658 20�44.950N, 18�34.850W Marine >670e0 Dupont et al., 1989
GIK 16776 GIK 16776 3�44.10N, 11�23.90W Marine 400e0 Jahns et al., 1998
KS84067 KS84067 4�070350N 4�060950W Marine 225e0 Frédoux, 1994
GeoB1016 GeoB1016 11�460S, 11�410E Marine 200e0 Shi and Dupont, 1997
GIK 16856 GIK 16856 4�480N, 3�240E Marine c.150e0 Dupont and Weinelt, 1996
V22-196 V22-196 13�500N, 18�570W Marine 140e0 Lézine, 1991
GeoB1711-4 GeoB1711-4 23�18.90S, 12�22.60E Marine 135e0 Shi et al., 2001
KW23 KW23 3�460S, 9�170E Marine 135e0 Bengo and Maley, 1991
Niger Delta ND 4�330N, 6�260E Delta 35e0 Sowunmi, 1981
Lake Barombi-Mbo BM 4�670N, 9�400E Lake 32e0 Maley and Brenac, 1998
GeoB4905-4 GeoB4905-4 2�300N, 9�23.40E Marine 30e0 Marret et al., 2013
Lake Bosumtwi Star 6�30’N, 1�25’W Lake 27.5e0 Maley, 1991
Ngamakala Pond NgP 4�4030S, 15�230E Swamp 24e0 Elenga et al., 1994
KS12 KS12 3�520N 1�560W Marine 22e9 Lézine and Vergnaud-Grazzini, 1993
Lake Tilla LT 10�230N, 12�080E Lake 17e0 Salzmann et al., 2002
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remained relatively constant. However, it is possible that the source
area for the long distance pollen input has varied in the past due to
changes in the relative strength of the trade winds (i.e.
Hooghiemstra, 1989), the type of vegetation surrounding the lake
(Bradshaw, 1981) as well as and rainfall variations, with frequent
rain washing the pollen out from the air (Hooghiemstra, 1988).
Despite the large pollen catchment area for Lake Bosumtwi the
regional picture is significantly smaller than the super-regional
input into the marine sediments.

5.1. Forest assemblage zones and their modern vegetation
associations

A comparison of the Lake Bosumtwi fossil pollen taxa identified
over the last c. 520 ka with modern day vegetation associations
(Table 1) indicate that the majority of the fossil pollen taxa found
are represented in the various modern day ecoregions of West Af-
rica (Fig. 7; Table 1; Olson et al., 2001). However, the pollen record
indicates that plant associations are of variable composition in
time, with little resemblance between modern and past vegetation
composition. Comparing the climatic range of (multiple) ecor-
egions (Olson et al., 2001) allowed an estimation of both temper-
ature and precipitation for the past forest zones.

5.1.1. BF6; equivalent MIS 13
Taxa associated with zone BF6 include: Celtis, Uapaca, Macar-

anga, Alchornea, Holoptelea, Moraceae and Fabaceae species
(Fig. 3a). Today, Celtis and Uapaca are associated with the ‘Western
Guinean Lowland Rainforest’ ecoregion. Celtis is also present in the
modern-day ‘Eastern Guinean Lowland Rainforest’ ecoregion along
with Holoptelea, Moraceae and Fabaceae species. Macaranga,
Uapaca and Alchornea are characteristic of the ‘Niger Delta Swamp
Forest’ ecoregion. Holoptelea, Moraceae and Celtis are also currently
found within the dry northern part of the ‘Nigerian Lowland Forest’
ecoregion. Fabaceae species are also foundwithin themoist regions
of the ‘Nigerian Lowland Forest’ ecoregion.

Given the close association between the most highly abundant
fossil pollen taxa and modern day ecoregion vegetation we suggest
that the vegetation within zone BF6 was similar to that of the
modern ‘Western Guinean Lowland Rainforest’, ‘Eastern Guinean
Lowland Rainforest’ and the ‘Nigerian Lowland Forest’ ecoregions.
Assuming little change in species climatic tolerances over the late
Quaternary, the vegetation association identified in the fossil pollen
assemblage suggests that precipitation during zone BF6 was
probably c.1000e3300mm/yr, with seasonal temperatures ranging
from c. 22e34 �C.

