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Abstract

To assess the pattern of climatic evolution during the late Miocene to early Pleistocene in the largest fluvio-deltaic
sedimentary system on the Earth, the Bengal Basin (BB), a quantitative palacoclimatic reconstruction was made,
based on 20 fossil wood floras. Those floras show that moisture-loving taxa have decreased considerably since the
Miocene, especially at the western margin of the basin. A quantitative reconstruction of climate parameters reveals
that the late Miocene—early Pliocene was warmer and wetter than now, yet with spatial variability. Seasonality of
temperature was low in the basin and subsequently increased during the late Pliocene—early Pleistocene. Monsoon
intensity was weaker during the interval from the late Miocene to early Pleistocene than the present day. A
comparison of the retrieved data with some earlier records from sites either influenced by Indian summer monsoon
(ISM) or East Asian summer monsoon (EASM) or both, the two branches of the Asian summer monsoon (AM)
provide insights into the temporal and spatial patterns of climate evolution in southern Asia during the late
Neogene—Quaternary transition. In general, a drop in temperature and a weakening in ISM strength since the early
Pleistocene correlate with the global cooling trend, though with spatial differences.
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Introduction

For a better understanding of possible impacts of global cli-
mate change on ecosystems, quantitative climate data beyond
the range of instrumental records are crucial (Uhl et al. 2006;
Herzschuh et al. 2010), especially the documentation of tem-
poral and spatial climate trends. The late Neogene—Quaternary
transition marks the phase when several key tectonic, climatic,
and biotic events such as the formation of the Himalaya-
Tibetan Plateau, strengthening of the Asian monsoon system,
formation of the Antarctic ice sheet and C4 grass expansion
(Cerling et al. 1993, 1997; Quade and Cerling 1995; An et al.
2001; Zachos et al. 2001; Zheng et al. 2004; Ségalen et al.
2007; Li et al. 2008) took place simultaneously. When explor-
ing how these tectonic, climatic, and biotic events are linked,
and how these factors influenced monsoon history, this phase
needs special consideration. An in-depth understanding of
monsoonal evolution is crucial as monsoon serves the water
requirements of approximately 60% of the world’s population
and its fluctuations severely affect the agrarian human society
and industrial needs, e.g. energy supplies through dams.
Basically, a seasonal airflow associated with marked varia-
tions in air mass direction, humidity and associated rainfall
characterises the monsoon climates (Molnar et al. 2010).
Any changes in the monsoon regime may affect vegetation
as well as the climate of an area (Lunt et al. 2010). The modern
Asian monsoon system consists of two sub-systems, i.e. the
Indian summer monsoon (ISM) and East Asian summer mon-
soon (EASM), and both are characterised by wet summers and
dry winters, though different in absolute amounts of precipi-
tation (Wang 2006). ISM influences South Asian countries,
while EASM has major influence on the (South)east Asian
countries. The evolution of the Asian monsoon (AM) has
gained enormous attention for its variability and forcing
mechanisms (Kou et al. 2006; Jacques et al. 2011; Yao et al.
2011, 2012; Han et al. 2012; Su et al. 2013; Khan et al. 2014,
2019; Srivastava et al. 2018 etc.). It is crucial to understand to
what extent changes in orography and extent of the Himalaya-
Tibetan Plateau region, sea—land temperature gradient and as-
sociated pressure conditions or interactions between topogra-
phy and atmospheric-oceanic circulations influenced the
Asian monsoon most during the Neogene (Molnar et al.
2010; Wang P. X. et al. 2014; Wang C. S. et al. 2014,
Farnsworth et al. 2019; Acosta and Huber 2020; Spicer et al.
2020 and references therein). Further, how changing climate
and monsoon history had shaped plant distributions is another
open question (Li et al. 2015; Srivastava et al. 2018). To
address these issues, a comprehensive comparison between
ISM and EASM trends during the late Neogene—Quaternary
transition is essential. It is already proved that fossil flora and
vegetation may be used as reliable proxies for palacoclimate
reconstructions as they are directly exposed to, and processors
of the atmosphere (Khan et al. 2014). Although a large
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number of quantitative data on Neogene climatic variability
are available from Chinese ISM and EASM sites (Kou et al.
20006; Xia etal. 2009; Liu et al. 2011; Yao et al. 2011; Jacques
etal. 2011; Qin et al. 2011; Sun et al. 2011; Xing et al. 2012;
Suetal. 2013; Huang et al. 2015; Li et al. 2015; Liu and Quan
2016), data from the Indian subcontinent are still far from
satisfactory (Tiwari et al. 2012; Khan et al. 2014, 2019;
Srivastava et al. 2018). In order to fill this lacuna, we study
here 20 fossil wood assemblages from the Bengal Basin (BB).

The BB is one of the least studied peripheral Himalayan
foreland basins influenced by the Bay of Bengal (BOB)
branch of ISM. It was formed due to the collision of the
Indian and Eurasian plate and preserves palacoenvironmental
records dating back to the late Mesozoic (Alam 1989; Roy and
Roser 2013). Interestingly, the BB records a large number of
fossil woods which helped to explore the vegetation and cli-
mate of this region during the Neogene (Chowdhury and
Tandon 1952; Ghosh and Taneja 1961; Ghosh and Kazmi
1961; Deb and Ghosh 1974; Ghosh and Roy 1978, 1979a,
b, ¢, d, 1980, 1981, 1982; Roy and Ghosh 1979, 1980;
Bande and Prakash 1980, Bande and Srivastava 1989;
Acharya and Roy 1986, Agarwal et al. 1989; Bera and
Banerjee 1990, 1997, 2001, Bera et al. 2000; Awasthi et al.
1994, 2000; Poole and Davies 2001, Sen et al. 2004, 2012;
Mehrotra and Bhattacharyya 2002; Mehrotra et al. 2006,
2017; Sen and Bera 2005; Biswas et al. 2019). Fossil woods,
especially selected features of dicotyledonous wood, have
ecologic and/or phylogenetic significance such as the
presence/absence of growth rings, mean tangential diameter
of vessel lumina, vessel frequencies, vessel grouping, perfo-
ration plate, porosity, intervessel pits, paratracheal and
apotracheal axial parenchyma and rays cellular composition.
All these and other characters have been found to vary over
geologic time and in response to climatic changes (Wheeler
and Baas 1991, 1993; Baas and Wheeler 2011). For example,
the presence of growth rings is related to seasonality (howev-
er, sometimes may also be due to switching of resources to
and from reproduction), the width of the ring may vary with
favourability of growing conditions, variations in ring width
may be related to year-to-year climate variance, and diameter
and density of vessels are often used to infer presence of
tropical vs. temperate climatic conditions (Creber and
Chaloner 1984; Francis 1984; Thayn et al. 1985; Parrish and
Spicer 1988; Wheeler and Baas 1991; Ash and Creber 1992).
Similarly, vessel diameter and density, perforation plate, and
pit membrane porosity regulate the hydraulic conductivity of
the plant body (Baas and Wheeler 2011). In flowering plants,
bordered pits are used to play an important role in permitting
water flow among adjacent tracheary elements. Variations in
their structure are often associated to balancing the conflict
between hydraulic efficiency (conductivity) and safety from
air entry at the pit membrane (air seeding). For instance, the
vestured pits (a kind of bordered pits) are mostly minute and
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simple in woody plants from cold and boreal environments,
while those in the plants from mesic and dry sub-tropical
lowlands show a distinctly developed branched network
(Jansen et al. 2004). Thus, considering the significance of
the wood fossils in vegetation and climate reconstructions,
we apply the Coexistence Approach (CA) on the BB wood
assemblages to unravel the climatic history during the late
Miocene to early Pleistocene and associated vegetation chang-
es. We compare the quantitative climate data from the BB to
datasets from 31 other sites influenced by either ISM or
EASM from India and southern/eastern China. This will help
to explore whether the temporal and spatial trends of climate
variability in this part of Asia, during the late Miocene to early
Pleistocene, were synchronous or asynchronous and to inves-
tigate possible underlying forcing mechanisms.

