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Abstract: The main phases of plant dispersal into, and out of the South-East Asian region are discussed in relation to
plate tectonics and changing climates. The South-East Asian area was a backwater of angiosperm evolution until the
collision of the Indian Plate with Asia during the early Cenozoic. The Late Cretaceous remains poorly understood, but
the Paleocene topography was mountainous, and the climate was probably seasonally dry, with the result that frost-
tolerant conifers were common in upland areas and a low-diversity East Asian aspect flora occurred at low altitudes.
India’s drift into the perhumid low latitudes during the Eocene brought opportunities for the dispersal into South-East
Asia of diverse groups of megathermal angiosperms which originated in West Gondwana. They successfully dispersed
and became established across the South-East Asian region, initially carried by wind or birds, beginning at about 49
Ma, and with a terrestrial connection after about 41 Ma. Many Paleocene lineages probably went extinct, but a few
dispersed in the opposite direction into India. The Oligocene was a time of seasonally dry climates except along the
eastern and southern seaboard of Sundaland, but with the collision of the Australian Plate with Sunda at the end
of the Oligocene widespread perhumid conditions became established across the region. The uplift of the Himalaya,
coinciding with the middle Miocene thermal maximum, created opportunities for South-East Asian evergreen taxa
to disperse into north India, and then with the late Miocene strengthening of the Indian monsoon, seasonally dry
conditions expanded across India and Indochina, resulting eventually in the disappearance of closed forest over much
of the Indian peninsula. This drying affected Sunda, but it is thought unlikely that a ‘savanna’ corridor was present
across Sunda during the Pleistocene. Some dispersals from Australasia occurred following its collision with Sunda and
following the uplift of New Guinea and the islands of Wallacea, Gondwanan montane taxa also found their way into
the region. Phases of uplift across the Sunda region created opportunities for allopatric speciation and further dispersal
opportunities. There is abundant evidence to suggest that the Pleistocene refuge theory applies to the South-East Asian
region.
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INTRODUCTION

Global terrestrial biodiversity reaches its peak in the
tropical forests of South-East Asia and the neotropics
(Fine & Ree 2006, Gentry 1992, Slik et al. 2015,
ter Steege et al. 2013). However, studies of historical
biogeography have identified contrasting scenarios of
change in geology and climate leading to high diversity
in each region (Jaramillo et al. 2010, Morley 2000).
Therefore, to understand the processes involved in the
assembly of high diversity in South-East Asia requires
knowledge of the tectonic and climatic histories of the
region (de Bruyn et al. 2014, Hall 2002, 2009; Morley
2000), and patterns of diversification within individual
clades. Evaluation of all these processes is on-going,
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with the latter continuing to be clarified from molecular
studies.

The deep time history of tropical forests can be
evaluated from macrofossil and fossil pollen records
(Morley 2000) and these are examined within the current
perspective of the tectonic and palaeogeographic evolu-
tion of the region (De Bruyn etal. 2014, Hall 1998, 2002,
2009; Morley et al. 2016, 2017). Pollen records provide
information on the time of appearance and patterns of
dispersal of families, genera and some species based on
characteristic pollen, and, by whole-assemblage analyses,
provide a glimpse of the history of biomes. The latter
allows differentiation of the past distribution of perhumid
megathermal forests versus seasonally dry vegetation.
There are some aspects of the present-day distribution
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Table 1. Main characters of principal vegetation types; based on Ashton (2014).

Dry season Structure | Dipterocarps Flowering Peat Fire Deciduous/
length period swamp evergreen
Lowland evergreen rain forest/ Linked to El Common Evergreen
) . 0-2 months o
Mixed dipterocarp forest Nino
Seasonal evergreen dipterocarp 3 layers
forests (southern) s N Rare
—5 months i )
Seasonal evergreen dipterocarp Dominant Rare Mixed
forests (northern)
Semi-evergreen forests Annual Understorey
6-7 months 2 layers
Tall (moist) deciduous forests o
anopy
Short (dry) deciduous forests 8-9 months Common Absent
Deciduous
Savanna 7-10 months
Thorn forests 9-10 months Rare

of tropical forests that are poorly understood, and this
has hampered our understanding of how to interpret
the significance of past vegetation and climate changes.
The poleward limit of tropical forests is determined by
the occurrence of occasional killing frosts (Ashton 2014,
Morley 2000), and the term ‘subtropical’, referring to
present day forests outside the tropics, is, in that context,
unnecessary (Ashton 2014, Webb 1959). Similarly, the
term ‘paratropical’ introduced by Wolfe (1979) for the
same forests, has never been taken up by ecologists
(Morley 2000), and hence is not used here. Seasonal
vegetation classifications are also inconsistent, especially
with respect to seasonally dry forests and savanna. This is
particularly the case with respect to classifications from
India (Champion 1936), and Indochina (Blasco et al.
1996, 2000; Gaussen 1978). The broad overview of
tropical Asian forests provided by Ashton (2014) places
the seasonal forests across India, Indochina and Sunda
into a single coherent perspective for the first time and
reveals that the main divisions of the original forest cover
can be characterized physiognomically (sensu Dansereau
1957, Daubenmire 1968, Webb 1959) and floristically
(Table 1).

A primary control on physiognomy and floristics is the
length of the dry season, which impacts on flowering
regimes, and the regularity and intensity of fire affecting
the forest canopy, which determines the representation
of evergreen versus deciduous trees (Ashton 2014). The
forests of Indochina are often visualized as consisting
of ‘monsoon forests with patches of tropical rain forest’
(Richards 1996). The ‘patchiness’ relates to the presence
of uplands on the one hand, which attract orographic
rain but also create rain shadows, and the impact
of the East Asian monsoon on the other, that brings
additional moisture to the north-eastern part of the
region (Figure 1). Also important is the orographic effect
of the Himalaya, and their heat-retaining capacity, which
pulls rain forests further poleward in northern Myanmar
and Assam than anywhere else (Ashton 2014).
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This paper begins with a brief overview of the Creta-
ceous and Paleocene flora and vegetation of South and
South-East Asia, which is becoming clarified following
geological studies of West Sarawak (Breitfield et al.
2014) in the same area that Muller (1968) undertook
palynological work. With respect to the Eocene collision
of India with Asia, microfossil and macrofossil data from
South-East Asia and India as well as a meta-analysis of
molecular data of clades that occur in both areas (Klaus
etal. 2016) are reviewed to illustrate the likely scenario of
dispersals of plant taxa between these land masses. The
enrichment of the South-East Asian flora then continued
with immigration from Australasia following the mid-
Cenozoic collision of the Australian Plate with Asia, the
impact of the Himalayan uplift on the development of the
Indian Monsoon and its effect on dispersals into India,
and the effect of tectonic uplift on the climate and the flora
and vegetation of Sunda. This is followed by an overview
of the effect of late Neogene global cooling and drying
and how it affected the region, and the likelihood of a
Quaternary seasonal climate corridor across equatorial
Sunda. In conclusion, 12 dispersal and vicariance events,
are proposed into or out of the region, from the time of
origin of angiosperms until the Quaternary, that help to
account for the floristic diversity of this region.

This review has been prepared for the Journal of Tropical
Ecology primarily for, but not restricted to, an audience of
tropical ecologists, and hence geological jargon is kept to
a minimum.

CRETACEOUS AND PALEOCENE VEGETATION

Armen Takhtajan (1969) suggested that the region
between Assam and Fiji’ was the cradle of the flowering
plants (reviewed in Briggs 1995). The current perspective
based on fossil and molecular data suggests the opposite,
that the South-East Asian area was indeed a backwater
of angiosperm evolution until the collision of the Indian
Plate with Asia during the early Cenozoic.
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Figure 1. Vegetation map of South and South-East Asia, simplified from Ashton (2014). (1) Kangar-Pattani Line, marking the northern boundary of
the perhumid tropics, with flowering periodicity driven by the southern oscillation; (2) equatorward limit of seasonally dry climates, which control
the distribution of semi-evergreen and deciduous forests and align with the Kra Isthmus; (3) northern limit of seasonally dry climates in the lowlands;
(4) lineament of Indo-Burmese Range, dividing the deciduous forest belt: (5) lineament of Sino-Burmese Ranges, which align with the Kra Isthmus;
(6) lineament of Annamite range, that coincide with the western limit of seasonal evergreen forests in western Indochina. Temperate mountain
climates, blue; temperate lowland climates, pink. Mountain ranges as dashed lines, and in the tropics, these are characterized by tropical mountain

climates. A, B, C, locations for wells in Figure 6.