5.1.2. BF5; equivalent MIS 11
Taxa associated with BF5 include Celtis, Moraceae, Macaranga,

Alchornea and Pycnanthus (Fig. 3b). Today, Alchornea andMacaranga
are characteristic of vegetation within the ‘Niger Delta Swamp
Forest’ ecoregion. Celtis and Pycnanthus/Panandus are common
within the ‘Western Guinean Lowland Rainforest’ and ‘Eastern
Guinean Lowland Rainforest’ ecoregion. While Moraceae, is char-
acteristic of the ‘Nigerian Lowland Forest’, the ‘Western Guinean
Lowland Rainforest’ and the ‘Eastern Guinean Lowland Rainforest’
ecoregions.

The high frequency of both Moraceae and Celtis suggest the
vegetation assemblage within zone BF5 is most closely related to
the vegetation found in the ‘Western Guinean Lowland Rainforest’
and ‘Eastern Guinean Lowland Rainforest’ ecoregions today, sug-
gesting precipitation was 1000e3300 mm/yr and with seasonal
temperatures ranging from 12 to 34 �C.

5.1.3. BF4; equivalent MIS 9
Main taxa associated with zone BF4 are Moraceae, Celtis, Olea

sp., Macaranga and Alchornea (Fig. 4a). Celtis, Alchornea and Mac-
aranga are characteristic of the ‘Niger Delta Swamp Forest’ and the
‘Western Guinean Lowland Rainforest’ ecoregions. Moraceae is
abundant in the ‘Nigerian Lowland Forest’, the ‘Western Guinean
Lowland Rainforest’ and the ‘Eastern Guinean Lowland Rainforest’
ecoregions. Olea sp. is found in the montane forests associated with
the ‘Jos Plateau Forest-grassland Mosaic’ ecoregion.

The high percentage of Celtis and Moraceae suggests that the
vegetation around Lake Bosumtwi during zone BF4 was similar to
that of the present day ‘Western Guinean Lowland Rainforest’ and
‘Eastern Guinean Lowland Rainforest’ ecoregion, indicating past
precipitation of 1000e3300 mm/yr, and seasonal temperatures
ranging from 12 to 34 �C. However, high percentages of the
montane taxa Olea sp. support generally cooler conditions allowing
the downslope migration and expansion of montane forests (i.e.
Maley, 1991).

5.1.4. BF3; equivalent MIS 7
The main fossil pollen components of zone BF3 are Olea sp.,

Moraceae, Alchornea,Macaranga and Poaceae (Fig. 4b). Moraceae is
abundant in the ‘Nigerian Lowland Forest’ and the ‘Western Guin-
ean Lowland Rainforest’ ecoregions. Olea sp. is associated with the



Fig. 7. Map of present-day ecoregions of West Africa which contain taxa identified
within the Lake Bosumtwi fossil pollen record (Table 1). Ecoregions are grouped into
biomes: a) Tropical and Subtropical Grasslands, Savannah and Shrublands; b) Tropical
and Subtropical Moist Broadleaf Forests; c) Montane Grasslands and Shrublands; d)
Mangroves. Map adapted from Olson et al. (2001). LB ¼ Lake Bosumtwi.
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montane ‘Jos Plateau Forest-grassland Mosaic’ ecoregion. Addi-
tionally, Alchornea and Macaranga are taxa characteristic of the
‘Niger Delta Swamp forest’ ecoregion. Poaceae is characteristic of
savannah ecoregions, such as the ‘Sahelian Acacia Savanna’, the
‘West Sudanian Savanna’ and the ‘Guinean Forest-savanna Mosaic’
ecoregions. The high but fluctuating percentages of Poaceae (24.3e
93.5%) during the second sub-zone within zone BF3 (68.6e
59.45 m) implies an expansion and contraction of the savannah
ecoregions.

The high percentages of Poaceae, Moraceae, Alchornea and
Macaranga in zone BF3 suggest that the vegetation around Lake
Bosumtwi was similar to the present day vegetation further east
(Fig. 1) from the ‘Guinean Forest-savanna Mosaic’ and the ‘Nigerian
Lowland Forest’ ecoregion. Consequently, we infer that average
precipitation during zone BF3 was from 1500e2500 mm/yr.

