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Long-term trends in climate, hydrology and geomorphology contributed to the formation of the current
biomes of southern Africa. The Neogene terrestrial fossil record is patchy, due to the geomorphological
evolution of the subcontinent and the restricted distribution of suitable sediment deposits. Here we
review the hypotheses on the evolution of the topography and environment and concentrate on the
fossil record, especially pollen, wood, charcoal, leaves and biomarkers. Tectonic studies suggest a lower
relief landscape than at present at the onset of the Neogene. Southern Africa was drained by two river
systems — the Kalahari and the Karoo Rivers — and was affected by an initially weak, cool Benguela
current along the western coastline, gradually promoting an aridity trend along the southwestern coast.
The Cape region during the Miocene, when the Great Escarpment began to evolve, was characterised
by humid, subtropical forests not unlike those still occurring on the much wetter subtropical eastern
shore of southern Africa. Southern Namibia (Sperrgebiet) was probably covered by a “proto-savanna”;
hyper-aridity developed further north along the Namibian coast. Probably with more uplift, the
hydrological regime changed c. 15 Ma when the palaeo Karoo and Koa Rivers were captured by the
Kalahari/Orange River and drained western South Africa. Miocene fossil sites are missing in
southeastern Africa. In southwestern Africa an enhanced aridity trend and the shift to a winter rainfall
regime during the late Miocene-Pliocene was triggered by the development of the Westerly wind
system and further strengthening of the cold Benguela current enhanced by the development of the
Antarctic sheet and opening of the Drake passage. Eastern southern Africa was dominated by the Great
Escarpment and relatively shorter deeply incised rivers and higher rainfall than the west. The Pliocene
saw the evolution of the Fynbos and Succulent Karoo biomes including the further radiation of several
drought adapted plant families encompassing the Asteraceae and Aizoaceae. At the transition towards
the Pleistocene, the region around Sterkfontein in eastern central southern Africa, important for
hominid evolution, experienced a shift from a woody environment towards more xeric, open conditions.
The Savanna biome today stretches from northeastern South Africa as far north as East Africa; the
Grassland and Fynbos biomes are unique and the more arid biomes are dominant in the western half of
southern Africa.

Keywords: Neogene; biomes; vegetation history; southern Africa

INTRODUCTION

Southern Africa has a rich variety of biomes, which were for
example mapped by Pole Evans (1936), Adamson (1938),
Acocks (1953) and Rutherford & Westfall (1994) (Figure 1).
These biomes stretch from the winter rainfall regions encom-
passing the Fynbos biome and the Succulent Karoo biome in
the west to the summer rainfall region in the eastern and
central interior incorporating the Grassland biome, unique to
southern Africa, and the southernmost extension of the
Savanna biome. The latter extends as far north as eastern
Africa and has a prominent role in the evolution of early homi-
nins (Mucina & Rutherford, 2006; Cerling ef al., 2011). The veg-
etation of southern Africa underwent profound changes
during the Neogene, although some biomes might have a
Palaeogene origin (e.g. Albany thicket, see Cowling et al.,
2005). Existing reviews are partly outdated (e.g. Scott, 1995;

Scott et al., 1997) or focus on selected biomes or regions
(e.g. Linder, 2003; Cowling et al., 2005). Even rather recent
reviews of global vegetation dynamics during the Neogene
indicate that Neogene profiles in southern Africa are scarce
and that dating is often problematic in comparison to other
regions (e.g. Pound et al., 2012). Additionally many Neogene
profiles from southern Africa are presented in unpublished
theses (e.g. Sciscio, 2011). Due to arid climate and the erosional
character of the interior, most fossiliferous sediments accumu-
lated along the coasts and offshore (Scott, 1995). The scarcity of
terrestrial Neogene sites in southern Africa makes the study of
marine records invaluable as this allows, at least to a limited
degree, an indication of the vegetation onshore (e.g. van
Zinderen Bakker, 1984; Dupont et al., 2005; Udeze & Oboh-I-
kuenobe, 2005; Hoetzel et al., 2015). Although direct palaeobo-
tanical evidence in Neogene terrestrial sites is often lacking,

© 2015 Royal Society of South Africa
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Figure 1. Major biomes of southern Africa: biome map modified after Russo et al. 2010 (Low & Rebelo, 1996; Mucina & Rutherford, 2006), wind
systems and ocean currents after Roberts et al. (2013); Neogene and Palaeogene fossil sites mentioned in text are indicated by black numbers

(see text for references), red: cities and landscapes.

geochemical approaches (e.g. studies of stable isotopes of spe-
leothems [see Hopley et al., 2007] or stable carbon and oxygen
isotopic compositions of eggshells of Struthioniformes [see
Ségalen et al., 2006, Dupont et al., 2013]) complete the knowl-
edge of fossil environments. The Neogene changes of
climate and vegetation are a consequence of several factors
depicted in the sections below. Throughout the Neogene, the
overall trend has been one of drying out; from the humid
early and middle Miocene, with fluctuations, to today’s arid
to semi-arid western winter rainfall region, central sub-
humid region and humid east coastal areas, the latter two
characterised by summer rainfall.

SETTING

Palaeogeography, sea level changes and climatic
trends

Compared with other continents Africa is topographically
high, caused by an underlying superplume (Gough, 1973;
Bond, 1979; Partridge & Maud, 1987) and by near-surface
tectonics (Burke & Gunnell, 2008). After an initial period
of uplift coinciding with the breakup of Gondwana c. 130
Ma, southern Africa was quiescent until c¢. 30 Ma (Burke &
Gunnell, 2008) or until ¢. 20 Ma (Partridge, 1997a). During
the quiescent period between c. 130 and 30 Myr, erosion
prevailed and the “African Surface”, that was first