The precise area of origin of flowering plants remains
unclear, because the first angiosperms have left no fossil
record (Muller 1970, Soltis et al. 2008). As a result,
the time of appearance based on molecular evidence
is considerably older than the first fossils, with current
estimates based on molecular data ranging from 183—
147 Ma within the Middle to Early Jurassic (Bell et al.
2010). However, the earliest basal angiosperm pollen
records are from the Late Valanginian and Hauterivian
(130-138 Ma) of North Africa and the Middle East
(Brenner 1974, Gubeli et al. 1984, Thusu et al. 1988),
and thus suggest a low-latitude, palaeotropical area of
origin (Barrett & Willis 2001). From the Barremian
(125-130 Ma) onward, angiosperm occurrences are
widespread, with records from Gabon, Brazil, England,
Russia, China and North America (Barrett & Willis 2001,
Hickey & Doyle 1977) and Japan (Legrand et al. 2014).
They arrived about 10 Ma later in Australia (Dettmann
1994) and India (Srivastava 1983, Morley 2003).

On the other hand, eudicots clearly originated in
western Gondwana during the Late Barremian or Aptian
(112-125 Ma) with widespread pollen records from
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Gabon, Brazil and the Middle East (Doyle 2012), and sub-
sequently dispersed poleward during the Albian (99.5-
12 Ma) and Cenomanian (94-99.5 Ma, Hickey & Doyle
1977).

South-East Asian Early Cretaceous pollen assemblages
are characterized mainly by abundant gymnosperm
pollen with Cheirolepidaceae (extinct gymnosperms) and
Araucaria (Araucariaceae), suggesting a seasonally dry
vegetation with minimal representation of angiosperms
(Morley 2000, Racey et al. 1994). An Early Cenomanian
assemblage from Myanmar yielded common Sequoia-
type pollen but rare angiosperms (Cruickshank & Ko
2003), contrasting with African and American contem-
poraneous assemblages that contain increasing numbers
of angiosperm pollen (Crane 1987). The Myanmar
locality has also yielded beautifully preserved flowers
of Ceratopetalum (Cunoniaceae) (Chambers et al. 2010,
Poinar & Chambers 2017), a family presently restricted to
Gondwana but formerly widespread (Shoenberger & Friis,
2001).

Muller (1968) found a low diversity of triapertur-
ate pollen in Santonian (83.5-86 Ma) (Morley 1998)
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Figure 2. Palaeoclimate maps and plant dispersals, 60—25 Ma. Tectonic reconstructions from Hall (2012b), palaeoclimate reconstructions, this
paper. Numbers refer to localities with palaeoclimate data, listed in Appendix 1. Solid arrows show direction of plant dispersals, faunal dispersals
dotted. Mid Paleocene reconstruction, prior to collision of India with Asia (a); latest early/earliest middle Eocene, India and South-East Asia are at
the same latitude but without a land connection (b); mid middle Eocene, India and South-East Asia at same latitude and within same perhumid
climate zone, but still without a land connection (c); end of middle Eocene, land connection between India and South-East Asia (d); India drifts into
northern high-pressure zone during Oligocene, seasonally dry climates predominate across India and South-East Asia (e) and (f).

sediments from Sarawak that also exhibit much reduced
morphological diversity than assemblages from age-
equivalent sediments in West Africa (Belsky et al. 1965,
Jardine & Magloire 1965, Morley 2000).

A low-diversity lowland flora is also suggested for
the Paleocene (56—66 Ma) of Sarawak (Figure 2a),

https://doi.org/10.1017/50266467418000202 Published online by Cambridge University Press

which was characterized by taxa with Laurasian af-
finities, based on pollen assemblages which include
east Asian aspect Aquilapollenites (possibly Santalaceae),
probable Ulmaceae and Ilex (Aquifoliaceae), and a few
widely dispersed megathemal elements, such as Anacolosa
(Olacaceae), Calamoidae, Apocynaceae, Myrtaceae and
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the mangrove palm Nypa (Morley 1998, 2000; Muller
1968). Upland areas, such as the Schwaner Mountains
in Borneo, are likely to have had vegetation with
diverse Laurasian conifers. This is suggested because the
bisaccate-rich assemblages described by Muller (1968)
were obtained from alluvial fan deposits shown from zir-
con analysis to be derived from the Schwaner Mountains
(Breitfeld et al. 2014). This mountain range must, at that
time, have been in the order of 2000-3000m in elevation
to support such a flora at such low latitudes.

The depauperate nature of Cretaceous and Paleocene
South-East Asian lowland vegetation is emphasized fur-
ther by the fact that none of the main angiosperm families
that characterize the region today actually evolved in
the area. Examples include: Annonaceae (Doyle et al.
2004, Richardson et al. 2004), Arecaceae (Couvreur
& Baker 2013), Dipterocarpaceae (Heckenhauer et al.
2017, Moyersoen 2006), Sapotaceae (Richardson et al.
2013) and Myrtaceae (Berger et al. 2016, Thornhill
et al. 2015) and probably Anacardiaceae, Burseraceae,
Ebenaceae and Moraceae that likely originated in West
Gondawana; Meliaceae in Africa (Muellner et al. 2006)
and Myristicaceae in Africa-Madagascar (Doyle et al.
2004). In addition, Clusiaceae and possibly Rubiaceae
may be Boreotropical families (Davis et al. 2005).

In suggesting the area of origin for angiosperms,
Takhtajan was heavily influenced by the richness of
primitive angiosperms in the seasonal evergreen and
warm temperate rain forests in Indochina and the area
surrounding the Coral Sea. The concentration of basal
angiosperms and Magnoliidae in these areas has since
been shown to relate to global tectonics and Cenozoic
climate change (Morley 2001a). The survival of such
diverse archaic Boreotropical taxa in the rain forests of
Indochina may have been possible due to the long-term
presence of north-south Sino-Burmese and Annamite
Ranges, which have provided appropriate habitats and
opportunities for plants to migrate and shift in altitude,
in response to changing global climates, throughout the
Cenozoic. In contrast, the concentration of primitive taxa
in the region surrounding the Coral Sea relates to their
retention on southern landmasses as they drifted into
warmer latitudes as global climates cooled during the
Neogene (Morley 2001a).

THE COLLISION OF INDIA WITH ASIA AND EOCENE
DIVERSIFICATION OF THE SOUTH-EAST ASIAN FLORA

It was the collision of the Indian Plate with Asia in
the Eocene that was most influential on the eventual
development and subsequent diversification of the South-
East Asian flora.

After being juxtaposed with Australia and
Antarctica during the early Early Cretaceous
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(Berriasian/Valanginian) the Indian Plate drifted
northward (starting around 135 Ma) together with
Madagascar until the Coniacian (86-88.5 Ma), during
which time many elements of the African flora dispersed
via Madagascar to India (Morley 1998, 2000). The
Indian Plate then separated from Madagascar (Storey
et al. 1995) and rapidly drifted northward as an isolated
island, splitting from the Seychelles at about 66 Ma
(Chatterjee et al. 2013) before slowing down in the late
Paleocene as it collided with the Kohistan-Ladakh Island
Arc (Hall 2012a, Khan et al. 2009), although some
authors place this collision earlier (Chatterjee & Bajpai
2016). The subsequent collision with Asia was most
likely during the middle Eocene (Ali & Aitchinson 2008,
Klaus et al. 2016) although older (Beck 1995, Rage et al.
1995) and younger (van Hinsbergen et al. 2012) collision
ages have been proposed.

As the Indian Plate drifted northward, it passed
through the southern-hemisphere high-pressure zone,
and then into equatorial latitudes during the Paleocene
and early Eocene (48—56 Ma). After transgressing differ-
ent climatic zones India was not left with a generalized
flora, as suggested by Raven & Axelrod (1974) but showed
a rapid diversity increase with time (Morley 2000, Figure
8.2). Prior to collision with Asia it carried a flora with
three distinct components: (1) an ancient autochthonous
gondwanic component; (2) an allochthonous component
from Africa consisting of megathermal angiosperms; and
(3) a diverse endemic component, which evolved as India
drifted across many climatic zones. Immediately prior to
collision with Asia, the Indian Plate was characterized
by a perhumid climate and bore a rich, and rapidly
diversifying megathermal angiosperm flora rooted in
Africa.