5.1.5. BF2; equivalent MIS 5e
In zone BF2 the main fossil pollen taxa identified were Mor-

aceae, Celtis, Macaranga, Alchornea, Fabaceae Papilionoideae,
FabaceaeMimosaceae, Uapaca andHoloptelea (Fig. 5a). Poaceae and
Melastomataceae/Combretaceae percentages are low within zone
BF2. Today the characteristic pollen taxa are found in high per-
centages in the vegetation of the ‘Niger Delta Swamp Forest’,
‘Western Guinean Lowland Rainforest’, ‘Eastern Guinean Lowland
Rainforest’ and the ‘Nigerian Lowland Forest’ ecoregions. The
elevated percentage of Moraceae and the high mean diversity (1-D
0.86) during zone BF2 suggests that the vegetation around Lake
Bosumtwi was most probably similar to the ‘Nigerian Lowland
Forest’ or ‘Western Guinean Lowland Rainforest’ ecoregions, with
high precipitation ranging from 1500e3300 mm/yr and seasonal
temperatures ranging from 12e33 �C.

5.1.6. BF1; equivalent Holocene
Zone BF1 is characterised by Moraceae, Alchornea, Celtis, Mac-

aranga, Trema, Hymenocardia, FabaceaeMimosaceae and Holoptelea
(Fig. 5b). Taxa which are currently associated with the ‘Niger Delta
Swamp Forest’, the ‘Western Guinean Lowland Rainforest’, the
‘Eastern Guinean Lowland Rainforest’ and the ‘Nigerian Lowland
Forest’ ecoregions. Hymenocardia is today found within the
‘Northern Congolian Forest SavannaMosaic’ ecoregion,Medusandra
within the ‘Cross-Sanaga-Bioko Coastal Forests’ ecoregion and
Trema within the ‘Guinean Montane Forest’ ecoregion. Although
Trema is represented in the modern-day ‘Guinean Montane Forest’
ecoregion, it represents secondary forest species, often present af-
ter degradation. Increased percentages of Trema after 1.8 m (mid-
Holocene) could be related to increased environmental disturbance
by humans. The high diversity (1-D 0.91) and lack of dominance by
one diagnostic taxon makes it difficult to provide an estimate of
past climate conditions during BF1.

5.2. Comparison of forest vegetation assemblages

The weighting of the pollen taxon scores along DCA axis 1 is
interpreted as characterising shifts between forest and savannah
biomes (Fig. 6a). We have linked DCA axis 1 to biome shift (and
moisture availability) because characteristic savannah taxa are
separated from characteristic forest taxa.

The comparison between just the forest assemblages reveals
clear compositional differences between zones (Fig. 6b). The con-
trasting vegetation composition between BF1 (Holocene) and BF3
(MIS 7) is clearly shown by the DCA ordination of sample scores,
with samples from the Holocene plotting positive and samples
from MIS 7 plotting negative on axis 1. The positive Holocene DCA
scores suggest the climatewas significantly wetter than the climate
during MIS 7. Samples from BF2 (MIS 5e) have both positive and
negative scores on axis 1 of the DCA ordination, indicating that
climate varied substantially throughout this period. The sample
scores of BF6 (MIS 13), BF5 (MIS 11) and BF4 (MIS 9) plot around the
origin of the DCA ordination (Fig. 6b), containing either taxa with
both positive and negative DCA scores or solely taxa which plot
near the origin of the DCA ordination (Fig. 6a). Samples from BF6
(MIS 13) are clustered together, indicating low variability and that
the samples within this forest zone all contain similar species, in
comparable abundances.

The transition into all forest zones at Lake Bosumtwi is marked
by an increase in pollen concentration and diversity (Figs. 2e5).
Higher pollen concentrations during forest zones are likely to be
the result of either a decreased sedimentation rate, as seen at c.
50 ka BP when lake levels were exceptionally high (Shanahan et al.,
2012), or alternatively, an increase in pollen production. The
highest pollen diversity values occurred during BF5 (MIS 11), while
samples from BF2 (MIS 5e) contained taxa from a range of different
modern ecoregions.

Significant peaks in the montane taxa Olea sp. mark transitions
into BF3 (MIS 7; c. 59%), BF2 (MIS 5e; c. 30%) and BF1 (Holocene; c.
12%). Maley (1991) state that the occurrence of Olea sp. in MIS 2 at
Lake Bosumtwi is an indicator of c. 3e4�C cooling. In our new re-
cord, the occurrence of Olea sp. throughout all forest zones, with
the exception of the BF1 (Holocene), suggests that the climate
within BF1 (Holocene) was either significantly warmer than pre-
vious forest zones or that climatic cooling is not solely responsible
for the occurrence of Olea sp. within the fossil pollen record.