recognised by King (1955, 1962), was formed and is still pre-
served in some major basins, such as the Kalahari, Congo
and Chad Basins (Burke & Gunnell, 2008). During the
Eocene (c. 56-34 Myr) the eastern continental margin of
southern Africa was inundated; while in the subsequent
Oligocene (34-23 Myr) a regression followed (Perissinotto
et al, 2013). Also, during the Oligocene the relatively
higher elevation in the east resulted in three major river
systems, one draining to the east and two to the west.
The Limpopo River and many smaller, deeply incised
rivers along the KwaZulu-Natal and Eastern Cape Coasts
with the larger Sundays River in the southern Cape
drained the interior and, c¢. 30 Ma, the escarpment along
the eastern coast of southern Africa was formed by
erosion and fostered high rainfall to the east (Hartnady,
1985, Thomas & Shaw, 1988; Botha & De Wit, 1996;
Hattingh, 1996, Moore & Larkin, 2001; De Wit et al., 2000).
In addition, McCarthy et al. (1985), Malherbe et al. (1986),
De Wit (1993) and de Wit et al. (2000) proposed two major
westwards-flowing drainage systems during the Cretaceous
(146-66 Myr) and Palaeogene/Neogene (66-2,6 Myr), the
Kalahari and Koa Rivers that captured the waters to the
north of the Griqualand-Transvaal Axis, exiting at the
present day Orange River mouth, and a Karoo river that
captured the drainage to the south of this axis, exiting at
the present day Olifants River to the south.
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In the early Miocene (23-16 Myr) the low-relief landscape
was affected by the initiation of the still weak, cool Benguela
current along the western coastline, slowly promoting an
aridity trend along the southwestern coast. Siesser (1980),
based on microfossils in a deep sea core, showed sustained
upwelling from cold waters c. 10 Ma (Ward & Corbett, 1990;
Pickford et al., 2014b). Undisputedly, global palaeogeograp-
hical changes - for example the opening of the Drake
passage between Antarctica and South America and the Tas-
manian gateway between Australia and Antarctica (Wright
et al., 1991;Hassold et al., 2009) — led to the establishment of
the circum-Antarctic current, and consequently triggered the
growth of the Antarctic ice sheet and Arctic glacial climates.
The southern Ocean circulation and great Antarctic ice
sheets were established by c. 34 Ma (Burke & Gunnell, 2008),
the Drake passage opened c. 30 Ma (Barker & Burrell 1977;
Barker & Thomas, 2004) or by c. 24 Ma (Pfuhl & McCave,
2005; Lyle et al., 2007) and the circulation and icesheets were
stabilised by c. 8.5 Ma (Hassold et al., 2009).

During the middle Miocene (16-11 Myr) the Tethys Sea, con-
trolling broadly zoned climates, was closed due to the collision
of the African and Asian plate (Axelrod & Raven, 1978). The
arid, followed by hyper-arid conditions along the West coast
were present in the north by the early Miocene and in the
south by the middle Miocene (Pickford et al., 2014b; Guillo-
cheau et al., 2012, 2014). After the middle Miocene climatic
optimum there was a period of decreasing temperatures
(Coetzee, 1978; van Zinderen Bakker, 1984; Toggweiler &
Bjornsson, 2000; Scotese, 2001; Cowling et al., 2005; Hassold
et al., 2009; Majewski & Boharty, 2010).

Linder (2003) suggests a steeper climatic gradient from the
equator to the poles from the middle Miocene onwards
which globally led to the establishment of grasslands and
savannas as well as pyrophytic vegetation. The Benguela
current off the west coast of southern Africa, an upwelling
system, cooled off from c. 12 Ma and again after 5 Ma (Jung
et al., 2014; Etourneau, 2014). The cool Benguela current led
to winter rainfall and semi-arid conditions over much of the
southwestern tip of South Africa (Deacon, et al., 1992; Scott
et al., 1997; Roberts et al., 2013). Seasonally fluctuating upwel-
ling triggered high plankton biomass and large pelagic fish
populations (Currie, 1953; Shannon 1985, Hutchings et al.
2009). In contrast the warm Agulhas current along the
eastern shore of southern Africa was already in place through-
out the Neogene, as indicated by strong erosional activity at
the southern South African shelf which removed Oligocene
to Quaternary sediments (Uenzelmann-Neben & Huhn,
2009). During the Pliocene the global climate cooled even
more until a glacial period started in the Pleistocene
(Hallam, 1994).

A possible two-phased Cainozoic uplift in southern
Africa

The climate and vegetation history of southern Africa after
the break-up of Gondwana c. 180 Ma is strongly related to geo-
logical aspects — for example, proposed Neogene uplift events
since the last 20-30 Myr due to mantle convection — eventually
leading to the elevation of the African surface (e.g. King, 1962;
Partridge & Maud, 1987, 2000; Burke, 1996; Burke & Gunnell,
2008; Roberts & White, 2010; Jung et al., 2014; Grab & Knight,
2015). It has been proposed that during the Pliocene from 5
to 3 Myr a second uplift occurred (Partridge & Maud, 1987;
Partridge, 1997b; Moore et al., 2009). The Neogene uplifts

resulted in enhanced erosion, the formation of new water-
sheds, new habitats, and the formation of a rainshadow
desert creating the semi-arid Karoo and directly stimulating
the diversification of southern African vegetation types
(Desmet & Cowling, 1999; Cowling et al., 2005). According to
Jung et al. (2014), uplift in southwestern Africa might have trig-
gered more intense coastal low-level winds, which led to an
enhancement of the Benguela current upwelling (Seisser,
1980). The existence, the possible timing and cause of this
second uplift remains a matter of debate. Flowers and
Schoene (2010) suggest that the subcontinent might have
been stable since the rifting in the Late Cretaceous. Rapid Plio-
cene uplift is questioned by Erlanger et al. (2012), who pro-
posed, on the basis of isochron burial dating of terraces,
persistent stability of the landscape during the last 4.5 Myr.

Palaeogene biomes of southern Africa

Most angiosperm families were in existence by the Palaeo-
cene. The oldest Poaceae are from the Upper Cretaceous
based on phylogenomics, pollen and phytoliths (Herendeen
& Crane, 1995; Prasad, 2005; Jones et al., 2014). The oldest
grass macro-remains are from the late Palaeocene (c. 55 Ma,
Jacobs et al., 1999; Bremer, 2002). Ferns and gymnosperms
are much older so most of the components of the modern veg-
etation were present, however the past diversity of angios-
perms was probably lower. Palaeogene fossil records are
rarer than Neogene records for South Africa but important to
set the scene for the Neogene biomes.

