Society of Earth Scientists Series

Binita Phartiyal - Rahul Mohan -
Supriyo Chakraborty - Venkatesh Dutta -
Anil Kumar Gupta Editors

I Climate Change
and Environmental
Impacts: Past,
Present and Future
Perspective

@ Springer




Society of Earth Scientists Series

Series Editor
Satish C. Tripathi, Lucknow, India



The Society of Earth Scientists Series aims to publish selected conference pro-
ceedings, monographs, edited topical books/text books by leading scientists and
experts in the field of geophysics, geology, atmospheric and environmental science,
meteorology and oceanography as Special Publications of The Society of Earth
Scientists. The objective is to highlight recent multidisciplinary scientific research
and to strengthen the scientific literature related to Earth Sciences. Quality scientific
contributions from all across the Globe are invited for publication under this series.
Series Editor: Dr. Satish C. Tripathi



Binita Phartiyal * Rahul Mohan
Supriyo Chakraborty * Venkatesh Dutta ©
Anil Kumar Gupta

Editors

Climate Change

and Environmental Impacts:
Past, Present and Future
Perspective

@ Springer



Editors

Binita Phartiyal Rahul Mohan

Birbal Sahni Institute of Palaeosciences National Centre for Polar and Ocean Research
Lucknow, Uttar Pradesh, India Vasco-da-Gama, Goa, India

Supriyo Chakraborty Venkatesh Dutta

Indian Institute of Tropical Meteorology  School of Earth and Environmental Sciences
Pune, India Babasaheb Bhimrao Ambedkar University

Lucknow, India

Anil Kumar Gupta

National Institute of Disaster Management,
Ministry of Home Affairs, Govt of India
New Delhi, India

ISSN 2194-9204 ISSN 2194-9212  (electronic)
Society of Earth Scientists Series
ISBN 978-3-031-13118-9 ISBN 978-3-031-13119-6  (eBook)

https://doi.org/10.1007/978-3-031-13119-6

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Switzerland
AG 2022

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by
similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-031-13119-6

Series Editor’s Foreword

Earth’s climate varies even without human influence, but the acceleration in the
changing pattern with cause and effect by/to the civilisation is a matter of concern to
scientists. These patterns are lessons to understand future trends and ways and means
for mitigation. The extreme weather events in almost every region of the globe
involving excessive loss of human life and property are causing anxiety in society
and posing challenges before scientists and planners. Cyclical variations in the
Earth’s climate occur at multiple timescales, from years to decades, centuries, and
millennia. Cycles at each scale are caused by a variety of physical mechanisms. In
the last 65 Ma only, there have been several cycles of glacial advances and retreat,
with the abrupt end of the last ice age about 11,700 years ago marking the beginning
of the modern climate era and human civilization. A multidisciplinary approach in
studying the Earth’s changing climate will provide a holistic view and guide us in
future planning and programming.

In order to discuss these issues, an Expert Talk and Group Discussion followed by
multi-domain international virtual conference was organised (13 October and15—
17 October, 2020), wherein recent researches on palaco-climatic changes and
disasters, Quaternary climate variations and climate cycles, extreme weather events
and meteorological studies, natural atmospheric climate forcing, ocean warming,
coastal ecosystem, and disaster mitigation planning and management will be
presented and the scope of mutual research cooperation in future will be discussed.
COVID-19’s impact on the environment and future strategies to retain a positive
impact on the environment by sustainable development were presented. The out-
come of this brainstorming is presented in this volume.

Our sincere acknowledgement to Prof. Dame Jane Francis, Director, British
Antarctic Survey; Prof. Kim Holmén, International Director, Norwegian Polar
Institute; Prof. A. Singhvi, Physical Research Laboratory; Sri Surya Sethi, Former
Principal Adviser (Power & Energy), Plg. Com. & UNFCCC Negotiator; Sri Mukul
Sanwal, Retd. IAS, Formerly with UNEP & UNFCCC Negotiator; Prof. R. Srikanth,
NIAS, Bangalore; Dr. J R Bhat, Adviser, MoEF & CC; Dr. Akhilesh Gupta, Adviser,
DST; Dr. R. Krishnan, IITM, Pune; Dr. Ajay Mathur, Director General, TERI;
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Dr. Satish Shenoy, Former Director, INCOIS, Hyderabad; Dr. M. Ravichandran,
Director, NCPOR, Goa; Prof. Ravi Shankar Nanjundiah, Director, IITM, Pune;
Dr. M V Ramana Murthy, Director, NCCR; Prof. Anil Kulkarni, IISc, Bangalore;
Prof. Chandra Venkataraman, IIT Bombay, for taking part in Pre-conference Expert
Talks and International Group Discussions. Special thanks to Dr. Vandana Prasad,
Director, BSIP, Lucknow, for all-round support in the virtual organisation of the
conference. I also sincerely thank all the editors and contributors of this volume for
bringing out this valuable scientific information and research.

The Society of Earth Scientists Satish C. Tripathi
Lucknow, India
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Floral Diversity and Climate Change m)
in the Siwalik Succession e

Harshita Bhatia, Gaurav Srivastava, R. C. Mehrotra,
and Khum N. Paudayal

Abstract Siwalik sediments were deposited during the Himalayan orogeny in the
Himalayan Foreland Basin. They were deposited in a coarsening upward succession
to form the Siwalik Group which is further classified into Lower, Middle and Upper
Siwalik. These sediments archive abundant plant fossils in the form of wood, leaves,
flowers, fruits, seeds and pollen throughout the succession. These fossils have been
used to understand the depositional environment of the Siwalik basin. In the Siwalik
succession, the vegetation reconstruction indicates an increasing trend of deciduous
forest taxa over the evergreen ones due to increased seasonality in rainfall and
temperature. The quantitative estimation of climate based on plant megafossils
indicates a monsoonal climate, particularly South Asia Monsoon, since the Lower
Siwalik.

Keywords Plant fossils - Climate - Miocene - Neogene

1 Introduction

Siwalik has been fascinating for all the geoscientists because its sediments were
derived from the Himalayan orogeny. The uplift of the Himalaya had a direct and
indirect impact on the regional as well as global climate. The shaping of modern
monsoon system and vegetation shift in south Asia are directly linked with the uplift
history of the Himalaya (Ding et al. 2017; Srivastava et al. 2018c; Bhatia et al. 2021).
Globally, the monsoonal climate is confined to low latitudes, except for a few places,
and is a planetary phenomenon which occurs due to seasonal migration of the
Intertropical Convergence Zone (ITCZ). The movement of ITCZ depends on the
seasonal migration of insolation and is mainly modified by the land-ocean

H. Bhatia - G. Srivastava (><) - R. C. Mehrotra
Birbal Sahni Institute of Palaeosciences, Lucknow, India

K. N. Paudayal
Central Department of Geology, Tribhuvan University, Kirtipur, Kathmandu, Nepal
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Fig. 1 Worldmap showing different monsoon domains namely North America Monsoon
(NAmM), South America Monsoon (SAmM), North Africa Monsoon (NAfM), South Africa
Monsoon (SAfM), South Asia Monsoon (SAM), East Asia Monsoon (EAM), Western North
Pacific Monsoon (WNPM) and Indonesia-Australia Monsoon (I-AM) (after Wang et al. 2017)

configuration and topography of the specific region (Wang et al. 2017). Based on the
regional characteristic of ITCZ, the monsoonal areas are classified into eight
domains, namely South Asia Monsoon (SAM), Western North Pacific Monsoon
(WNPM), East Asian Monsoon (EAM), Indonesian-Australian Monsoon (I-Am),
North American Monsoon (NAmM), South American Monsoon (SAmM), North
African Monsoon (NAfM) and South African Monsoon (SAfM) (Yim et al. 2014;
Wang et al. 2017) (Fig. 1). The monsoon is characterised by seasonal reversal of
surface wind, often associated with rainy summer and dry winter seasons (Wang
et al. 2017). The Asian monsoon system (AMS) collectively consisting of three
domains, namely SAM, EAM and WNPM, is the largest and strongest monsoon
system on the earth. In AMS, SAM and EAM are continental monsoons, while
WNPM is oceanic in nature (Wang et al. 2017). The circulation pattern of SAM is
characterised by annual reversal of both zonal and cross equatorial wind, while EAM
is delineated by annual reversal of meridional wind (Wang et al. 2017). The high
orography in Asia such as Tibetan Plateau (TP) and Himalaya has a direct impact on
the modern AMS (Molnar et al. 2010; Borah et al. 2020). The Himalaya acts as a
mechanical barrier to insulate the warm moist air from extra tropical cool dry air,
while the TP acts as an elevated “heat pump” in building the low pressure in warm
season (Molnar et al. 2010). Recent climate modelling study suggests that
non-elevated topography of northern India is important in generating characteristic
SAM circulation (Molnar et al. 2010; Boos and Kuang 2013; Acosta and Huber
2020).

The biotic and abiotic proxy records from both continental and marine sediments
indicate that the intensification of SAM is linked to the uplift of the Himalaya at
~8 Ma (Quade et al. 1989; Prell et al. 1992; Dettman et al. 2001; Zhisheng et al.
2001; Barry et al. 2002; Guo et al. 2002; Clift et al. 2008; Betzler et al. 2016;
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Fig. 2 Physiographic map of northern India showing fossil localities of Siwalik; (1) Bameal,
Jammu and Kashmir; (2) Gandla, Jammu and Kashmir; (3) Ambala, Haryana; (4) Saharanpur, Uttar
Pradesh; (5) Kalagarh, Uttar Pradesh; (6) Kathgodam, Uttarakhand; (7) Tanakpur, Uttarakhand;
(8) Koilabas, Nepal; (9, 10) Surai Khola, Nepal; (11) Darjeeling, West Bengal; (12-15)
Bhalukpong, Arunachal Pradesh; (16) Nirjuli, Arunachal Pradesh; (17) Kimin, Arunachal Pradesh;
(18) Likabali, Arunachal Pradesh

Srivastava et al. 2018c; Bhatia et al. 2021) and tectonic setting of Indian Ocean
gateway to the Mediterranean Sea (Bialik et al. 2019). The carbon and oxygen
isotope data unearthed from the Siwalik sediments of western Himalaya reveal that
vegetation shift from C; to C, occurred due to intensification of SAM which is
linked to the uplift of the Himalaya during the late Miocene (Sanyal et al. 2004,
2010; Singh et al. 2011). However, recent isotopic and plant fossil records derived
from the Siwalik reveal that winter rainfall, brought by the westerlies, also plays an
important role in vegetation shift during the late Miocene (Vogeli et al. 2017,
Srivastava et al. 2018c). The Himalayan Foreland Basin (HFB) was formed due to
the uplift of the Himalaya which caused the deposition of fluvial muds, silts, sands,
and gravels between the Lesser Himalaya in the north and the Gangetic Plains in the
south, achieving a thickness of ~6 km. These sediments were deposited in the HFB
in a coarsening upward succession since the middle Miocene to form the Siwalik
Group extending all along the Himalaya from Sindh of Pakistan in the west to
Arunachal Pradesh in the east (Fig. 2). Based on the sediment size, the Siwalik
Group is further sub-divided into three sub-groups: mudstone dominated Lower,
sandstone dominated Middle and conglomerate in the Upper Siwalik (Pilgrim 1910).
The magnetostratigraphy of the Siwalik basin from different regions constrains the
boundaries of the Lower, Middle and Upper Siwalik succession to be 18.3, 11, 5.3,
and 0.22 Ma, respectively (Johnson et al. 1982, 1983; Tandon et al. 1984; Ranga
Rao et al. 1988; Appel et al. 1991; Ranga Rao 1993; Gautam and Appel 1994;
Sangode et al. 1996; Gautam and Fujiwara 1999; Chirouze et al. 2012).

In this communication, we synthesize the megafossil data excavated from the
different sectors of the Siwalik (Fig. 2) to understand the relationship between
climate change and vegetation shift caused due to the uplift of the Himalaya.
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2 Siwalik Flora

The plant megafossils are archived all along the Siwalik sediments in the form of
seeds, fruits, leaves, and wood. These fossils have been reported from the Lower,
Middle and Upper Siwalik of India, Nepal and Bhutan (Fig. 2). In India, these fossils
have been reported from Jammu and Kashmir, Himachal Pradesh, Uttarakhand,
Uttar Pradesh, West Bengal and Arunachal Pradesh. The plant megaremains
reported from the Siwalik sediments are as follows:

2.1 Lower Siwalik Flora

The Lower Siwalik flora is mainly reported from Himachal Pradesh, Uttarakhand,
Uttar Pradesh, West Bengal and Arunachal Pradesh of India and Surai Khola of
Nepal (Fig. 2). The most important nearest living relatives of the plant
megafossils are: Marantochloa Brongn. ex Gris of the Marantaceae, Cyclosorus
Link of the Thelypteridaceae, Caryota L. of the Arecaceae, Bambusa Schreb. of the
Poaceae, Smilax L. of the Smilacaceae, Gynocardia R. Br. and Hydnocarpus Gaertn.
of the Achariaceae, Bouea Meisn., Dracontomelon Bl., Mangifera L., Nothopegia
Bl., Swintonia Griff. and Tapiria of the Anacardiaceae, Cananga Hook. f. & Thom-
son, Fissistigma Griff., Goniothalamus Hook. f. & Thomson, Miliusa Lesch. ex
A. DC., Mitrephora Hook. f. & Thomson, Polyalthia Bl., and Uvaria L. of the
Annonaceae, Calophyllum L. and Kayea Wall. of the Calophyllaceae, Garcinia L.,
and Mesua L. of the Clusiaceae, Combretum Loefl., Getonia Roxb. and Terminalia
L. of the Combretaceae, Mastixia Bl. of the Cornaceae, Dipterocarpus Gaertn.,
Hopea Roxb., and Shorea Roxb. ex Gaertn. of the Dipterocarpaceae, Dillenia
L. of the Dilleniaceae, Diospyros L. of the Ebenaceae, Glochidion Forst. & Forst.,
Homonoia Lour., and Mallotus Lour, of the Euphorbiaceae, Acacia Mill., Albizzia
Durazz., Bauhinia Plum. ex L., Caesalpinia Plum. ex L., Cassia L., Cynometra L.,
Dalbergia L. f., Derris Lour., Dialium L., Entada Adans, Ormosia Jacks., Pongamia
Adans., Millettia Wight & Am., Mucuna Adans., and Samanea Merrs. of the
Fabaceae, Actinodaphne Nees, Cinnamomum Schaeff., Litsea Lam., Machilus
Nees, and Persea Mill. of the Lauraceae, Lagerstroemia L. and Woodfordia Salisb.
of the Lythraceae, Grewia L., Pterospermum Schreb., and Sterculia L. of the
Malvaceae, Memecylon L. of the Melastomataceae, Chukrasia A. Juss., Dysoxylum
Bl., Toona Roem. and Trichilia Browne of the Meliaceae, Artocarpus Forst. & Forst.
and Ficus Tourn. ex L. of the Moraceae, Syzygium Gaertn. of the Myrtaceae,
Bridelia and Phyllanthus L. of the Phyllanthaceae, Gardenia Ellis and Morinda
L. of the Rubiaceae, Berchemia Neck. ex DC. and Ziziphus Mill. of the Rhamnaceae,
Canthium Lam., Morinda L., Nauclea L., and Randia L. of the Rubiaceae, Evodia
Gaertn. and Murraya Koenig ex L. of the Rutaceae, Filicium Thwaites ex Bength. &
Hk., Nephelium L., Paranephelium Miq. and Xerospermum Bl. of the Sapindaceae,
and Sarcosperma Hk. f. of the Sapotaceae (Prasad and Prakash 1984; Prasad
1990a, b, 1994c, d, e, 2006; Prasad et al. 1997, 1999, 2004; Tripathi et al. 2002;
Prasad and Dwivedi 2008) (Fig. 3).
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Fig. 3 Representative fossil taxa from the Lower Siwalik sediments. (1) Cananga tertiara Prasad
(2) Combretum sahnii Antal & Awasthi (3) Polyalthium palaeosimiarum Awasthi & Prasad
(4) Cleistanthus suraikholaensis Prasad & Awasthi (5) Nephelium palaeoglabrum Prasad
(6) Shorea neoassamica Prasad (7) Gaertnera siwalica Prasad (8) Nothopegia eutravancoria
Antal & Awasthi (9) Filicium koilabasensis Prasad et al. (10) Cynometra siwalika Awasthi &
Prasad (11) Millettia chriensis Prasad & Awasthi (12) Terminalia koilabasensis Prasad (13) Albizzia
microfolia Prasad & Awasthi (All scale bars are of 1 cm, unless specified)
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2.2 Middle Siwalik Flora