The Kohistan-Ladakh Island Arc

Vertebrate fossils suggest that the Indian Plate was
not wholly isolated during its northward passage, but
had connections with Africa and Europe (Briggs 2003,
Chatterjee & Scotese 1999). This apparent conflict is
beginning to be resolved with the clarification of the
role of the Kohistan-Ladakh Island Arc (Treolar et al.
1989) that may have provided a corridor to Africa
(Kapur et al. 2017) and Europe (Smith et al. 2017)
immediately prior to collision with Asia. Recent studies
of vertebrates from the early Eocene Cambay Shale in
Gujarat show a surprising fauna with European affinities
(Figure 3), including frogs (Folie et al. 2013), snakes
(Rage et al. 2008), a parrot-like bird (Mayr et al. 2010),
a primate (Rose et al. 2009), bats (Smith et al. 2007)
and perissodactyl-like mammals (Rose et al. 2014). It
is unclear whether these groups originated in India or
Europe, except for the perissodactyls, which are now
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Figure 3. Dispersal routes from Africa to India, and to Europe, along
the Kohistan/Ladakh Island Arc. 1, from Madagascar to India prior
to Coniacian; 2 from Africa to India via Kohistan/Ladakh Island Arc
during the Paleocene; C, between India and Europe during the Early
Eocene via Kohistan/Ladakh Island Arc (modified from Smith et al.
2017).

thought to have originated in India since fossils of their
sister group form part of the Cambay Shale fauna (Rose
et al. 2014). Amber from this locality yields insects with
European affinities (Rust et al. 2010).

It is therefore appropriate to review the origin of
the early Eocene London Clay flora, long believed to be
derived from Malesia (Chandler 1964, Collinson 1983,
Reid & Chandler 1933) as there are many taxa which
are common between the London Clay flora and those
from the Deccan Traps. However, a full assessment of this
issue is outside the scope of this paper. Taxa common to
both areas include members of Anacardiaceae, Annon-
aceae, Euphorbiaceae, Salicaceae, Vitaceae and possibly
Burseraceae, Elaeocarpaceae, Meliaceae and Rutaceae
(see below). An early Eocene dispersal route to Europe
would explain the occurrence of twigs of Anisoptera
(Dipterocarpaceae) in the London Clay (Poole 1993),
which has a molecular age of about 51 Ma (Morley
& Ashton in Ashton 2014), although their identity is
disputed by Ashton, pers. comm. It would also account
for the numerous London Clay records of Vitaceae, with
latest Cretaceous records in India by Manchester et al.
(2013), who proposed an ‘out of India’ dispersal by birds
prior to collision with Asia.

It is considered that the collision of India with the
Kohistan-Ladakh Island Arc did not have a significant
effect on migrations of flora to Asia, as suggested also
from vertebrates (Rose et al. 2014).
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Indian climate and flora prior to collision with Asia

Fossil woods from the Intertrappean beds (67-64 Ma)
provide a remarkable perspective of the Indian flora as
the Indian Plate approached Asia and these have recently
been reviewed by Wheeler et al. (2017), who consider the
flora to be ‘surprisingly modern’ based on the rarity of
scalariform perforations. The flora contains a diversity of
angiosperm orders, families and genera from many clades
with magnoliids (one Annonaceae) and the rosid and
asterid core eudicot clades all present. The Malpighiales,
Malvales and Sapindales are especially well represented.
Intertrappean fossil woods provide the earliest fossil
records for the families Anacardiaceae, Salicaceae, Lami-
aceae, Lecythidaceae, Malvaceae, Moraceae, Myrtaceae,
Simaroubaceae and Vitaceae.

The low incidence of scalariform perforations suggests
xeric conditions, which would be in keeping with the late
Maastrichtian palaeolatitude of about 19°S. However,
the low incidence of distinct growth-ring boundaries
suggests an aseasonal (typically perhumid) climate; or
perhaps rainfall was uniformly low throughout the year.
Clearly the palaeoclimate for the Deccan traps requires
further investigation.

During the early Eocene, with the Indian Plate drifting
northward to straddle the equator, the climate became
perhumid to seasonally wet from north to south, as
indicated by the widespread occurrence of coals, bauxites
and laterites (Boucot et al. 2013), but drier climates may
have been present in the north-west where they reported
evaporites.

The early Eocene flora is well documented from the
palynological analysis of coal-bearing successions across
India (Monga et al. 2015, Prasad et al. 2009, Samant
& Phadare 1997). The pollen flora suggests a setting
with a perhumid climate, and tall, dense, closed-canopy
rain forests of modern aspect. The diverse flora included
Arecaceae and Malvaceae as dominants; and other angio-
sperm families such as Alangiaceae, Celastraceae, Clusi-
aceae, Buphorbiaceae, Meliaceae, Myrtaceae, Rubiaceae
and Sapotaceae were also widely represented. Podocarpus
is the only representative among gymnosperms. Late
Paleocene and early Eocene sediments contain the oldest
pollen and geochemical fossils attributable to the family
Dipterocarpaceae (Dutta et al. 2011, Paul et al. 2015).
Remarkably, the insect fauna from early Eocene amber
contains many elements characteristic of present-day
South-East Asian dipterocarp forests (Rust et al. 2010).
The arrival of Dipterocarpaceae in India might have been
either via Madagascar, but with a fossil record for the
Late Cretaceous still wanting, or from East Africa via the
Kohistan-Ladakh Island Arc (Kapur et al. 2017) during
the Paleocene. Maastrichtian (74—66 Ma) palynomorph
assemblages from Sudan include pollen which closely
resembles that of Dipterocarpus, such as Periretisyncolpites
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phosphaticus sensu Cole et al. (2017, Plate 1, Figures 6
& 7) and Leptolena (Sarcolaenaceae) that compares to
unidentified ‘tetrad pollen’ (Plate 1, Figure 3). Confirma-
tion requires further evaluation using LM and SEM and
if confirmed as dipterocarp and Leptolena pollen, would
support the Paleocene dispersal of dipterocarps from
Africa via the Kohistan/Ladakh Island Arc. Dispersals
from the horn of Africa, which was characterized by a
perhumid climate during the Maastrichtian (Upchurch
et al. 1998), may help to explain the apparently sudden
diversification of the Indian flora by the Paleocene.

Dispersals between India and South-East Asia

Dispersals between India and South-East Asia are in-
dicated from the palynological record (Morley 1998,
2000, 2003) and augmented by macrofossils. Trends in
dispersal between these areas over time are suggested also
from a meta-analysis of molecular data from clades which
are currently present in both India and Asia (Klaus et al.
2016). Klaus et al. (2016) determined the mean number
of dispersal events (MDE) between the two areas based
on the evaluation of 37 phylogenetic datasets (flora and
fauna). Deviations in MDE with time are thought to reflect
changes in rates of dispersal between the two areas that
may interpreted in relation to tectonics and climate.

Middle Eocene. Middle Eocene (37—48 Ma) pollen records
from Sulawesi and Java suggest that initial dispersals of
plant taxa from the Indian Plate occurred in two stages
(Morley 2014). The first ‘Indian’ elements occur close to
the early/middle Eocene boundary, with the appearance
of palm pollen referable to Iguanurinae, Lagerstroemia
(Lythraceae) and sonneratioids, with taxa dispersing
at about 49 Ma, closely followed by Alangium section
Conostigma (Alangiaceae) and Durio type (Malvaceae)
and then Barringtonia (Lecythidaceae) (Figure 4). The
climate was probably distinctly seasonal, suggested by the
common occurrence of Restionaceae pollen (Figure 2b).

There was a change to a more perhumid climate after
about 45 Ma at lower-latitude localities, (Figure 2c),
coinciding with the appearance of Gonystylus
(Gonystylaceae) and Ctenolophon (Ctenolophonaceae)
pollen, an increase in abundance of palm pollen and
a corresponding reduction of Restionaceae, and a
significant increase in palynomorph assemblage diversity
(Lelono 2000). Other dispersals from India are of
Beauprea (Proteaceae), Mischocarpus (Sapindaceae) and
Ixonanthes (Ixonanthaceae). Podocarpus (Podocarpaceae)
shows its first appearance in Java at 40 Ma. MDE based
on meta-analysis show a corresponding sudden increase
from India at 48 Ma with minimal dispersals in the other
direction (Klaus et al. 2016).
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The first amphibians dispersed after 41 Ma and the
first primary freshwater fishes after 38 Ma suggesting a
continuous terrestrial connection from this time (Klaus
et al. 2016). The likelihood is that until this time
most plant dispersal was transoceanic and plants were
dispersed by birds or wind prior to the establishment of
a land connection. This assumes that similar climates
occurred in both areas, and emphasizes the importance
of niche conservatism.