Latest Cretaceous-Early Palaeocene vegetation is recorded in
the crater-lake facies of the Arnot kimberlite pipe on the farm
Banke in Bushmanland (no. 1, Figure 1). There are no direct
dates for the flora but Scholtz (1985) inferred an age of c. 71—
64 Myr based on the surrounding kimberlite pipes. Initially
Rennie (1931), Adamson (1931) and Kirchheimer (1934)
studied the leaves, wood and pollen respectively. This study
was expanded by Scholtz (1985) who identified 64 types of
pollen representing 28 plant families. Some of the main
families are Proteaceae, Restionaceae, Ericaceae, Epacridaceae,
Euphorbiaceae, Thymeliaceae, Chloranthaceae, Casuarina-
ceae, Cornaceae, Caesalpiniaceae, Anacardiaceae, Podocarpa-
ceae and Araucariaceae. It is not possible to say to which
biome this flora belonged as it has elements of the Fynbos,
forest and woodland biomes but also has taxa which no
longer grow in southern Africa, such as the Casuarinaceae
and Araucariaceae. Most notably, several families and genera
including Nothofagus sp., common in profiles from Australia
or South America, are so far missing from the Arnot Pipe
record and generally from Palaeogene, Neogene and Quatern-
ary sediments in southern Africa. Few Nothofagus pollen speci-
mens were recorded by Schalke (1973) from the Quaternary of
the Cape Flats but interpreted as long distance transport from
South America.

Along the west coast there are offshore and onshore terrige-
nous sediments. Fossil woods have yet to be described
(Bamford, 2000) but some pollen samples have been analysed.
Although the vegetation is consistent with relatively dry con-
ditions in southern Africa at that time (Scotese, 2001), the large
arboreal component is dissimilar to the desert asteraceous
shrubland encountered in the region nowadays. Early Muti-
siae-type Asteraceae with low spines evolved probably
during the Palaeocene-Eocene (Koingnaas and Knysna, see
below and compare Zavada & de Villiers, 2000; Scott et al.,
2006; Zavada & Lowrey, 2010), whereas during the Neogene
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long spine Asteraceae pollen evolved (Scott et al., 1997). Paly-
nomorphs from Koingnaas, Namaqualand (no. 2, Figure 1),
point to a forested temperate to subtropical environment
with links to sites of the Cape floristic region (e.g. Casuarini-
dites, Margocolporites, Cupaniedites) and similarities to the
Palaeocene Arnot Pipe pollen assemblage with Gondwana
genera such as Propylipollis, Podocarpidites, Cyathidites (De
Villiers & Cadman, 2001; no. 1 in Figure 1).

No other fossil plants are known from the Palaeocene in
southeastern Africa but possibly Palaeocene lignites have
been recorded near Richards Bay (Dingle et al., 1983), but are
of poor quality (no. 3, Figure 1).

Before the Bartonian (middle Eocene) the Sperrgebiet region
(no. 4, Figure 1) in southernmost Namibia was humid and tro-
pical and influenced by summer rainfall (Pickford et al., 2014b).
Based on phylogenetic data, Cowling et al. (2005) suggest that
the Albany Thicket biome might have originated in the Eocene
although some elements, e.g. Cussonia, Encephalartos, Strelitzia,
might even reach as far back as the upper Cretaceous and
Palaeocene (Cowling et al, 2005). Former hypotheses,
suggesting a Quaternary origin of the biome (Cowling,
1983), were shown to be incorrect and it was confirmed that
thickets similar to the recent Albany Thicket Biome were
part of a semi-arid tropical belt spanning the globe during
the Palaeogene (Cowling et al., 2005).

It is assumed that dry woodlands with a minor grassy com-
ponent evolved in southwestern Africa during the Eocene and
spread towards other regions in southern Africa when the
climate became more arid (Axelrod, 1970, 1972).

Anisolated terrestrial deposit of probably middle Eocene age
with vertebrates and silicified woods occurs at Langental, near
the coast in central Namibia (Ward & Corbett, 1990; Pether
et al., 2000; Bamford, 2000; Pickford & Senut, 2000; no. 5,
Figure 1). The oldest of these sediments, the Blaubok Gravels
(c. 55 Ma), contain some primitive woods with a distinctive
arrangement of vessels in oblique flares, and some woods of
the Combretaceae and Balanitaceae (Bamford & Ward, 2004).
An isolated piece of gymnosperm wood has been recovered
from the Buntfeldschuh Formation (upper Eocene). In con-
trast, Pickford ef al. (2008) described a middle Eocene humid
and tropical fauna from the Ystervark Carbonatite Formation
in the Sperrgebiet (no. 4, Figure 1) and also re-dated these
sites: the Langental Beds are considered to be early Miocene
and the Blaubok deposits to be early Oligocene (Pickford
et al., 2011, 2014b).

Pollen and spores from the Koingnaas channel (no. 2, Figure
1), between Swartlintjies and Buffels Rivers, indicate a forested
temperate to subtropical environment, mostly unlike that of
today, but with some families in common with the Cape
Flora (de Villiers & Cadman, 1997, 2001). An Eocene age for
these fluvial deposits along the west coast (Zavada & de Vil-
liers, 2000) has been confirmed by foraminiferal ages (Scott
et al., 2006).

Clear evidence of Oligocene plant fossils from southern
Africa is still missing. However, temperate Podocarpaceae-
Araucaria-Nothofagus rainforest with austral (Gondwana) affi-
nities is assumed along the southernmost coast of South
Africa (inferred distribution of vegetation, Axelrod & Raven,
1978). Farther to the north, the Cape region c. 30-25 Myr
(Rupelian-Chattian/Oligocene) was possibly characterised by
rather humid, subtropical forests not unlike those still occur-
ring on the much wetter subtropical eastern shore of southern
Africa (inferred distribution of vegetation, Axelrod & Raven,

1978). During the Oligocene grasses, but not grasslands
(Anderson, 1999), were already established, which might
have been also true for southern Africa.

Along the Namaqualand coast there are a number of elev-
ated fossiliferous marine packages with fluvial channels incis-
ing into them (Pether et al., 2000). The fluvial sediments contain
pollen which has been dated as Palaeogene to Neogene (de
Villiers, 1997) and Cretaceous (Stevenson & McMillan, 2004).
Since these channels have been re-incised these pollen dates
point to a complex drainage history.

Many of the floral elements were present in parts of southern
Africa before the Neogene but with the patchy record it is not
possible to identify biomes or their distribution. The Miocene
and younger records have much more data.

THE NEOGENE FORMATION OF THE MAJOR BIOMES
OF SOUTH AFRICA

Fynbos biome

This biome (Figure 2) is restricted to the southwestern part of
the sub-continent and affected by winter rainfall. Precipitation
varies between 210 to 800 mm/year (Cowling et al., 1997).
It differs from the Succulent Karoo biome in climate, pedology
and geology (Milton et al., 1997). The Fynbos biome is arguably
the most species rich temperate flora on the globe with >5000
species/10 000 km? (Barthlott et al., 2007), has a high number of
endemics and is characterised by families such as Ericaceae,
Restionaceae and Proteaceae (Snijman, 2013; Linder, 2014).