Study area: geological setting, modern vegetation
and climate

The Bengal Basin (BB), covering an extensive area including
Bangladesh and some eastern provinces of India (West
Bengal, Meghalaya, Mikir Hills, Assam, Nagaland, Cachar
and Surma Valley and Tripura), is one of the largest sedimen-
tary basins of the world (Banerji 1984; Roybarman 1992).
Throughout the period of its evolution beginning in the
Cretaceous, the BB has undergone several phases of transgres-
sion and regression, periodic uplifts and local subsidence
(Lindsay et al. 1991; Mukherjee et al. 2009). The greater
Bengal Basin is bounded by the Indo-Burma Ranges to the
east, exposures of the Indian craton to the west, the Shillong
Plateau to the north and southward by the Bay of Bengal (Gani
and Alam 2003).

The BB is well known for the development of one of the
thickest (about 20 km) sedimentary successions in the world,
represented by a series of genetically related, but widely
spaced, geological provinces. During its evolution, the BB
has undergone two successive developmental phases such as
(1) a marine transgressive phase (with minor regressions),
which lasted until the end of the Eocene, and (ii) a regressive
phase with an intermediate transgressive stage, that led to a
series of continental, fluvio-deltaic to marginal marine sedi-
ments during the Oligo—Miocene. Post Eocene sedimentation
was complex, and influenced by several tectonic events that
periodically affected its configuration and surrounding re-
gions (Banerji 1984).

Bangladesh occupies the largest part of the BB (Salt et al.
1986). Two major tectonic sub-units of this part of the BB are:
a geosynclinal basin in the southeast and a stable Precambrian
Platform in the northwest. The huge thickness of this geosyn-
clinal basin is characterised by clastic sedimentary rocks,
sandstones and shales. This sedimentary succession is mostly
Paleogene to Neogene in age, with the Surma Group

(Miocene) separated from the Barail Group (Oligocene) by
an unconformity. The Surma Group is sub-divided into two
formations, i.e. a lower sandy Bhuban Formation and an upper
argillaceous Boka Bil Formation. The Tipam Group (late
Miocene to Pliocene) overlaying the Surma Group is
subdivided into the Tipam Sandstone formation and Girujan
Clay formation, followed by the Dupi Tila formation
(Pliocene—Pleistocene). The Tipam Sandstone Formation is
mainly composed of medium-grained sandstones, frequently
cross-bedded, with little shale and wood fragments, deposited
under fluvial conditions. The Girujan Clay Formation on the
other hand is a shale unit and formed within a lacustrine en-
vironment. The Dupi Tila Formation is composed of medium
to coarse, loosely compacted cross-bedded sandstone, occa-
sionally pebbly, indicating deposition in a river environment.
Lignite and fragments of petrified woods are frequently pres-
ent in the lower part of Dupi Tila Formation in the eastern and
southern Surma Basin, the Chittagong Hill Tracts and the
Tripura Fold Belt (Poole and Davies 2001; Sen et al. 2004).
A generalised Cenozoic stratigraphic division of the Bengal
Basin (following Uddin and Lundberg 1998; Uddin et al.
2007) is presented in Table 1.

In the eastern part of BB, the Neogene sediments of the
Indian state of Tripura have been classified into Boka Bil
formation of the Surma Group, the Tipam Group and Dupi
Tila Group (Roy 1968-69). At the western margin of the BB,
the geology of the fossil-bearing Neogene sediments has been
studied by Hunday (1954) in detail. These exposures consist
of yellowish ferruginous sandstones and red shales, associated
with quartz and gravel beds underlain by clay, and are com-
parable to the Tipam Sandstone by age. These beds are rich in
dicotyledonous fossil woods. Earlier works (Hunday 1954;
Hunday and Banerjee 1967; Ghosh and Roy 1979a, b, c, d,
1980; Bande and Prakash 1980) assign a Mio—Pliocene age to
these sediments, equivalent to the Tipam Series.

The modern climate of the BB is typically tropical, with high
rainfall and moderate seasonality of temperature. The entire
basin is influenced by the Bay of Bengal (BoB) branch of the
ISM, where maximum rainfall occurs between June—July—
August—September (JJAS) and winter months receive the least
rainfall. A west to east increasing rainfall gradient is observed in
the basin where the western margin of the basin receives less
rainfall than its eastern part, due to orographic effects of the
Chotanagpur Plateau in the west. The presence of the
Himalaya in the north also has a considerable impact on the
climatic conditions of the basin. The Himalayan range prevents
the monsoon winds from BoB to cross over to the north, lead-
ing to heavy rainfall in the northern BB. Three specific seasons
are recognised in the climatic calendar of the basin, i.e. a hot-
dry (February—March—April-May; FMAM), hot-wet (JJAS)
and a cooler period (October—November—December—January;
OND)J) (Chatterjee 1970). Mean annual temperature of the ba-
sin varies between c. 8 and 31 °C.
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Table 1 A generalized Cenozoic stratigraphy of the Bengal Basin (after Uddin and Lundberg 1998; Uddin et al. 2007)

Age Unit Lithology

Pliocene to Pleistocene Dupi Tila Sandstone Medium to coarse-grained, massive to cross-bedded, variously coloured
sand(stone) with pebbles, clay galls with coal and wood fragments

Late Miocene to Pliocene Tipam Group Girujan Clay Brown to blue mottled clay with calcareous nodules

Tipam Sandstone

Unconformity

Middle to late Miocene Surma Group Boka Bil Formation

Early to Middle Miocene Bhuban Formation
Unconformity

Oligocene Barail Formation

Late Eocene Kopili Formation

Middle Eocene Sylhet Limestone

Yellow-brown to orange, medium to coarse grained, massive and
cross-bedded, sand(stone) with pebbles and coal and wood fragments.

Alternation of bedded and rippled mudstone, siltstone and sandstone with
calcareous concretions; top is marked by the ‘upper marine shale’

Light grey to light yellow, bedded siltstone, sandstone and sandy mud in
top unit; blue to yellowish grey silty and sandy mudstone in the middle
unit; bedded siltstone, sandstone and sandy mud in the lower unit

Pink, massive, medium-to coarse-grained sand(stone)
Thinly bedded, fossiliferous mudstone
Nummulitic limestone

Forests of the Bangladesh part of the BB are divided into
three zones, i.e. (i) Chittagong Hill Tracts in the southeast, (ii)
Madhupur Tracts in Central Bangladesh, and (iii) Sunderbans
in the south (Reimann 1993). The hilly tract of Chittagong hosts
two varieties of forests, the tropical evergreen forest
characterised by taxa like Artocarpus, Tetrameles, Hopea,
Sterculia, Mesua, Cedrella and Bursera, and the tropical mixed
evergreen forest comprising of Dipterocarpus, Lophopetalum,
Dillenia, Mirabilis and Terminalia. The tropical moist decidu-
ous forests of the Madhupur Tract of Central Bangladesh are
composed mainly of Shorea robusta, Butea monosperma,
Adina cordifolia, Albizia spp., Litsea monopetala, Grewia
microcos, Sterculia villosa, Lagerstroemia parviflora, and
Terminalia spp. The Sunderbans comprise littoral and swampy
forests (dominated by Avicennia, Aegiceras, Bruguiera,
Ceriops, Exoecaria, Kandelia, Phoenix spp., Nypa fruticans,
Sonneratia, and Xylocarpus) in the deltaic part of the basin.

In the Indian part of the BB, four distinct vegetation zones
occur (Champion and Seth 1968) such as (i) tropical dry decid-
uous forests, (ii) tropical moist deciduous forests, (iii) tropical
moist semi-evergreen forests scattered in patches, and (iv) littoral
and swampy forests in the deltaic part of the basin, i.e. the
Sunderbans. The westernmost part of the BB is mostly covered
by tropical dry deciduous forests. Those are dominated by
Acacia, Aegle, Anogeissus latifolia, Bauhinia Buchanania,
Butea, Diospyros, Grewia, Hardwickia, Madhuca, Phyllanthus,
Pterospermum, Semecarpus, Shorea, Tectona, Terminalia, and
Zizyphus. Tropical moist deciduous forests cover the central part
of the western margin of the BB. They show a similar floristic
composition to those of the Madhupur Tract of Central
Bangladesh. The Himalayan foothill region at the northern and
eastern margins of the BB is covered by tropical moist semi-
evergreen and moist deciduous forests. While they are dominated
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by Adina cordifolia, Albizia, Bambusa, Artocarpus hirsuta,
Bauhinia variegata, Calamus, Dalbergia latifolia, Dalbergia
sissoo, Dipterocarpus, Duabanga, Eugenia sp., Garcinia,
Hopea parviflora, Lagerstroemia, Litsea, Mallotus, Mangifera
indica, Mesua ferrea, Mitragyna parviflora, Sterculia, Tectona
grandis, Terminalia bellerica, Terminalia tomentosa, Terminalia
paniculata, Shorea robusta, and Syzygium cumini, and
Terminalia spp. Tectona grandis and Shorea both can grow in
the tropical dry deciduous as well as in the tropical moist decid-
uous forests.