Middle Eocene dipterocarps in South-East Asia are rep-
resented by Shorea wood and the geochemical biomarker
bicadinane from Myanmar (Curiale et al. 1994, Licht
et al. 2014). The first dispersals were all winged taxa,
with the wingless Stemonoporus, Vateria and Vateriopsis
not occurring beyond Sri Lanka and the Seychelles. The
presence of the perhumid winged dipterocarp genera
Cotylelobium and Dryobalanops with disjunct distributions
in Sri Lanka/S India and Borneo (Ashton 2014) and very
old molecular ages (43 and 40 Ma, Morley & Ashton,
phylogeny following Gamage et al. 2006, in Ashton
2014) might suggest that these taxa could also have
dispersed to Borneo during a period of middle Eocene
perhumid climate, but without leaving a fossil record. The
ancient disjunct taxa Axinandra (Crypteroniaceae) and
Trichadenia (Achariaceae) may have followed the same
route (Ashton & Gunatilleke 1987).

After the appearance of elements of Indian affinity in
South-East Asia, the characteristic Paleocene pollen taxa
of Muller (1968) are missing, suggesting that the Indian
flora was the more successful, resulting in the extinction
of many Paleocene and early Eocene plant taxa. The
only Eocene dispersal into India based on pollen is of
Calamoidae, which appears in the Paleocene of Sarawak,
butis not recorded until the middle Eocene in India (Gupta
et al. 2003, Misra & Kapoor 1994, Ramanujam et al.
1997). This is also supported by molecular data, with
the genera with Indian representatives (Daemonorops,
Plectocomia and Calamus) being deeply nested within
genera endemic to South-East Asia (Baker et al. 2009,
Barrett et al. 2016).

Late Eocene and Oligocene. During the late Eocene (33.8—
37 Ma) and Oligocene (23.0-33.8 Ma), the climate for
much of South-East Asia was seasonal (Figures 2c, d, e).
This is suggested by the reduction of perhumid elements
in pollen assemblages, the common occurrence of grass
pollen, the persistent indications of seasonally inundated
swamps surrounding the numerous large lakes that char-
acterize this period (Morley & Morley 2013), and rarity
of coals. Dipterocarps continued to extend their range
with late Eocene records from southern China (Feng et al.
2013). With the ongoing collision of India with Asia, the
Tibetan Plateau attained significant elevation (Ding et al.
2017, Dupont-Nivet et al. 2008) but is thought to have
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Figure 4. Stratigraphic ranges of pollen (and fossil wood for Shorea and Indian Barringtonia) that occur both in South-East Asia and India (ranges
for South-East Asia modified from Morley (2014) and van Gorsel et al. (2014).

been too far north to impact on dispersal of megathermal
plant taxa.

Molecular data (Klaus et al. 2016) suggests that
dispersals from India to South-East Asia were negligible,
but that there were numerous faunal dispersals into
India, including frogs, freshwater fish and lizards. With
India drifting into the northern subtropical high-pressure
zone, and its climate most likely becoming seasonally
drier over large areas, it is suggested that the South-
East Asian seasonal climate biota was favoured, and
successfully colonized newly established seasonally dry
habitats across India.
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There were a few dispersals from India during the
Oligocene based on the pollen record, with Arenga
(R.J. Morley, unpubl. data) occurring from the earliest
Oligocene, and Dacrydium (Podocarpaceae) appearing in
the Sunda region after the mid Oligocene (Morley 2010).

The oldest records for the extinct pollen type Mey-
eripollis nayarkotensis (possibly Myrtaceae) at about 37
Ma and spores of Ceratopteris (Parkeriaceae) at about
35 Ma (Handique 1993, Witts et al. 2012), occurred
simultaneously in the late Eocene of both India and
South-East Asia (Morley 2014), testifying to the presence
of a continuous land connection by this time.
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Seasonal climates became more pronounced across
Sundaland during the late Oligocene, with grass pollen
becoming common in many areas (Morley et al. 2003,
Morley 2012) suggesting the widespread occurrence of
open forest or savanna (Figure 2f).

The Australian Plate was drifting toward the South-
East Asian region during the Oligocene and this resulted
in the onset of dispersals from Australia to Sunda. There
are just a few of these (Morley 2000, 2001b), but
one of the more convincing is of the genus Phormium
(Phormiaceae), with characteristic pollen seen also in
the Australian genus Dianella, recorded from West Java
(Lelono 2017, Morley 2000). The main effect of the
collision of the Australian Plate with South-East Asia
was a dramatic increase in precipitation across the region
(Morley 2012).

Early Miocene. The main change at the beginning of the
Miocene (23.0-5.3 Ma) is the broad change across the
Sunda region from seasonally wet to perhumid climates.
This corresponded to the closure of the Indonesian
throughflow and the onset of the East Asian monsoon
(Wang et al. 2003) as the Australian Plate began its
collision with South-East Asia (Morley 2012). India
continued to drift into the northern subtropical high-
pressure zone, and was most likely characterized by
open forest and savanna (Awasthi 1992, Morley 2000),
except in the south (Figure 5a). There is little evidence for
dispersals from fossil pollen other than for Brownlowia,
which appears in India within the early Miocene (Ven-
katachala & Rawat 1971) and well-dispersed mangroves
(e.g. Sonneratia caseolaris, at 21 Ma, and S. alba at 18 Ma),
but molecular data suggest some faunal dispersals in both
directions based on changes in MDE (Klaus et al. 2016),
perhaps reflecting the expansion of perhumid climates in
South-East Asia.

Middle Miocene. At the time of the middle Miocene
(16.0-11.5 Ma) thermal maximum megathermal forests
probably extended further north along the East Asian
seaboard than at any other time during the late Cenozoic.
The primary evidence for this is the presence of a diverse
flora of evergreen rain-forest elements reported from the
Fotan Formation in southern China at 24°N (Figure 4b).
This flora included Dipterocarpaceae (Shi et al. 2014),
Leguminosae, Clusiaceae and other megathermal ele-
ments (Jacques et al. 2015).

During the early and middle Miocene, the Himalaya
underwent their main period of uplift, reaching 5.5
km by 15 Ma (Ding et al. 2017). This uplift resulted
in greatly increased orographic rainfall, and increased
temperature in northern India due to the mountain
mass elevation effect coupled with the initiation of the
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wet Indian monsoon, and the screening effect of the
Himalaya from cold northern winter north-easterlies. In
combination with globally higher temperatures at the
thermal maximum this facilitated dispersal of evergreen
to semi-evergreen megathermal and lower montane
rain-forest elements from Myanmar westward along the
Himalayan foothills. Widespread leaf and wood fossils
and palynomorphs from this vegetation are preserved
in the Siwalik foredeep deposits across northern India
(Awasthi 1992, Ding et al. 2017, Khan et al. 2016, More
etal. 2016).

Many of the Siwalik taxa, such as Diospyros
(Ebenaceae), Dipterocarpaceae, Koompassia, Millettia
(Fabaceae) and Polyalthia (Annonaceae) are of Malesian
affinity and this led to the long-held belief that the Indian
flora originated from South-East Asia (Awasthi 1992).
The current perspective of Himalayan uplift, coinciding
with the Miocene thermal maximum creating a corridor
along the northern margin of the megathermal forest
belt, allowing for the dispersal of seasonal evergreen
forest elements from South-East Asia to both northern
India and southern China (Jacques et al. 2015, Morley
2000) is thought to be the more realistic interpretation.
This is supported by the meta-analysis of Klaus et al.
(2016) which indicates that the middle Miocene saw
more dispersals from Asia to India than at any other
time, including freshwater fish, mammals and reptiles.

Most of the remaining Indian Peninsula was forested
at that time (Guleria 1992), but a belt of drier, deciduous
forest and grassland was probably in place in the region
of the Indo-Gangetic plain creating a dispersal barrier
for evergreen elements. In support of that interpretation,
and if it was not the case, Malesian relics, both lowland,
and lower montane, would be expected in the rain-forest
outliers of Sri Lanka and the Western Ghats (Morley
2000). Only a few bird-dispersed taxa, such as Magnolia
(Magnoliaceae) and Mastixia (Cornaceae), have made
this crossing. The Indo-Gangetic Plain can therefore be
suggested as forming the biogeographic divide (the Ganges
Line) between the ‘ancient’ gondwanic-derived Indian
Peninsula flora, and the Malesian-derived (originally
gondwanic) flora of the Himalayan foothills. There are no
‘Malesian’ dipterocarps, Fagaceae or Pinus, and minimal
Himalayan montane trees to the south of this line.