Zone BF1 (Holocene) has the lowest percentage of Poaceaewhen
comparedwith anyother periodduring the last 520 ka (Fig. 2). In the
absence of Poaceae, BF1 is characterized by a highly diverse pollen
assemblage comprised of taxa belonging to modern forest ecor-
egionswith relatively high rainfall (1500e4000mm/yr). Both zones
BF1 (Holocene) and BF5 (MIS 11) have similarly high pollen
assemblage diversity values. The lowest diversity values of all the
forest zones over the last c. 520 ka occurred during BF3 (MIS 7).

Our study indicates that BF1 (Holocene) is unlike any other
previous forest zone over the last c. 520 ka and appears to be
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characterised by higher percentages of taxa such as Alchornea and
Moraceae indicating a much wetter environment in West Africa
during the last c.11 ka. Additionally, BF3 (MIS 7) is dissimilar to any
other forest zone as it contains higher percentages of Poaceae and
Cyperaceae suggesting that climate in West Africa was significantly
drier at this time. Other forest zones are either comprised of taxa
from numerous modern day ecoregions (BF2; MIS 5e), indicating
that climate varied substantially, or taxa representing ‘average
vegetation composition’ with no climatic extremes and low cli-
matic variability (BF6, BF5, BF4; MIS 13, MIS 11, MIS 9).

5.3. West African forest vegetation associations

To place the Lake Bosumtwi sediments in a wider regional
context and gain a broader picture of West African vegetation
during previous interglacials we present a comparison of our
findings with terrestrial and marine records from the region,
covering at least one glacial to interglacial transition (i.e. records
spanning at least the last c. 17 ka; Table 2). The key pollen taxa
identified within each fossil pollen record during the interpreted
interglacial periods was compared to the modern-day vegetation
biomes of Olson et al. (2001) and classified according to the
dominant vegetation components. Each of the six maps produced
cover an individual interglacial period (Fig. 8 and Fig. 9). Each map
shows the location of the fossil pollen records spanning that ‘time-
slice’ and indicate the vegetation biome at that time for each
location by colour code.

5.3.1. West African vegetation during Marine Isotope Stage 13
Three marine cores (ODP 658, GIK16415 and GIK16867) and the

Lake Bosumtwi core provide a vegetation record of MIS 13 (BF6;
Table 2; Fig. 1; Fig. 8a). During MIS 13, site ODP 658 (offshore
Mauritania) records high concentrations of Chenopodiaceae-
Amaranthaceae and Poaceae which are characteristic of the ‘Trop-
ical and Subtropical Grassland’ biome (Dupont et al., 1989). The late
part of MIS 13 is missing from core GIK16415 (southwest of Dakar),
but the early part records an increase in fern and Uapaca percent-
ages. Both site GIK16415 and Lake Bosumtwi provide evidence for an
expansion of the ‘Tropical and Subtropical Moist Broadleaf Forest’
biome during MIS 13 (BF6; Dupont and Agwu, 1992). Marine core
GIK16867 (off Gabon) records generally high concentrations of taxa
from the ‘Montane Grasslands and Shrubland’ biome although the
percentages of mangrove and forest appear to decline with Poaceae
percentages relatively high but fluctuating through the course of
MIS 13 (Dupont et al., 1998). High montane taxa within marine core
GIK16867 contrasts with the low montane taxa percentages evi-
denced at Lake Bosumtwi (BF6). Core GIK16867 and Lake Bosumtwi
may sample pollen from two separate montane regions (Fig. 1) with
a retreat in the West African afromontane forest north east of Lake
Bosumtwi and an advance in the West African afromontane forest
south east of site GIK16867 (Fig. 1). Parallels can be drawn between
zones BF6 (MIS 13) and BF1 (Holocene) both from records derived
from Lake Bosumtwi and core GIK16867; with both MIS 13 and
Holocene forests containing similar percentages of montane taxa.
Taken together these observations suggest both interglacials, in
West Africa, had similar temperatures.