Materials and methods

In order to study the vegetation and climate during the late
Miocene to early Pleistocene of the BB, about 129 well pre-
served silicified wood specimens were examined from across
the basin (Table S1). At the western margin of the BB, samples
come from different locations of the Birbhum district (Ulpahari,
Muhammad Bazar, Labpur, Uttar Raipur, Muluk, Bolpur and
Santiniketan), West Bengal, belonging to the Tipam Group of
late Miocene—Pliocene age (Fig. 1; Table 2). Samples procured
from different locations of Tripura (Khowai, Udaipur,
Melaghar, Manu Bazar, Bishalgarh, Laljuri, and Amarpur) also
belong to the Tipam Group (late Miocene—Pliocene) (Fig. 1;
Table 2). Wood specimens collected from the Comilla district
of Bangladesh belong to the Dupi Tila Formation of Pliocene
—Pleistocene age (Fig. 1; Table 2). The wood dataset is com-
bined to eight assemblages, considering their geologic age and
geographic occurrence in the basin, in order to explore whether
the environmental evolution in this wide basin was synchro-
nous or asynchronous (Table 3).Seven assemblages are of late
Miocene—Pliocene age while the Lalmai Hill, Comilla, and
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Fig. 1 Geological map of the Bengal Basin with fossil wood localities. /
Bolpur; 2 Muluk; 3 Santiniketan; 4 Uttar Raipur; 5 Labpur; 6 Ulpahari; 7
Muhammad Bazar; 8 Laljuri; 9 Khowai; /0 Teliamura; // Kunjaban; /2

Bangladesh assemblages have a Pliocene-Pleistocene age
(Table 3).

Preparation of fossil woods

To study anatomical details, all collected silicified woods
were sectioned transversally and longitudinally (radially and
tangentially), and permanent slides were prepared using the
standard method by Hass and Rowe (1999). The wood sec-
tions were then fixed to glass slides and polished with differ-
ent grades of carborundum powder and mounted in Canada
balsam (Lacey 1963). The following anatomical characters of
the fossil woods, which provide information on overall envi-
ronmental conditions, were described and measured, i.e.

presence/absence of growth rings, mean tangential diameter
of vessel lumina, vessel frequencies, vessel grouping, perfo-
ration plate, porosity, intervessel pits, paratracheal and
apotracheal axial parenchyma, and rays cellular composition.

Identification of fossil woods

The studied fossil wood taxa were also assigned to their Nearest
Living Relatives (NLRs). When dealing with fossil woods, the
NLR approach is frequently used to infer palaeoclimatic infor-
mation, based on the assumption that very little or insignificant
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Agartala; /3 Yogendranagar; /4 Baramura; /5 Melaghar; /6 Bishalgarh;

17 Amarpur; /8 Udaipur; /9 Manu Bazar; 20 Lalmai Hill (modified after
Bera and Banerjee 2001)

change has taken place in the relation of wood characters to
climate (Prakash et al. 1994; Estrada-Ruiz et al. 2007; Jeong
et al. 2009; Feng et al. 2010; Bamford 2011; Mehrotra et al.
2011; Tiwari et al. 2012). The identification of NLRs of the
silicified woods was done by comparing the materials with the
database kept in the Xylarium of the Forest Research Institute,
Dehradun and Palaeobotany-Palynology Laboratory,
University of Calcutta, and published records (Metcalfe and
Chalk 1950, 1987; Cutler and Gregory 1998; Inside wood at
http://insidewood.lib.ncsu.edu/search). Lists of the studied
fossil wood taxa, their NLRs, and anatomical characters are
presented in Tables S1-S3. All xylotomical slides are kept in
the repository of Palaeobotany-Palynology Laboratory,
University of Calcutta. The anatomical terminologies used for
the description of woods are after Wheeler et al. (1986) and
International Association of Wood Anatomists (TAWA 1989).

Estimation of Carlquist’s vulnerability and mesomorphy
indices

To determine the susceptibility or vulnerability of woods to
water stress condition, Wolfe and Upchurch (1987) used
Carlquist’s vulnerability index (V). By using the same princi-
ple here we measure the vulnerability index (V), with V=
mean vessel diameter/mean number of vessels per mm?® of
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Table 2 List of localities with fossil wood taxa used for climate analyses

Site  Assemblage Locality Coordinates Formation — Age No. References
no. of
taxa
1 Bolpur Birbhum District, N 23.6369° Equivalent  Late Miocene/Pliocene 5 Ghosh and Roy (1981)
West Bengal, India E 87.6469° to Tipam
Formation
2 Muluk Birbhum District, =~ N 23.6542° Equivalent  Late Miocene/Pliocene 4 Unpublished
West Bengal, India E 87.7203°  to Tipam
Formation
3 Santiniketan Birbhum District, ~ N 23.7000° Equivalent  Late Miocene/Pliocene 12 Deb and Ghosh (1974); Ghosh and Roy
West Bengal, India E 87.6833° to Tipam (1979b , d); Roy and Ghosh (1979); Bande
Formation and Prakash (1980)
4 Uttar Raipur ~ Birbhum District, =~ N 23.7833° Equivalent  Late Miocene/Pliocene 7 Bera and Banerjee (2001)
West Bengal, India E 87.7500° to Tipam
Formation
5 Labpur Birbhum District, N 23.8167° Equivalent  Late Miocene/Pliocene 8 Ghosh and Roy (1979a, ¢); Ghosh and Roy
West Bengal, India E 87.8006° to Tipam (1982); Roy and Ghosh (1980)
Formation
6 Ulpahari Birbhum District, ~ N 23.9501° Equivalent  Late Miocene/Pliocene 14 Unpublished
West Bengal, India E 87.6666  to Tipam
Formation
7 Muhammad Birbhum District, N 24.0000° Equivalent  Late Miocene/Pliocene 6 Bande and Srivastava (1989); Bera and
Bazar West Bengal, India E 87.7500° to Tipam Banerjee (2001)
Formation
8 Laljuri Unakoti District, N 24.1038° Tipam Late Miocene/Pliocene 5 Mehrotra et al. (2017)
Tripura, India E 91.9447°  Group
9 Khowai Khowai District, N 24.0672° Tipam Late Miocene/Pliocene 2 Thesis of Sen (2006) (unpublished)
Tripura, India E 91.6057° Sandstone
Formation
10 Teliamura Khowai District, N 23.8411° Tipam Late Miocene/Pliocene 12 Ghosh and Taneja (1961); Ghosh and
Tripura, India E 91.6277° Sandstone Kazmi (1961); Acharya and Roy (1986);
Formation Mehrotra et al. (2006)
11 Kunjaban West Tripura N 23.8635° Tipam Late Miocene/Pliocene 11 Sen and Bera (2005) and Thesis of Sen
District, Tripura, E 91.2903° Sandstone (2006) (unpublished)
India Formation
12 Agartala West Tripura N 23.8315° Tipam Late Miocene/Pliocene 5 Thesis of Sen (2006) (unpublished)
District, Tripura, E 91.2868° Sandstone
India Formation
13 Yogendranagar West Tripura N 23.8114° Tipam Late Miocene/Pliocene 6 Sen and Bera (2005) and Thesis of Sen
District, Tripura, E91.3036 Sandstone (2006) (unpublished)
India Formation
14 Baramura West Tripura N 23.8158° Tipam Late Miocene/Pliocene 11 Sen and Bera (2005) and Thesis of Sen
District, Tripura, E 91.58° Sandstone (2006) (unpublished)
India Formation
15  Melaghar Sipahijala District, N 23.4973° Tipam Late Miocene/Pliocene 7 Thesis of Sen (2006) (unpublished)
Tripura, India E 91.3313° Sandstone
Formation
16  Bishalgarh Sepahijala District, N 23.6767° Tipam Late Miocene/Pliocene 1 Mehrotra and Bhattacharyya (2002)
Tripura, India E91.2731° Group
17 Amarpur Gomati District, N 23.5300° Tipam Late Miocene/Pliocene 1 Awasthi et al. (1994)
Tripura, India E 91.6344° Sandstone
Formation
18  Udaipur Gomati District, N 23.5333° Tipam Late Miocene/Pliocene 1 Mehrotra et al. (2006)
Tripura, India E 91.5000° Group
19  Manu Bazar South Tripura N 23.0667° Tipam Late Miocene/Pliocene 2 Mehrotra et al. (2006)
District, Tripura, E91.6167 Group
India
20  Lalmai Hill Lalmai Hill Range, N 23.4278° Dupi Tila Plio-Pleistocene 9 Sen et al. (2012)
Comilla District, E 91.1333° Formation
Bangladesh
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fossil woods (Carlquist 1977). Similarly, the mesomorphy
(M) of the fossil wood was calculated by multiplying the
‘vulnerability index’ with the mean vessel element length
(Carlquist 1977). A taxon is considered xeromorphic, i.e.
adapted to xeric conditions, if the “V’ value remains < 1, while
a value >3 suggests that a taxon is adapted to a humid envi-
ronment where soil available water is plenty (mesomorphy).
However, ‘M’ values <30 indicate true xeromorphy and
values c. 200 or higher suggest mesomorphy (Carlquist 1977).