LATE NEOGENE COOLING AND DRYING AND EXPANSION
OF C4 GRASSLANDS

The late Miocene (11.5-5.3 Ma) and Pliocene (1.95—
5.3 Ma) were characterized by successively cooler and
drier global climates, and this is expressed across South
and South-East Asia by a stepwise expansion of open
forest and grasslands (Figure 5c—e). This is most clearly
reflected by stable isotope data, leaves and mammalian
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[ Seasonal evergreen, semi evergreen and closed
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Figure 5. Palaeogeography, climate and dispersals, middle Miocene to Pliocene. tectonic model follows Hall (2012b); palacogeography for South-
East Asia follows Morley et al. (2016). The climate model utilizes palynological (Hoorn et al. 2010) and isotope (Quade et al. 1989) data for northern
India coupled with palynological data from Thailand and unpublished data to demonstrate the likely pattern of expansion of areas of seasonally
dry vegetation over time. The distribution of humid vegetation follows Morley (2012) with updates. The position of the Fotan flora (Jacques et al.
2015) critically positions the northern limit of megathermal forests during the middle Miocene climatic optimum. Numbers refer to localities with
palaeoclimate data, listed in Appendix 2. Arrows indicate direction of plant dispersals.
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Figure 6. Pollen summaries from Gulf of Thailand/N Malay Basin wells. Well A south of Kangar Pattani line, Well B and C north of Kangar Pattani
Line, for locations see Fig 1. Most common pollen taxa: Peat swamp group — Alangium, Austrobuxus, Blumeodendron, Calophyllum, Campnosperma,
Cephalomappa, Durio, Garcinia, Gonystylus, Sapotaceae; Kerapah — Casuarina type, Dacrydium; Rain forest — calamoids, other palms, Euphorbiaceae,
Leguminosae, Pandanus, Sapindaceae; Seasonal — Acanthaceae, Asteraceae, Borassus, Bombax, Lagerstroemia, Poaceae, Pterospermum, Schoutenia;
Temperate angiosperms — Alnus, Engelhardia, Liquidambar, Fagaceae, Juglandaceae, Tilia; Temperate conifers — Abies, Cedrus, Picea, Tsuga.

fossils from the Siwaliks (Patnaik 2015, Quade et al.
1989, Srivastava et al. 2018) which demonstrate that for
northern India C3 (mainly forest) vegetation dominated
until about 8 Ma, then from 8 to 5 Ma there was a gradual
increase in representation of C4 vegetation, after which
time C4 grasslands dominated. Thisisreflected in a faunal
change from predominantly frugivores and browsers
prior to 6 Ma, to grazers after that time. The change to
drier climates relates to the further uplift of the Himalaya,
resulting in a strengthening of the South Asian monsoon,
reflected by changes in foraminiferal assemblages from
the Arabian Sea from this time (Kroon et al. 1991).
Prior to this period, widespread forests with common and
diverse dipterocarps occurred across most of the Indian
Peninsula, but the effect of the strengthening monsoon,
coupled with global drying relating to the expansion of
northern hemisphere ice sheets, resulted in the extinction
of dipterocarps over most of their former range (Shukla
et al. 2013), leaving only a small but diverse group
in the western Ghats and Sri Lanka (Gunatilleke et al.
2017).
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Natural savanna of the African type, which is sustained
by browsing mammals, is rare in India today, but was
probably widespread prior to the influence of hominids,
who may have eliminated several of the large mammals
(Patnaik 2015) that characterized the Pliocene. Savanna
was widespread within flood plains (Quade et al. 1989)
and probably also in terra firma areas, as suggested from
the abundance of Poaceae pollen in distal Bengal Fan
sediments (Yasuda et al. 1990), which represent pollen
sourced from the entire Ganges catchment. Savanna
is also found in Indochinese seasonal fire-prone lower
montane forests which are dominated by Pinus kesiya
or P. roxburghii, and occasionally P. merkusii. Based
on unpublished pollen records from offshore Vietnam
(Figure 6) such vegetation may have been present since
the Oligocene and probably also occurred at lower alti-
tudes, and extending to lower latitudes during Pleistocene
glacial maxima (Morley 1998). In East Java, Casuarina
junghuhniana (Casuarinaceae) played a similar role in
lower montane vegetation to Pinus in Indochina during
the Pleistocene (Morley 2018).
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Figure 7. Vegetation at 1 Ma, (a) without and (b) with a ‘savanna’ corridor. Legend for vegetation types as for Fig. 5. Numbers refer to localities with
palaeoclimate data, listed in Appendix 1. ‘F’ = areas with ferricretes. Fine dotted line, Bengal Fan.

LONGEVITY OF CLIMATE DRIVEN BIOMES

Muller (1972) remarked that for the Neogene of north-
west Borneo, there were very few extinctions as revealed
from fossil pollen; the pollen record simply reflected
long-term apparent stability of lowland evergreen rain
forests, with a gradual increase in diversity accrued
either from immigration or from localized speciation.
The pollen record from areas of seasonal forests, for
example, from the latitude of Vietnam, exhibits a similar
degree of uniformity, perhaps extending further back
in time to the early Oligocene. Here pollen assemblages
are characterized by typical seasonal forest elements,
especially the deciduous tree genus Lagerstroemia and
Dipterocarpaceae.

An examination of pollen records from petroleum
exploration wells located near the two main biogeo-
graphic divides, the Kangar-Pattani Line and the Kra
Isthmus, clearly demonstrate this. The Kangar-Pattani
Line marks the northern limit of astronomically driven
perhumid climates, with a dry season of 2 mo or less,
whereas the Kra Isthmus marks the southern limit of a
longer dry season with up to six consecutive dry months
(Table 1) where fire affects the canopy composition.
Pollen assemblages south of the Kangar-Pattani Line
throughout the Neogene are characterized by perhumid
forest elements, especially elements of kerangas (forests
occurring on oligotrophic sandy soils), kerapah (wet
variant of kerangas) and basinal peat swamps, whereas
those north of the line are characterized by deciduous
and semi-evergreen elements, suggesting that the main
biogeographic boundaries have shifted very little over
time (Figure 6).
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The importance of these two major divisions was
brought to attention by De Bruyn et al. (2014) who
demonstrated with a meta-analysis that although most
of the region’s biodiversity is a result of the accumulation
of immigrants and in situ diversification, Borneo and In-
dochina have been the two major evolutionary centres for
within-area diversification and subsequent emigration,
affecting South-East Asian biodiversity since at least the
early Miocene.

QUATERNARY CLIMATE CHANGE AND SEA LEVEL
OSCILLATIONS

Sundaland underwent a fundamental change in char-
acter at the beginning of the Quaternary (0-1.95 Ma)
during which time the amplitude of sea-level changes
increased following episodic expansion of ice in the
northern hemisphere (Zachos et al. 2001). This resulted
in the previously mainly submerged Sunda Shelf being
exposed during successive periods of low sea levels,
summarized in Cannon et al. (2009), Morley (2012)
and Morley et al. (2016). The repeated transgressions
created optimal conditions for the expansion of mangrove
swamps, which became much more widespread than
during earlier periods (Morley & Morley 2010).

Over the last million years the Sunda region effectively
doubled in size during periods of lowest sea level
and during the current highstand exhibits its smallest
geographical area for that period, with the flora presently
being in a state of refuge (Cannon et al. 2009). At
times of low sea level, the region was drier, as shown
from pollen records from South Kalimantan (Kershaw
et al. 2001, Morley 1981), South Sulawesi (Morley et al.
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2004), North Sulawesi (Dam et al. 2001), South Sumatra
(van der Kaars et al. 2010), Java (van der Kaars & Dam
1995) and Thailand (Yang & Grote 2017), and elevations
of altitudinal boundaries lower (Flenley 1984, Morley
2018). However, there are no comparable palynological
studies from the central Sunda region and the possible
nature of vegetation growing on the exposed Sunda Shelf
has received wide speculation, especially with respect to
whether or not there was a ‘savanna corridor’ across
the submerged shelf for the dispersal of elements of the
Siwalik savanna fauna to Java (Bird et al. 2005, Cannon
etal. 2009, Heaney 1991, Kershaw et al. 2002, Medway
1972, Meijaard 2003, Morley & Flenley 1987, Voris
2000, Wurster et al. 2010). The depauperate nature of
the Javanese Quaternary fauna, lacking ‘arid adapted’
or ‘open savanna’' elements of time equivalent Siwalik
faunasin India (Medway 1972), suggests a dispersal filter
for savanna elements, rather than a corridor.