5.3.2. West African vegetation during Marine Isotope Stage 11
Four marine cores (ODP 658, GIK16415, GIK16867, GIK16776)

and the Lake Bosumtwi core provide a vegetation record of MIS 11
(BF5; Table 2; Fig. 1; Fig. 8b). Site ODP 658 again records high
concentrations of Chenopodiaceae-Amaranthaceae and Poaceae
which are characteristic of the ‘Tropical and Subtropical Grassland’
biome (Dupont et al., 1989). DuringMIS 11 at site ODP 658 taxa such
as Pinus, Ephedra and Asteraceae, which are transported exclusively
by the NE trade winds, decrease (Dupont et al., 1989). Additionally,
site ODP 658 displays increased percentages of Rhizophora,
implying increased river discharge (Dupont, 2011) and high sea
level; supporting recent estimates of a c.13 m eustatic sea level rise
during MIS 11 (Roberts et al., 2012). Early MIS 11 is missing from
core GIK16415, however late MIS 11 displays an increase in fern
spores and Rhizophora percentage (Dupont and Agwu, 1992). High
fern spores indicate an increase in canopy cover, characteristic of
the modern day ‘Tropical and Subtropical Moist Broadleaf Forest’
biome. The vegetation around Lake Bosumtwi during BF5 (MIS 11)
consisted of taxa belonging to the ‘Tropical and Subtropical Moist
Broadleaf Forest’ biome. The percentage of montane taxa (Olea sp.)
at Bosumtwi is low throughout BF5 (MIS 11), contrary to the large
expansion of the montane taxa Podocarpus seen in marine cores
GIK16867 and GIK16776 (off Liberia; Fig. 1; Jahns, 1996; Dupont
et al., 1998).

High pollen concentration values during BF5 (MIS 11), evi-
denced at Lake Bosumtwi and GIK16867, as well as decreased trade
wind indicators at ODP 658 imply that the high pollen influx is
most likely related to an increase in pollen production and not an
intensification of atmospheric circulation. High pollen production
during interglacial periods is evidenced in many other records
across the globe (e.g. Hanselman et al., 2005; Fréchette et al., 2006).
High pollen productivity in tropical forests (i.e. interglacials) and
low productivity in savannah (i.e. glacials) has also been demon-
strated in modern pollen trapping studies (Gosling et al., 2009).

5.3.3. West African vegetation during Marine Isotope Stage 9
Four marine cores (ODP 658, GIK16415, GIK16867, GIK16776)

and the Lake Bosumtwi core provide a vegetation record of MIS 9
(BF4; Table 2; Fig. 1; Fig. 8c). Site ODP 658 again records high
percentages of taxa characteristic of the ‘Tropical and Subtropical
Grassland’ biome (Dupont et al., 1989), although there is a strong
delayed response in the vegetation to increased moisture avail-
ability at the beginning of MIS 9 and an early response in the
vegetation to decreased moisture availability at the end of MIS 9
(Dupont et al., 1989). Core GIK16415, displays an increase in fern
spores and Rhizophora percentage (Dupont and Agwu, 1992);
indicating an expansion of both the ‘Tropical and Subtropical Moist
Broadleaf Forest’ and the ‘Mangrove’ biomes. At site GIK16867,
although dominated by montane taxa, MIS 9 is characterised by an
increase in the percentage of Alchornea, Uapaca, Celtis and Rhizo-
phora (Dupont et al., 1998), inferred to represent an expansion of
the ‘Tropical and Subtropical Moist Broadleaf Forest’ and the
‘Mangrove’ biomes. DuringMIS 9, site GIK16776 records an increase
in taxa representative of the modern ‘Tropical and Subtropical
Moist Broadleaf Forest’ biome, with increased fern spores and low
pollen influx, possibly related to reduced atmospheric circulation
(Jahns et al., 1998).

At Lake Bosumtwi, MIS 9 is characterised by taxa from the
‘Tropical and Subtropical Moist Broadleaf Forest’ biome, supporting
findings from the marine records.