Climate analysis

In the past few decades, rapid development in methods of
quantitative palaeoclimate reconstructions using plant fossils
has afforded means of comparing the past variability in cli-
mate parameters (Liu et al. 2011). Among those methods, the
Coexistence Approach (CA) (Mosbrugger and Utescher 1997,
Utescher et al. 2014) is being used widely in Neogene climate
reconstructions, due to its independence of the fossil plant
organs studied. This method assumes that climatic require-
ments of fossil taxa are similar to those of their NLRs. By
considering the climatic requirements of the NLRs, the CA
finds the climatic range in which the maximum number of
NLRs of a given fossil assemblage can coexist. This is also
known as the ‘coexistence interval’ (CI) which is calculated
separately for every climate parameter studied, and is believed
to be the best estimate of the palaeoclimatic conditions under
which the fossil flora once lived. The computer program
CLIMSTAT (a noncommercial java application available via
www.neclime.de) facilitates the application of the CA. All
technical details on the method are given in Utescher et al.
(2014) and on the NECLIME website (www.neclime.de). The
climatic requirements of the NLRs are obtained from the
PALAEOFLORA database (Utescher and Mosbrugger
2015), and all data used here are given as supplementary ma-
terial (Table S4). Seven climatic parameters are considered in
this study, i.e. mean annual temperature (MAT), temperature
of the coldest month (CMT), temperature of the warmest
month (WMT), mean annual precipitation (MAP), wettest
month precipitation (MPwet), driest month precipitation
(MPdry) and warmest month precipitation (MPwarm). From
the difference between summer and winter temperatures, the
mean annual ranges of temperature is calculated, i.e. mean
annual range of temperature (MART = WMT — CMT).
Similarly, the difference between wettest and driest months
precipitation is considered the mean annual range of precipi-
tation (MARP = MPwet — MPdry).

We also calculated a monsoon intensity index (MSI), based
on the precipitation variables. To assess monsoon intensity,
various monsoon indices were defined (Liu and Yin 2002;
van Dam 2006; Xu et al. 2008; Liu et al. 2011; Xing et al.
2012; Jacques et al. 2013; Li et al. 2015). In order to compare
our data with other fossil localities, we used a modified MSI
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equation. We substituted GSP with MAP in our study as in Li
et al. (2015), and used MPwet and MPdry instead of MPQwet/
MPQdry. Thus, the monsoon index we use here is as follows:

MSI = (MPwet—MPdry) /MAP*100.

With an increasing number of taxa in the analysis the res-
olution and reliability of the resulting CIs increase. So, assem-
blages with ten or more taxa for which climate parameters are
known are best suited for the analysis (Mosbrugger and
Utescher 1997). Though, the Lalmai Hill assemblage provides
only eight taxa with climate data, but is nevertheless consid-
ered as it represents the only plant assemblage of Pliocene
—Pleistocene age from the BB.

Furthermore, we compare the data obtained from the BB
xylofloras with published quantitative palaecoclimate records
from 31 localities in southern Asia, which depict the climate
evolution during the late Miocene to early Pleistocene
(Tables S5 and S6). The sites selected are either influenced
by ISM or EASM which will help to understand whether the
evolution of these two branches of ASM were synchronous or
asynchronous.

Results

A total number of 129 silicified wood specimens from 20
localities, identified to 80 different species under 45 genera
and 20 families are considered in this study. All the recovered
silicified woods of the BB are diffused porous with indistinct
growth rings, with large to medium-sized vessels with uni-
form diameter (Figs. S1-S3). The simple perforation plate
feature is found to be exclusive in the BB woods (Tables S2
and S3; Figs. S1-S3). Among the different types of inter-
vessel pits, the alternate type (81.25-100%) is most common.
Similarly, different types of paratracheal parenchyma such as
scanty, vasicentric, aliform, and confluent types are abundant
in different woods of the BB. Septate fibres are less abundant
than the non-septate fibres. Ray cells are found comprising
mostly of procumbent cells (25-46.15%) (Tables S2 and
S3). To measure the susceptibility or vulnerability of woods
to water stress or drought conditions, Wolfe and Upchurch
(1987) used Carlquist’s (1977) vulnerability index (V). The
BB fossil woods show high ‘V’ values in most of the cases
(Table S3).

The dataset is split into seven assemblages such as A.
North Birbhum District, B. Central Birbhum District, C.
South Birbhum District, D. Khowai District, E. West
Tripura District, F. Tripura, and G. Lalmai Hill assemblage
(Table 3) to understand the spatial and temporal patterns in
vegetation and climate. Considering the NLRs of the fossil
taxa, the abundance of different forest elements in the assem-
blages is determined and represented in Fig. 2. The
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West Tripura (E)

(Late Miocene/Pliocene)
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Central Birbhum (B)

(Late Miocene/Pliocene)

South Birbhum (C)
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(Late Miocene/Pliocene)
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(Plio-Pleistocene)
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Forest types

Il Tropical-sub tropical evergreen

Il Tropical moist evergreen

Il Tropical moist- dry deciduous I Tropical moist deciduous

I Semi-evergreen

[l Tropical dry deciduous

Il Tropical moist deciduous -evergreen

I Submontane .. Tidal coastal swampy

Fig. 2 Late Miocene to early Pleistocene floristic pattern of the Bengal Basin connected to major forest elements

quantitative climate data for all assemblages are visualized in
Figs. 3 and 4 and given in Table 3 where the species that
represent the limits of the coexistence intervals are also
mentioned.