Palynomorphs from probably middle Miocene lignites near
Knysna in the Fynbos biome at the edge of the Forest biome
on the southern coast of South Africa (Thiergart et al., 1962;
Thiergart, 1964; Carr et al., 2010), point to wetland conditions
and a mixed forest with sub-tropical affinity (no. 6, Figure 1;
Figure 3). Pollen of palms, which are now extinct at the
Cape, were identified along with Podocarpus pollen, Poaceae,
Restionaceae, Proteaceae, Sapotaceae, Myricaceae and others
(Thiergart et al., 1962; Thiergart, 1964; Helgren & Butzer,
1977; Coetzee et al., 1983; Carr et al., 2010).

The similarity of the palynoflora of Knysna to that of other
pollen sequences in the southwestern Cape- Langebaanweg,
Rondeberg, Noordhoek (no. 7, 8, 9, Figure 1; Figure 3;
Coetzee, 1978; Coetzee & Rogers, 1982; Coetzee et al., 1983,
Coetzee & Muller, 1984; Coetzee & Praglowski, 1984; Scott,
1995; Sciscio et al., 2013; Roberts et al., 2013), points to a
similar age which might post-date the middle Miocene accord-
ing to Carr ef al. (2010). In contrast, other references (Roberts
et al., 2011; 2013) suggest an early-middle Miocene age for
the deposits at Langebaanweg, Noordhoek and Rondeberg.
However, precise dating is not possible (see Scott et al., 1997).
Nonetheless all palynofloras from the southwestern Cape
suggest a humid, subtropical climate (Scott et al., 1997;
Roberts et al., 2013; Carr et al., 2010). Also at Elandsfontein,
from the Cape Flats and at Berg River, Miocene subtropical
elements are reported (Rogers, 1980; Roberts et al., 2013; no.
10, 11, 12, Figure 1; Figure 3). Regional Miocene vegetation
changes were probably also linked to changes of the hydrolo-
gical regime like the northwards shift of the Berg river
(Coetzee, 1983). Several families, extinct in the Cape but still
dwelling in Madagascar or Australia, for example Casuarina-
ceae, Chloranthacaeae, Sarcolaenaceae and Winteraceae,
exist in the palynological record up to the mid Miocene
(Coetzee & Praglowski, 1984; Coetzee & Muller, 1984; Gold-
blatt, 1996). At the end of the Miocene, as shown by phytoliths,
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Figure 2. Fynbos biome, near Knysna/South Africa (photo: M. Bamford).

C, grasslands were spreading in the southwestern Cape
whereas plants utilising the C; pathway (trees, shrubs, forbs,
some grasses) were diminished (Rossouw et al., 2009).

Major evolutionary steps within the Asteraceae took place
from the Messinian (uppermost Miocene) until the Piacenzian
(upper Pliocene), as supported by recent studies, placing the
development of plant genera belonging to the daisy family
within the last 6.9 Myr, probably influenced by the establish-
ment of the winter rainfall conditions at the Cape (Bengtson
et al, 2015). Open Fynbos vegetation, already established
during the early Pliocene, in association with subtropical C;
vegetation, pointed to a more seasonal climate with a stronger
Benguela current which was established at about 14 Ma
(Hendey, 1984; Scott, 1995; Roberts et al., 2011).

Succulent Karoo biome

The three dry biomes, the Succulent Karoo, the Desert biome
and the Nama Karoo biome are distinct today based on distri-
bution, floral composition and growth habits but during the
Neogene they may not have been as distinctive. Here we
discuss them as separate biomes but as will be seen there is
an overlap in taxa, geographical distribution and climate.

The Succulent Karoo biome (Figure 4), part of the Greater
Cape flora and a biodiversity hotspot “with the world’s
richest semi-desert flora” (Linder, 2014), is defined as an
oceanic semi-desert with a mild climate and winter rainfall
in its western half whereas the eastern parts show either per-
ennial or bimodal precipitation (Mucina et al., 2006c). Fossil
wood and pollen spectra from Namaqualand (van Zinderen
Bakker, 1984; Scott et al., 1997; Bamford, 2003) as well as
faunal remains from the Sperrgebiet (Senut ef al., 2009, Senut
and Ségalen, 2014; no. 4, fig. 1) also contribute to the knowl-
edge about Neogene climate and vegetation development.

Fauna from the Sperrgebiet from 21-19 Myr (Aquitanian-
Burdigalian, lower Miocene) indicates subtropical woodland
conditions (Senut et al., 2009) but during the Aquitanian
winter rainfall predominated and aridity increased in the
Sperrgebiet as suggested by Pickford et al. (2014b). The Burdi-
galian (c. 19 Ma, Pickford & Senut, 2002) silicified woods from
the Auchas palaeo-channel on the Orange River (no. 13, Figure
1), draining the region since either c. 15 Ma (Burke & Gunnell,
2008), or 20-21 Myr (Pickford & Senut, 2003), include members
of the Combretaceae and Burseraceae indicating a sub-humid
climate (Pickford et al., 1995; Bamford, 2003, Figure 3). Burser-
aceae and Combretaceae today typically grow in savanna
environments which are normally influenced by summer rain-
fall (Coates-Palgrave, 2002). Bamford (2003) states that the
fossil wood from Auchas points to a megathermal dry to
mesic woodland or forest. We conclude that the middle
Miocene environment might have been a “proto-savanna”
(Figure 3, Pickford et al., 1995).