5.3.4. West African vegetation during Marine Isotope Stage 7
Five marine cores (ODP 658, GIK16415, GIK16867, GIK16776 and

KS84067) and the Lake Bosumtwi core provide a vegetation record
of MIS 7 (BF3; Table 2; Fig. 1; Fig. 8d). Site ODP 658 shows high
percentages of taxa during MIS 7 characteristic of the ‘Tropical and
Subtropical Grassland’ biome (Dupont et al., 1989). During MIS 7,
sites GIK16776 and GIK16415 show a decrease in Poaceae and an
increase in ferns and Rhizophora (Dupont and Agwu, 1992; Jahns
et al., 1998). Site GIK16867 indicates MIS 7 as having high per-
centages of Alchornea, Uapaca, Celtis and Rhizophora. Site KS84067
indicates that MIS 7 contained high percentages of Alchornea,
Uapaca, Lannea, Macaranga and Rhizophora. Sites GIK16867,



Fig. 8. Interglacial vegetation reconstruction maps based on both marine and terrestrial pollen records for MIS 13 (A), MIS 11 (B), MIS 9 (C) and MIS 7 (D). The highest abundances of
taxa, for each interglacial, at each coring site are classified using Olson et al. (2001).
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GIK16776 and KS84067 all provide evidence of an expansion of the
‘Tropical and Subtropical Moist Broadleaf Forest’ and ‘Mangrove’
biomes in West Africa during MIS 7. Mangrove swamps were
abundant along the Guinean coast during MIS 7 as a response to
eustatic sea level rise and increased freshwater discharge (Frédoux,
1994; Shi and Dupont, 1997; Jahns et al., 1998).

Although the vegetation during BF3 (MIS 7) at Lake Bosumtwi
was similar the ‘Tropical and Subtropical Moist Broadleaf Forest’
biome it was also highly unstable, with the expansion and
contraction of savannah-type vegetation. Globally selected records
also show high amplitude fluctuations within MIS 7, where at times
climate conditions reverted back to full glacial (Lang and Wolff,
2011). Low vegetation diversity values at Lake Bosumtwi (BF3)
coupled with high climatic instability, evidenced globally during
MIS 7, support model evidence that rapid fluctuations between
climatic extremes decreases biodiversity (Fjeldsaå et al., 1997).

5.3.5. West African vegetation during Marine Isotope Stage 5e
Eight marine cores (ODP 658, V22-196, GIK16415, KS84067,

GIK16856, KW23, GeoB1016 and GeoB1711) and the Lake Bosumtwi



Fig. 9. Interglacial vegetation reconstruction maps based on both marine and terrestrial pollen records for MIS 5e (A) and the Holocene (B). The highest abundances of taxa, for each
interglacial, at each coring site are classified using Olson et al. (2001). Small red circles which represent coring sites indicate no core recovery during the interglacial.
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core provide a record of vegetation during the last interglacial in
West Africa (BF1; Table 2; Fig. 1; Fig. 9a). The vegetation record of
sub-stage MIS 5e is absent in sites GIK16867 and GIK16776 and
partially disturbed in GIK16856 due to sediment slumping (L.
Dupont, pers. com). The fossil pollen record of MIS 5e fromODP 658
and V22-196 is dominated by taxa such as Chenopodiaceaee
Amaranthaceae and Poaceae typical of the ‘Tropical and Subtropical
Grassland’ biome. Marine site GIK16415 although dominated by
savannah taxa, contains low pollen, but high fern spore percent-
ages. Vegetation compositional data from GIK16415 is inferred to
represent a shift in the northern limit of the ‘Tropical and Sub-
tropical Moist Broadleaf Forest’ biome from 6�N during MIS 6 to
10�N during MIS 5e (Hooghiemstra and Agwu, 1988). Core
KS84067, GIK16856 and KW23 record an increase in Euphorbia-
ceae, Caesalpiniaceae, Celtis, Lophira, Alchornea, Uapaca and Rhizo-
phora as well as a decrease in montane elements (Podocarpus)
implying an expansion of the ‘Tropical and Subtropical Moist
Broadleaf Forest’ and ‘Mangrove’ biomes and a retreat in the
‘Montane Grasslands and Shrubland’ biome during MIS 5e (Fig. 1;
Bengo and Maley, 1991; Lézine and Casanova, 1991; Frédoux, 1994;
Dupont and Weinelt, 1996). Although low pollen concentrations
duringMIS 5e are recorded in core GeoB1711-4, high percentages of
Alchornea, Brachystegia, Burkea and Bridelia indicate that the
vegetation may have been similar to either the ‘Tropical and Sub-
tropical Grassland Savannas and Shrublands biome’ or the ‘Tropical
and Subtropical Moist Broadleaf Forest’ biome. Site GeoB1016 re-
cords high percentages of Alchornea and Brachystegia and low
percentages of Poaceae indicating an expansion of the ‘Tropical and
Subtropical Moist Broadleaf Forest’ and ‘Tropical and Subtropical
Dry Broadleaf Forests’ biome and a retreat of the ‘Tropical and
Subtropical Grassland Savannas and Shrublands’ biome.