Western margin of the BB
North Birbhum District assemblage (A)

The Ulpahari and Muhammad Bazar wood assemblages are
combined into the North Birbhum District assemblage, which
comprises of 17 taxa under seven angiosperm families and are
late Miocene—early Pliocene in age (Tables 1, 2 and 3). Of
these wood taxa, the Ulpahari wood assemblage consists of 14
taxa (Tables 2 and 3). To assess if the combined wood assem-
blage differs in CA reconstructed climatic parameters from
those of any assemblage with a sufficient number of taxa from
the same region, both the Ulpahari and North Birbhum assem-
blages are represented in Tables 2 and 3 and Figs. 1, 2, 3, and
4 as examples. The NLRs of the Ulpahari fossil wood taxa
indicate that during this time the forest was dominated by
members of Fabaceae (such as Albizia, Cynometra, Millettia,
and Ormosia) and Dipterocapaceae (such as Anisoptera,

Dipterocarpus, and Shorea), associated with Anacardiaceae
(Mangifera), Meliaceae (Chisocheton), and Combretaceae
(Terminalia). The floristic analysis suggests that a tropical
deciduous forest (72%) prevailed in this area. As most of its
elements occur in moist forests as well as in dry ones, no
distinction between tropical moist deciduous and tropical dry
deciduous forests can be made here. Besides these, some tidal
coastal swampy forest elements (14%) like Cynometra
polyandra and Cynometra ramiflora were also present in the
assemblage (Fig. 2). °V’ values of these fossil woods vary
between 6.3 and 26.1, while ‘M’ values remain > 200 for all
(Table S5). The combined North Birbhum wood assemblage
also confirms the fact that in the late Miocene—early Pliocene,
there was a tropical deciduous forest in this region. However,
the combined assemblage shows a minor variation in abun-
dances of forest elements, which may be due to low taxon
diversity in the Muhammad Bazar assemblage. In the com-
bined assemblage deciduous elements (69%) are followed by
tidal coastal swampy (13%), tropical dry deciduous (6%) and
tropical—subtropical evergreen (6%) forest elements. In addi-
tion, the submontane element Kayea assamica (Clusiaceae) is
also observed in this assemblage (Fig. 2). For both the cases,
the coexistence intervals (CIs) show similar results suggesting
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Fig.3 The coexistence intervals of temperature parameters (MAT, WMT, and CMT) of the fossil wood assemblages (vertical red lines indicate common

range for all the NLRs)

that combined wood assemblages are equally efficient in cap-
turing climate signals as any single assemblage with a suffi-
cient number of taxa for CA. CIs for MAT, MAP, WMT,
CMT, MPwet, MPdry, and MPwarm for both assemblages
range between 24.1-27.7 °C, 1682-3141 mm, 27.2-28.9 °C,
19.4-26.1 °C, 343-389 mm, 11-109 mm and 128-227 mm
respectively (Table 3; Figs. 3 and 4).

Central Birbhum District assemblage (B)

In the Central Birbhum District assemblage 14 wood taxa
from Labpur and Uttar Raipur (late Miocene—early
Pliocene) are combined (Table 3). The dominant families
are Fabaceae (different species of Albizia, Cassia,
Dialium, Millettia, Ormosia, and Pahudia), Anacardia-
ceae, Meliaceae, and Arecaceae. Here, also moist to dry
deciduous elements (69%) are found to be most abundant
followed by tropical dry deciduous (13%), tidal coastal
swampy (13%), and tropical-subtropical evergreen (13%)
elements (Fig. 2).

The reconstructed CIs for this wood assemblage range be-
tween 23.3-26.6 °C for MAT, 26.7-28.1 °C for WMT, 17.8—
25.6 °C for CMT, 1682-3151 mm for MAP, 343-389 mm for
MPwet, 11-25 mm for MPdry, and 128-206 mm for
MPwarm (Table 3; Figs. 3 and 4).
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South Birbhum District assemblage (C)

Wood taxa recovered from the Muluk, Bolpur, and
Santiniketan assemblages are combined within this assemblage
(Table 3), which consists of 18 taxa from 10 families. Members
of the Dipterocarpaceae (23%), Fabaceae (23%), and
Combretaceae (12%), along with families like Anacardiaceae,
Clusiaceae, Burseraceae, and Arecaceae characterise this
late Miocene—Pliocene wood assemblage. This assemblage
also includes families which are not observed in the earlier
three assemblages such as Burseraceae (Canarium),
Ebenaceae (Diospyros), Euphorbiaceae (Mallotus/
Blumeodendron/Trewia/Cleidion), and Araucariaceae
(Araucaria/Agathis). Palaeofloristic analysis reveals domi-
nance of tropical moist to dry deciduous forest elements
(50%), followed by tropical sub-tropical evergreen (17%),
tropical dry deciduous (11%), and tidal coastal swampy
(5%) elements. Representatives of tropical moist evergreen
forests (17%) are also recorded from this part of the BB
(Fig. 2).

For this wood assemblage, Cls indicate 24.1-27.2 °C
for MAT, 27.2-28.1 °C for WMT, 20.6-26.1 °C for
CMT, 1748-3141 mm for MAP, 270-389 mm for
MPwet, 46—155 mm for MPdry, and 128-221 mm for
MPwarm (Table 3; Figs. 3 and 4).
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Fig. 4 The coexistence intervals of precipitation parameters (MAP, MPwet, MPdry, and MPwarm) of the fossil wood assemblages (vertical red lines

indicate common range for all the NLRs)

Eastern margin of the BB
Khowai District assemblage (D)

Wood assemblages of Khowai and Teliamura (late Miocene
—Pliocene) from Tripura are grouped under the Khowai
District assemblage (Table 3), which exhibits 14 species under
eight families. Fabaceae (36%) members are found abundant-
ly in the assemblage, along with some others such as
Sonneratiaceae, Celastraceae, Lythraceae, Sapotaceae, and
Sapindaceae. The most dominant elements are tropical moist
to dry deciduous forest taxa (31%). Members of tropical moist
evergreen forests (15%) are represented by Palaquium
(Sapotaceae), Bouea spp. (Anacardiaceae), and Isoberlinia
(Fabaceae). On the other hand, tropical moist deciduous types
(15%) are represented by Duabanga grandiflora (Sonneratia-
ceae) and Lagerstromia speciosa (Lythraceae). Tidal coastal
swampy (8%), tropical dry deciduous (8%) and semi-ever-
green forest elements are also present (Fig. 2).

The Cls for this wood assemblage for MAT, MAP, WMT,
CMT, MPwet, MPdry and MPwarm range between 26.1—
27.7 °C, 1650-3151 mm, 27.5-28.1 °C, 22.2-27 °C, 300-
389 mm, 11-165 mm, and 163-221 mm respectively
(Table 3; Figs. 3 and 4).

West Tripura District assemblage (E)

Agartala, Baramura, Kunjaban, and Yogendranagar assem-
blages (late Miocene—Pliocene), when combined, comprise
the West Tripura District assemblage. This combined assem-
blage consists of 21 xylotaxa (Tables 2, 3 and S1) from the
families Anacardiaceae (Gluta and Mangifera), Fabaceae
(Albizia spp., Bauhinia, Millettia and Afzelia or Intsia),
Calophyllaceae (Calophyllum), Combretaceae (Terminalia),
Dipterocapaceae (Anisoptera and Shorea robusta),
Sapindaceae (Euphoria), Sonneratiaceae (Sonneratia), and
Thymelaeaceae (Gonystylus). In this wood assemblage the
dominance of tropical moist to dry deciduous forest taxa
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(45%) is evident. Other elements are tropical moist evergreen
(25%), tidal coastal swampy (10%), tropical-subtropical ever-
green (10%), tropical moist deciduous (5%), and semi-ever-
green (5%) types (Tables 2, 3 and S1; Fig. 2).

Here, CIs suggest 26.5-27.6 °C for the MAT, 27.7-28.1 °C
for the WMT, 25-27 °C for the CMT, 1930-3141 mm for the
MAP, 270-389 mm for the MPwet, 103—155 mm for the
MPdry, and 135-221 mm for the MPwarm (Table 3; Figs. 3
and 4).

Tripura assemblage (F)

This assemblage combines all the fossil wood taxa recovered
from Udaipur, Melaghar, Manu Bazar, Bishalgarh, Laljuri,
Amarpur, West Tripura, and Khowai districts of Tripura
(Tables 2, 3 and S1; Fig. 2), and a late Miocene—Pliocene
age is assigned for it. The dominant floral elements are
Anacardiaceae (Bouea, Gluta and Mangifera indica),
Celastraceae (Lophopetalum littorale), Combretaceae
(Terminalia), Dipterocarpaceae (Dipterocarpus and Shorea),
Fabaceae (Bauhinia foveolata, Cynometra ramiflora,
Isoberlinia and Millettia), Lythraceae (Lagerstroemia
speciosa), Sapindaceae (Dimocarpus logan and Pometia),
Sapotaceae (Palaquium), Sonneratiaceae (Duabanga
grandiflora and Sonneratia apetala), and Thymelacaceae
(Gonystylus). Kayea assamica (Clusiaceae), a submontane
species, is also recorded in this assemblage (Table S1).
Overall, the floristic analysis of the wood assemblage of the
entire Tripura suggests a dominance of tropical moist to dry
deciduous elements (41%) followed by tropical moist ever-
green (17%) and tidal coastal swampy elements (14%). Other
recovered types are tropical-subtropical evergreen (10%),
tropical moist deciduous (6%), tropical moist deciduous to
evergreen (4%), semi-evergreen (4%), and tropical dry decid-
uous (2%) elements.