This issue was recently addressed by Ashton (2014),
who emphasized that the presence of a savanna corridor
was unlikely due to the presence of Indo-Burmese semi-
evergreen elements in Java but absence (except for taxa
such as teak (Tectona grandis, Lamiaceae), that is likely
to have been introduced by humans) of deciduous-forest
elements, posing limits for dispersal of seasonal-climate
elements across the equator. The absence of Pinus from
Java is also noteworthy in this respect, as its most
southerly location is in the uplands of central Sumatra at
2°S (Meijer & Withington 1981), and its distribution in
Sumatra was likely to have been greater during the last
glacial maximum (van der Kaars et al. 2010). Its lowland
continental range extended as far south as the Malay
Peninsula at some stage during one or more Quaternary
dry-climate phases (Morley 1998), so why did it fail to
disperse to Java? Bodribb & Field (2007) indicate that
evergreen tropical forests pose an impenetrable ecological
barrier to the southward movement of Pinus. Its absence
further south is best explained by the permanent presence
of closed forest in the region of the equator. Continuous
forest cover across Sundaland is also suggested by climate
modelling (Cannon et al. 2009) and tree population
modelling for dipterocarps (Raes et al. 2014). However,
the absence of lowland peat accumulation anywhere in
the region at the time of the LGM (Anshari et al. 2004,
Dommain et al. 2014) does suggest that drier, presumably
more-seasonal climates indeed characterized the whole
of Sunda during periods of lowest sea level, and this
could be explained by the reduction in occurrence of
‘superwet’ climates (sensu Richards 1996). Hunt et al.
(2012) suggest ‘highly disturbed rather open forest’
during the last glacial at Niah Caves, but this is likely due
to prolonged human disturbance at this site. Advocates
of a savanna corridor give little consideration to other
seasonally dry vegetation types, such as semi-evergreen
and deciduous forests.
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In summary, a drier, or seasonal climate corridor at
times of lowest Quaternary sea level was highly probable,
but the region is unlikely to have supported savanna
vegetation; perhaps riverine grasslands were present and
may have been the main open habitat. A corridor with
semi-evergreen forests should be considered, possibly
following the line of ferricretes extending from western
Malay Peninsula to South Sumatra (Figure 7). It is most
likely that a seasonal climate corridor would have been
more strongly developed during the late Pliocene or
early Pleistocene when climates across the region were
probably drier than those of the late Quaternary, but
such a corridor may not have been present during the
last glacial maximum, as suggested by Morley (2012)
and Raes et al. (2014). This would be consistent with
palynological analyses of the Perning Java Man site which
indicates the presence of early Pleistocene open savanna
in East Java (R.]. and H.P. Morley unpubl. data in Huffman
2003). Early Pleistocene increased seasonality of climate
in areas such as Sarawak is inferred from molecular
analyses of bird populations (Sheldon et al. 2015). It
would also be consistent with the long-term isolation of
taxa currently occurring on Sumatra and Borneo, such
as elephants (Fernando et al. 2003). The search should
therefore continue for Pleistocene cores for palynological
analysis, both through the LGM and older, Pleistocene
glacial maxima.

The South-East Asian region has thus experienced
repeated drowning and exposure coupled with changes
from wetter to drier climates, and this is likely to have
created a ‘species pump’. Molecular studies of taxa such
as Rafflesia (Bendiksby et al. 2010), Begonia (Thomas et al.
2012) and Sapotaceae (Richardson et al. 2013) indeed
suggest that this process may have triggered speciation.
The glacial refuge theory (Haffer 1987, Prance 1979)
discredited in the Neotropics (Colinvaux et al. 2001), is
clearly tenable across Sunda!

UPLIFT OF THE INDO-BURMESE RANGES DURING THE
PLIOCENE AND ESTABLISHMENT OF THE INDO BURMESE
FLORISTIC PROVINCE

The Indo-Burmese wedge was subject to initial uplift
during the Eocene and early Miocene (Acharyya 2007,
Allen et al. 2007), but was then subject to erosion and
extensively covered by sediments during the middle and
late Miocene. The current topography of the Arakan
Mountains is largely due to Plio-Quaternary uplift, and
is still ongoing (Maurin & Rangin 2009, C. Rangin
pers. comm.). The Arakan Mountains, clothed mainly
with seasonal evergreen forests, form a continuous belt
from the eastern Himalaya to the coast west of the
Irawaddy Delta, and their late Neogene uplift essentially
resulted in the bisection of the seasonal evergreen and
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Figure 8. Timing of uplift across Sunda, Sahul and Indochina (in part from Morley 2018).

deciduous forests which previously spread widely from
the Indo-Gangetic Plain to Indochina as noted by Jacques
et al. (2015). This biogeographic boundary was first
recognized by Chatterjee (1939) and was subsequently
called ‘Chatterjee’s Partition’ by Ashton (2014). It marks
the western boundary of the Indo-Burmese floristic
province, which extends across the whole of tropical
Indochina north of the Kangar-Pattani Line and along
the Himalayan foothills (Figure 5d, e). The boundary
coincides with the limits of many species, especially
elements of the deciduous forests, with Shorea robusta
occurring as a dominant to the west, and Tectona grandis
and many deciduous dipterocarps to the east. Also, the
commonly occurring genera Lagerstroemia and Dalbergia
share different species either side of the boundary (sum-
marized in Ashton 2014). The late Neogene uplift of the
Indo-Burmese range thus compares with the coeval uplift
of the Andes that resulted in the bisection of Neotropical
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perhumid forests (Hoorn et al. 2010) and formed one of
the primary drivers for Neotropical speciation (Miller et al.
2008). The uplift of the Indo-Burmese Range is likely to
have had a similar effect on the evolution of elements of
tropical Asian deciduous forests, but its impact remains
virtually unstudied (Ashton 2014).

At this time semi-evergreen and seasonal evergreen
elements are likely to have dispersed to the Andamans,
suggesting a dispersal route which ultimately was fol-
lowed by montane elements along the Sumatra ‘Track’,
or corridor, of van Steenis (1936) (see below).

UPLIFT ACROSS INDOCHINA AND SUNDA

South-East Asian mountain ranges divide into two
distinct groups (Figure 8). The first group includes the
Sino-Burmese and Annamite ranges in Indochina, the
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Main Range of the Malay Peninsula, and former uplands
that followed the Con Son Rise, Natuna Arch, West
Sarawak and the Schwaner. The second group includes
the younger uplands of insular Sundaland and Wallacea.
The first group carried widespread upland forests with
Laurasian conifers, especially of Abies, Tsuga and Picea,
during the Palaeogene, left today as relict patches in
Thailand (Werner 1997) and Vietnam (Phan Ke Loc et al.
2017), whereas the second group is particularly charac-
terised (in the uplands) by Gondwanan Podocarpaceae
(Turner & Cernusak 2011).

The Sino-Burmese and Annamite mountain ranges
probably date from prior to the collision of the Indian
Plate during the Paleocene or Eocene (Fyhn et al. 2016).
These mountains are likely to have reached considerable
elevation during the mid-Cenozoic. An example of the
supporting evidence for this is found in an intermontane
lake bed at Nong Ya Plong near the Kra Isthmus (13°N)
that yielded abundant Alnus pollen (Watanasak 1988).
This suggests that Alnus carr grew around the lake, a
setting analogous to the Sabana de Bogota in Colombia
during the Quaternary (Hooghiemstra 1984), making
an elevation for this lake bed of at least 1000 m likely.
There are other Oligocene or early Miocene localities in
Thailand dominated by temperate pollen, and these have
sometimes been explained as reflecting the southward
extrusion of Indochina following the Indian collision
(Songtham et al. 1993), but as demonstrated above,
deposition in intermontane basins is likely to be a more
important factor. Fyhn et al. (2016) and Carter et al.
(2000) indicate that Indochina underwent widespread
regional denudation during the earlier Cenozoic, but
with subsequent late Miocene uplift. This would tie with
sedimentation patterns seen in surrounding basins, and
with reduced sedimentation during the middle Miocene
(Morley et al. 2016).

The former uplands of the Natuna Arch and West
Sarawak are thought to have formed a dispersal route
for montane taxa from Indochina to Borneo during the
mid Cenozoic for taxa such as stone oaks (Lithocarpus
spp). The presence of diverse endemic Lithocarpus spp.
in the eroded remnants of the former West Sarawak
mountains in the Semitau region (Cannon & Manos
2002) is testimony to this ancient dispersal route (Morley
2018).