The Middle Siwalik flora is known from Jammu and Kashmir, Himachal Pradesh,
Uttarakhand, West Bengal and Arunachal Pradesh of India, and Surai Khola of
Nepal and Bhutan (Fig. 2). The most important and common nearest living relatives
of the plant megaremains are: Gynocardia R. Br., Hydnocarpus Gaertn. of the
Achariaceae, Buchanania Spreng., Mangifera L., Sorindeia Thouars of the
Anacardiaceae, Artabotrys R. Br., Fissistigma Griff., Meiogyne Miq., Pseuduvaria
Miq., and Uvaria L. of the Annonaceae, Cerbera L., Chonemorpha Don of the
Apocynaceae, Bombax L. of the Bombaceae, Calophyllum L. of the Calophyllaceae,
Kokoona Thwaites and Lophopetalum Wight ex Arn. of the Celastraceae, Garcinia
L. of the Clusiaceae, Terminalia L. of the Combretaceae, Dipterocarpus Gaertn.,
Hopea Roxb., Shorea Roxb. ex Gaertn, and Vatica L. of the Dipterocarpaceae,
Diospyros L. of the Ebenaceae, Homonoya, and Mallotus Lour. of the
Euphorbiaceae, Afzelia Sm., Albizia Durazz., Bauhinia Plum. ex L., Callerya
Endl., Cassia L., Cynometra L., Dalbergia L. {., Intsia Thouars, Millettia Wight &
Arn., Ormosia Jacks., Pongamia Adans, Sindora Miq., and Spatholobus Hassk. of
the Fabaceae, Premna L. of the Lamiaceae, Beilschmiedia Nees, Lindera Adans.,
Litsea Lam., Machilus Nees and Persea Mill. of the Lauraceae, Duabanga Buch.
-Ham. and Lagerstroemia L. of the Lythraceae, Sterculia L. of the Malvaceae,
Chukrasia Juss., Dysoxylum Bl. of the Meliaceae, Arfocarpus Forst. & Forst.,
Ficus Tourn. ex L. of the Moraceae, Syzygium Gaertn. of the Myrtaceae,
Chionanthus L. of the Oleaceae, Bischofia Bl. and Glochidion Forst. & Forst. and
Phyllanthus L. of the Phyllanthaceae, Myrsine L. of the Primulaceae, Rhamnus L.,
Ventilago Gaertn. and Ziziphus Mill. of the Rhamnaceae, Gardenia Ellis, Mitragyna
Korth., Neolamarckia Bosser and Randia L. of the Rubiaceae, Geijera Schott,
Murraya Koenig ex L. and Zanthoxylum L. of the Rutaceae, Sabia Colebr. of the
Sabiaceae, Cupania L., Filicium Thwaites and Paranephelium Miq. of the
Sapindaceae, and Vitis L. of the Vitaceae (Prasad 1994a, b, 2010; Mehrotra et al.
1999, 2004; Khan and Bera 2012, 2014a, b, 2017; Prasad et al. 2013, 2015, 2017;
Khan et al. 2019; Srivastava et al. 2018c) (Fig. 4).

2.3 Upper Siwalik Flora

The plant megafossils have been reported mainly from Arunachal Pradesh. Their
NLRs are Cyathea Smith of the Cyatheaceae, Bambusa Schreb. of the Poaceae,
Gynocardia R.Br. of the Achariaceae, Polyalthia Bl. of the Annonaceae, Mangifera
L. of the Anacardiaceae, Chonemorpha Don of the Apocynaceae, Canarium L. of
the Burseraceae, Calophyllum L. and Kayea Wall. of the Calophyllaceae,
Combretum Loefl. and Terminalia L. of the Combretaceae, Mastixia Bl. of the
Cornaceae, Dipterocarpus Gaertn. and Shorea Roxb. ex Gaertn. of the
Dipterocarpaceae, Elaeocarpus Burm. ex L. of the Elacocarpaceae, Croton L. and
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Fig. 4 Representative fossil taxa from the Middle Siwalik sediments. (1) Vitis siwalicus Prasad
et al. (2) Buchanania palaeosessifolia Prasad et al. (3) Lophopetalumoxylon indicum Mehrotra et al.
(4) Swintonia palaeoschwenckii Prasad & Awasthi (5) Hopea siwalika Antal & Awasthi
(6) Bambusium arunachalense Srivastava & Mehrotra (7) Entada palaeoscandens Awasthi &
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Macaranga Thouars of the Euphorbiaceae, Cynometra L., Dalbergia L. f., Millettia
Wight & Arn. and Pongamia Adans of the Fabaceae, Quercus L. of the Fagaceae,
Actinodaphne Nees, Lindera Thunb. and Litsea Lam. of the Lauraceae,
Lagerstroemia L. of the Lythraceae, Dysoxylum Bl. of the Meliaceae, Knema Lour
of the Myristicaceae, and Berchemia Neck. ex DC. of the Rhamnaceae (Joshi et al.
2003a, b; Bera et al. 2004, 2014; Joshi and Mehrotra 2007; Bera and Khan 2009;
Khan et al. 2011, 2014a, b, 2015, 2016, 2017a, b; Khan and Bera 2014b, 2016;
Srivastava et al. 2018a, b) (Fig. 5).

3 Siwalik Climate

The Siwalik climate has been reconstructed using plant megaremains reported from
different sectors (Fig. 2). The qualitative palaeoclimate reconstruction is based on
the floristic assemblages, while the quantitative data is based on the methodologies
such as Coexistence Approach (CA) (Utescher et al. 2014) and CLAMP (climate leaf
analysis multivariate program) Analysis (Spicer et al. 2020).

The CA is based on the Nearest Living Relative (NLR) approach and can be
applied to any fossil assemblage which includes leaves, fruits, wood, seeds and
pollen (Utescher et al. 2014). The CA relies on the fact that the plant fossils have
close affinity with their modern analogs and use the same climatic requirements of
their NLRs to reconstruct the past climate. The CA is robust in the reconstruction of
Neogene and Quaternary climates where in majority of the cases no significant
change in climatic requirements of any taxon is expected (MacGinitie 1941; Hickey
1977; Chaloner and Creber 1990; Mosbrugger 1999; Utescher et al. 2014). The CA
can robustly reconstruct seven climate variables such as MAT (mean annual tem-
perature), CMMT (cold month mean temperature), WMMT (warm month mean
temperature), MAP (mean annual precipitation), MPwet (mean precipitation during
the wettest season), MPdry (mean precipitation during the driest season) and
MPwarm (mean precipitation during the warm season). In contrast to the CA, the
CLAMP analysis trusts on the relationship between leaf morphological traits and
their prevailing climatic conditions. The CLAMP utilises morphological/physiog-
nomy traits of the woody dicot leaves for paleoclimate reconstruction, which are
ecologically specialised to adapt in all the seasons to perform maximum photosyn-
thesis with minimum loss of water in the from transpiration (Givnish 1984). The
CLAMP can reconstruct climate up to 100 Ma and their results have been validated
by the oxygen isotopes (Spicer et al. 2003, 2020). It can robustly reconstruct MAT,
CMMT, WMT, LGS (length of the growing season), GSP (growing season precip-
itation)), MMGSP (mean monthly growing season precipitation), 3-WET

Fig. 4 (continued) Prasad (8) Pongamia kathgodamensis Prasad (9) Sabia eopaniculata Prasad (All
scale bars are of 1 cm, unless specified)
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Fig. 5 Representative fossil taxa from the Upper Siwalik sediments. (1) Ebenoxylon siwalicus
Prakash (2) Polyalthioxylon arunachalensis Srivastava, Mehrotra & Srikarni (3) Calophyllum
cuddalorense Lakhanpal & Awasthi (4) Kayeoxylon assamicum Chowdhary & Tandon (5) Bauhinia
nepalensis Awasthi & Prasad (6) Breynia prerhamnoides Awasthi & Prasad (7) Diospyros miokaki
Hu & Chang (All scale bars are of 1 cm, unless specified)

(precipitation during the three wettest months), 3-DRY (precipitation during the
three driest months), RH (relative humidity), SH (specific humidity), Enthalpy,
minTempW_1 (minimum temperature of the warmest month), maxTempC_1 (max-
imum temperature of the coldest month), VPD.ann (mean annual vapour pressure
deficit), VPD.Sum (mean summer vapour pressure deficit), VPD.Win (mean winter
vapour pressure deficit), VPD.Spr (mean spring vapour pressure deficit), VPD.Aut
(mean autumn vapour pressure deficit), annual PET (potential evapotranspiration),
PETWarm_1 (mean month PET of the warmest quarter), PETCold_1 (mean monthly
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PET of the coldest quarter), growing DO_div1000 (growing degree days above 0 °C)
and growing D5 x 1072 (growing degree days above 5 °C) (Spicer et al. 2020;
Bhatia et al. 2021).

The CA has been used for the reconstruction of Lower and Middle Siwalik
climate of Surai Khola, Nepal (Srivastava et al. 2018c) and Upper Siwalik climate
of Arunachal Pradesh, India (Srivastava et al. 2021), while CLAMP has been used
for the reconstruction of Lower and Middle Siwalik of Darjeeling and Arunachal
Pradesh of India, and Surai Khola of Nepal and Bhutan (Khan et al. 2014a, b, 2019;
Bhatia et al. 2021). The Lower and Middle Siwalik climate reconstruction of Surai
Khola using CA indicates a MAT of 23.2 + 2 °C and 26.5 £ 0.5 °C, CMMT of
22.45 +1.85°Cand 24.5 £ 0.2 °C, WMMT of 27.8 4+ 0.3 °C and 27.25 4+ 0.55 °C,
MAP 2308.5 & 560.5 mm and 2871.5 & 279.5 mm, MPwet of 314 + 0.5 mm and
277 £ 52 mm, MPdry of 90.5 + 44.5 mm and 33.5 + 25.5 mm, MPwarm of
174.5 £ 46.5 mm and 213.5 £ 7.5 mm, respectively (Table 1) (Srivastava et al.
2018c). The CLAMP analysis on the Lower and Middle Siwalik sediments of Surai
Khola section indicates a MAT of 22.2 + 2.3 °C and 24.7 £ 2.3 °C, CMMT of
147 £ 3.5°C and 19 £ 3.5 °C, WMMT of 28.3 + 3 °C and 28.5 £ 3 °C, GSP of
2130 + 640 mm and 2320 4+ 640 mm, 3-WET of 1050 + 400 mm and
1210 £ 400 mm, 3-DRY of 160 + 98 mm and 170 4+ 98 mm, SH of
123 £ 1.7 g/kg and 15 £ 1.7 g/kg, and Enthalpy of 3430 + 80 kJ/kg and
3550 £ 80 kJ/kg, respectively (Table 1) (Bhatia et al. 2021).

The CLAMP analysis has been used to reconstruct the climate of Lower, Middle
and Upper Siwalik of Arunachal Pradesh (Khan et al. 2014a, b). The Lower, Middle
and Upper Siwalik climate indicates a MAT of 25.3 + 2.8 °C, 23.6 &+ 2.8 °C and
254 + 2.8 °C, CMMT of 21.3 £ 4 °C, 169 £ 4 °C and 20.8 £+ 4 °C, WMMT of
27.8 +£ 34 °C, 28.1 &+ 3.4 °C and 28 + 3.4 °C, MAP of 1741.3 4+ 916.2 mm,
1981.2 £ 916.2 mm and 1898.6 + 916.2 mm, MPwet of 961.5 £+ 528 mm,
994.1 £ 528 mm and 10164 + 528 mm, MPdry of 734 £ 115 mm,
137.8 £ 115 mm and 89.7 &+ 115 mm, SH of 14.9 &+ 2.1 g/kg, 14 £ 2.1 g/kg and
149 + 2.1 g/kg, and Enthalpy of 355.8 4+ 10.3 kl/kg, 351.3 + 10.3 kJ/kg and
356.1 £ 10.3 kJ/kg, respectively (Table 1). Moreover, the CA supports the above
data and indicates a warm climate with plenty of rainfall during the deposition of the
Upper Siwalik sediments of Arunachal Pradesh (Srivastava et al. 2021) (Table 1).

4 Discussion

4.1 Changing Pattern in the Siwalik Flora

The NLRs of the plant megafossils from the Siwalik sediments indicate the existence
of tropical forest all along the HFB. The majority of taxa in these forests were
evergreen, such as Aglaia, Albizia, Anisoptera, Bauhinia, Calophyllum, Cassia,
Cinnamomum, Cynometra, Dialium, Diospyros, Dipterocarpus, Dracontomelum,
Duabanga, Dysoxylum, Gluta, Hopea, Koompassia, Litsea, Mallotus, Mangifera,
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Ormosia, Phoebe, Polyalthia, Pongamia, Shorea, Sindora, Sterculia, Swintonia and
Syzygium, etc. Some of these evergreen taxa such as Anisoptera, Dipterocarpus,
Gluta, Hopea, Koompassia, Sindora, and Swintonia are important constituent of
evergreen forests of Southeast Asia. It is interesting to note that megafloral assem-
blage from the Siwalik bears predominantly angiosperms followed by pteridophytes.
There is only one gymnosperm genus Pinus with poorly preserved winged seed from
the Lower Siwalik of Arunachal Pradesh (Khan and Bera 2017). However, palyno-
logical assemblages represent a sizable number of gymnosperms such as Abies Mill.,
Cedrus Trew, Picea Mill., Pinus L., Podocarpus L'Hér ex Pers., and Tsuga, along
with several temperate angiosperms like Alnus Mill., Betula L., Carya Nutt. and
Juglans L., etc. (Banerjee 1968; Lukose 1968; Nandi 1972, 1975; Mathur 1974;
Saxena and Singh 1980, 1982a, b; Singh and Saxena 1980, 1981; Saxena et al. 1984;
Singh and Sarkar 1984; Saxena and Bhattacharyya 1987) indicating that since the
middle Miocene Himalaya attained a height which supported the growth of
sub-tropical to temperate taxa.

A complete and uninterrupted sequence of Lower, Middle and basal part of the
Upper Siwalik is exposed in Surai Khola of Nepal. The plant megafossils reported
from there indicates a gradual change in the floristic composition that is linked to
changing climatic conditions (Awasthi and Prasad 1990; Srivastava et al. 2018c).
The Lower Siwalik (~13—-11 Ma) megafossil assemblages dominantly represent wet
evergreen taxa over the moist deciduous ones, along with the littoral and swampy
taxa (Awasthi and Prasad 1990; Srivastava et al. 2018c). However, the Middle
Siwalik (9.5-6.8 Ma) floristic assemblage shows a significant increase in moist
deciduous taxa over the evergreen ones, with the complete absence of littoral and
swampy taxa. The NLRs of Surai Khola assemblage suggest that the flora of Middle
Siwalik was more diverse than that of the Lower Siwalik (Fig. 3) (Awasthi and
Prasad 1990; Srivastava et al. 2018c).

4.2 Changing Pattern in the Siwalik Climate
and the Establishment of Modern Monsoon

The CA and CLAMP have been used for the quantitative reconstruction of the
palaeoclimate of Lower, Middle and Upper Siwalik of eastern and central Himalayan
regions (Khan et al. 2014a; Srivastava et al. 2018c, 2021; Bhatia et al. 2021). The
reconstructed climate data of both the regions indicates that the Siwalik sediments
were deposited in a warm (tropical to sub-tropical) climate having plenty of rainfall
(Table 1). The seasonality in temperature was less pronounced (Table 1). Further
observations on the reconstructed data reveals that there was a decreasing trend in
CMMT in the eastern Himalaya in contrast to the central Himalaya where an
increasing trend existed (Table 1). Moreover, the MAP in both the regions showed
an increasing trend from the Lower to Upper Siwalik. As far as the rainfall season-
ality is concerned, it was present throughout the Siwalik in both eastern and central
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Himalaya (Table 1). Both CA and CLAMP analysis indicates that a prominent wet
summer and dry winter was present there.

In general, the monsoon can be defined as the seasonal reversal of surface wind,
often associated with a prominent rainy summer and dry winter season (Webster
1987; Wang et al. 2017). A ratio of summer monsoon season (June—September/
JJAS) rainfall and winter dry season (December—February/DJF) rainfall greater than
5:1 suggests a monsoon type of climate (Lau and Yang 1997; Zhang and Wang
2008) and has often been used in the estimation of deep time monsoon (Srivastava
et al. 2012, 2018a, b; Khan et al. 2014a; Shukla et al. 2014; Ding et al. 2017). The
reconstructed climate data from both the methodologies reveals that this ratio is
greater than five in both eastern and central Siwalik regions (Table 1). This suggests
that the Siwalik vegetation had enjoyed a monsoonal type of climate having a
characteristic wet summer and dry winter season.