In the entire wood assemblage of Tripura, CIs of the recon-
structed climatic parameters range between 26.5-27.6 °C for
MAT, 27.7-28.1 °C for WMT, 25-27 °C for CMT, 1930—
3141 mm for MAP, 300-389 mm for MPwet, 103—-155 mm
for MPdry, and 135-221 mm for MPwarm (Table 3; Figs. 3
and 4).

Lalmai Hill assemblage (G)

The wood taxa recorded from Lalmai Hill Range, Comilla
District, Bangladesh, belong to the Dupi Tila Formation (late
Pliocene—early Pleistocene) and reveal a dominance of differ-
ent members of Fabaceae (45%) such as Cynometra,
Copaifera, Detarium, Sindora, Kingiodendron, and Millettia
prainii. Other silicified wood taxa recovered are Anisoptera
(Dipterocarpaceae), Careya (Lecythidaceae), Chisocheton
(Meliaceae), Calophyllum (Clusiaceae), and Artocarpus
(Moraceae). This wood assemblage shows a dominance of
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tropical moist to dry deciduous elements (34%), followed by
tropical moist evergreen (33%), tropical moist deciduous to
evergreen (22%), and tidal coastal swampy (11%) elements
(Tables 2, 3 and S1; Fig. 2).

The CIs for this wood assemblage for MAT, MAP, WMT,
CMT, MPwet, MPdry, and MPwarm range between 26.5—
27.5 °C, 2099-3141 mm, 28.3-28.9 °C, 25-25.6 °C, 343—
389 mm, 11-56 mm, and 128-146 mm respectively
(Table 3; Figs. 3 and 4).

Discussion

Vegetation of the Bengal Basin during the late Miocene to
early Pleistocene: spatial and temporal dynamics

Wood fossils are a reliable biotic proxy used in palacovege-
tation and palaeoclimatic reconstructions, as information
stored in petrified secondary woods almost remains un-
changed through time and affords identification to their
NLRs. Ecological preference of the NLRs facilitates under-
standing of their depositional settings (Prakash et al. 1994;
Estrada-Ruiz et al. 2007; Jeong et al. 2009; Feng et al. 2010;
Bamford 2011; Mehrotra et al. 2011; Tiwari et al. 2012). NLR
analyses of the wood assemblages considered here show that
during the late Miocene to early Pliocene, the most abundant
components in the BB forests were: Albizia, Afzelia/Intsia,
Anisoptera, Artocarpus, Bauhinia, Bouea, Buchanania,
Calophyllum, Careya, Cassia, Chisocheton, Cynometra,
Dipterocarpus, Diospyros, Duabanga, Gluta, Isoberlinia,
Kayea, Mangifera, Melanorrhoea, Millettia, Ormosia,
Shorea, Sindora, and Terminalia. Some less frequent taxa
were: Araucaria, Canarium, Dialium, Dracontomelum,
Euphoria, Gonystylus, Kingiodendron, Koompassia,
Lagerstroemia, Lannea, Phoebe, Lophopetalum, Mallotus,
Pometia, Palaquium, and members of Arecaceae. The domi-
nant families were Fabaceae, Dipterocarpaceae, Anacardia-
ceae, Combretaceae, Clusiaceae, Sapindaceae, Celastraceae
Burseraceae, Lythraceae, Sapotaceae, Sonnertiaceae,
Lecythidaceae, Thymeliaceae, and Arecaceae. Most of these
taxa are now constituents of the modern tropical forests of
India and Bangladesh (Champion and Seth 1968). However,
some warm temperate/sub-tropical and submontane taxa such
as Araucaria sp. and Kayea spp. were also present in the
assemblages.

Late Miocene to early Pliocene

The dominance of moisture-loving taxa over dry deciduous
elements suggests that mainly a tropical moist deciduous for-
est occupied the entire BB during the late Miocene to early
Pliocene. However, differences in abundances of drought-
tolerant taxa express spatial variations. We see that such taxa
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were more widespread at the western margin of the BB com-
pared to its eastern part, while moisture-loving evergreen/
semi-evergreen elements were more prevalent in the eastern
part, indicating a moisture gradient from West to East, similar
to, although weaker than, the modern one that is influenced by
a strong ISM in the eastern part of the region. At present,
tropical dry deciduous forest prevails in the western part of
the basin, compared with moist deciduous/semi-evergreen
forests in its eastern part. Thus, it may be inferred that vege-
tation of the western part of the basin has undergone more
pronounced changes since the early Pliocene, compared to
its eastern part.

Late Pliocene to early Pleistocene

Of the seven wood assemblages, only the Lalmai Hill assem-
blage from the eastern part gives us insight into the late
Pliocene to early Pleistocene vegetation of the BB. It is evident
that Dipterocarpaceae, Moraceae, Meliaceae, Lecythidaceae,
Calophyllaceae, and Fabaceaec were dominant families of the
BB forest during this time as well. Moisture-loving elements
dominate the assemblage. This implies that a moist deciduous
forest prevailed in this part of the basin during the late Pliocene
to early Pleistocene as in present-day. Because there is no
wood assemblage representing the late Pliocene to early
Pleistocene vegetation of the western margin of the BB, it
cannot be inferred when exactly moist-deciduous forests
started transforming towards dry-deciduous ones at the west-
ern margin of the basin. In general, the late Pliocene is consid-
ered to mark the beginning of arid conditions that completely
eradicated the Dipterocarpaceae from northern India and re-
stricted this group to the northeastern and southwestern parts
of the subcontinent (Sahni and Mitra 1980). This onset of
aridification was accompanied by increasing continentality,
due to the rise of the Himalaya and concomitant glaciations
which perhaps led to a southward shift in the tropical forests
(Mittre 1964; Sahni and Mitra 1980; Agarwal et al. 1989;
Bhargava 2015). However, the presence of dipterocarps in late
Pliocene to early Pleistocene Lalmai Hill assemblage indicates
that Dipterocarpaceae were present in eastern India and thus
points to a delay of aridification in this region.

Montane/submontane taxa are also documented in the late
Miocene to early Pliocene BB wood assemblages. Elevation
estimates of the Himalaya based on different methods indicate
that the Himalaya achieved at least 5000 m elevation at 15 Ma,
and then continued to rise to attain its present elevation
(Garzione et al. 2000; Rowley et al. 2001; Saylor et al.
2009; Gébelin et al. 2013; Wang et al. 2014b; Ding et al.
2017; Spicer 2017). Thus, such montane/submontane taxa
possibly were growing in the warm-temperate foothills of
the Himalayan Mountains at the northern margin of the basin
and might have been transported by rivers suggesting a strong
rainfall regime.

The substantial presence of littoral and swampy elements
in all of the late Miocene to early Pliocene wood assemblages
considered here implies that the coast was not far away from
the study areas. Probably, a landward shifting of the coastline
took place during this time, all along eastern India as sug-
gested by some earlier records from far eastern Indian sites
(Lakhanpal 1970; Tiwari et al. 2012). Earlier geological and
vertebrate fossil records suggest that there was a basin-ward
decrease in sand content in various sedimentary formations of
the BB during this time, and the entire basin became more
marine in a general south-easterly direction (Mathur and
Kohli 1964; Sahni and Mitra 1980). In the late Pliocene to
early Pleistocene Lalmai Hill assemblage, tidal/coastal
swampy elements occur in considerably lower diversity.
This may indicate a southward shift of the coastline and retreat
of tidal/coastal swampy plant communities during this phase.