The Central Ranges, Crocker and Meratus Mountains
of Borneo, on the other hand, are likely to have formed
since the middle Miocene, with widespread early Miocene
volcanic activity immediately prior to this uplift. The Mer-
atus Mountains probably attained significant elevation at
this time and were subsequently denuded (Morley et al.
2016, Witts et al. 2015). The Central Ranges of Borneo
began uplift after about 15 Ma, indicated by increased
sedimentation in the Mahakam Delta and the onset of
appearance of Ericaceae pollen in circum-Borneo marine
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sediments. The uplift of the Crocker was probably later,
after 13 Ma (Morley et al. 2016). A peculiar feature of the
pollen record from circum-Borneo petroleum exploration
wells is the abundant occurrence of Eugeissona utilis
type pollen from about 13 Ma onward (Morley & Morley
2010). This was previously noted by Muller (1972) in
Brunei as ‘palm pollen peaks’, but (in both cases) with
lack of common pollen of montane taxa. It is thought that
this reflects abundant Eugeissona thickets along deeply
dissected steep-sided rapidly eroding valleys across the
region, and that for most areas, elevations were not
particularly high due to the high erosion rates. Increased
elevation subsequently took place in north-east Borneo
with the emplacement of the Kinabalu Granite after 8
Ma (Cottam et al. 2010) with further Kinabalu uplift
to its current elevation in the Pliocene (Merckx et al.
2015). The Gondwanan gymnosperms Dacrycarpus and
Phyllocladus dispersed to the area from New Guinea
via Sulawesi after this latter phase of uplift (Morley
2018), following the New Guinea ‘Track’ of van Steenis
(1936).

The uplift history of the Barisan Range of Sumatra
remains poorly understood, but probably began to form
during the late Miocene (Morley et al. 2016), reaching
its present elevation during the Quaternary. Molecular
analyses of Rhododendron sect Vireya (Webb & Ree 2012)
indicate a molecular age of about 5 Ma for endemic
Sumatran taxa (Morley 2018) and so significant eleva-
tion may have been achieved prior to this time. Molecular
data can thus help in resolving geological issues. The
volcanos of Java mainly date from the late Pliocene and
Quaternary (Lunt 201 3). This belt of volcanoes formed
the route for temperate herbs and shrubs to disperse from
Asia via the Indo-Burmese Range and Andaman Islands
by hopping between ‘sky islands’.

UPLIFT ACROSS NEW GUINEA AND WALLACEA

The uplift of New Guinea and islands of Wallacea,
such as Sulawesi, occurred surprisingly late considering
the diversity of their biota. New Guinea formed at the
beginning of the late Miocene as a series of small islands,
amalgamating at the beginning of the Pliocene, and
reaching their current elevation during the Quaternary
(Toussaint et al. 2014). Sulawesi showed a similar
pattern, occurring as localized islands at the beginning
of the late Miocene, and amalgamating into a single
island with significant elevations by 3 Ma during the late
Pliocene (Nugraha & Hall 2017). The Malesian Floristic
Interchange considers dispersals between Sunda, the
islands of Wallacea and Sahul (Richardson et al. 2012,
Van Weltzen et al. 2011), the key issue being that the New
Guinea flora is predominantly derived from Asia, as noted
by Good (1962). The process of evaluating the assembly
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of the New Guinea flora is ongoing, and outside the
scope of this review. Montane elements which reached
New Guinea from Australia and subsequently dispersed
westward to Sundaland form elements of the New Guinea
‘Track’ of Van Steenis (1936).

DISCUSSION AND SUMMARY

Developing an explanation of the diversity of the South-
East Asian flora has demonstrated that speculations made
without accounting for both biogeographic distributions
and geological history may be in error. The area ‘between
Assam and Fiji' was not the ‘cradle’ of the flowering
plants, but an evolutionary backwater at the time of
initial radiation of the angiosperms. India was not left
with a generalized flora after drifting through successive
climatic zones during the Late Cretaceous and Paleocene,
but that process resulted in the appearance of a dynamic
and ultimately successful megathermal flora. The London
Clay fruit and seed fossils should not be viewed as
having an affinity with Malesian flora, but with pre-
collision India. The Indian flora did not originate from
South-East Asia during the Miocene, but delivered diverse
megathermal elements to the Sunda region during the Eo-
cene, after India’s collision with Asia, and just to confuse
the picture further, Plio-Pleistocene drying caused most
of India’s diverse forest flora to go extinct, taking away the
historically important taxa from the extant flora, except in
isolated pockets, such as perhumid south-west Sri Lanka.
Savanna hasnever played a significant role in the develop-
ment of the flora of the Sunda region and the Pleistocene
Refuge Theory, discredited elsewhere, explains many in-
stances of diversification across the region and deserves a
revival.

Despite reaching similar levels of biodiversity to the
Neotropics, the assembly of the South-East Asian flora
has followed a very different path. Tectonics has played
a much greater role as the entire region lies in the most
tectonically active area of the planet. Plate collisions
have facilitated intermingling of floras, the formation
of the multitude of islands across the region has
created multiple opportunities for allopatric speciation,
and different phases of uplift, to different altitudes, has
created on the one hand routes for inter-regional taxon
dispersal, and on the other the formation of isolated ‘sky
islands’ providing opportunities for the establishment of
endemic floras. Active tectonics has resulted in a diversity
of soil types, each suited to different plant species, and
the predominance of monsoonal climates across the
region has had a distinct effect in shaping the character
of the flora. Also, the ‘pull’ of the Himalaya draws
megathermal forests further into the mid latitudes in this
area than anywhere else, accentuating the role of climate
seasonality in this region. Finally, with so much of the
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region being close to sea level, the ‘maritime continent’
provides the perfect setting for speciation as a result of
successive Pleistocene sea level oscillations and climate
fluctuations.

The process of reaching our current understanding of
how the flora has come about has required a concerted
effort to integrate geological and biological results. There
is still a long way to go before the process of assembly
of the diverse biota, which has fascinated so many
natural scientists since the days of Wallace (1869),
can be considered as understood. Major re-evaluations,
both with respect to the geological history, and of
the phylogeography of any of the constituent plant
families and genera, will undoubtedly result in further
changes.

Major biogeographic dispersal and vicariance events that
contributed to the development of South-East Asian biodiversity.
The 12 dispersal and vicariance events that have shaped
the assembly of the current flora of the South-East Asian
region are summarized as follows (Figure 9):

The north—south trending Sino-Burmese and Annam-
ite mountains of Indochina are of ancient origin and
most likely provided a route for boreotropical elements
to reach and find refuge along a ‘survival trackway’ as
climates fluctuated during the Cenozoic (1). This enabled
the survival of more early angiosperms than in any other
area in the northern hemisphere.

The northward drift of the Indian Plate into the
perhumid equatorial zone and its eventual collision with
Asia during the middle Eocene created a situation where
Indian megathermal elements of gondwanic origin could
disperse into South-East Asia by transoceanic dispersal
immediately prior to the creation of a land bridge (2).
During the late Eocene and Oligocene, the Indian Plate
drifted into the northern hemisphere subtropical high-
pressure zone, and the South-East Asian climate became
predominantly seasonally dry. A land bridge was created
after about 41 Ma, following which faunal dispersals
were mainly from Asia to India based on molecular
data (3).

With the uplift of the Himalaya coinciding with the
middle Miocene thermal maximum, a corridor was
formed for the dispersal of diverse Malesian (Gondwana-
derived) lowland evergreen and semi-evergreen forest
elements along foothills of the rising Himalayas (4). These
elements were also able to disperse into southern China.

Early Pliocene uplift of the Indo-Burma Range divided
the deciduous forests into two, forming Chatterjee’s Par-
tition (5) and establishing the Indochina biogeographic
province. Evergreen forests of the Indo-Burma range
provided a source for the dispersal of elements into the
newly uplifted Andamans (6).
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Figure 9. Dispersal routes and vicariant events. Mountain climates, blue; temperate climates, pink. Numbers indicate dispersal paths as discussed in

text.

The leading edge of the Indian gondwanic flora
thus extends from Goa in the west to Orissa in the
east (7). The Indo-Gangetic Plain bore deciduous
forests and formed a biogeographic divide between the
Gondwanan and Malesian-derived (Gondwana-derived)
floras (8).

The presence of a belt of uplands along the eastern
margin of Sundaland, including the Con Son Rise and
the Natuna Arch during the Oligocene, provided a path
for the early dispersal of temperate montane elements
into Borneo (9), which was removed by erosion and
subsidence during the Miocene.

During the Quaternary, a belt of semi-evergreen forests
probably extended across the equator, providing a route
for seasonal climate elements to disperse along the
Sunda Track (10), and the Indo Burmese Range and
Andamans was also taking up microthermal elements
following Van Steenis’ Sumatra ‘Track’ to Sumatra and
Java (11).

The Malesian interchange with the uplift of New
Guinea during the late Miocene and Pliocene resulted
in the dispersal of diverse Sunda elements into the
newly formed land areas of lowland New Guinea, but
low numbers of Australia-derived taxa into Sunda (12).
Australia-derived microtherm elements dispersed via
upland areas along Van Steenis’ Montane ‘Track’.
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Appendix 1 Main locations used for constructing climate
maps.