The prediction of monsoonal climate based on the ratio of wet summer and dry
winter seasons does not always provide the exact picture about the monsoonal
climate (Bhatia et al. 2021) as the areas having equable rainfall throughout the
year can give low ratio of wet summer and dry winter seasons, despite having
monsoonal type of climate (Khan et al. 2014a). To avoid such ambiguity in the
estimation of monsoonal climate leaf physiognomy plays an important role in
decoding the deep time monsoonal climate (Yang et al. 2015; Spicer et al. 2016,
2017). The leaves of woody dicot plants are directly exposed to their prevailing
climate and are thus strategically tuned to perform maximum photosynthesis with
minimum loss from the transpiration, respiration and structural investments. There-
fore, these dicot leaves have structural adaptation in monsoonal and non-monsoonal
climates. The CLAMP has ability to decode these adaptations in modern and fossil
dicot leaves (Yang et al. 2015; Spicer et al. 2016, 2017). Recently, Bhatia et al.
(2021) have used CLAMP methodology to decode the monsoonal behaviour of
Lower and Middle Siwalik leaves unearthed from Surai Khola of Nepal. They have
suggested that fossil leaves recovered from the Bankas (Lower Siwalik) and Chor
Khola (Middle Siwalik) formations of Surai Khola have similar adaptations as seen
in the modern vegetation sites mainly influenced by the SAM (Fig. 6). This suggests
that modern SAM or something very similar to that, was already well established
during the late middle Miocene (~13-11 Ma). The climate modelling studies have
suggested that high topography of Himalaya and Tibetan Plateau had major influ-
ence in shaping the modern (Boos and Kuang 2010; Zhang et al. 2018) and ancient
(Farnsworth et al. 2019) AMS. Acosta and Huber (2020) have also suggested the
role of Asian orography in shaping the modern AMS. In Asia, Spicer et al. (2016,
2017) on the basis of fossil leaf morphology have suggested the prevalence of [-Am
during the Paleogene in the absence or low elevation of Asian orography. The
aforesaid discussion indicates that characteristic modern AMS was mainly shaped
by the high orography in Asia.
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Fig. 6 (1-3) Canonical correspondence analysis plots showing the relationship between leaf
physiognomy displayed by modern and fossil forests in the physiognomic space according to
their corresponding climates. Study sites are clumped into Asian monsoons (light pink, dark pink
and purple shading indicating Asian monsoons and blue shading representing North American
monsoon (after Bhatia et al. 2021)
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Early Paleogene Megaflora M)
of the Palaeoequatorial Climate: A Case s
Study from the Gurha Lignite Mine

of Rajasthan, Western India

Kajal Chandra, Anumeha Shukla, and R. C. Mehrotra

Abstract The early Paleogene was a crucial time for the diversification of the
Indian flora, as palacogeographically the Indian subcontinent was situated near the
equator (~10°N), and was moving northwards towards Eurasia. In this chapter we
mainly focus on the Gurha lignite mine as it is very rich in plant remains. It is
situated ~47 km WSW of Bikaner in western Rajasthan. The plant fossils of this
mine are late Paleocene-early Eocene in age and show similarities with the evergreen
taxa largely constituents of tropical wet evergreen forests of the Western Ghats
(south India) and experience a high annual precipitation. Further, the presence of
legumes and a few drier elements is indicative of monsoon driven seasonality in and
around Bikaner. In contrast, at present the fossil locality falls in the Thar Desert and
experiences a harsh arid climate.

Keywords Plant megafossils - Climate change - Thar Desert - Bikaner - Late
Paleocene-early Eocene

1 Introduction

The longest voyage of the Indian subcontinent started when it separated from the
Gondwanaland around 140 Ma and finally from Madagascar ~90 Ma ago (Chatterjee
and Scotese 1999). Coinciding with its changing latitudinal position, the Indian
subcontinent had gone through several climatic fluctuations that affected its biota
since the Cretaceous (Morley 2003). The Indian subcontinent entered the tropical
climate zone in the Late Cretaceous that changed its core vital elements and finally
paved the way for the establishment of existing vegetation. Nowadays the Indian
subcontinent consists of diverse biomes existing in the different climatic scenarios.
In the Paleogene, the earth witnessed the warm greenhouse climate, marked by the
close interaction between global climate and biological evolution. During this time
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frame, the Indian subcontinent was positioned near the equator, experiencing the
warm and humid climate, which supported the luxurious growth of tropical elements
eventually establishing a lush evergreen forest. Any spatial and temporal change in
climatic parameters is tend to affect the distribution, structure and ecology of any
forest and if the climate change is severe or abrupt, the plant species will be unable to
adapt itself and will become locally extinct (Parmesan and Yohe 2003; Sykes 2009).
A picture-perfect model for the effects of climate change on the plant communities
can be seen by studying the plant fossils assemblage of Cenozoic age. Cenozoic
plant relicts that were once widespread across the entire Indian subcontinent, have
migrated and are now restricted to some parts of the Western Ghats as refugia having
suitable conditions for their growth. Fossil floral analysis and correlations between
leaf physiognomic traits and climate are widely used to estimate palaeoclimate and
serve as effective proxies to understand the response of plants to climatic change
provided the requirements of their Nearest Living Relatives (NLRs) are known. Our
attempt in this study provides a useful concept on regional climatic influence on
plants in view of climatic forcing prior to their deposition and burial in sediments of
Gurha lignite mine.

The early Paleogene was a crucial time for the diversification of the Indian flora,
as palaeogeographically the Indian subcontinent was situated near the equator
(~10°N), and was moving northwards towards Eurasia (Molnar and Stock 2009).
The Paleogene was also a time of profound reorganization in the biosphere, follow-
ing the important Cretaceous-Paleocene (K-P) catastrophic extinction characterised
by global warmth (Zachos et al. 2001, 2003; Eberle and Greenwood 2012) preceded
by the Paleocene—Eocene Thermal Maximum or PETM. A more persistent early
Eocene ‘climatic optimum’, that lasted for several million years until around 52 Ma
(Zachos et al. 2001, 2008; Lowenstein and Demicco 2006; Kroeger et al. 2011) with
a significant impact on the environmental evolution of terrestrial taxa, is followed by
a gradual cooling. The paleobotanical investigations dealing with paleoclimatic and
paleobiogeographic implications of the plant based proxies i.e. plant megafossils
(leaves, woods, seeds etc.) have been carried out and reviewed by many researchers
(Shukla and Mehrotra 2013; Mehrotra et al. 2014; Srivastava et al. 2014; Shukla and
Mehrotra 2018).

With this background, here in this chapter we mainly focus on:

What is the importance plant megafossils recovered from early of Paleogene Gurha
lignite mine in context with paleoclimate the Indian subcontinent?

2 Study Site

Authors have been making a huge collection of fossil leaves, flowers and fruits from
the Gurha lignite mine of Rajasthan for the past many years. It is an open cast mine
located (27°52/26" N; 72°52'20” E; Fig. 1) in western Rajasthan, ~47 km WSW of
Bikaner. The lignite of this mine belongs to the Palana Formation (Paleogene) which
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Fig. 1 (a) Shuttle Radar Topographic Mission (SRTM) digital elevation model (DEM) of Rajas-
than (red star showing the location of Gurha lignite mine (fossil locality)). (b) Field photograph
showing exposed sedimentary section from where plant fossils have been collected (indicated by
arrows)

is exposed near Kolayat and Nagaur and according to Khosla (1971) and Pareek
(1984) this formation is of the Paleocene age. Based on palynomorph assemblage
and fish fossils, the Paleocene age for this formation has also been advised by
Kulshreshtha et al. (1989) and Kumar et al. (2005). Although an early Eocene age
was proposed for the Gurha lignite mine based on its palynoassemblage and its
comparison with that of Vastan lignite mine (Shukla et al. 2014), yet the Paleocene
age seems more suitable for this formation because of the overlying Marh/Kolayat
Formation which is considered to be late Paleocene-early Eocene on the basis of
planktonic foraminifers (Singh 1971Kalia and Sharma 1985) and lower vertebrates
which are quite similar to those from the early-middle Eocene (~47 My BP) Subathu
Formation of northwest Outer Himalaya (Jolly and Loyal 1985; Kumar and Loyal
1987). Detailed palynological studies being carried out on various lignite mines from
Bikaner and Barmer areas also support an older age (Prasad et al. 2020). Sedimen-
tologically, this mine is characterized by the association of grey clay, silty clay, sand,
lignite and volcanic ash. The sedimentary succession has been studied and described
in detail by Shukla et al. (2014) (Fig. 2). The plant fossils were collected from light to
dark, banded clays overlying the lignite beds. Fossil leaves, flowers and legume
fruits were found in abundance at ~70-72 m level from bottom to top (Shukla et al.
2014). Most of the exposed section of this mine represents the deposition under
lacustrine system including small fluvial channels, ponds, fluvial plains, swamps and
abandoned channels. The fossil leaf flora was preserved in horizontally laminated/
poorly laminated fine grained clays/silts (Fig. 2). The sedimentation of this mine
begins with a significant influx of volcanic ash that is now altered to clay. The lignite
deposits are more or less uniform containing abundant amber and charcoal particles
which are dispersed throughout (Shukla et al. 2014).
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Fig. 2 Generalised litholog of the Gurha lignite mine (after Shukla et al. 2014) showing different
stratigraphic levels
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3 Early Paleogene Biodiversity of the Gurha Mine

The Paleocene-Eocene position of the Indian subcontinent favoured luxuriant
growth of the tropical evergreen elements. The Gurha lignite mine is known for its
remarkable plant fossil assemblage, including both mega and micro fossils (Shukla
and Mehrotra 2018). From this mine, Kumar et al. (2016) have described taxonom-
ically highly diverse angiosperm pollen signifying a rich near-coastal tropical
environment under a strong seasonal precipitation regime (Shukla et al. 2014). The
abundant and diverse terrestrial palynoflora from this mine includes fresh water
algae (Botryococcus braunii, Debarya and Spirogyra, etc.), pteridophytes and
angiosperms belonging to Arecaceae, Gunneraceae, Bombacaceae, Thymelaeaceae,
Calophyllaceae, Proteaceae, and Acanthaceae (Kumar et al. 2016).

Plant megafossil assemblage from the Gurha lignite mine of western India
includes leaves and fruits, and has been summarised in Table 1 and shown in
Figs. 3 and 4. Fossil leaves resembling Aporosa acuminata Thw. (Phyllanthaceae)
(Shukla et al. 2016), Uvaria zeylanica L. (Annonaceae) (Shukla and Mehrotra
2014), Syzygium sp., (Myrtaceae), Gardenia sp. (Rubiaceae), Pterygota alata
(Roxb.) R. Br. (Malvaceae) and Holigarna grahamii (Anacardiaceae) (Shukla
et al. 2018) and a monocot leaf resembling Dioscorea pubera Blume
(Dioscoreaceae) (Shukla and Mehrotra 2014) are described from this mine. Apart
from these fossil leaves, a few fossil fruits i.e. Cajanus crassus (King) Maesen,
Saraca asoca (Roxb.) Wilde (Fabaceae) (Shukla and Mehrotra 2016) and Mallotus
(Shukla and Mehrotra 2019) have also been reported from this mine.

4 Paleoclimate Versus Modern Climate of the Study Site

The biogeographical distribution and plant species richness are supposed to be
correlated with the climatic conditions of the region. Due to the tectonic movement
from the south of equator to the north and its collision with Eurasia, the Indian plate
experienced a drastic change in the climatic conditions. The plant fossils provide
direct evidence of the past life. The studies have shown that the evolution and
diversification of tropical rainforests took place somewhere during the Late Creta-
ceous and/or early Paleogene time and were significantly influenced by the plate
tectonics (Givnish and Renner 2004). The conventional approach to Cenozoic
paleobotany and analysis of the climatic implications of floristic change is based
on an assumption of relative stability of the taxon-climate relationship. For the
reconstruction of paleoclimate, the nearest living relative (NLR) approach is being
used since 1953 (MacGinitie 1953), and in this approach the fossil flora is matched
to the climatic conditions of an area containing a large number of NLRs as the
climatic tolerances of the NLRs is assumed to mirror their relics in the earlier
geological time. Most of the fossils mentioned in Table 1 show the similarities
with the evergreen taxa largely constituents of tropical wet evergreen forests of the
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Table 1 List of megafossils recovered from the Gurha lignite mine, Bikaner, Rajasthan

Sr. Nearest living

no. | Name of the fossil taxa | relatives (NLRs) Habitat Biogeography of NLRs

1. Uvaria palaeozeylanica | Uvaria zeylanica Tropical Endemic to South India
Shukla and Mehrotra L. (Annonaceae) rainforest and Sri Lanka
(2014) (leaf)

2. Aporosa ecocenicus Aporosa Tropical ever- | Endemic to the West-
Shukla et al. (2016) acuminata green forest ern Ghats
(leaf) Thwaites

(Phyllanthaceae)

3. Leguminocarpon Cajanus crassus Tropical semi- | Northeast India, Cen-
cajanoides Shukla and (King) Maesen arid forest tral India
Mehrotra (2016) (fruit) | (Fabaceae)

4. Leguminocarpon Saraca asoca Tropical Native to India
saracoides Shukla and (Roxb.) Wilde rainforest
Mehrotra (2016) (fruit) | (Fabaceae)

5. Gardenia eocenicus Gardenia Deciduous Throughout India
Shukla et al. (2018) gummifera forest
(leaf) L.f. (Rubiaceae)

6. Holigarna Holigarna Wet evergreen | Endemic to the West-
palaeograhamii Shukla | grahamii (Wight) forest ern Ghats
et al. (2018) (leaf) Kurz

(Anacardiaceae)

7. Pterygota eocenica Pterygota alata Evergreen and | Northeast India (partic-
Shukla et al. (2018) (Roxb.) R.Br. semi- ularly Assam) and the
(leaf) (Malvaceae) evergreen Western Ghats

forests

8. Syzygium gurhaensis Syzygium cumini Evergreen Throughout India
Shukla et al. (2018) L. (Myrtaceae) forest
(leaf)

9. Dioscorea eocenicus Dioscorea pubera | Evergreen and | India, Myanmar,
Mehrotra and Shukla Blume moist decidu- | Thailand and China
(2019) (leaf) (Dioscoreaceae) ous forests

10. | Mallotocarpon Mallotus Deciduous Sumatra to East

gurhaensis Shukla and
Mehrotra (2019) (fruit)

mollissimus
(Geiseler) airy
Shaw
(Euphorbiaceae)

and evergreen
forests

Australia and West
Pacific (Solomon
islands).

Western Ghats (south India) and other parts of the Indian subcontinent and experi-
ence a high annual precipitation (Fig. 5). The climatic preferences of nearest living
relatives (NLRs) witnessed increased atmospheric temperatures during the late
Paleocene-early Eocene. During the early Paleogene, the Indian subcontinent was
located near the equator ~10°N (Chatterjee and Scotese 1999) which provided the
conducive environment for the luxuriant growth of tropical evergreen elements. As
shown in Fig. 5, most of the NLRs of the recovered fossils are biogeographically
located in the humid climatic zone and experience high precipitation regime. In
contrast, at present the fossil locality falls in the Thar Desert (Singh and Kumar
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Fig. 3 Showing fossils of the Gurha lignite mine. (a) Dioscoreaeocenicus Mehrotra and Shukla.
(b) Legumino carponsaracoides Shukla and Mehrotra. (¢) Legumino carponcajanoides Shukla and
Mehrotra. (d) Malloto carpongurhaensis Shukla and Mehrotra. (e) Uvaria palaeozeylanica Shukla
and Mebhrotra. (f) Syzygium gurhaensis Shukla et al. (g) Gardenia eocenicus Shukla et al.
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Fig. 4 Showing fossils of the Gurha lignite mine. (a) Holigarna palaeograhamii Shukla et al. (b)
Pterygota eocenica Shukla et al. (¢) Aporosa ecocenicus Shukla et al.

2015) and experiences a harsh arid climate with a mean annual rainfall of ~310 mm.
This shows that the fossil locality has witnessed a drastic change in climate since the
Cenozoic. Among the described fossils, a few NLRs i.e., Aporosa acuminata,
Gardenia gummifera, Holigarna grahamii, and Syzygium cumini are found in
evergreen forests of the Western Ghats (Fig. 5) and require high precipitation and
humid conditions for flourishing. This indicates similar climatic scenario in Rajas-
than during the early Paleogene was similar to western Ghats.