Climate of the Bengal Basin during the late Miocene to early
Pleistocene: spatial and temporal trends

The anatomical characters of the fossil woods provide an in-
sight into the climatic conditions of the BB during the late
Miocene to early Pleistocene. All recovered silicified woods
of the BB are diffused porous woods with indistinct growth
rings and medium to large sized vessels with uniform diame-
ters. Woods with indistinct growth rings indicate a tropical
climate with low temperature seasonality (Wheeler and Baas
1993), so such an environmental condition must have existed
in the BB during the time of deposition. In addition, large but
infrequent vessels are also indicators of tropical climate
(Wheeler and Baas 1993). The occurrence of scalariform per-
forations on vessel walls is found to be relatively high in cool
temperate to arctic and tropical high montane climatic condi-
tions, but rare in tropical lowland floras (Wheeler and Baas
1993), and simple perforation plates facilitate efficient water
transport (Wheeler and Baas 1993). Hence, the dominance of
simple perforation plate in BB woods also indicates a high
rainfall regime. Moreover, the high incidence of paratracheal
parenchyma with homocellular and storied arrangement of ray
cells in the wood tissues also suggest a high temperature en-
vironment (Wolfe and Upchurch 1987; Woodcock and Ignas
1994; Tiwari et al. 2012). Thus, presence of the above char-
acters in some taxa of the BB wood assemblages is again
indicative of a warm tropical climatic condition (Woodcock
and Ignas 1994) (Table S5). Moreover, the high ‘V’ values (>
1) for all the BB fossil woods, including the swampy and
littoral elements, imply that these plants were under low water
stress condition during the time of deposition (Carlquist 1988)
(Table S5). Likewise, a higher value of mesomorphy also
suggests that the plants were adapted to humid conditions,
with high soil-available water (due to rainfall) (Carlquist
1977) (Table S5). Though, during the late Miocene to early
Pliocene, the coast was nearby the study areas in the BB, yet

@ Springer



Palaeobio Palaeoenv

coastal and swampy taxa did not suffer much due to exposures
to saline ground water conditions as reflected by their high “V’
and ‘M’ values. The low water stress for the coastal/swampy
taxa may be attributable to high rainfall-induced surface run-
off, ground water flow, and river inputs which perhaps flushed
out salt from the tidal flat (Schmitz et al. 2006 and references
therein), thus explaining the low water stress as reflected by
‘V and ‘M’ indices. Overall, a warm tropical climate with low
seasonality of temperature and high precipitation prevailed in
the BB during the time of deposition.

However, no spatial and temporal trends are revealed in our
qualitative data. Based on CA quantifications a minor temper-
ature gradient from the western to eastern margin of the BB
existed during the late Miocene to early Pliocene as can be
inferred by comparing the Cls of the reconstructed climatic
parameters (Table 3). Western sites show slightly lower CI
boundaries for MAT than those of the eastern part of the basin,
with a difference of about 1-2 °C while the upper bounds
show a similar trend (Table 3). When compared with modern
MAT, western sites show a close to present-day MAT, but the
sites at the eastern margin show a considerably higher-than-
present mean annual temperature. For summer temperatures,
both the western and eastern sites show similar and near to
modern values, while winter temperatures were higher than
today and even warmer at the eastern side of the basin. During
the late Miocene to early Pliocene, temperatures across the BB
were more equable and the seasonality of temperature was
lower in the entire basin compared with the present.
Nevertheless, temperature seasonality was more pronounced
in the West compared to the East.

For the late Pliocene to early Pleistocene, only one site in
the eastern part of the BB is available and results from that
show a higher-than-modern MAT (Tables 3, S5 and S6).
Comparing MART values, here a more marked temperature
seasonality than earlier becomes evident, though it was still
weaker than today. A post-late Pliocene—early Pleistocene
cooling in MAT of ¢. 1-1.5 °C (Tables 3, S5 and S6) may
correspond to the global cooling trend following the onset of
Northern Hemispheric Glaciations after the late Pliocene
(Shackleton et al. 1988; Maslin et al. 1998; Zachos et al.
2001). Our results imply that, in general, the BB climate
followed the global temperature trend since the late
Miocene, but the observed minor spatial differences may be
attributable to regional variability.

Precipitation estimates suggest that during the late Miocene
to early Pliocene, MAP was notably higher across the entire
BB than at present. However, a spatial pattern can also be
recognised, with eastern sites experiencing higher annual rain-
fall than the western part of the BB. A significant difference
between MPwet and MPdry values, and a corresponding high
MARP in all the sites studied, indicate a distinct seasonality of
precipitation, characteristic of a monsoonal climate. A higher
MARP during the late Pliocene—early Pleistocene than earlier
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also implies an intensification of the monsoonal regime.
However, MSI values suggest that in contrast to the present,
monsoon intensity was comparably weak in the BB across the
late Miocene to early Pleistocene (Tables S5 and S6), which
may be a function of a wetter-than-present dry season.

An insight into the Asian monsoonal climate during the late
Miocene to early Pleistocene

The modern Asian monsoon (AM) system has two compo-
nents, i.e. the East Asian monsoon or East Asian Summer
Monsoon (EASM) and the South Asian monsoon (SAM) or
Indian summer monsoon (ISM) (Molnar et al. 2010). These
two components together control precipitation over mainland
Asia. The variability of these two components of the AM has
been widely investigated and evoked many debates (Sun and
Wang 2005; Wan et al. 2007; Clift et al. 2008; Tang et al.
2011; Yao et al. 2011). Two other significant agents of the
Asian climate system are mid-latitude Subtropical Westerly
Jet (SWJ) or western disturbances (WD) and the East Asian
winter monsoon (EAWM). WDs bring extreme precipitation
during the winter season over Central Asia including the
northern and central parts of the Himalaya and northern
India, due to orographic land-atmosphere interactions (Dimri
et al. 2015). The EAWM refers to an extremely cold and dry
atmospheric flow over Asia corresponding to the eastward and
southward movement of cold air from the Siberian High (Luo
and Zhang 2015). To achieve an understanding of the late
Miocene to early Pleistocene monsoonal climate of Asia we
compare BB data with some quantitative climate data from
sites chiefly influenced by either ISM or EASM/EAWM
(Figs. 5, 6, and 7; Tables S5 and S6). This will provide insight
into the late Miocene to early Pleistocene climate variability in
Asia and its causal mechanism(s).

For the late Miocene-early Pliocene, most of the ISM and
EASM sites show warmer-than-present mean annual temper-
atures (Figs. 5, 6, and 7; Tables S5, S6) corroborating the
global post-MMCO (Mid-Miocene Climatic Optimum) warm
conditions that continued until the late Miocene, except at
some sites situated in southeast China. The lower MATs in
southeast China were primarily a function of cooler winter
temperatures (Tables S5, S6) and may be attributed to a late
Miocene strengthening of the EAWM. Planktic and benthic
5'%0 signals of ODP core 1146 (Ocean Drilling Program)
from the South China Sea also point towards a sustained
cooling trend that began between 7.1 and 6.9 Ma and contin-
ued until c. 5.7 Ma (Holbourn et al. 2018). This cooling may
be due to a southward shift of the average summer position of
the Intertropical Convergence Zone (ITCZ) that minimised
the influence of tropical convection and intensified dry winter
monsoon over Southeast Asia (Holbourn et al. 2018). Though
an earlier record (Ohneiser et al. 2015) linked this cooling
episode to the increase of Antarctic ice volume, the Site
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1146 data connect it to a massive Northern Hemisphere
cooling down to subtropical latitudes (Holbourn et al. 2018).
However, some northeast Chinese sites do not show any sig-
nificant changes in MAT since the late Miocene, and also no
such impact of a strong southeast winter monsoon is evident.
This incongruity may be due to the low diversity of fossil
pollen assemblages in some of these sites, which may fail to
capture temperature fluctuations, or may be due to poor age
assignments for some of those assemblages (Liu et al. 2011).