Also during the Burdigalian, but slightly younger than
Auchas (c. 18 Ma), terrestrial sediments from Ryskop (no.
14, Figure 1) revealed that the climate in Namaqualand was
rather tropical/subtropical (Senut et al., 1997, Figure 3). A
more tropical and humid climate is suggested by Senut and
Ségalen (2014) based on the presence of tortoises and croco-
diles at Arrisdrift (no. 15, Figure 1; Corvinus & Hendey,
1978; Hendey, 1978) along the Orange River during the Bur-
digalian (c. 17,5 Ma), which might resemble a woody savanna
(Figure 3). Fossil mammals from the same site point to a
woody savanna flanked by gallery forest (Guérin, 2003; Pick-
ford & Senut, 2002) which supports Pickford et al.s (1995)
assumption of an open woodland (Figure 3). Hendey (1984)
reconstructed a dry, subtropical forest/woodland from
Miocene fossil data of the Orange River. More Miocene
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Figure 3. Schematic reconstruction of (middle) Miocene climate systems, vegetation patterns and palaeo-drainage systems modified and
extended after Roberts et al. (2013), geomorphological features after Burke (1996), Dollar (1998), Burke and Gunnell (2008), wind systems
and ocean currents after Roberts et al. (2013). Poleward migration of climate belts during the generally warmer Neogene and decreased southerly
wind velocity weakened the Benguela System, with consequent increased monsoonal (summer) precipitation (Roberts et al., 2013).

woods have been recovered from the Olifants River gravels
near Vredendal (no. 16, Figure 1) and comprise members of
the Meliaceae and Combretaceae with possible West African
links. The dating is not precise but these woods represent
mesic environments (Bamford, 1999a; 2000, Figure 3).
Miocene clays from sites in Namaqualand (Noup, Graaf-
water, Henkries, no. 17, 18, 19, Figure 1) show a transition

from humid woodland with Olea and Podocarpus and pollen
spectra similar to the flora from the southwestern Cape,
e.g. Langebaanweg, to open Kkarroid vegetation where
Fynbos elements also occur (Scott, 1995). Klak et al. (2004),
on the basis of phylogenetic considerations, give an age of
8.7-3.8 Myr (Tortonian/upper Miocene-Zanclean/lower Plio-
cene) for the radiation of the mostly succulent Aizoaceae

Figure 4. Succulent Karoo biome, near Matjiesfontein/South Africa (photo: Marion Bamford).
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which dominate the Succulent Karoo in terms of species
diversity and coverage. The authors suggest that the onset
of the winter rainfall regime has triggered this rapid diversi-
fication but also admit that Aizoaceae might have been
present even during the Cretaceous since adjacent regions
like the Namib were semiarid (with wet interludes) from
that time. In contrast, a more recent estimate suggests that
the radiation of the Aizioceae occurred c. 17 Ma (Burdigalian,
Arakaki et al., 2011), showing that the dating of major plant
lineages can be rather shaky and well-dated plant fossils
from the region are in dire need.

The late Neogene evolution of the Succulent Karoo biome
can also be reconstructed from marine cores along the south-
western African coast (Dupont et al.,, 2005, 2011), although
the Benguela current and winds might have mixed the
signal which was moreover derived from a large region.
Dupont et al. (2011) suggest a disappearance of Podocarpus-
dominated Afromontane forest and subtropical coastal grass-
lands and thickets and a shift to succulent vegetation during
the Tortonian and Messinian (upper Miocene) c. 11-4,7 Myr,
prior to the assumed most recent uplift during the Pliocene.

An increase in summer-aridity might have been the main
trigger for further vegetation changes during the Plio-Pleisto-
cene, e.g. the strong increase of Stoebe and Tarchonanthus pollen
in the marine core ODP 1085 (no. 20, Figure 1) offshore from
the mouth of the Orange River (Dupont et al., 2011). The north-
western Kalahari including Namaqualand was more humid
during the Pliocene than during the Pleistocene; at the Areb
locality an equid, Hipparion namaquense, dwelled c. 64 Myr
(Messinian-Zanclean, Pickford et al., 1999, Figure 1, no. 21).

Nama-Karoo biome

The Nama-Karoo biome (Figure 5) is arid, continental and
the annual rainfall varies between 70 mm in the north and
500 mm in the southeast (Mucina et al., 2006b). In comparison
to the neighbouring Succulent Karoo biome, the vegetation is
less rich, centres of endemism are missing; it might well be the

least species rich biome on the sub-continent (Mucina ef al.,
2006b). Several outliers exist in Botswana and Namibia, e.g.
the Etosha pan (no. 22, Figure 1) and Makgadikgadi pans
(Figure 1). Dominant families of the Nama-Karoo biome are
Asteraceae, Fabaceae and Poaceae (Mucina et al., 2006b).

The early and middle Miocene were characterised by sub-
tropical and humid conditions with large trees, some up to
1.30 m in diameter occurring along the inland drainage of
the Orange River, namely along the palaeo-Sak River near
Brandvlei which was part of the palaeo-Kalahari River
southern bank drainage (Bamford, 2000; no. 23, Figure 1;
Figure 3). Based on the fauna and sedimentology from the
old channels of the proto-Orange River there have been at
least two pluvial phases in the Miocene and several phases
of marine transgressions followed by regressions and river
down-cutting into the filled channels (Pickford & Senut,
2003). The Miocene palaeo-Sak River (or Koa River) woods,
also in the Brandvlei region (no. 23, Figure 1), belong to
the Dipterocarpaceae, Myrtaceae, Oleaceae and Rutaceae,
indicating a locally mesic environment. The Plio-Pleistocene
wood has been identified as belonging to Polygalaceae
(Bamford & De Wit, 1993).

The Etosha region experienced humid conditions until the
middle Miocene, a shallow saline alkaline lake probably
existed during the Oligocene, and since c. 16 Ma (Langhian)
freshwater conditions (Lake Cunene) prevailed according to
several authors (Buch, 1997; Hipondoka, 2005 and references
therein; Dill et al. 2012; see no. 22, Figures 1 and 3). During
the late Miocene fish and flamingo fossils as well as oncolites
point to slightly alkaline lacustrine conditions (Miller et al.,
2010; Pickford et al, 2014a; personal communications
M. Pickford, 2015). Lake Cunene prevailed, with abundant
freshwater gastropods, bivalves as well as findings of palms
and unidentified dicotyledon trees during the Pliocene, but
probably started to desiccate during the late Pliocene (Miller
et al. 2010). At the end of the Neogene conditions were increas-
ingly sub-humid to semi-arid (Pickford et al., 2014a).

Figure 5. Nama Karoo biome, near Clanwilliam/South Africa (photo: Marion Bamford).
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Figure 6. Desert biome, Gobabeb/Namibia (photo: Marion Bamford).