Further, the presence of legumes and a few drier elements is indicative of
monsoon driven seasonality in and around the area. Plant fossil based palaco—
temperature reconstructions by Shukla et al. (2014) estimated mean annual temper-
atures (MATSs) of 24.7 and 23.9 + 2.82 °C, for two different horizons in the Gurha
mine. The warm month mean temperatures (WMMTs) are 28.2 and 27.9 4 3.39 °C,
and the cold month mean temperatures (CMMTs) are 19 and 18.2 £ 4 °C. Shukla
et al. (2014) have also found that the reconstructed palaeco-temperatures are unex-
pectedly cooler for an equatorial region. Similar kinds of unforeseen results were
observed from a higher palaco—latitude (30°N) locality (Keating-Bitonti et al. 2011).

The collision of the Indian plate with Eurasia around ~55 Ma had a great impact
on the evolution of South Asian Monsoon (SAM) (Spicer 2017) that played an
important role in the development of Asian biodiversity. It is assumed that the SAM
originated at ~25-22 Ma (Myers et al. 2000; Licht et al. 2014; Spicer et al. 2017),
however, the record of an earlier monsoon (e.g. Eocene; 55-34 Ma ago) that has a
great significance for understanding the past global changes is still controversial,
debated and wanting. It is evident that while the Indian subcontinent traversed the
equator, it was exposed to ITCZ-driven seasonality with no sign of orographically
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Fig. 5 Shuttle Radar Topographic Mission (SRTM) image showing present biogeographic distri-
bution of NLRs of described fossils from the Gurha lignite mine, Rajasthan

modified monsoon circulation. The palaeoenvironmental reconstructions based on
the Gurha fossil assemblage do not show any evidence of an ever-wet climatic
condition (Shukla et al. 2014) and suggest the existence of tropical evergreen
vegetation with marked seasonality. The Gurha lignite mine of western India
shows stratigraphic record of plant macro- and microfossils which firmly correlate
to the global late Paleocene-early Eocene warming. Plant fossil data from this region
may have certain limits in correlating the global PETM events. So, there is a need for
more studies regarding the evolution and intensification of monsoon and develop-
ment of vegetation in the early Paleogene for a better picture of SAM during the
period.
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Development of Cenogram Technique Over M)
the Past Six Decades with Some Insights into
the Varied Habitats Occupied by Diverse
Mammalian Communities Across Spain,

China, and India Transiting the Middle
Miocene Climatic Optimum

Vivesh V. Kapur (), Blanca A. Garcia Yelo, and M. G. Thakkar

Abstract The climatic evolution of the Neogene, with long-term cooling disrupted
by the Middle Miocene Climatic Optimum (MMCO; ~17-14.75 Ma), arises as a
suitable baseline to analyze the effects of these transcendent climatic changes on the
mammalian community structures. The present investigation is an attempt to exam-
ine the palacohabitat of a Neogene (Middle Miocene: ~15-11.5 Ma) geographically
distant (i.e., from Spain, China, and India) extinct mammalian communities utilizing
the cenogram approach (in both qualitative and quantitative framework). The
detailed statistical analyses (presented herein) incorporating a total of eight mam-
malian communities allows us to infer predominance of Tropical Deciduous Forest
environments between ~15 and ~11.5 Ma interval, with several pulses of distinctive
aridity experienced by some communities thriving within the Iberian region. On the
contrary, stable forested conditions were witnessed by the middle Miocene commu-
nities of Asia [i.e., the ~11.5 million-year-old mammalian community of Laogou
(China), and the ~13.5 million-year-old mammalian community of Ramnagar (north
India)]. Our present investigation also infers that additional mammalian remains
(particularly of body mass of <35 kg) are warranted to decipher the habitat (based on
cenogram approach) of the Middle Miocene (~13 Ma) mammalian community of
Kalagarh (Himalayan Foreland Basin, north India) and the Middle Miocene
(~14 Ma) mammalian community of Palasava (Kutch Basin, western India).
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Nonetheless, the Cenogram technique (being continuously developed over the past
six decades) may become an important tool to decipher any habitat change(s) of
western India’s mammalian communities considering renewed palaeontological
efforts within the Neogene of the region.

Keywords Cenogram analysis - Neogene - Mammals - Palacoenvironment -
Palaeohabitat

1 Introduction

The extended Cenozoic cooling was interrupted by warm Middle Miocene Climatic
Optimum (MMCO) ~17 to 14.75 Ma (Zachos et al. 2001, 2008; Methner et al. 2020
and references therein). Consequently, the planet witnessed global scale ecological
changes in the geographic expansion of grassland ecosystems across many conti-
nents during the Miocene Epoch. Further, the fossil mammal data suggest domina-
tion (over browsers) of grazing mammals dwelling in grassland ecosystems due to
adaption to the C3 diet during the late Miocene (Domingo et al. 2013). However, still
unclear are the causal links between climate and ecosystem changes (Flower and
Kennett 1994; Zachos et al. 2001, 2008; You et al. 2009; Domingo et al. 2013;
Holbourn et al. 2015; Harris et al. 2020). Habitat reconstructions employing changes
in the community structure of geographically distant deep-time mammalian com-
munities due to changes in the environment provide useful palaeontological infer-
ences. The cenogram technique was introduced in the late half of the twentieth
century (Valverde 1964) and subsequently developed to include both qualitative and
quantitative analysis to potentially characterize the habitat of deep time mammalian
communities (Valverde 1967; Legendre 1986, 1987, 1989; Gingerich 1989; Garcia
Yelo et al. 2014 and references therein; also refer to Sect. 2). Published literature
records numerous Neogene (Miocene) mammalian communities within India, par-
ticularly from the Himalayan Foreland Basin (north India) and the Kutch Basin
(western India) (Sahni and Mishra 1975; Sehgal and Patnaik 2012; Sehgal 2013;
Kapur et al. 2019 and references therein). However, the cenogram technique (in both
a qualitative and a quantitative framework) has not been utilized to characterize the
habitat of the previously cited Neogene (Miocene) mammalian communities of
India. Fortunately, well-characterized are the habitats of the Neogene (Miocene)
mammalian communities of the Iberian region (Spain) and Laogou (Linxia Basin,
China) based on the cenogram approach (Garcia Yelo et al. 2014; Kapur et al. 2020).
Thus, it provides some basis to characterize extinct mammalian communities’
habitats across distant geographic areas (i.e., Spain, China and India) spanning the
Middle Miocene Climatic Optimum (MMCO) that we attempt in the present study,
utilizing the cenogram approach.
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2 A Brief Account of the Development of Cenogram
Technique Over the Past Six Decades

Biotic (fossil flora and fauna) and abiotic proxies (e.g. geochemical) are quite well-
known to provide pieces of evidence for past life and developing an understanding of
the surrounding habitat. In a similar context, cenogram technique has also been
utilized and developed over the past six decades to reconstruct deep-time terrestrial
habitats. In general, the application of cenogram technique entails three
pre-requisites: (a) it is exclusively utilized for terrestrial extant or extinct mammalian
communities, (b) considers mammalian palacocommunities restricted in time-frame,
and (c) estimation of mammalian body weight for an individual taxon to be utilized
in the cenogram analysis. However, varied methods have been used to estimate
extinct terrestrial mammals’ body weights. These include the dental area of the first
lower molar (Gingerich et al. 1982; Legendre 1986); mid-shaft cross-section dimen-
sion(s) (Anderson et al. 1985), distal and proximal limb bone dimensions (Gingerich
1990; Andersson 2004; Christiansen 2004), craniodental measurements (Myers
2001; Mendoza et al. 2006), and anklebone dimensions (Dagosto and Terranova
1992; Martinez and Sudre 1995). In general, (a) owing to excellent preservation,
(b) potential for recovery, (c) being taxonomically diagnostic in many mammalian
groups, and (d) showing a strong correlation between occlusal surface dimensions
and body weights, the first lower molar (m1) in mammals is favoured in estimating
body weights (Kay 1975; Creighton 1980; Gingerich et al. 1982; Legendre 1989;
Legendre and Roth 1988; Damuth and MacFadden 1990; Bown et al. 1994; Egi et al.
2004; Millien and Bovy 2010; Kapur et al. 2020).

Ecologist Jose Valverde proposed the term ‘Cenogram’ for the line obtained
when species in a mammalian community are arranged by size (Valverde 1964).
Thus, a cenogram plot was initially a graphical display of the body-size distribution
of mammalian communities, produced by plotting rank-ordered taxa versus head-
body length to analyze the trophic interactions between predators and prey (Valverde
1964, 1967). Subsequently, cenograms were modified by plotting rank-ordered taxa
versus bodyweight to analyze modern and extinct (late Eocene and Oligocene)
terrestrial mammalian assemblages of Africa and Europe by establishing relation-
ships between cenogram structure and the characteristics of the environment (Legen-
dre 1986, 1987, 1989). Although cenograms at this stage were visualized
qualitatively; however, the initial methodology formed the basis for the future
development of cenograms, mainly considering the gap between the small/
medium-sized and large-sized mammals within a community. Qualitative visualiza-
tion also suggested that a large number of small-sized mammals in a community
hinted at the prevalence of a closed habitat (Legendre 1986, 1987, 1989). Later,
Gingerich (1989) utilized cenogram technique to study the palaeoecology of the
earliest Wasatchian mammalian fauna from northwest Wyoming and established a
relationship between the canopy of the environment and the difference (offset)
between the regression lines for the medium to large-sized and small-sized mammal
species. Salient features of Gingerich’s observations on the quantitative visualization
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of the cenogram plots include (a) each species differs from the next larger or smaller
species by a nearly constant proportion, (b) any gap in the uniform distribution,
when they occur, are always at about 500 g “Kay’s threshold” and at ~250 kg, and
(c) extant mammals are naturally divided into three broad size categories, i.e., Small
(<500 g), Medium (>500 g and <250 kg) and Large (>250 kg). Further, Gingerich
(1989) supported that present-day body size scaling patterns in ecology were found
to be operating in deep-time considering that Kay’s Threshold (500 g break/gap) can
be traced, in primates, from the Eocene to the present (refer Fleagle 1978). Since the
past decade or more, studies incorporating cenogram technique have widely utilized
12 cenogram variables to describe the terrestrial mammalian community structure
and have additionally considered 100 modern mammalian communities across the
globe for biome characterization (Gémez Cano et al. 2006; Garcia Yelo et al. 2014;
Kapur et al. 2020; this study). Interestingly, cenogram methodology is shown to be
relevant even for the assemblages with a random species loss of >60-70% (Gémez
Cano et al. 2006). Although few studies have argued against the correlation of
cenogram patterns to palacoclimate and/or temperature (Rodriguez 1999; Croft
2001; Nieto and Rodriguez 2003), over the years cenogram technique has proved
useful for identifying the preferred biomes of mammalian communities with the
general consensus on the inferences on palaecoenvironments particularly within the
tropical realms (Alroy 2000; Nieto and Rodriguez 2003; Travouillon and Legendre
2009; Travouillon et al. 2009; Garcia Yelo et al. 2014; Kapur et al. 2020). For
instance, utilizing the cenogram technique Gingerich (1989) suggested that the early
Eocene (Wasatchian: Wa(0) mammal fauna of Polecat Bench, North America,
sustained in a moist forested environment. Cenogram analysis on the middle Eocene
Pondaung mammals of Myanmar indicated that the terrestrial community inhabited a
forest/woodland with a prevalence of humid/sub-humid conditions (Tsubamoto et al.
2005). Costeur (2005) argued favouring tropical to subtropical humid forest-
savanna-like mosaic habitat for the late Miocene Rudabdnya community from
Hungary. The predominance of semiarid environments with pulses of higher aridity
was inferred based on cenogram technique on the middle Miocene assemblages from
the Madrid Basin (Garcia Yelo et al. 2014). Very recently, Kapur et al. (2020)
utilized the cenogram analysis on the early Eocene Cambay Shale mammalian fauna
of India known to dwell in humid tropical forests. Kapur et al. (2020) explained the
unanticipated (i.e., tropical desert habitat) inference based on the cenogram approach
due to the hidden diversity [i.e., lack of mammals within the logarithmic body
weight (g) ranges 3-3.99 to 6-6.99 (1000-10,000,000 g)] in the early Eocene
Cambay Shale mammals. It should also be noted that no cenogram analysis has
involved fossil Neogene mammals from India. Thus, as a first attempt, we herein
utilize the cenogram technique to examine the palaeohabitat of taxonomically
diverse extinct mammal communities that thrived in distant geographic areas (i.e.,
north and western India) during the Miocene.
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3 Methodology

Initially, the individual mammalian species’ body weight was estimated using the
occlusal dimensions (mean size of all specimens in a single species) of the ml,
utilizing Legendre’s regression parameters (Legendre 1989). Besides, we also incor-
porated the bodyweight estimations following some previous studies (Flynn et al.
1995; Bernor and Fessaha 2000; Barry et al. 2002; Liu 2003; DeSilva et al. 2010;
Gohlich 2010; Sehgal 2013; Aiglsstorfer et al. 2014; Parmar et al. 2018; Larramendi
2016; Grabowski and Jungers 2017; Gilbert et al. 2017, 2020; Guzmén 2018; Becker
and Tissier 2019). All the cenogram structures were plotted by depicting the natural
log (In) of body weight (g) on the y-axis and the rank-ordered taxa (in decreasing
size) on the abscissa (x-axis). The ecological, faunal data from 100 modern localities
uniformly distributed all around the world, and of known biome (Herndndez
Fernandez et al. 2006 and references therein; Fig. 1) was established as a compar-
ative framework for palaeoenvironmental inference based on multivariate discrim-
inant analysis of the dataset containing both modern and fossil mammals.
Additionally, in a separate analysis, the different geographic distributions of the
continents were taken into account, considering the extinct communities’ latitudinal
position during Miocene. The mammalian community structure of both modern and
fossil fauna was described through 12 cenogram variables (Table 2 in Kapur et al.
2020). The detailed methodology followed herein is also provided in Garcia Yelo
et al. (2014) and Kapur et al. (2020).

km 0 1000 2000

m oo 000 2000
1 n nm mn n v v v il X
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Fig. 1 Geographic distribution of one hundred modern mammalian communities utilized in the
biogeographic analysis
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4 Results (Cenogram Analysis)

Cenogram analysis of a total of eight Neogene (middle Miocene: ~15 to 11.5 Ma;
Fig. 2) extinct mammalian communities from Spain, China and India are resumed as
Fig. 3. These include six extinct middle-Miocene communities of the Madrid Basin,
Spain [Estacion Imperial (EI); Paseo de las Acacias (PA); Arroyo del Olivar-Puente
de Vallecas (AO-PV); Somo-saguas (Som.); Paracuellos 5 (P5); Paracuellos 3 (P3)],
one from the Linxia Basin, China [Laogou (Lao.)] and one from Himalayan Foreland
Basin, India [Ramnagar (Ram.)] (Figs. 2 and 3). The recently recorded middle
Miocene (~14 Ma) mammalian community of Palasava, Kutch Basin, India
(Kapur et al. 2019) and the well-known middle Miocene (~13.5 Ma) extinct mam-
malian community of Kalagarh (Pauri Garhwal, Uttarakhand, India) (Sehgal 2013)
were excluded from the cenogram analysis as the majority of the faunas from these
two localities were formed by large or mega prey (i.e., body masses > 35 kg) and
low (null) representation of small-sized mammals in the community. Consequently,
several of the cenogram variables were absent (Table 1), preventing a cenogram
analysis. Further, discriminant analyses of the above-mentioned eight mammalian
communities show a low biome discriminant capability at the global scale (56.7% of
correctly classified localities, respectively). However, the results were significantly
improved when the fossil communities’ geographical situation was considered

© Lao.
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o P3
@ Ram.
O P5

Q Som.
© AO-PV

Aragonian

Middle

QO PA
Q El

Fig. 2 Map of the globe showing the geographic locations of the Neogene (Middle Miocene) fossil
mammalian communities of Spain, China, and India utilized in the cenogram analysis presented
herein and their chronostratigraphic position within the Miocene Epoch. Note: For further geo-
graphic details on the Spanish Miocene localities refer to Fig. 1 in Kapur et al. (2020)



Development of Cenogram Technique Over the Past Six Decades with. . . 39

14+ A
+ A
- . = e % A
LR L] LY %
] [ ]
* % ° ] ] + » =\
10+ L + &
o A
_—
c =] (5]
= 8 ¢ % "
,g " ¢ ® ] % &
w
2 61 @ @ o o} B = A
o 2 EX3
Cg feot lo)} @ E% 'T‘J‘_-_—‘ B3 %g %
4 , 2 P T
W (e» % } s
o} @ =} &% Y
] w o o o B
0 T T T T T T 1
0 25 50 75 100 125 150 175
Species Rank
2 By
Estacion Imperial N[ Paseo Acacias 'A. Olivar - P. Vallecas Somosaguas  \
* large prey ® large prey ® large prey ® Llarge prey
% Medium prey © Medium prey @ Medium prey @ Medium prey
\ & Smallprey  J\ O Smallprey ) O Small prey O Smallprey |
(* Paracuellos 5 [ Ramnagar R\ Paracuellos 3 Laogou
W Llarge prey & large prey R Large prey A Llarge prey
8 Medium prey g Medium prey 8 Medium prey & Medium prey
0O Small prey ar  Small prey £3 Small prey & Small prey
\ J

Fig. 3 Cenograms of the eight Neogene (Middle Miocene) fossil mammalian communities utilized
in the present analysis

(Table 2). According to the discriminant analyses, all predicted biomes detected are
arid and warm (Tropical Desert and Tropical Deciduous Forest) (Table 2).