Sites situated either on the present-day Tibetan Plateau
(TP) or its southeastern boundary also need special attention.
Modern-day MATs of these sites are very low compared with
those in the late Miocene (Tables S5, S6). In general, surface
temperature gradients are correlated to latitude and altitude.
Best examples of latitudinal temperature differences are visi-
ble in the Mio-Pliocene temperature trends of southern ISM/
EASM sites and northern EASM sites (Figs. 5, 6, and 7;
Tables S5 and S6). However, for the TP and its surroundings,
probably altitudinal differences drove significant changes in

Asian Monsoon (EAM) in summer, winter monsoon and Westerlies. For
details on the fossil sites, please see Supplementary Tables S5 and S6

temperatures during the late Miocene to early Pleistocene, as
significant growth in the TP region took place across the
Neogene, due to rise of the valley floor through a combination
of compressional uplift and sediment fill which helped TP
attaining the height of the bounding mountains (Molnar
2005; Yao et al. 2011; Spicer 2017; Spicer et al. 2020).

The late Pliocene—early Pleistocene time was also warm in
Asia although with spatial variability, where south Asian sites
were warmer than the Southeast Asian sites. A rapid south-
easterly growth of the Qinghai—TP may explain this incongru-
ity (Molnar 2005; Yao et al. 2011; Huang et al. 2015; Spicer
2017; Spicer et al. 2020). Based on the MART values, a more
distinct seasonality of temperature can be inferred for the Plio-
Pleistocene than for the Mio-Pliocene in both, southern and
eastern Asia (Figs. 5, 6, and 7; Tables S5 and S6) which
provides further evidence for a general cooling trend, which
may be attributable to the rapid growth of the TP region in
some places and a post late Pliocene global cooling trend
following the onset of Northern Hemispheric Glaciations,
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Fig. 6 MAT and MART variations in southern Asia during the late Miocene to early Pleistocene

among others (Shackleton et al. 1988; Maslin et al. 1998;
Zachos et al. 2001; Spicer et al. 2020).

With respect to precipitation, a comparison of MAP values
reveals overall very humid conditions both in the ISM or
EASM sites suggesting strong late Miocene Indian and East
Asian monsoons (Zheng et al. 2004). There are several theo-
ries for south Asian monsoon evolution, some records suggest
that the Asian monsoon system predates the Miocene and
even the onset of the India-Asia collision (Wang et al.
2014b; Renner 2016; Spicer 2017; Ingalls et al. 2018). Some
climate modelling studies also inferred that monsoon would
have existed in the whole of southern and southeastern Asia,
even in the absence of a significant topography over Tibet,
perhaps existed during the whole of the Cenozoic, or maybe
even earlier, and might have generated due to seasonal migra-
tions of the ITCZ (Huber and Goldner 2012; Spicer 2017).
However, some recent studies suggest that orographic me-
chanical forcing, steering, and lifting were the dominant
mechanisms for maintaining a strong precipitation over the
Asia north of 30° N, and most likely the orographic changes
in the Himalaya and TP regions would have acted as the
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modulators for the regional circulation and precipitation dis-
tribution (Curio and Scherer 2016; Reeves and Lin 2006;
Wheeler et al. 2016; Acosta and Huber 2020). Further, the
gradual changes in orography and extent of the Himalaya-
TP region transformed an ITCZ-dominated monsoon to a
sea-breeze dominated one during the late Neogene by acting
as a mechanical barrier to dry-cold continental air advecting
into the south and southeast Asian landmass which also en-
hanced the influence of moist air from the Indian Ocean/South
China Sea (Farnsworth et al. 2019). The projection of the high
(>5 km) Himalaya above the Tibetan highlands at around
15 Ma coincides with the onset of a circulation system that
became modern ISM (Spicer 2017). So probably the ISM in
its modern form developed after the mid-Miocene when the
rising Himalaya increasingly created an obstacle to north-
south airflows (Spicer 2017). Also, the evolution of the
EASM has been linked to the rise of large parts of northern
Tibet (Liu and Dong 2013). Other causal factors for EASM
intensification may be a strong winter Siberian high pressure
zone as global temperatures declined, or an intensification of
the cross-equatorial pressure gradient between an atmospheric
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Fig. 7 MAP and MARP variations in Southern Asia during the late Miocene to early Pleistocene

high-pressure cell over Australia and a low-pressure cell over
mid-latitude East Asia, or intensification of the cross-
equatorial sea-surface temperature (SST) gradient due to pro-
gressive Antarctic glaciations (Ao et al. 2016; Spicer 2017). A
recent climate modelling study indicates that the weakening of
the Walker circulation, associated shoaling of the eastern
Pacific thermocline, and strengthening of easterlies also coin-
cide well with the enhancement in EASM precipitation during
the Neogene (Farnsworth et al. 2019).

In contrast to the present-day, monsoon intensity was
weaker in the late Miocene—early Pliocene in both the ISM
and EASM sites, though MAP was higher suggesting a year-
round high humidity, possibly due to a more humid dry season
(Tables S5 and S6; Hazra et al. 2020). An overall decrease in
precipitation after the Pleistocene has been noticed in both the
ISM and EASM sites which may be an early Pleistocene phe-
nomenon of global monsoonal decline (Tables S5 and S6).
The MARP values show a higher seasonality in the southern
Asian sites and a lower seasonality in the northern sites
(Tables S5 and S6; Fig. 7). For example, a wetter-than-
modern late Pliocene western Yunnan has been linked to the

continuous uplift of mountains in western Yunnan, as well as
the intensification of the EAWM, both occurring concurrently
in the post-Pliocene period (Su et al. 2013).

Palaeoclimate estimates derived from the BB wood flora
for the late Miocene to early Pleistocene time-span and their
comparison with some southern and southeast Asian ISM and
EASM records help to understand the climate trends and the
interrelationships between the ISM, EASM and EAWM, the
dominant components of the AM. Our results suggest that the
BB climate followed a global temperature trend where, in
congruity with most of the south and southeast Asian records,
a warmer-than-present Mio-Pliocene is apparent. The follow-
ing post-late Pliocene cooling may be attributed to the
Northern Hemispheric Glaciations. Similarly, a comparison
of BB precipitation estimates with other records points to-
wards an apparent monsoonal regime during the Mio-
Pliocene in both the ISM and EASM sites, however, monsoon
intensity was weaker than now. Several theories are there
which may link this monsoon to Miocene orogenic changes
of the Himalaya-TP that may have affected ISM intensity, or
seasonal migrations of the ITCZ. For EASM it may be a

@ Springer



Palaeobio Palaeoenv

strong winter Siberian high pressure zone, due to decline in
global temperatures or an intensification of the cross-
equatorial pressure gradient between an atmospheric high-
pressure cell over Australia and a low-pressure cell over
mid-latitude East Asia, or intensification of the cross-
equatorial sea-surface temperature (SST) gradient due to pro-
gressive Antarctic glaciations or a weakening of the Walker
circulation and a shoaling of the eastern Pacific thermocline
with strengthening of easterlies. However, to validate these
theories and to build a clearer understanding on the AM evo-
lution we need more high resolution proxy climate data from
both south and southeast Asia.

Conclusions

Fossil wood data provide a detail insight into the spatial and
temporal variations in vegetation and climate of the BB during
the late Miocene to early Pleistocene. It is observed that the late
Miocene—early Pliocene forests were dominated by moist
deciduous/semi-evergreen/evergreen elements. During the late
Pliocene—early Pleistocene moisture-loving elements decreased
considerably. The vegetation of the western margin of the basin
has altered more profoundly than its eastern part. BB wood data
reveal that during the late Miocene—early Pliocene, the western
margin of the basin was slightly cooler than today, both in terms
of mean annual temperature (MAT) and summer temperature,
though winters were warmer than now. At the same time, sites
at the eastern margin show a summer temperature similar to
present-day, a higher MAT and a warmer winter temperature.
Mean annual precipitation (MAP) was higher compared with
the present at both margins of the basin. Later, during late
Pliocene—early Pleistocene, climates were also warmer than
now with respect to MAT, summer and winter temperatures.
MAP during this time was also higher than now. However, the
decline of MAP towards present-day is more pronounced in the
western than the eastern part of the basin. Monsoon intensity
was weaker during the time period from late Miocene to early
Pleistocene than it is now.

The comparison of our results with modern climate data
and earlier records of ISM and EASM provides insights into
the south/southeast Asian climate during the late Neogene—
Quaternary transition. In general, a drop in temperature and a
weakening in ISM strength since the early Pleistocene corrob-
orate the global cooling trend, though with spatial differences.
All EASM sites also show similar trends as in the ISM sites,
except for the southeastern part of China.
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