Desert biome

The Desert biome (Figure 6) covers a strip along the Orange
River and extends to the Namib Desert. Its origin is interwo-
ven with the evolution of the cold Benguela current since
the late Miocene (Dupont et al., 2005), the South Atlantic Antic-
yclone and strong northwards blowing winds (e.g. Pickford &
Senut, 2000; Senut & Ségalen, 2014). Summer rainfall is predo-
minant, the variable annual precipitation is from 10 mm at the
coast to 80 mm in the interior (Khavhagali, 2010). Important
families are Aizoaceae, Crassulaceae, Zygophyllaceae, Faba-
ceae, Asteraceae, Acanthaceae, Poaceae; the flora has a high
level of diversity and centres of endemism (Jirgens, 2006).
The evolution of the Desert biome is partly also revealed in
sediments of marine cores along the southwestern African
coast (van Zinderen Bakker, 1984; cores 530, 532, no. 24, 25,
Figure 1; Udeze & Oboh-lkuenobe, 2005, cores ODP 1085,
1086, 1087, no. 20, 26, 27 in Figure 1). The flora of the biome
is associated with the formation of the Namib Desert c. 15
Ma (Schneider & Marais, 2005), although Ward and Corbett
(1990; proto-Namib in the Palaeogene, 55-20 Myr) and Senut
and Ségalen (2014; maybe early Miocene) suggest an even
older age.

Southern Namibia was characterised by semi-arid climate
during the early Miocene as evidenced by fossil termite
hives (Grillental, no. 28, Figure 1) and vertebrate fauna
suggesting a certain amount of grasses (Senut & Ségalen,
2014). Also in the southern Namib, aeolionites dated to the
early Miocene, indicating aridity (Senut et al., 1994; Goudie &
Viles, 2015). Ratite eggshells accompanied by hives attributed
to the harvester termite (Hodotermes) from those aeolianites
(location in Tsondab valley, no. 29, Figure 1) underline an
arid to hyper arid climate under summer rainfall conditions
with some grass cover and maybe even some trees in the

northern part of the proto-Namib desert (Pickford, 2014;
compare Pickford et al., 2014b). In contrast the southernmost
part of the desert was maybe affected by a winter rainfall
regime (Pickford, 2014). Along the west coast of southern
Africa, as recorded by marine cores (Dupont et al., 2005), an
aridity trend is obvious since the late Miocene, attested to by
the predominance of grasses, chenopods and Asteraceae,
which point to a Karroid shrubland (compare Udeze &
Oboh-Ikuenobe, 2005, who indicated sparse vegetation
during the late middle Miocene) whereas a single sample
from the late Miocene points to mesic conditions (Van Zinde-
ren Bakker, 1984; Scott et al., 1997).

An analysis of a marine core (ODP 1081, no. 30, Figure 1) off
the coast of Namibia, involving pollen, microscopic charcoal
and the stable isotopic composition of plant waxes, draws
the picture of a late Miocene-Pliocene (c. 9-3 Myr) spread of
C, grasses, probably more pronounced in the central than in
the southern Namib (Ségalen et al., 2006, 2007, Senut &
Ségalen, 2014), in an environment of shrinking grasslands
and expanding deserts (Hoetzel et al., 2013). Hoetzel et al.
(2015) distinguish three vegetation phases utilising ODP
1081: a wet phase during the Tortonian, a transitional Messi-
nian period with a pronounced spread of grasses and a
rather dry Pliocene period with desert plants. Another
marine core close by (ODP 1082, no. 30, Figure 1) shows
major vegetation changes 3,4-1,8 Myr but they also show
developments in the eastern hinterland of the desert
(Dupont, 2006).

Albany thicket biome

The vegetation of the Albany thicket (Figure 7) is character-
ised by dense, woody, thorny, semi-succulent vegetation
with many species, e.g. from families such as Crassulaceae,
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Figure 7. Albany thicket, near Grahamstown/South Africa; with Portulacaria afra on the left, front (photo: Marion Bamford).

Aizoaceae (Acocks, 1953). The subtropical Albany thicket is
widespread in the semi-arid areas of the Eastern and
Western Cape, especially the Little Karoo and features a
bimodal precipitation curve (Vlok & Euston-Brown, 2002;
Vlok et al., 2003). The origins of the Albany thicket, only recog-
nised as a biome in the mid-1990s and defined by its distinctive
absence of grass (Low & Rebelo, 1996), were investigated by
Cowling et al. (2005) on the basis of fossil pollen and phyloge-
netic data, pointing to a probably Eocene origin of the biome
(see above). During the Neogene, when climate deteriorated,
several succulents and geophytes migrated from the neigh-
bouring Nama and Succulent Karoo biomes and diversified
in the thicket biome, e.g. Aizoaceae and Asteraceae (Cowling
et al., 2005).

Grassland biome

The temperate Grassland biome (Figure 8) dominates the
cold and dry Highveld region in the eastern centre of South
Africa where summer rainfall and winter drought occur
(Mucina et al., 2006a). Rainfall is 400-2500 mm/year, frost is
common (Mucina et al., 2006a). Bredenkamp et al. (2002) under-
line that the southern African grasslands are not determined
by droughts but by high altitude cool conditions which block
a possible colonisation by trees that have in general a tropical
origin in southern Africa. However, Mucina et al. (2006a)
emphasize that this hypothesis still has to be proven either
by phylogenetic analysis or experimental studies. The Afro-
Alpine region, characterised by Killick (1978) and within the
Drakensberg range above 1800m, is also part of the biome.
The exceptionally high biodiversity of southern African tem-
perate grasslands and the large quantity of endemics might
point to a rather ancient origin of this biome (Bredenkamp
et al., 2002). Poaceae, that evolved during the upper Cretaceous

(see above), became prominent globally only during the
Neogene (Mucina et al., 2006a, and references within; Christin
et al., 2014). Globally, grassy ecosystems were spreading during
the early-middle Miocene (20-10 Myr), in the late Miocene C,4
grasses evolved (Cerling et al., 1997; Jacobs et al., 1999). Grass-
lands had an effect on the fire regime (fire intolerant veg-
etation was pushed back) and the composition of the
herbivore fauna (Vrba, 1985a; Bond et al., 2003). At the end of
the Miocene the southern African Highveld was probably
elevated (see discussion above) and the Great Escarpment
was formed (Partridge, 1997a; King, 1963; 1978; Gough, 1973;
Newton, 1974 in Bredenkamp et al., 2002). Palynological and
palaeobotanical data from the interior of the sub-continent in
the current grassland is sparse. The Sterkfontein region in
Gauteng, where grasslands reach their northern most limit,
but savanna patches in low-lying, frost protected areas can
be found (Mucina et al., 2006a), is of importance for human
evolution (Scott & Bonnefille, 1986). Based on vertebrate
fossils and pollen in caves (Sterkfontein, Kromdraai, no. 31,
32, Figure 1), some conclusions on the Neogene vegetation
development have been drawn (see Scott & Bonnefille, 1986;
Scott et al., 1997). However, Scott (1995) questioned the palyno-
logical results suggesting that contamination by modern
pollen might have played a role in those cave environments.
Based on previous work by Vrba (1985b) it was suggested
that at c. 2.5 Ma (Pliocene-Pleistocene boundary) vegetation
changed from mesic, wooded to open, xeric environments.
Pollen samples from Sterkfontein and Kromdraai at the Plio-
Pleistocene boundary point to an open Protea savanna
although pollen taphonomical problems might be implied
(see above, Scott 1995). Fossil wood from Sterkfontein
Member 4 (c. 2.8-2.6 Myr) in the Sterkfontein Cave shows a
local gallery forest (Bamford, 1999b).
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Figure 8. Grassland biome, Seekoevlei/South Africa (photo: Marion Bamford).