5 Discussion

Again, it is noteworthy that the present investigation, utilizing the cenogram
approach (in both qualitative and quantitative framework), is a first attempt to
reconstruct the palacohabitat of an extinct Neogene (Miocene) community of
India. Body size community structures of the Aragonian mammalian communities
present in the Madrid Basin allow inferring a predominance of Tropical Deciduous
Forest environments between 15 and 10 Ma, with several pulses of distinctive aridity
throughout the whole sequence. In contrast, stable forested conditions are detected
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for the Asian localities. According to previous studies (Garcia Yelo et al. 2014),
in the Madrid Basin, arid conditions dominated the landscapes at the beginning of
the sequence. A change towards a more humid and forested condition was developed
in the middle of the sequence. Finally, arid conditions and grass-dominated habitats
returned to central Iberia, associated with the Global Cooling Event of the middle
Miocene (coinciding with the final stage of the sequence). Finally, at the end of the
sequence (Paracuellos 3), the landscape returned to a more covered and humid
scenario. Our results (considering biogeography) also reiterate tropically forested
(tropical deciduous forest) habitat for the middle Miocene mammalian community of
Laogou (Linxia Basin, China) (also refer to Kapur et al. 2020). The cenogram
analysis and additional discriminant analysis (considering the biogeography) of the
Middle Miocene Ramnagar mammalian community also suggest a prevalence of
tropical deciduous forested habitat. Thus, taking into account the time-slices covered
in the present investigation (i.e., from ~15 to 11.5 Ma), the Asian contemporaneous
communities of Laogou (Linxia Basin, China) and Ramnagar (Himalayan Foreland
Basin, north India) predicting a Tropical Deciduous Forest, reflect more humid
conditions at the end of the sequence. Our results based on the Cenogram approach
for the Indian mammalian community (i.e., Ramnagar mammals thriving in tropical
deciduous forests) support previous studies that argue in favour of the establishment
of seasonality (in terms of the development of Monsoon System) during the early
Neogene (Retallack et al. 2018 and references therein). A similar habitat (tropical
deciduous forest) was most likely sustained by the middle Miocene (~14 Ma) extinct
mammalian community of Palasava (Kutch Basin, western India) considering the
overall assemblage of mammals and associated floral evidence (Kapur et al. 2019
and references therein); however, cenogram analysis (in both qualitative and quan-
titative framework) is not possible at this stage for the Palasava mammalian com-
munity due to lack of small-sized mammals (i.e., lack of <35 kg mammalian body
mass estimations based on m1).

Interestingly, the Neogene (Miocene: ~18 to 8 Ma) interval of the Kutch and its
adjoining regions has gained renewed attention in recent times owing to the record of
mammalian communities from numerous locales, namely Pipar and Fetehgarh
(~18 Ma); Palasava, Junagia, Samda, and Jangadia (~16 to 14 Ma); Tapar and
Pasuda (~11 Ma) and Piram Islands within the Gulf of Cambay (~8 Ma) (Prasad
1974; Sahni and Mishra 1975; Patnaik et al. 2014; Ferreira et al. 2018; Bhandari
etal. 2018; Kapur et al. 2019; Singh et al. 2020). Thus, providing researchers with an
opportunity to study any change(s) in these mammalian communities’ habitat across
the Neogene interval of India’s western part linked to any climatic fluctuation
(s) such as Monsoon variability. The cenogram technique can prove to be a useful
tool in this context; however, we should await recovery of additional mammalian
remains from the Neogene of Kachchh region, western India. Nonetheless, our
present analysis provides baseline data and valuable insights into the varied habitats
occupied by diverse mammalian communities across distant geographic areas
(Spain, China and India) that transited the MMCO interval.



Development of Cenogram Technique Over the Past Six Decades with. . . 43
6 Conclusions

(a) The present investigation is a first attempt to examine the palaeohabitat of a
Neogene (Miocene) mammalian community from India utilizing the cenogram
approach (in both qualitatively and quantitatively framework).

(b) The present study suggests that additional mammalian remains (particularly of
body mass of <35 kg) are warranted to decipher the habitat (based on cenogram
approach) of the Middle Miocene (~13 Ma) mammalian community of Kalagarh
(Himalayan Foreland Basin, north India) and the Middle Miocene (~14 Ma)
mammalian community of Palasava (Kutch Basin, western India).

(c) The detailed statistical analysis (presented herein) incorporating a total of eight
geographically distant Neogene mammalian communities allow to infer pre-
dominance of Tropical Deciduous Forest environments between ~15 and
~11.5 Ma, with several pulses of distinctive aridity experienced by some com-
munities thriving within the Iberian region. In contrast, stable forested conditions
were witnessed by the Middle Miocene (~11.5 Ma), Laogou (China) and Middle
Miocene (~13.5 Ma), Ramnagar (north India) mammalian communities.

(d) Moreover, the Cenogram technique (being continuously developed over the past
six decades) can become instrumental in deciphering any habitat change(s) of the
mammalian communities of western India considering renewed palaeontological
efforts in the Neogene of the region.
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Palynofloral Diversity During Mid-Miocene M)
Warming in Kerala Basin, South-Western %@
India: Palaeoclimatic Implications

Yogesh Pal Singh, Poonam Verma, and Abha Singh

Abstract The sedimentary successions of Kerala Basin are one of the rare onshore
opportunity to study Neogene palaeoclimate of southwest India. Among the climate
events of the Neogene, MMCO (Mid-Miocene Climate Optimum) that occurred around
~17-15 Ma is considered to be the most recent extreme global warming episode. The
global warming during MMCO, created annual surface temperature ~3—4 °C higher
than the present, is equivalent to the warming predicted for the next century. Later to
this event, the earth’s climate showed a gradual cooling with the increasing global ice
volumes at the poles, giving rise to modern world. Assessment of such warming events
particularly in the lower latitudes is perplexing. Palynological study is one of the most
useful technique to reconstruct marginal marine and terrestrial climate change as
climate directly governs the vegetation types in any given area. In the Kerala Basin
Neogene sequence consists of Quilon and Warkalli Formation within Malabar Super
Group. The present palynological study has been done on sediment samples from
Quilon Formation exposed at Padappakara section near Ashtamudi Kayal in Kollam
district, Kerala. The assemblage consists of diverse and well-preserved terrestrial as
well as marine palynological components. The preliminary data of dinoflagellate cysts
along with mangrove and back-mangrove taxa mainly of Arecaceae family suggest that
deposition took place in mangrove-dominated, fluctuating lagoon in marginal marine
environment. Dominance of pollen belonging to typical rain forest families such as
Ctenolophonaceae (Retistephanocolpites and Ctenolophonidites), Dipterocarpaceae
(Dipterocarpuspollenites), Bombacaceae (Lakiapollis, Dermatobrevicolporites and
Tricolporopollis) and Oleaceae (Retitrescolpites) indicate warm and humid climate
and receiving heavy rainfall throughout the year, unlike the present climate which is
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characterized by heavy precipitation in summer months and 3—7 dry months in winter
season. Interestingly, a megathermal family, Ctenolophonaceae now extinct in India
was present in high diversity during extreme humid Miocene period. Overall palyno-
logical data from studied succession has provided evidence of dense tropical
megathermal rain forest vegetation flourished under warmer and wetter climate with
low seasonality around Middle Miocene warming in south-western tropical region of
India.

Keywords Palynology - Mid-Miocene warming - Palacoclimate - Quilon
formation - Kerala - India

1 Introduction

The extant endemic flora in South-Western Ghats, Kerala is known as ‘biodiversity
hotspot’ in tropical region (Myers et al. 2000). The region exhibits rich floral
diversity with more than 8000 taxa of flowering plants (Nayar et al. 2014). The
distribution of flora, species richness and endemicity pattern in the region is dis-
tinctly controlled by temperature and rainfall gradients prevailing across south-north
and west-east directions of the Ghats (Pascal 1982; Gimaret-Carpentier et al. 2003).
Pollen based studies explains that it is biological legacy of Cenozoic flora that
survived as ‘refugia’ through the cool Quaternary glacial periods (Prasad et al.
2009; Farooqui et al. 2010). Several studies focusing on palynofloral based
palaeovegetation of the region reveal the tropical vegetation of Paleogene-Neogene
times was different from the composition of modern vegetation type (Prasad et al.
2009). However, due to unavailability of precise dating of majority of studied
sedimentary successions cannot be discussed in term of vegetational and
palaeoclimatic evolution.

The Neogene sedimentary successions of Kerala Basin provide such opportunity
to study palaeovegetational succession during Miocene period. Among these, the
sedimentary successions of Quilon Formation exposed at type section in Kollam
district has been considered to be of late Early Miocene age on the basis of fossil
content and biostratigraphic correlation (Dey 1961; Verma 1977; Reuter et al. 2011).
The Quilon Formation corresponds to a global warming event known as Mid
Miocene Climate Optimum (MMCO) at 17-15 Ma (Zachos et al. 2001). It was the
time when earth experienced average increase of ~3—4 °C in global annual surface
temperature as compare to present. Interestingly, it is equivalent to the rise in
temperature predicted for next century (You et al. 2009; You 2010). In the present
study we present late Early Miocene pollen flora from the mixed siliciclastic-
carbonate Quilon Formation. Since the general geographical position and bathym-
etry is similar when compare to late Early Miocene, the palynoflora from the studied
succession can be considered as direct proxy for comprehension of palaecovegetation
and palaeoclimate prevailing at the onset of the Middle Miocene Climate Optimum
(MMCO).
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2 Geological Setting and Stratigraphy

Kerala Basin is the southern sub-basin of the pericratonic Konkan-Kerala Basin on
the western Indian passive continental margin. It is separated from the northerly
Konkan Basin by the Tellicherry Arch basement high and bordered by steep
escarpments of up to 2695 m high Western Ghats in the east. To the West, the
basin continues into deep-waters to the Chagos-Laccadive Ridge. The Cenozoic
sedimentary succession in the onshore part of the Kerala Basin is dominated by
siliciclastic sediments with interbedded lignite seams. Elevation and denudation of
the Western Ghats was the source for siliciclastics (Campanile et al. 2008) in the
basin.

Firstly, King (1882) and Foote (1883) divided the Cenozoic rocks of the Quilon-
Varkala area into Quilon beds, consisting of limestone and calcareous clays,
Warkalli beds comprising sandstone and clays with lignites. Bore hole data of
CGWB (Soman 2013) suggests three units: Warkalli Formation—consists of varie-
gated clays, carbonaceous clays, sands and seams of peaty lignite; Quilon
Formation—characterized by fossiliferous limestone and intercalations of calcare-
ous clays (Poulose and Narayanaswamy 1968); subsurface Vaikom Formation—
consist of gravel, coarse sand and carbonaceous clays with thin seams of lignite
(Raghav Rao 1976), resting un-conformably over the Archean crystalline complex
(Figs. 1 and 2). The Lower-Middle Miocene mixed siliciclastic-carbonate Quilon
Formation extends between Edava in the south and Alappuzha in the north
(Narayanan et al. 2007). However due to intense weathering and erosion the
exposures are very patchy.

3 Material and Methods

For the present study systematic sampling was done from around 5 m thick sedi-
mentary succession exposed at the type section of Quilon Formation (N 8°58'36.6":
E 76°38'08.4") along the banks of Ashtamudi Kayal at Padappakara village, district
Kollam (Fig. 1). Total nine samples were collected from the basal 1.5 m succession
consisting of fossiliferous limestone and carbonaceous shale with well-preserved
foraminifera test and bivalve shells. Starting from the base, five samples were taken
from 60 cm thick sandy shale and two samples each from overlying 40 cm thick
carbonaceous shale and 50 cm thick limestone (Fig. 1).

For the recovery of palynomorphs, the samples were processed as per the
standard procedure of maceration techniques (Traverse 2007). Twenty-five grams
of each sample was crushed and was initially treated with 10% HCI and 40% HF for
removal of carbonate and silicate minerals respectively. Thereafter, the samples were
rinsed thoroughly with distilled water and treated with 40% HNOj; for oxidation and
recovery of spores-pollen. The residue was then treated with 5% KOH and washed
repeatedly in distilled water to completely remove the alkali and was finally sieved
through a 15 pm mesh sieve. The final residue, separated through gravity separation
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Fig. 1 (a) Geological map of Kerala (after Soman 2013); (b) Field photograph, (¢) Lithocolumn of
sampled type section of Quilon Formation, Kollam district, Kerala, India

method, was mixed with polyvinyl alcohol, spread evenly on the coverslips and
dried. Permanent slides were prepared by using Canada balsam as mounting media.
Photomicrography of palynomorphs was carried out using a Nikon Eclipse 90i
microscope with a Canon digital camera under normal transmitted light and DIC.
Out of nine samples, seven (PKS-1 to 7) were found palynologically productive. The
significant specimens are illustrated in Fig. 3. The England Finder coordinates
(EF) of each palynomorph on the respective slides are given in the figure caption.
All the slides are deposited in the repository of the Birbal Sahni Institute of
Palaeosciences, Lucknow, with statement number-1555 (BSIP Slide number-
16742 to 16758).

4 Results and Interpretations

Palynoflora recovered from seven productive samples (PKS-1 to 7) collected from
Type section of Quilon Formation exposed at Padappakara near Ashtamudi kayal in
Kollam district have yielded variety of pteridophytic spores, angiosperm pollen,
dinoflagellate cysts, algal and fungal remains. Highly diverse pteridophytic spores
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Fig. 2 Lithostratigraphic classification of Kerala Basin, India (After Poulose and Narayanaswamy
1968)

and angiosperm pollen assemblage consists of around 43 genera and 55 species.
Qualitative and quantitative estimates reveal that the assemblage is dominated by
angiosperm pollen followed by pteridophytic spores. The palynomorphs have affin-
ities with 25 extant families and subfamilies: Polypodiaceae, Dicksoniaceae,
Matoniaceae, Schizaeaceae, Lycopodiaceae, Cyatheaceae, Gleicheniaceae,
Ophioglossaceae, Anacardiaceae, Annonaceae, Arecaceae, Bombacaceae,
Ctenolophonaceae, Dipterocarpaceae, Euphorbiaceae (Crotonoideae), Liliaceae,
Lythraceae (Sonneratioideae), Meliaceae, Myricaceae, Onagraceae, Oleaceae,
Fabaceae  (Cesalpinoideae = and  Ceridoideae), Proteaceae, Sapotaceae,
Thymelaeaceae. The botanical affinities of the palynotaxa and comparable families
are given in Table 1. Of these, 7 families are restricted to tropical climate, 9 families
pertain to tropical-subtropical, rest families are cosmopolitan (Table 1).