(1) Bau-Penrissen, Sarawak, Kayan Formation Palynolo-
gical analysis by Muller (1968), interpretation by Morley
(1998, 2000), lack of pollen of tropical families, com-
mon Laurasian conifers.

(2) Oldest Eocene well penetrations through base of Tanjung
Formation with ‘Indian derived’ pollen, and common
Restionaceae pollen suggesting seasonally dry climate,
offshore Southwest Sulawesi (Morley 2014).

(3) Nanggulan Formation, Java, regular mesic elements and
presence of coals suggest perhumid climate, palynolo-
gical analysis by Lelono (2000) and Morley (2000).

(4) Pondaung Formation, Myanmar, fossil woods and litho-
logies suggest seasonally dry climate, Licht et al. (2014).
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(5)

(23)

Walat Formation, West Java, palynological analysis by
Morley (2000) and R. J. & H. P. Morley, unpublished
poster). Mesic elements and coals suggest perhumid
climate.

Huangniuling Formation, Maoming Basin, South China,
leaf floras with Dipterpcarpaceae suggest seasonally dry
climate (Herman et al. 2017).

Sangkarewang Formation, Ombilin Basin with coals,
suggesting perhumid climate, O’Shea et al. (2015) and
palynological analysis by R. J. Morley, unpublished.

Tra Cu and Tra Tan Formations, Cuu Long Basin,
Vietnam, palynomorph assemblages with common La-
gerstroemia and Pinus suggests seasonal climate. Unpub-
lished palynological data, R. J. Morley.

Coals, Mangkalihat Peninsula, Kalimantan suggest
perhumid climate. Palynological analysis by Morley
(2000).

Kujung Formation, East Java Sea, mesic elements,
including Dacrydium, suggesting kerapah swamps, pa-
lynological analysis by Lelono & Morley (2010).
Oligocene lakes surrounded by seasonally inundated
swamps, Gabus Formation (palynological analysis by
Morley & Morley 2013).

Southernmost well drilled in Gurita Basin, Natuna, only
Oligocene location north of equator with clearly perhu-
mid climate palynomorph assemblage during Oligocene,
palynological analysis by R. ]J. Morley unpublished.
Talang Akar Formation, East Java Sea, perhumid Oli-
gocene succession with kerapah coals, palynological
analysis by Morley (2000).

Seismic group K, Malay Basin, common grass and pine
pollen, (palynological analysis by Jaizan Md Jais 1997).
Coaly Cau Formation, Nam Con Son Basin, Vietnam,
palynological analysis by Morley et al. (2011).

Various intermontane basins in Northern Thailand,
analysed for palynology by Songtham et al. (1993).
North Belut-5 well, West Natuna Basin, palynological
analysis by Morley et al. (2007).

Nong Ya Plong, Kra Isthmus, Thailand, Oligocene
intermontane lake (palynological analysis by Watanasak
(1988).

Bach Ho Formation, Cuu Long Basin, Vietnam, palyno-
morph assemblages with common Lagerstroemia and
Pinus suggests seasonal climate. Unpublished palynolo-
gical data, R. J. Morley.

West Natuna petroleum exploration wells, coals and
common peat swamp pollen in Early Miocene suggests
perhumid climate, grass and Pinus maxima in M Miocene
suggests seasonal climate, palynological analysis by
Morley et al. (2003).

Southern Malay Basin palynological analysis, peat
swamp pollen and coals suggest perhumid climate,
Yakzan et al. (1996).

Palynological analysis of petroleum exploration wells
in Gulf of Thailand, common Lagerstroemia and Pinus
pollen suggests seasonal climate, Restrepo-Pace et al.
(2015).

Dua Formation, Nam Con Son Basin, Vietnam, coals
and peat swamp pollen suggests perhumid climate,
palynological analysis by Morley et al. (2011).
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Barito Basin, common peat swamp and Dacrydium pollen
suggests perhumid climate, palynological analysis by
Amir et al. (2017).

Fotan Formation, Fujian, southern China, leaf flora with
Shorea, by Jacques et al. (2015).

Mang Cau Formation, Vietnam, palynological ana-
lysis shows common peat swamp pollen, Morley et al.
(2011).

Kutai Basin exploration wells with common peat swamp
pollen suggests perhumid climate, R.J. Morley unpub-
lished.

Northern Malay Basin, exploration wells, abundant peat
swamp pollen, Figure 6.

Tho Chu Basin, offshore Vietnam, exploration wells, reg-
ular Lagerstroemia pollen, Figure 6, R.]J. Morley unpubl.
data.

Tarakan Basin, well A, palynological analysis, Morley &
Morley (2010).

Kutai Basin, Attaka well B, palynological analysis,
Morley & Morley (2010).

Khorat, Thailand, palynological analysis shows common
grass pollen suggest open vegetation, Sepulchre et al.

ROBERT ]. MORLEY

Nam Con Son Formation, Vietnam, palynological ana-
lysis shows increased grass pollen compared to M
Miocene, suggesting seasonal climate, Morley et al.
(2011).

Siwaliks, Nepal, palynological analysis in Late Miocene,
mixed tropical and warm temperate assemblages
with a few grasses suggests seasonal evergreen
forests with montane forests in uplands; in Pliocene,
abundant grass pollen suggests savanna, Hoorn et al.
(2000).

Siwaliks, Bhutan, palynological analysis suggests sea-
sonal evergreen forest, Coutand et al. (2016).

Andaman Sea, exploration wells, abundant grass pollen
suggests open forest or savanna, palynological analysis
Morley (2000).

Arunchal Pradesh, leaf fossils, Khan et al. (2016).

West Sarawak, exploration well with common grass
pollen, palynological analysis R. J. Morley unpubl, data.
Exploration well, common peat swamp pollen suggests
perhumid climate, R. J. Morley unpubl. data.

Perning, East Java, palynological analysis R. J and H. P.
Morley unpublished in Huffman & Zaim (2003).

(2010).

(41) Bengal Fan (Yasuda et al. 1990).

Appendix 2. Fossil pollen and macrofossils mentioned in text and oldest records.

Extant taxon

Fossil taxon

Comments/oldest occurrences

?Santalaceae

Alangium sect Conostigma

Aquilapollenites wilfordi
Lanagiopollis spp.

Alnus Alnipollenites verus

Anisoptera Anisopteroxylon ramunculiformis
Araucaria Araucariacites australis

Arenga Arengapollenites achinatus
Austrobuxus/Dissiliaria Malvacipollis diversus
Barringtonia Marginipollis concinnus
Beauprea Beaupreadites sp.

Calamoidae Dicolpopollis malesianus
Ceratopetalum Tropidogyne pentaptera

Ceratopteris
Ctenolophon parvifolius
Dacrycarpus

Magnastriatites howardi
Retistephanocolpites williamsi
Dacrycarpidites australis

Dacrydium Lygistepollenites

Durio type Lakiapollis ovatus
Eugeissona utilis type Quilonipollenites spp.
Gonystylus Cryptoporopollenites cryptus
Iquanurinae Palmaepollenites kutchensis
Ilex Ilexpollenites spp.

Ixonanthes
Lagerstroemia

Spinulitriporites spinosus

Mischocarpus Cupaniidites flaccidiformis
’Myrtaceae Meyeripollis nayarkotensis
Nypa Spinizonocolpites echinatus
Phyllocladus Microalatidites palaeogenicus
Phormium Luminidites phormioides
Pinus Pinuspollenites spp.
Podocarpus Podocarpidites spp.
Restionaceae Restionidites punctulosus
Sequoia type Sequoiapollenites spp.

Shorea Shoreoxylon spp.

Sonneratia caseolaris
Sonneratia alba

Florschuetzia levipoli
Florschuetzia meridionalis

Extinct angiosperm group
Oldest records from India
Oldest records Lt Cret, Laurasia
From Ey Eocene London Clay
Widespread in Cretaceous
Oldest records in India

Oldest records in Australia
Woods in Deccan Traps

In Lt Cret of Australia

Oldest records from Somalia
Oldest record from Myanmar
Lt Eocene pantropical distr,
Oldest records from India

In Lt Cret of Australia

In Lt Cret of Australia

Also in Cullenia, oldest in India
Also in E. insignis, oldest Borneo
Oldest records from India
Oldest records from India
Oldest records from Australia
Oldest records from India
Oldest records in India

Oldest records from Pakistan
Oldest records ca 36 Ma

Oldest records in Lt Cretaceous
In Lt Cret of Australia

In Ey Cenozoic of Australia
Common across Laurasia

Long Mesoz. range in Australia
Common in Laurasian Paleocene
Common across Laurasia
Oldest records from India
Oldest records ca 21 Ma

Oldest records ca 18 Ma
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