Savanna biome

The Savanna (Figure 9), the largest biome in southern Africa,
is species poor and stretches up to the Congo basin and
towards eastern Africa (Rutherford et al., 2006; Linder, 2014).
Main characteristics are the predominance of summer rainfall,
C, grasses and the lack of frost (Rutherford et al., 2006; Hoetzel
et al., 2013). A marine core from the Angola basin (not depicted
in Figure 1) contains late Miocene pollen of savanna trees, e.g.
Bombacidites sp. (botanical affinity: Bombacaceae), Acaciapolle-
nites myriosporites (botanical affinity: Acacia sp.), Margocolporites
vanwijhei (botanical affinity: Caesalpiniaceae) and others (Par-
tridge, 1978). In eastern Africa, faunal communities typical
for a savanna environment have appeared only since the
latest Miocene (Leakey & Harris, 2003) with Poaceae only
becoming dominant after 5 Ma (Feakins ef al., 2005). C4 photo-
synthesis in grasses has probably developed c. 8.5 Ma during
the Tortonian (Sage, 2004).

Pliocene records are often associated with hominin cave
sites. Hopley et al. (2007), on the basis of high-resolution
stable oxygen and carbon isotopes from speleothems from
Makapansgat valley, concluded that C, grasses already were
established c. 4-5Myr whereas in the late Miocene C; veg-
etation (shrubs, trees) was predominant. Seemingly, C,4
grasses expanded later in southern Africa than globally, c. 8-
6 Myr as documented by Cerling et al. (1997). In contrast
Rayner et al. (1993), working on sediments from Makapansgat
(no. 33, Figure 1), concluded that the hominid Australopithecus
africanus developed c. 3 Ma in a still rather humid, subtropical
environment defined by patches of forest and thicket rather
than savanna. The marine core ODP 1082 (no. 30, Figure 1)

offshore of northern Namibia gives indirect evidence of the
savanna 3,4-1,8 Myr (Dupont, 2006). Until c. 3 Ma, Poaceae-
rich savanna with Mopane trees (Colophospermum mopane)
was dominant probably in the eastern hinterland of the
Namib Desert. In northern Botswana, which was largely occu-
pied during the Pleistocene by the palaeo-mega lake Makga-
dikgadi, stretching from the current Makgadikgadi basin up
to the Okavango delta (see Figure 1), the late Pliocene Alab
dune fields point to rather dry conditions (Moore et al., 2012;
Podgorski et al., 2013).

Forest biome

Afrotemperate, subtropical and azonal forests in South
Africa are evergreen, vary in height and composition and
occur as scattered patches in the eastern and far southern
parts of the country (Mucina & Geldenhuys, 2006)
(Figure 10). There are 12 vegetation units and their distri-
bution is affected by climate and fire but there are three
hydrologic-edaphic azonal forest types. Many of the forests
are confined to the steep slopes of hills and mountains and
there usually is an abrupt transition between the forest and
adjacent biomes. The palaeoecological history is not well
known: species diversity of the forests may have been influ-
enced by the past expansion and contraction of forests,
caused by landscape and climatic change (Geldenhuys,
1997). The extent of the forest was probably also controlled
by fire due to the formation of fire prone ecosystems since
the late Miocene and Pliocene (Mucina & Geldenhuys,
2006). Podocarpus pollen, which certainly represents forest,
has been recorded from a number of sites already discussed
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Figure 9. Savanna biome; Lindani/South Africa; with Acacia spp., Faurea saligna, Dombeya rotundifolia (photo: Marion Bamford).

above, for example the Palaeocene Arnot pipe (Scholtz, 1985),
Miocene southern Cape sites (Coetzee, 1978) and Knysna lig-
nites (Carr et al., 2010). Other typical forest elements such as
Ocotea bullata, Olea capensis Cunonia capensis, Ilex mitis,

i

Sideroxylon inerme, to mention but a few, are generally
lacking or rare. Other forest elements are present in the
Knysna lignites, e.g. Podocarpaceae (e.g. Dacrycarpites africa-
nus), Myrtaceae, Leguminosae, Araliaceae, Sapotaceae

Figure 10. Afromontane forest, near Cathedral peak, Drakensberg/South Africa (photo: Marion Bamford).
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(Thiergart et al., 1962). Western Cape Vredendal fossil woods
of Miocene age (Bamford, 1999a, no. 16, Figure 1) comprise
some West African forest elements of the Combretaceae
and Meliaceae. Today with the drier climate and winter rain-
fall there is no equivalent forest biome.

Indian Ocean Coastal Belt (IOCB) biome

The northern part of the biome (Figure 11) receives even
rainfall. Towards the south, summer rainfall is more promi-
nent, annual average rainfall in the region is 819-1272 mm/
year (Mucina et al., 2006d). Barthlott et al. (2007) mark the
Maputaland-Pondoland region, largely part of the IOCB,
as one of the global centres of vascular plant diversity.
The Maputaland region was submerged during the Torto-
nian, ¢. 10 Ma. The Maputaland Group starts with
Miocene-Pliocene beach and dune facies (Porat & Botha,
2008; Martini & Wanless, 2014). Unfortunately, terrigenuous
fossils are largely missing for this period, as during the Plio-
cene a regression followed (Porat & Botha, 2008). The
suggested Neogene uplift resulted in former inundated
land masses becoming dry land (Mucina et al, 2006d).
Although the erosion at the southern African shelf by the
long-active Agulhas current hampers any study of
Neogene climate variations along the eastern and southern
coast of the sub-continent (Uenzelmann-Neben & Huhn,
2009), we tentatively suggest that the warm current
created a warm, subtropical and humid climate at the
coast of eastern South Africa not unlike the climate encoun-
tered there today.