The palynological assemblage is dominated by angiospermous pollen grains
(65%) followed by pteridophytic spores (25%), dinoflagellate cysts (8%) and fungal
and algal remains (2%). Amongst the pteridophytes, the spores of the families
Polypodiaceae (Polypodiisporites spp.), Schizaeaceae (Lygodiumsporites spp.) and
Osmundaceae (Todisporites sp.) are the most dominant families, prefer moist and
shady habitat with perennial water in close vicinity. Ferns belonging to the families
Cyatheaceae (Cyathidites) and Lycopodiaceae (Lycopodiumsporites) generally
make understory of modern thick tropical rain forests (Rao 1995). Among the
dinoflagellate cysts several species of Cleistosphaeridium, Hystrichokolpoma,
Polysphaeridium, Spiniferites, Homotryblium, Pentadinium have been recorded.
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Fig. 3 Significant palynomorphs recovered from the samples of Quilon Formation, Kerala Basin,
India. The morphotype names are followed by BSIP Slide number and the England Finder
(EF) Coordinates (scale on all photographs is of 10 pm). (1) Biretisporites sp., BSIP Slide
no. 16742, EF E40. (2) Crassoretitriletes vanraadshooveni, BSIP Slide no. 16743, EF K47.
(3) Monolites sp., BSIP Slide no. 16744, EF F49/2. (4) Polypodiisporites ratmamii, BSIP Slide
no. 16745, EF El18/1. (5) Cheilanthoidospora monoleta, BSIP Slide no. 16746, EF H45/2.
(6) Clavaperiporites jacobii, BSIP Slide no. 16746, EF H40/3. (7) Spinizonocolpites sp., BSIP
Slide no. 16747, EF O18/2. (8) Spinizonocolpites echinatus, BSIP Slide no. 16748, EF D28/1.
(9) Quilonipollenites sp., BSIP Slide no. 16746, EF M45. (10) Quilonipollenites sahnii, BSIP Slide
no. 16749, EF H36/2. (11) Proteacidites triangulus, BSIP Slide no. 16750, EF V44,
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Amongst the angiosperms, morphospecies having modern affinity with the family
Bombacaceae (Lakiapollis, Tricolporopollis, Tricolporocollumellites,
Dermatobrevicolporites), Ctenolophonaceae (Ctenolophonidites and
Retistephanocolporites) and Dipterocarpaceae (Dipterocarpuspollenites) and sub-
family Caesalpinioideae (Margocolporites) are most diverse and dominant. Pollen
grains showing affinity with the family Arecaceae represented by several
morphogenera of Spinizonocolpites, Monocolpopollenites and Quilonipollenites,
Neocouperipollis are present throughout the succession.

Abundantly recorded Lakiapollis ovatus and Dermatobrevicolporites dermatus
show close affinities with the extant Durio-type pollen particularly Durioconicus
Beccari and to Durio graveolens Wyath-Smith, respectively of the subfamily
Bombacaceae (Thanikaimoni et al. 1984; Venkatachala et al. 1989; Mandal 2005).
Tricolporopollis spp. are considered to be extinct members of the same tribe
Durioneae (Mandal 2005). Highly diversified Bombacaceous pollen grains are
recorded in present deposit. However, the tribe Duroneae is presently restricted to
Southeast Asian islands with only two species of the genus Cullenia present in India
(Mabberley 1997; Bose et al. 1998).

The species of Spinizonocolpites are nearest living relative of modern brackish
water Palm Nypa (Arecaceae) (Muller 1968). The genus Nypa is presently
represented by one living species (N. fruticans) which is restricted to a narrow
tropical area of Southeast Asia, including Indian mangroves of Sundarbans and
Andaman Islands. The diverse palm pollen in the present assemblage indicates
presence of dense tropical rainforest under warm and humid climate (Greenwood
and Wing 1995; Morley 2000, 2003) fringed by mangroves in the region.

The several morphospecies of family Ctenolophonaceae described under the
generic name Ctenolophonidites and Retistephanocolpites are abundantly recovered
from Quilon sediments. However, the family is now extinct from Indian subconti-
nent. Presently, it occurs as mono-generic family restricted in riverine forest of West
African tropics mainly in Nigeria, Congo, Angola and Zaire and lowland primary
forest and peat swamps in Malesian islands (Kubitzki 2014). Another morphogenus
Margocolporites belonging to subfamily Caesalpinioideae are represented by

<
«

Fig. 3 (continued) (12) Albertpollenites retibaculatus, BSIP Slide no. 16749, EF E27/2.
(13) Margocolporites tsukadae, BSIP Slide no. 16751, EF F32. (14) Margocolporites sitholeyi,
BSIP Slide no. 16750, EF 41. (15) Retitrescolpites megareticulatus, BSIP Slide no. 16752, EF K39.
(16, 19) Dermatobrevitricolporites dermatus, BSIP Slide no. 16753, EF M27/3, BSIP Slide
no. 16755, EF N26. (17) Trisyncolpites ramanujamii, BSIP Slide no. 16754, EF N27/3.
(18)  Sapotaceoidaepollenites  keralaensis, BSIP  Slide no. 16751, EF L35/1.
(20)  Dermatobrevicolporites  exaltus, ~ BSIP  Slide  no. 16756, EF  W48/4.
(21) Dipterocarpuspollenites retipilatus, BSIP Slide no. 16757, EF O44/4. (22) Lakiapollis ovatus,
BSIP Slide no. 16745, EF M22. (23) Tricolporopollis matanomadhensis, BSIP Slide no. 16750, EF
Q40/2. (24) Tribrevicolporites duttae, BSIP Slide no. 16758, EF N13/3. (25) Ctenolophonidites
keralensis, BSIP Slide no. 16745, EF K48/1. (26) Ctenolophonidites saadii, BSIP Slide no. 16752,
EF U44/2. (27) Ctenolophonidites costatus, BSIP Slide no. 16750, EF V46/1.
(28) Retistephanocolpites williamsii, BSIP Slide no. 16750, EF H39/4
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Table 1 List of palynotaxa recovered from sediments of Quilon Formation, Kerala Basin, India,

and extant ecological distribution of families

Palynotaxa

Family

Ecological
distribution

Cyathidites australis (Couper 1953)

Cyatheaceae

Tropical-sub
tropical

Lygodiumsporites lakiensis (Sah and Kar 1969)

Schizaeaceae

Tropical-sub
tropical

Lygodiumsporites padappakkarensis (Rao and
Ramanujam 1978)

Schizaeoisporites multistriatus (Rao and
Ramanujam 1978)

Crassoretitriletes vanraadshoovenii (Germeraad
1968)

Dictyophyllidites granulatus (Saxena 1978)

Dicksoniaceae

Biretisporites convexus (Sah and Kar 1969)

Matoniaceae

Verrucosisporites dakshinensis (Rao and
Ramanujam 1978)

Lycopodiaceae

Tropical-sub
tropical

Gleicheniidites senonicus (Ross 1949)

Gleicheniaceae

Foveosporites miocenicus (Ramanujam 1972)

Ophioglossaceae

Todisporites sp.

Osmundaceae

Tropical to tem-
perate,
cosmopolitan

Cingulatisporites sinuatus (Rao and Ramanujam
1978)

Unidentified

Laevigatosporites ovatus (Wilson and Webster
1946)

Polypodiaceae

Tropical-sub
tropical

Polypodiisporites miocenicus (Rao and
Ramanujam 1976)

Polypodiisporonites ornatus (Sah) (Saxena and
Trivedi 2009)

Polypodiisporites perverrucatus (Couper) (Khan
and Martin 1971)

Polypodiisporites ratnamii (Ramanujam) (Rao
and Ramanujam 1978)

Polypodiisporites usmensis (Germeraad) (Khan
and Martin 1971)

Polypodiisporites verrucosus (Sah and Kar)
(Singh et al. 1985)

Monolites sp.

Quilonipollenites sahnii (Rao and Ramanujam
1978)
Quilonipollenites sp.

Arecaceae

Tropical-sub
tropical

Monocolpopollenites kutchensis (Venkatachala
and Kar)(Saxena and Trivedi 2009)

Spinizonocolpites echinatus (Muller 1968)

Margocolporites sitholeyi (Ramanujam 1966)

Fabaceae

Tropical-sub
tropical

(continued)
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Table 1 (continued)
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Palynotaxa

Family

Ecological
distribution

Margocolporites tsukadae (Ramanujam 1966),
Margocolporites sahnii (Ramanujam 1966)

Lakiapollis ovatus (Venkatachala and Kar 1969)

Bombacaceae

Tropical-sub
tropical

Dermatobrevicolporites dermatus (Sah and Kar)
(Kar 1985)

Dermatobrevicolporites alleppeyensis (Rao

1996)

Dermatobrevicolporites exaltus (Kar 1985)

Tricolporocolumellites pilatus (Kar 1985)

Tricolporopollis matanomadhensis
(Venkatachala and Kar) (Tripathi and Singh
1992)

Tricolporopollis decorus (Dutta and Sah 1970)

Tribrevicolporites duttae (Rao and Rajendran
1996)

Tribrevicolporites sarkarii (Rao and Rajendran
1996)

Crotonoidaepollenites euphorbioides (Rao and
Ramanujam 1983)

Euphorbiaceae
(Crotonoideae)

Tropical to tem-
perate,
cosmopolitan

Crotonisulcites grandis (Rao and Ramanujam
1978)

Verrutriporites annulatus (Kar and Jain 1981)

Lythraceae
(Sonneratioideae)

Dipterocarpuspollenites retipilatus (Kar and
Jain 1981) (Kar 1992)

Dipterocarpaceae

Tropical-sub
tropical

Albertipollenites retibaculatus (Saxena)
(Mandal and Rao 2001)

Albertipollenites robustus (Sah and Kar)
(Mandal and Rao 2001)

Ctenolophonidites costatus (von Hoeken
Klinkenberg 1966)

Ctenolophonidites keralensis (Ramanujam and
Rao 1971)

Ctenolophonidites saadi (Ramanujam and Rao
1971)

Ctenolophonaceae

Tropical

Retistephanocolpites williamsi (Germeraad
1968)

Meliapollis quadrangularis (Ramanujam) (Sah
and Kar 1969)

Meliaceae

Tropical

Triorites quilonensis (Rao and Nair 1998)

Onagraceae

Myricipites singhii (Rao 1995)

Myricaceae

Tropical to Tem-
perate,
Cosmopolitan

(continued)
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Ecological

Palynotaxa Family distribution

Retitrescolpites megareticulatus (Mathur) Oleaceae Tropical to tem-

(Mandal and Rao 2001) perate,
cosmopolitan

Trisyncolpites ramanujamii (Kar 1979) Fabaceae Tropical-sub

(Cesalpinoideae) tropical

Striacolporites ovatus (Sah and Kar 1969) Fabaceae (Ceridoideae)

Proteacidites triangulus (Kar and Jain 1981) Proteaceae Tropical

Liliacidites sp. Liliaceae Tropical

Matanomadhiasulcites kutchensis (Saxena) (Kar | Annonaceae Tropical-sub

1985) tropical

Sapotaceoidaepollenites keralaensis (Rao and Sapotaceae Tropical

Ramanujam 1983)

Clavaperiporites jacobii (Ramanujam 1966) Thymelaeaceae Tropical to tem-
perate,
cosmopolitan

Foveotricolporites sp. Unidentified

Cheilanthoidspora monoleta (Sah and Kar 1972)

Cheilanthoidspora mioceneca (Kar and Jain

1981)

several species (Table.1). M. sahnii show close resemblance with extant pollen of
Agrostistachys meeboldii that is endemic plant of Western Ghats, generally occur in
low elevation of wet evergreen forest (Prasad et al. 2009).

The palynological assemblage contained the major families that are characteristic
of today’s rain forest of the region, however, the dominance of components of
megathermal families such as Bombacaeae, Ctenolophonaceae, Dipterocarpacae
and Arecaceae are noteworthy. It reveals that tropical rainforest of Kerala in Early
Miocene times were dominated by many megathermal plant families that indicates
intense warmer and wetter climate condition in comparison to today’s climate of
Kerala Basin.

5 Discussion

The Miocene Period is considered to be period of “making of the modern world”
(Potter and Szatmari 2009). The major uplift of modern mountain chains, the
initiation of bipolar glaciations, the origin of modern ocean currents, the aridification
of the continental interiors, the reduction in atmospheric CO, levels and the overall
cooling trend of the global climate occurred in Miocene time (Zachos et al. 2008;
Potter and Szatmari 2009; Beerling and Royer 2011). The late Miocene is also
important from the perspective of environmental changes, such as the expansion of
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open landscapes and the spread of C4 grasses (Quade et al. 1989), the aridification of
the continental interior and the intensification of the Asian monsoon climate (Quade
et al. 1989; Molnar et al. 1993; Xing et al. 2012). The palacovegetational changes
under Asian monsoon system during the late Miocene has been reconstructed mainly
from Siwaliks (Quade et al. 1989; Sanyal et al. 2004, 2005a, b, 2010), Northeast
India (Khan et al. 2014) and China (Wang 1994; Xu et al. 2008; Xia et al. 2009;
Jacques et al. 201 1a, b; Xing et al. 2012) by using micro- and mega-floras and stable
isotopes. However, other part of Indian subcontinent remains poorly explored.
Present study have been done to analyse palynological data from the Kerala basin
which have provided insights into palaeofloral changes occurred around Middle
Miocene warming in tropical region.

The Quilon beds have an important position in Indian stratigraphy. The succes-
sion represents the evidence of marine transgression along the south-west coast of
India during Miocene, similar to the marine deposits along northwestern and western
parts of the Indian subcontinent (Verma 1977). Ostracods and palynological studies
suggested depositional environment of these sediments ranges from marginal
marine, brackish lagoon as well as brackish and freshwater swamps (Rao and
Ramanujam 1975; Rao 1995). The open marine shelf shallower than 20 m depth
with coral reef had also been inferred during deposition of the Quilon Formation
(Menon 1967a, b; Raha and Sinha-Roy 1982; Narayanan et al. 2007). Recently,
facies and faunal assemblage from the same formation suggested sea grass environ-
ments developed during marine transgression into marginal marine lagoons and
swamps in the region (Reuter et al. 2011).

Palynological studies of the Cenozoic sediments of the Kerala basin had been
carried by many workers such as Rao and Vimal (1953), Potonie and Sah (1958),
Ramanujam (1977, 1987), Rao and Ramanujam (1975, 1978, 1982), Kar and Jain
(1981), Raha et al. (1987), Rajendran et al. (1989), Rao (1990, 1995, 1996), Rao and
Rajendran (1996) and Rao and Nair (1998). These studies also provided floristically
diverse palynological assemblages consist of fungal remains, pteridophytic spores
and angiospermous pollen from Quilon and Warkalli successions. The pollen of
Schizaeaceae, Parkeriaceae, Osmundaceae, Adiantaceae, Polypodiaceae,
Caesalpiniaceae, Clusiaceae, Ctenolophonaceae, Oleaceae and Rubiaceae families
together with the tropical rain forest elements (Ctenolophonaceae, Oleaceae,
Proteaceae and Moraceae) indicate high rainfall. It was also suggested that since
Miocene time the climate pattern of Kerala region have not much changed
(Ramanujam 1987). The palynoflora assemblage from present study suggests
humid and tropical climate with plenty of rainfall throughout the year. The domi-
nance of megathermal families in palynological assemblage indicates enhanced
warming and precipitation in region around mid-Miocene times.
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6 Conclusions

e A rich and diverse palynological assemblage consisting of algal and fungal
remains, dinoflagellate cysts, pteridophytic spores, angiosperm pollen recovered
from the sediment samples Quilon Formation, Kerala.

* The recovered assemblage belongs to 25 extant families of pteridophyte and
angiosperm and is dominated by megathermal families such as Bombacaceae,
Ctenolophonaceae, Dipterocarpaceae and Oleaceae along with mangrove and
back-mangrove taxa mainly of Arecaceae family.

e Opverall, the palynological assemblage of Quilon Formation indicates a warmer
and more humid climate in Kerala during late Early Miocene (Burdigalian) time
period.

* The deposition took place in mangrove-dominated, fluctuating lagoon in mar-
ginal marine environment surrounded by megathermal tropical rainforest.

Acknowledgments The authors would like to thank the Director, Birbal Sahni Institute of
Palaeosciences (BSIP) for providing infrastructural facilities, and Research Development
Co-ordination Cell (RDCC/78/2020-21), BSIP, Lucknow for necessary permission. The authors
also acknowledge financial support from Department of Science and Technology (DST-SERB),
New Delhi (Project no. EMR/2016/005983).