The current absence of a detailed chronology for the 5B core
does not allow discussion regarding each sub-stage of the last
interglacial period and such work awaits a more refined timescale
(J. Overpeck, pers. com.). During BF2 (MIS 5e) the vegetation around
Lake Bosumtwi is dominated by taxa from the ‘Nigerian Lowland
Forest’ and the ‘Western Guinean Lowland Rainforest’ ecoregions,
both within the ‘Tropical and Subtropical Moist Broadleaf Forest’
biome.

5.3.6. West African vegetation during the LateglacialeHolocene
transition

The transition from the Lateglacial to the Holocene is well
documented in both marine and terrestrial records from West Af-
rica (Table 2; Fig. 1; Fig. 9b) although the timing appears to differ
slightly between sites. In the marine, the LateglacialeHolocene
transition occurred at: GIK16415 (c. 15 ka BP; Hooghiemstra and
Agwu, 1988), GIK16856 (c. 14 ka BP; Dupont et al., 2000),
GeoB1016 (c. 13e10 ka BP; Fig. 1; Dupont et al., 2000) and KS12 (c.
12 ka BP; Lézine and Vergnaud-Grazzini, 1993; Dupont et al., 2000).
Although generally recording high grass percentages through the
Holocene, GIK16415 records an increase in fern spore percentages
and taxa comprising the modern-day ‘Tropical and Subtropical
Moist Broadleaf Forest’ biome at c. 15 ka BP (Dupont and Agwu,
1992). Sites GIK16856, KS84067 and GIK16867 show an increase
in taxa from the modern-day ‘Tropical and Subtropical Moist
Broadleaf Forest’ biome during the Holocene (Frédoux, 1994;
Dupont and Weinelt, 1996; Dupont et al., 1998). Sites KS12 and
the Niger Delta indicate the spread of mangrove swamps after the
Last Glacial Maximum but a retreat in their extent toward the
present day (Sowunmi, 1981; Lézine and Vergnaud-Grazzini, 1993).
The terrestrial record from Lake Tilla (Nigeria) shows an increase in
taxa such as Celtis, Lannea, Alchornea, Hymenocardia and Uapaca
from the ‘Tropical and Subtropical Moist Broadleaf Forest’ biome c.
10 ka BP at the LateglacialeHolocene transition (Salzmann et al.,
2002). Lake Barombi Mbo (Cameroon) displays an increase in
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taxa such as Lophira, Pycnanthus and Uapaca from the ‘Tropical and
Subtropical Moist Broadleaf Forest’ biome at c. 13 ka BP (Fig. 1;
Maley and Brenac, 1998). Humid conditions are evidenced in the
Niger Delta, with high Rhizophora percentages interpreted as an
increase in freshwater discharge at c. 12 ka BP (Fig. 1; Sowunmi,
1981). In this study, the glacial-Holocene transition at Lake
Bosumtwi is also marked by an increase in taxa associated with the
modern-day ‘Tropical and Subtropical Moist Broadleaf Forest’
biome at c. 11 ka BP.

5.3.7. West African evidence of early Holocene vegetation
Three terrestrial and elevenmarine pollen records (BF1; Table 2;