SYNTHESES: MAJOR TRENDS IN THE DEVELOPMENT
OF THE CURRENT BIOMES DURING THE NEOGENE

In our synthesis, where we also show connections to the veg-
etation developments outside southern Africa, we follow
Linder (2014), who clusters all 45 000 Sub-Saharan African
plant species into six biogeographical regions (Lowland
forest, Savanna, Arid, Austro-temperate, Tropic-montane,
Tropic-alpine) — all of which can be found in southern Africa
where also the most species-rich temperate flora — the Cape
flora — can be detected.

1. The Austro-temperate Flora, encompassing the Fynbos
and Succulent Karoo biomes, but also the Drakensberg
Alpine centre in the Grassland biome, seemingly has a
fast diversification rate and a maximum radiation of its
clades during the Miocene and Pliocene, when the
winter rainfall regime established, although some
lineages reach back to the Palaeogene (probably the
Eocene: Dupont et al.,, 2011; Linder, 2005; 2014). Par-
tridge and Maud (2000) point out that an aridity gradi-
ent from east to west already existed during the
Eocene, interestingly the biodiversity along the escarp-
ment is generally extremely high (Linder, 2014) -
maybe also linked to edaphic specialisation within the
Cape Folded belt. The Succulent Karoo radiation
seems closely connected to the evolution of the Ben-
guela current (Dupont et al., 2011).

2. Floristic links to the diversity poor tropical African
Lowland forest, whose biodiversity peaks in the
Guinean region, are restricted to the easternmost part

Figure 11. Indian Ocean Coastal belt biome, forest near Lake St Lucia, behind coastal sand dunes/South Africa (photo Marion Bamford).
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of southern Africa (Linder, 2014), especially to the
Indian Ocean Coastal Belt biome with its multitude
of tropical tree species and extraordinarily high biodi-
versity (Mucina et al., 2006d; Barthlott et al., 2007).
Lineages might date back to the Cretaceous when tro-
pical, angiosperm dominated forest already existed
around the Gulf of Guinea (Maley, 1996). Lowland
forest might have been much more widespread
during the Palaeogene, as supported by the few
pollen studies, e.g. from Central Africa (Utescher &
Mossbrugger, 2007; Linder, 2014), forming part of a
pantropical hothouse (Rutschmann et al., 2004). Linder
(2014) argues that spreading C, grasslands and a
change in the fire regime might have promoted low
species richness.

3. The Tropic-montane forest, which has relations with
the Lowland forest, stretches from eastern Africa
towards the eastern and southern Cape and basically
encompasses the regions where species like Podocarpus
and Cussonia, but also several grassland elements can
be found (Linder, 2014). This vegetation, also called
“Afromontane” by several authors (Chapman & White,
1970; White, 1978; 1981), might have tentatively
evolved during the Miocene (Linder, 2014). Linder
(2014) suggests that in southern Africa the Tropic-
Montane forest might in fact be part of the greater
Austro-temperate flora.

4. The Tropic-alpine or “Afro-Alpine” flora (White, 1983)
probably has a late Miocene or even younger origin. In
southern Africa this region is prominent in the high alti-
tude Drakensberg region as part of the Grassland biome
(Killick, 1978).

5. The Savanna flora evolved during the Miocene, when C,
grasslands were spreading (Dupont et al., 2013; Hoetzel
et al., 2013). Savannas are rather species poor, C,4
grasses are dominant and fires appear to increase in
step with the evolution of savannas, suggesting a con-
nection between C, grasses and fire frequency (Bond
et al. 2005; Hoetzel et al., 2013; Linder, 2014). Linder
(2014) states that “C4 grasslands might have driven a
massive orgy of extinction (of plant species) during the
late Miocene and Pliocene”.

6. The Arid flora encompasses the Albany Thicket in
southern Africa but excludes the Succulent Karoo
which is regarded as part of the Austro-temperate
region (Linder, 2014). White (1983) suggests a centre of
the Arid flora in the Somalia region. An ancient origin,
probably reaching back at least to the Palaeogene
(Palaeocene: Linder, 2014) is suggested by Huber and
Goldner (2012). The spread of C, grasses and therefore
an increase in fire frequency might be responsible for
the current restriction of the Albany Thicket biome
(Linder, 2014).

CONCLUSIONS AND OUTLOOK
 During the Miocene the vegetation in the southwestern
Cape northwards up to the Orange River was predomi-
nantly characterised by subtropical forest patches and
woodland (Figure 3). The Sperrgebiet region in southern
Namibia shows tendencies towards a “proto-savanna”
vegetation whereas the coastal regions of central and

northern Namibia were already arid to hyper arid
since the beginning of the Miocene.

e The Pliocene saw the further radiation of major plant
groups (Asteraceae, Aizoaceae), signalling an adaptation
towards aridity. The Fynbos and probably also the Succu-
lent Karoo biomes developed. At the transition towards
the Pleistocene the Sterkfontein region in the central
eastern interior of southern Africa became more arid
and open.

» Due to the connection between C4 grasses and fire fre-

quency, as pointed out for the Savanna flora and the

Albany Thicket biome as part of the arid flora, those

regions not affected by the spread of C, grasses like the

Succulent Karoo and the Fynbos might function as relics

of a much more diverse, now partly vanished, flora

(Linder, 2014).

To test the shifting biomes, particularly the expansion

and contraction of the forests, future research will

entail coring along altitudinal and latitudinal gradients
in order to retrieve sequences which can be analysed
geochemically, sedimentologically and palynologically.

e The chronological control of the fossil sites has to be
improved, utilising new methods, e.g. dating by cosmo-
genic '“Be (compare Erlanger et al. 2012), in order to pin-
point major biome changes. Marine ingressions are
obvious at several sites in the Cape, e.g. Langebaanweg
(Miocene Elandsfontein Formation), and shown by rare
marine microfossils such as foraminiferal linings, dinofla-
gellates and silicoflagellates (Sciscio et al., 2013). It is man-
datory to compare and correlate the rare terrestrial
records to archives from marine boreholes (e.g. Dupont
et al., 2005; Hoetzel et al., 2013), where biostratigraphical
dating is possible based on the abundant marine micro-
fossils, especially foraminifera.
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