References

Beerling DJ, Royer DL (2011) Convergent cenozoic CO; history. Nat Geosci 4:418-420

Bose TK, Das P, Maiti GG (1998) Tress of the world. Bhubaneshwar, Regional Plant Resource
Centre

Campanile D, Nambiar CG, Bishop P, Widdowson M, Brown R (2008) Sedimentation record in the
Konkan-Kerala Basin: implications for the evolution of the Western Ghats and the Western
Indian passive margin. Basin Res 20:3-22

Dey AK (1961) The Miocene Mollusca from Quilon, Kerala (India). Mem Geol Surv India 36:1-
129

Farooqui A, Ray JG, Farooqui SA, Tiwari RK, Khan ZA (2010) Tropical rainforest vegetation,
climate and sea level during the Pleistocene in Kerala, India. Quat Int 213(1-2):2-11

Foote RB (1883) On the geology of South Travancore. Records Geol Surv India 16:20-35

Gimaret-Carpentier C, Dray S, Pascal JP (2003) Broad-scale biodiversity pattern of the endemic
tree flora of the Western Ghats (India) using canonical correlation analysis of herbarium records.
Ecography 26:429-444

Greenwood DR, Wing SL (1995) Eocene continental climates and latitudinal temperature gradients.
Geology 23(11):1044-1048

Jacques FMB, Su T, Spicer RA, Xing YW, Huang YJ, Wang WM, Zhou ZK (2011a) Leaf
physiognomy and climates: are monsoon systems different? Glob Planet Chang 76:56-62

Jacques FMB, Guo SX, Su T, Xing YW, Huang YJ, Liu YS, Ferguson DK, Zhou ZK (2011b)
Quantitative reconstruction of the late Miocene monsoon climates of Southwest China: a case
study of the Lincang flora from Yunnan Province. Palacogeogr Palaeoclimatol Palaeoecol
304(3—4):318-327



Palynofloral Diversity During Mid-Miocene Warming in Kerala Basin,. . . 59

Kar RK, Jain KP (1981) Palynology of the Neogene sediments around Quilon and Varkala, Kerala
coast, South India-2. Spores and pollen grains. Palaecobotanist 27(2):113-131

Khan MA, Spicer RA, Bera S, Ghosh R, Yang J, Spicer TEV, Guo S, Su T, Jacques FMB, Grote PJ
(2014) Miocene to Pleistocene floras and climate of the eastern Himalayan Siwaliks, and new
palaeoelevation estimates for the Namling-Oiyug Basin, Tibet. Global Planet Chang 113:1-10

King W (1882) General sketch of the geology of Travancore state. The Warkalli beds and associated
deposits at Quilon in Travancore. Records Geol Surv India 15:93-102

Kubitzki K (ed) (2014) Flowering plants. Eudicots. The families and genera of vascular plants 11.
Springer, Berlin

Mabberley DJ (1997) The plant-book. Cambridge University Press, Cambridge, p 680

Mandal J (2005) Bombacaceae pollen from the Indian tertiary sediments and its bearing on
evolution and migration. Rev Palaeobot Palynol 133(3—4):277-293

Menon KK (1967a) The lithology and sequence of the Quilon beds. Proc Indian Acad Sci 65:20-25

Menon KK (1967b) Origin of diagenetic pyrite in the Quilon limestone, Kerala, India. Nature 213:
1219-1220

Molnar P, England P, Martinod J (1993) Mantle dynamics, uplift of the Tibetan plateau, and the
Indian monsoon. Rev Geophys 31:357-396

Morley RJ (2000) Origin and evolution of tropical rain forests. Wiley, London

Morley RJ (2003) Interplate dispersal routes for megathermal angiosperms. Perspect Plant Ecol
Evol Syst 6:5-20

Muller J (1968) Palynology of the Pedawan and plateau sandstone formations (cretaceous-Eocene)
in Sarawak, Malaysia. Micropaleontology 14:1-37

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Biodiversity hotspots
for conservation priorities. Nature 403:853-858

Narayanan V, Anirudhan S, Grottoli AG (2007) Oxygen and carbon isotope analysis of the
Miocene limestone of Kerala and its implications to palacoclimate and its depositional setting.
Curr Sci 93:1155-1158

Nayar TS, Beegam AR, Sibi M (2014) Flowering plants of the Western Ghats, India. Tropical
Botanic Garden and Research Institute, Thiruvananthapuram, Kerala, India

Pascal JP (1982) Bioclomates of the Western Ghats at 1/250,000 (2 sheets). Institut francais de
Pondichéry, trav sec sci tech Hors série 17

Potonie R, Sah SCD (1958) Sporae dispersae of the lignites from Cannanore beach on the Malabar
coast of India. Palaeobotanist 7:121-135

Potter PE, Szatmari P (2009) Global Miocene tectonics and the modern world. Earth Sci Rev 96:
279-295

Poulose KV, Narayanaswamy S (1968) The tertiaries of Kerala coast. Mem Geol Soc India 2:300-
308

Prasad V, Farooqui A, Tripathi SKM, Garg R, Thakur B (2009) Evidence of late Palacocene-early
Eocene equatorial rain forest refugia in southern Western Ghats, India. J Biosci 34(5):777-797

Quade J, Cerling TE, Bowmen JR (1989) Development of Asian monsoon revealed by marked
ecological shift during the latest Miocene in northern Pakistan. Nature 342:163-166

Raghav Rao KV (1976) Ground water exploration, development and long term aquifer management
in Kerala. In: Proceedings symposium mineral resources of Kerala and their utilization, Trivan-
drum, October 1975, pp 30-36

Raha PK, Sinha-Roy S (1982) Glauconite in the Quilon limestone (early Miocene) of coastal Kerala
Sedimentary Basin. Curr Sci 51:608-609

Raha PK, Rajendran CP, Kar RK (1987) Record of early tertiary deposits in Kerala, India and its
palacogeographic significance. Geophytology 17:209-218

Rajendran CP, Raha PK, Kar RK (1989) Palynological assemblages from Neogene outcrops of
Kerala coast, India. Indian Miner 43:39-46

Ramanujam CGK (1977) A palynological approach to the study of Warkalli deposits of Kerala in
South India. Geophytology 7(2):160—164



60 Y. P. Singh et al.

Ramanujam CGK (1987) Palynology of the Neogene Warkalli beds of Kerala state in South India. J
Palaeontol Soc India 32:26-46

Rao MR (1990) Palynological investigation of Arthungal borehole, Alleppey District, Kerala. In:
Jain KP, Tiwari RS (eds) Proceedings of Symposium in Vistas in Indian Palacobotany The
Palaeobotanist, vol 38, pp 243-255

Rao MR (1995) Palynostratigraphic zonation and correlation of the Eocene-early Miocene
sequences in Alleppey district, Kerala, India. Rev Palaecobot Palynol 86:325-348

Rao MR (1996) An early Miocene palynofloral assemblage from Turavur borehole, Alleppey
District, Kerala—its palacoecological and stratigraphical significance. Geophytology 25:155-
163

Rao MR, Nair KK (1998) Palynological investigation of Miocene sediments exposed in
Kannanellur—Kundara area, Quilon District, Kerala. Geophytology 27:49-59

Rao MR, Rajendran CP (1996) Palynological investigations of tertiary lignite and associated
sediments from Cannanore, Kerala Basin, India. Palaeobotanist 43:63-82

Rao KP, Ramanujam CGK (1975) A palynological approach to the study of Quilon beds of Kerala
state in South India. Curr Sci 44:730-732

Rao KP, Ramanujam CGK (1978) Palynology of the Neogene Quilon beds of Kerala state in South
India-1. Spores of pteridophytes and pollen of monocotyledons. Palacobotanist 25:397-427

Rao KP, Ramanujam CGK (1982) Palynology of the Quilon beds of Kerala state in South India-II.
Pollen of dicotyledons and discussion. Palaeobotanist 30:68-100

Rao AR, Vimal KP (1953) Preliminary observation on the microfossil content of some lignites from
Warkalli in Travancore. Curr Sci 21:210-215

Reuter M, Piller WE, Harzhauser M, Kroh A, Rogl F, Coric S (2011) The Quilon limestone, Kerala
Basin, India: an archive for Miocene Indo-Pacific seagrass beds. Lethaia 44:76-86

Sanyal P, Bhattacharya SK, Kumar R, Ghosh SK, Sangode SJ (2004) Mio-Pliocene monsoonal
record from Himalayan foreland basin (Indian Siwalik) and its relation to the vegetation change.
Palaeogeogr Palaeoclimatol Palaeoecol 205:23—41

Sanyal P, Bhattacharya SK, Kumar R, Ghosh SK, Sangode SJ (2005a) Palacovegetational recon-
struction in late Miocene: a case study based on early diagenetic carbonate cement from the
Indian Siwalik. Palaeogeogr Palaeoclimatol Palaeoecol 228:245-259

Sanyal P, Bhattacharya SK, Prasad M (2005b) Chemical diagenesis of Siwalik sandstone: isotopic
and mineralogical proxies from Surai Khola section, Nepal. Sediment Geol 180:57-74

Sanyal P, Sarkar A, Bhattacharya SK, Kumar R, Ghosh SK, Agrawal S (2010) Phased intensifica-
tion of monsoon, microclimate and asynchronous C4 appearance: isotopic evidence from the
Indian Siwalik sediments. Palacogeogr Palaeoclimatol Palaeoecol 296:165-173

Soman K (2013) Geology of Kerala. Geological Society of India, Bangalore

Thanikaimoni G, Caratani C, Venkatachala BS, Ramanujam CGK, Kar RK (1984) Selected
angiosperm pollens from India and their relationship with African tertiary pollens. Trav Sec
Sci Tech 19:1-12

Traverse A (2007) Paleopalynology. Unwin Hyman, Boston, MA, p 600

Venkatachala BS, Caratini C, Tissot C, Kar RK (1989) Paleocene-Eocene marker pollen from India
and tropical Africa. Palaeobotanist 37(1):1-25

Verma KK (1977) Cancroid crabs from the Quilon beds (lower Miocene) of Kerala, India. J
Palaeontol Soc India 20:305-313

Wang WM (1994) Paleofloristic and paleoclimatic implications of Neogene palynofloras in China.
Rev Palaeobot Palynol 82:239-250

Xia K, Su T, Liu YS, Xing YW, Jacques FMB, Zhou ZK (2009) Quantitative climate reconstruc-
tions of the late Miocene Xiaolongtan megaflora from Yunnan, Southwest China. Palaeogeogr
Palaeoclimatol Palaeoecol 276:80-86

Xing YW, Utescher T, Jacques FMB, Su T, Liu YSC, Huang YJ, Zhou Z (2012) Paleoclimatic
estimation reveals a weak winter monsoon in southwestern China during the late Miocene:
evidence from plant macrofossils. Palacogeogr Palaeoclimatol Palacoecol 358-360:19-26



Palynofloral Diversity During Mid-Miocene Warming in Kerala Basin,. . . 61

Xu JK, Ferguson DK, Li CS, Wang YF (2008) Late Miocene vegetation and climate of the Liihe
region in Yunnan, southwestern China. Rev Palaeobot Palynol 148:36-59

You Y (2010) Climate model evaluation of the contribution of sea—surface temperature and carbon
dioxide to the middle Miocene climate optimum as a possible analogue of future climate change.
Aust J Earth Sci 57:207-219

You Y, Huber M, Miiller RD, Poulsen CJ, Ribbe J (2009) Simulation of the middle Miocene
climate optimum. Geophys Res Lett 36:1.04702

Zachos JC, Shackleton NJ, Revenaugh JS, Palike H, Flower BP (2001) Climate response to orbital
forcing across the Oligocene-Miocene boundary. Science 292:274-277

Zachos JC, Dickens GR, Zeebe RE (2008) An early Cenozoic perspective on greenhouse warming
and carbon cycle dynamics. Nature 451:279-283



Non-Pollen Palynomorphs from M)
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Abstract A total 31 sediment samples from a 150 cm deep sedimentary core was
examined for the Non-Pollen Palynomorphs (NPPs) analysis from the Sakali wet-
land in order to provide an overview of palacoenvironment in Majuli Island (world
largest river island), Assam for the late Holocene. About 25 varieties of non-pollen
palynomorphs were reported, out of which fungal spores were at high abundance
along with scanty occurrence of zoological remains reflecting the past climate
vegetation and faunal interactions in the region. The dominance of coprophilous
fungi like Sordaria, Podospora, Ascodesmis, Coniochaeta (almost 40%) indicates
the past occurrence of vast open-land areas with grazing activities of herbivorous
animals. Some non-coprophilous fungi like Tetraploa, Dictyosporium, Cookeina
indicates the rich floral diversity around the study site. Other fungal remains like
Valsaria, Alternaria, Geastrum and Diploidia along with the presence of zoological
remains like Neorhabdocoela are indicative of the freshwater ecosystem with diver-
sified rich flora indicating warm and humid climate conditions in the region. The
presence of Entophlyctis lobata at the bottom of the sedimentary core indicates the
relatively dry climatic conditions in the island because this fungal spore is specific of
the temperate region. The frequent soil erosional activities could be evident through
the dominance of branched and solitary Glomus, attributable to the high flood-prone
region resulting in the mixing of local vegetation with the outlandish vegetation. The
scanty occurrence of Botryococcus, supports the high energy levels in wetland water,
attributed to frequent flood activities. All these NPP varieties of fungal, algal and
zoological affinities collectively display the past forest cover, palaeco-depositional
environment, past climatic conditions, anthropogenic response and grazing activities
in Majuli Island of Assam.

A. Pandey - S. Tripathi (D<) - S. K. Basumatary
Quaternary Palynology Laboratory, Birbal Sahni Institute of Palaeosciences, Lucknow, Uttar
Pradesh, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 63
B. Phartiyal et al. (eds.), Climate Change and Environmental Impacts: Past, Present

and Future Perspective, Society of Earth Scientists Series,
https://doi.org/10.1007/978-3-031-13119-6_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-13119-6_5&domain=pdf
https://doi.org/10.1007/978-3-031-13119-6_5#DOI

64 A. Pandey et al.

Keywords Late-Holocene - Non-pollen palynomorphs - Palaecoenvironment -
Ecology, fungal spores - Majuli Island - Assam

1 Introduction

The Quaternary was a period of major environmental changes that were possibly
greater than any other time in the last 60 million years (Prell and Kutzbach 1987,
Clement et al. 1999) and the Holocene is a major epoch that had been the witness of
some major rapid climatic events, like Holocene climatic optimum (HCO), Medieval
Warm Period (MWP) and Little Ice Age (LIA) (Alley et al. 1997; Mayewski et al.
2004). The climatic changes that occurred during the Quaternary can be elaborated
by biotic and abiotic proxies and records. Pollen and spores analysis may lead to
strong inferences about the past climate and have a great role to reflect the vegetation
due to their extreme resistant sporoderm and high production with wide distribution
(Bradley 1985). However, owing to some taphonomic issues, such as bioturbation,
translocation, sorting destruction (Birks and Birks 1980; Moore and Webb 1978), as
well as differences in pollen production and dispersal between taxa, which depend
on the plant species themselves and climatic conditions (Hicks 2001; Spieksma et al.
2003), the past ecological inferences are not possible to reconstruct accurately.
Therefore, there is a dire need to look after an auxiliary proxy tool which could
complement the pollen-inferred past climatic and depositional signals.

The utility of NPPs as paleoecological indicators has grown rapidly during the
last decase or so, because of their frequent occurrence in palynological slides and
potential to improve the reconstruction of past communities and environments, local
grazing pressure and fire and human pressure (van Geel et al. 1994; van Geel and
Aptroot 2006). Their fast germination and reproductive ability maintain their pres-
ence in the high amount in the sediments, even for a thousand years. Some of the
fungal and algal remain often found in a mycorrhizal form, pathogenic form, or in a
symbiotic relationship and they apprise about the presence of those co-occurred
specific taxa around that area. Though many NPPs are still not properly identified but
some of them can be used as palaeoecological indicators. In the present investiga-
tion, 25 different and distinguished NPP types, grouped comprehensively under
three classifications as fungal, algal and zoological remains, have been considered,
archived and represented from the Sakali wetland of Majuli Island, alongside their
palaeoecological implications.

The Majuli is the largest river island in the world which is located on the
Brahmaputra River in the state of Assam, northeast India (falls under the Indo-
Burma biodiversity hot spot). The geographical and physiographic conditions of
Majuli Island makes it a sensitive region for any natural calamities such as flood, soil
erosion, cyclone, etc. Therefore, to overcome these natural calamities posing threats
of physiographic disturbances and ecological imbalances, which would have serious
consequences in Assam state, the present study could provide an insight to identify
and demonstrate the Non-Pollen Paynomorphs (NPPs) especially fungal and zoo-
logical remains in tracing the palacoenvironment in the Majuli Island.
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The palyno-investigations provide valuable insights concerning changes in the
vegetation and contemporaneous climatic oscillation on the Indian subcontinent
since the Quaternary epoch. The few published records on vegetation succession
and past climatic oscillations in Assam include studies of reserve forest of lower
Brahmaputra valley and upper Assam region (Bhattacharya and Chanda 1992; Bera
and Dixit 2011; Dixit and Bera 2012; Tripathi et al. 2020). However, despite the
frequent occurrence in pollen slides, the NPP studies have never been carried out on
the modern surface soil and Quaternary sediments from the Assam, except a solitary
publication from the Rhino dung samples of Kaziranga National Park of Assam
dealing with the coprophilous fungi (Basumatary and McDonald 2017). Neverthe-
less, the fungal spores have also been studied on the Holocene sediments of
Mizoram, northeast India, for the palaeoclimatic interpretation (Mandaokar et al.
2008). The present study thus assesses the behaviour of non-pollen palynomorphs
with the respective depositional and ecological setting around the Sakali wetland
which may further strengthen and substantiate the pollen-based palaeoclimatic
reconstruction in the Majuli Island and the surrounding region of northeast India.