Fig. 1; Fig. 9b) indicate that the ‘Tropical and Subtropical Moist
Broadleaf Forest’ biome expanded during the early Holocene and
was more diverse than at present. Marine transgression during the
early Holocene resulted in Rhizophora expansion along the coasts of
the Gulf of Guinea and in inland lagoons (Dupont et al., 2000;
Salzmann and Hoelzmann, 2005). Prior to 4.5e3.4 ka BP, during
the early Holocene, there is no evidence for the presence of the
‘Guineo Forest Savannah-mosaic’ ecoregion which forms the
present-day Dahomey Gap (Fig. 7; Salzmann and Hoelzmann,
2005). Nevertheless, our data from Lake Bosumtwi indicates little
change in forest composition during the early BF1 (Holocene). High
percentages of Alchornea, Arecaceae and Tetrorchidium at 2.2 m
(mid-Holocene) at Lake Bosumtwi suggests forest expansion
similar to conditions experienced in the Sanaga Basin (Fig. 1;
Marret et al., 2008, 2013) and that drier conditions became pro-
nounced after c. 5.5 ka BP (Lézine and Cazet, 2005). The most sig-
nificant change in vegetation composition in the Holocene around
Lake Bosumtwi occurred c. 500 years ago with the sudden increase
in Moraceae percentage from 12 to 77%. This sudden increase in
arboreal taxa may relate to recent human activities or possibly a
global increase in tropical moisture availability, as documented in
other records of hydrological change such as Dongge Cave (south-
ern China; Wang et al., 2005) and in the Arabian Sea (Anderson
et al., 2002; Gupta et al., 2003).

6. Conclusions

Pollen and spores extracted from the uppermost c.150 m of core
5B from Lake Bosumtwi (West Africa) provide a record of vegeta-
tion dynamics over the last c. 520 ka. During the last c. 520 ka the
vegetation of West Africa mainly belonged to the ‘Tropical and
Subtropical Grasslands Savannas and Shrublands’ biome (Fig. 1);
however six distinct zones can be identified where savannah
vegetation were reduced and the vegetation was more character-
istic of the ‘Tropical and Subtropical Moist Broadleaf Forest’ biome
(Fig. 1; Fig. 2). A comparison with nearby marine core sites, which
also record six periods of forest expansion over the same time
period, suggests that the six forest assemblage zones identified at
Lake Bosumtwi most likely relate to global interglacial periods (MIS
13, 11, 9, 7, 5e and 1).

The six forest assemblage zones identified were floristically
distinct, possibly relating to different climatic conditions during
each interglacial period. Key taxa associated with the Lake
Bosumtwi equivalent MIS 13 include Celtis, Uapaca, Macaranga,
Alchornea, Holoptelea, Moraceae and Fabaceae species. Celtis, Mor-
aceae, Macaranga, Alchornea and Pycnanthus were dominant at
Lake Bosumtwi during MIS 11. Main taxa associated with the
equivalent MIS 9 were Moraceae, Celtis, Olea sp., Macaranga and
Alchornea. Themain fossil pollen components of the equivalent MIS
7 were Olea sp., Moraceae, Alchornea, Macaranga and Poaceae. In
MIS 5e Moraceae, Celtis, Macaranga, Alchornea, Fabaceae Papil-
ionoideae, Fabaceae Mimosaceae, Uapaca and Holoptelea were
dominant. The Holocene vegetation is characterised by Moraceae,
Alchornea, Celtis, Macaranga, Trema, Hymenocardia, Fabaceae
Mimosaceae and Holoptelea.

The DCA ordination of the fossil pollen assemblages from Lake
Bosumtwi highlights the contrasting vegetation composition be-
tween the Holocene and MIS 7 and suggests that the Holocene was
significantly wetter than any other interglacial period over the last
c. 520 ka. MIS 7 had the lowest diversity of any interglacial, most
likely due to generally drier climate conditions. Conversely, high
climatic stability may have resulted in the high diversity values
evident during the Holocene and MIS 11. Although the diversity
values suggest that MIS 11 was similarly diverse to the Holocene,
the DCA ordination of sample scores indicate that MIS 11 was also
significantly drier. Sub-stage MIS 5e contained a range of both wet
and dry samples, suggesting intervals of drought superimposed on
a generally wet climate.

The Holocene has the lowest percentages of Poaceae throughout
and instead is highly diverse and comprised of taxa belonging to
modern forest ecoregions. Our study indicates that the Holocene is
floristically unique when compared to other interglacials over the
last c. 520 ka. The Holocene appears to be characterised by species
indicating that the climate of West Africa was much wetter during
the last c. 11 ka BP. This finding has direct implications for conser-
vation management and ecologists working to protect the present
day endemic species within these fragile tropical ecosystems. For
the first time it is now evident that prior to 11 ka BP, the vegetation
of tropical West Africa was unlike that of today and probably
occurred under drier than modern climate conditions. Given pre-
dictions of increasingly drier regional climates in West Africa over
the coming decades (Christensen et al., 2007), the interglacial flora
of MIS 7may prove a good analogue for future forest associations in
West Africa.
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