2 Regional Setting

Majuli is the largest tropical river island in the Brahmaputra River located in the
Indian state of Assam. It is allocated between latitude 93°30/'~94°35’ E and longitude
26°50'-27°10'N at an elevation ranging from 60 to 85 m above mean sea level
(Basumatary et al. 2018). Majuli had a total area of 1250 square kilometres (483 sq.
mi), but having lost significantly to erosion it has an area of only 421.65 square
kilometres (163 sq. mi) in 2001. With a population of 1.6 Lakhs, the majority being
tribal have a very rich heritage and has been the abode of Assamese Vashnavite
culture with a tremendous option for spiritual and Eco-tourism. The island comprises
of many small endangered wetlands like Sakali, Duboi, Johai, Belguri, etc. The
sedimentary core for the present study has been retrieved from the Sakali wetland.
The Sakali wetland (26°52'N, 94°12'E) in the Majuli Island is located in close
vicinity to the Brahmaputra River (Fig. 1). The wetland is bordered by open area
and cultivated land. The wetland comprises approximately 0.70 km? but is much
larger during heavy summer rains. During heavy rainfall, the infiltration of more
rainwater from the Brahmaputra River results in flooding of the surrounding area.
During winter it becomes smaller due to low rainfall (Basumatary et al. 2018).
Majority of the research on Majuli has focused on bank erosion, rainfall pattern,
drainage discharge of the Brahmaputra river, geomorphic changes in the river basin
and vegetation (Das 2015). This island is one of the most dynamic landforms and
highly sensitive towards the natural calamities, like earthquake and floods.
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Fig. 1 Location map showing the study area (after Basumatary et al. 2018)

3 Climate and Soil Type

Majuli Island has a subtropical monsoon climate, as is found in the other parts of
Assam, in general, the study area enjoys a warm and humid climate. The climate of
the region is controlled by the southwest and northeast monsoons since area pos-
sesses high rainfall i.e. the average annual rainfall in the area is around 215 cm. The
relative humidity is very high and ranges from 75% to 86%. During summers it is hot
and humid with the maximum temperature rise up to 37 °C and cold and dry during
the winters. All the major festivals in the island are held in the winter season when it
is cool and pleasant. The average temperature hovers from 7 to 18 °C.

The soil in the Sakali wetland and adjoining areas is largely characterized by the
moderately deep to very deep deposition of alluvium, with variation in colour from
grey to mottled grey. It is mostly composed of sandy to silty loams and slightly
acidic in nature. It is less acidic on the riverbanks and sometimes slightly alkaline.
The soil lacks in the development of intact profile and is deficient in phosphoric acid,
nitrogen and humus (Basumatary et al. 2018).
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4 Material and Methods

A 1.5 m deep sedimentary core has been procured from the centre of the Sakali
wetland through PVC pipe after the several trials coring (Fig. 2). The sedimentary
core was sub-sectioned at about 5 cm interval initially for the palynological assess-
ment. Fortunately, after the chemical processing and preparation of permanent slides
for the pollen analysis, we realized that the samples were rich in the diversity of
non-pollen palynomorphs and with this we started our studies on NPPs as an
auxiliary tool for the palacoenvironmental reconstruction in Majuli Island. The soil
sediment of this region is composed of varied proportions of organic clay, silt and
sand (Fig. 2). The different types of Non-pollen palynomorphs with their affinity and
environmental implications are provided in Table 1. For the chemical processing,
acetolysis technique was utilized for the extraction of pollen, spores and NPPs
(Erdtman 1943). The step-wise chemical processing of soil samples are enumerated
below:

1. 10 g of soil sample was treated with 10% potassium hydroxide (KOH) and
boiled for up to 10-15 min until the effervesces comes.
2. After getting cool sieve the samples through 150-pm mesh size sieve for the
deflocculating of the organic matter.
3. Then pour the samples into a centrifuge tube and centrifuge until a speed of at
least 4500 rpm.
4. Wash the material with water and centrifuge until the supernatant is clear.
5. Dehydrate with 96% acetic acid and centrifuge.
6. Prepare an acetolysis mixture of acetic anhydride and sulphuric acid in (9:1)
ratio.
7. Acetolyse the material by heating the sample in the acetolysing mixture to
100 °C for at least 10 min.
8. Cool the sample tubes at room temperature and then again centrifuge.
9. Wash the material with distilled water and centrifuge twice.
10. Pass the sample through 60-pm mesh size (0.56-pm pore size) sieve and the
residue (>10 pm) was collected and stored for NPP studies.
11. The counting with photo-documentation of NPPs was done using an Olympus
BX-50 Microscope with attached DP-26 Olympus camera (Plates 1 and 2).

5 Results

Due to the high diversification and complex nature of Non-pollen palynomorphs in
palynological slides, most researchers often encounter difficulties in identification. It
is possible to observe NPPs with variable views and their counting tells us about
their abundance in a specific area. The identification and grouping of NPP types are
necessary to reflect the vegetation and ecological dynamics rather than assuming a
species entity based on their morphology alone (Adojoh et al. 2019). Description of
all the NPP types are strictly based on morphological features (size, shape, number,
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Fig. 2 A litholog of 150 cm deep sedimentary core procured from the Sakali wetland of Majuli
Island, Assam
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Table 1 The characteristic non-pollen palynomorphs and their affinities along with an environ-
mental implications

S.no | Genus Affinity/family Environmental implication
1 Helminthosporium | Fungal spore Best indicator of cultivated land and
(Pleosporaceae) pathogen to members of Poaceae family
2 Gelasinospora Non-coprophilous Found in highly decomposed peat, indi-
fungi (Sordariaceae) cate the human settlement around the
study site
3 Nigrospora Coprophilous fungi Frequently found at the cropland and
(Trichosphaeriaceae) open-land. Pathogenic to grasses and
some other angiosperms like tea, palms
and banana.
4 Ascodesmis Coprophilous fungi Found on dung of both wild and domes-
(Ascodesmidaceae) ticated animals, indicates the grazing
activity around the study site
5 Podospora Coprophilous fungi Found on dung, indicates the animal
(Lasiosphaeriaceae) diversity and grazing activity
6 Sordaria Coprophilous fungi Found on dung, also occur on moulds
(Sordariaceae) indicates grazing activity
7 Telitia Pathogenic fungus Plant pathogen, effects the members of
(Ustilaginaceae) Poaceae family
8 Delitschia Coprophilous fungi Dung loving fungi, indicates grazing
activity
9 Entophlyctis Non-coprophilous Specific of temperate region. Cold climate
lobata fungi loving fungi.
(Chytriomycetaceae)
10 Dictyosporium Non-coprophilous Indicate warm and humid climate
fungi
(Dictyosporiaceae)
11 Diporotheca Parasitic fungi Parasites on the roots of solanum species;
(Diporothecaceae) wet zone highly trampled by livestock.
12 Coniochaeta Coprophilous fungi Widely found on dung of both wild and
(Coniochaetaceae) domesticated animals; also grow on
decaying woods
13 Diploidia Non-coprophilous Shows cosmopolitan distribution, and no
fungi specific temperature is needed for their
(Botryosphaeriaceae) | growth
14 Glomus Mycorrhizal fungi Frequently found near the wetland and
(Glomeraceae) open land area that indicate soil erosion.
15 Arnium type Coprophilous fungi Mostly occur on dung, but some species
(Lasiosphaeriaceae) are also abundant on rotting herbaceous
stems and wood
16 Alternaria Non-coprophilous Shows cosmopolitan distribution, and no
fungi specific temperature is needed for their
(Pleosporeaceae) growth
17 Valsaria Non-coprophilous Warm loving, occur on decayed bark or

fungi (Valsariaceae)

woods

(continued)
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Table 1 (continued)

S.no | Genus Affinity/family Environmental implication
18 Geastrum Saprophytic fungi Cosmopolitan fungi, grow in tropical cli-
(Geastraceae) mate mainly found to grow scattered or
clustered in leaf litter or humus
19 Tetraploa Non-coprophilous Indicate comparatively warm and humid
fungi climatic condition but favourable habitat
(Tetraplosphaeriaceae) | is near water.
20 Ustilago Smut fungi Indicate warm and humid climatic
(Ustilaginaceae) condition
21 Cookeina Saprobic or parasitic Commonly found attached with woody
fungi (Pezizaceae) substrate may be living or dead. Indicate
the presence of woody plants.
22 Botryococcus Algal remain Typically found in tropical fresh water
(Dictyosphaeriaceae) | wetlands
23 Biostructured Organic remains It shows the presence of woody plants
phytoclast
24 Neorhabdocoela Zoological remain Found in fresh water ecosystem
25 Flatworm residue | Zoological remain Mostly found near the wetland area that
represents the freshwater ecosystem near
around.
26 Fungal hyphae Fungal body part Bundle of hyphae ultimately results in
(septate) formation of the mycelium.
Mycelium is highly branched and plays an
important role in vegetative reproduction
in fungi. Warm and humid climatic con-
ditions are favourable for their growth.

and characteristics of apertures and appendices, wall colour, surface structure)
provided by van Geel (1972, 1986, 2001) and others (e.g. Bakker and van Smeerdijk
1982; Vander Wiel 1982; Kuhry 1985; Haas 1996; Guy-Ohlson 1998) have system-
atically developed the practice of examining all fossils from a wide variety of
sediment types. High fungal abundance can be seen in the studied sediment samples
of Sakali wetland, a few algal, plant and animal remains were also retrieved. All the
identified NPPs that were spotted in the palynological slides have been elaborated
below.

5.1 Fungal Remains

Most of the fossil fungi recovered from the sedimentary core of Sakali wetland
appeared to be ascospores, conidia, and chlamydospores produced by 21 different
fungi belonging to 16 families like Sordariaceae, Pleosporaceae, Glomeraceae,
Ascodesmidaceae, Chytriomycetaceae, Dictyosporiaceae, Lasiosphaeriaceae,
Valsariaceae, etc.). Many of the recorded fungal spores were found in peat deposits,
especially in peat layers which were formed under relatively dry conditions. In lake
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Plate 1 Non-pollen palynomorphs retrieved from the sedimentary core of Sakali wetland of Majuli
Island, Assam. 1. Botryococcus, 2. Nigrospora, 3. Ascodesmis, 4-5. Geastrum, 6. Diporotheca,
7. Coniochaeta, 8-9. Glomus, 10. Entophlyctis lobata, 11. Arnium type, 12. Unidentified, 13.
Telitia, 14-15. Valsaria, 16. Ustilago, 17. Ascospore of Cookeina, 18. Delitschia, 19. Unidentified,
20. Diploidia, 21. Dictyosporium, 22. Segmented mycelium, 23. Alternaria
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Plate 2 Non-pollen palynomorphs retrieved from the sedimentary core of Sakali wetland of Majuli
Island, Assam. 24-26. Sordaria, 27-28. Podospora, 29. Helminthosporium, 30. Tetraploa, 31.
Gelasinospora, 32. Unidentified, 33. Unidentified, 34. Unidentified, 35.Unidentified, 36.
Biostructured phytoclast, 37. Flatworm residue, 38. Neorhabdocoela

deposits, however, fungal remains normally are of rare occurrence (in open water
there is no strictly local production of fungal spores which do preserve as fossils).
Another factor that influences the fossil record is the fact that only relatively big
(heavy) fungal spores with thick walls are normally preserved. Most of the thin-
walled spores, which disperse better and which are known from the records of spores
in the present atmosphere, obviously do not fossilize. From the various studies of
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fossil fungal spores, it became clear that the recorded spores in most cases were of
strictly local occurrence. Some of the reported fungal remains are listed below with
details.

Nigrospora [Plate 1, (2)]

It is a dark hyaline round-shaped spore, the diameter is about 25-32 pm. Nigrospora
is a ubiquitous, cosmopolitan fungus, especially abundant in a warm climate. It is
mostly found on decaying plant material and soil. It belongs to phylum Ascomycota
and class Trichosphaeriaceae. It is a common pathogen of grasses.

Ascodesmis [Plate 1, (3)]

It is a coprophilous fungus with a complex fruiting body. Its diameter is about
12—15 pm, round in shape, yellow colour body with several spins like outgrowth.
Widely found on the dung of both wild and domesticated animals, indicates the
grazing activity.

Geastrum [Plate 1, (4, 5)]

Its diameter is about 25 to 30 pm, spherical with an irregular outer surface having
some ridges all around the surface wall. The outer layer of the tissue splits like a star
(7-10 pointed rays) that eventually bends back to point downwards. It is a sapro-
phytic fungus which grows mainly in the tropical climate, cosmopolitan in nature
with proliferating growth in leaf litter or humus in scattered or clustered form. It
belongs to the earth star family of fungi.

Diporotheca [Plate 1, (6)]

These ascospores are one-celled, ellipsoidal, 32—49 x 18-25 pm in size, both ends
truncate with a wide germ pore of ca. 1.5 pm in diameter. Parasites on the roots of
Solanum species, wet zone highly trampled by livestock (Cugny et al. 2010).

Coniochaeta [Plate 1, (7)]

It is a coprophilous fungus with domb shape likes structure placed one above the
other, spherical shaped and very small in size (12 x 10 pm), and the measurement
fluctuates because of its complex structure. The edge of the spore is dark in colour,
rarely visible. The occurrence of Coniochaeta indicates the presence of dung and
peat. The species of Coniochaeta and their anamorphs occurs on dung, wood, or
bark of trees, soil, leaves, and leaf litter and rarely in non-woody host plants like
Poaceae.

Glomus [Plate 1, (8, 9)]

It is an Arbuscular mycorrhizal fungus, that dependent on their mycorrhizal associ-
ation with plant root to complete their life cycle. They are dark yellowish to light
brown in colour, about 10 pum in size and have a tail-like structure. They mostly
occur in soil in solitary form, rarely seen in the branched form. Glomus species are
found in nearly all terrestrial habitats, including arboreal land, deserts, grassland,
tropical forest, and tundras. The endomycorrhizal fungus Glomus occurs on a variety
of host plants, and chlamydospores are of a regular occurrence on pollen slides
(Cook et al. 2011).
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Entophlyctis lobata [Plate 1, (10)]

It is an endobiotic fungus with multiple morphological variations among their
species (van Geel 1978): sporangia crenulate, 20-38 x 18-33 pm, about 6 pm
high, walls about 0.5 pm thick (Kuhry 1997): Crenulate sporangia, with a central
pore. Mostly found in the temperate region, reflecting the cold temperature.

Arnium [Plate 1, (11)]

These ascospores are oval-shaped with 38—45 x 20-25 pm in size, with some
ornamentation could be seen on the surface of the spore. These are coprophilous
fungi but some species are also abundant in rotten herbaceous wood and stem.

Telitia [Plate 1, (13)]

Fungal spore is globose, 11.8—18 pm in diameter, bi-layered with the reticulate body
surface, ca. 0.5 pm thick superficial sculpturing. Spines like outgrowth, with
5.6-10.4 pm long, ca. 0.3 pm in diameter. It is a plant pathogenic fungus that
generally affects the grasses, warm and humid climatic condition is favourable for
their growth.

Valsaria [Plate 1, (14, 15)]

Ascospores uniseptate, septum very pronounced and slightly protruding, bi-layered
thick verrucose wall, measuring ca. 32 x 22 pm. Warmer climatic condition is
favourable for its growth. An indication in this direction may be the observation that
species of Valsaria have become more common in warmer parts. In times of global
warming, it seems justified to expect that these fungi will enlarge their distribution
area (Jaklitsch et al. 2015).

Ustilago [Plate 1, (16)]
It is a round-shaped smut fungus, globose 16-24 pm in diameter (van Geel et al.
2011). It shows pathogenic characters, especially in maize and wheat.

Ascospore of Cookeina [Plate 1, (17)]

Spore is bi-celled with elliptical shaped body, measuring 30-35 x 5-20 pm, ends are
slightly pointed, surface provided with longitudinal striations; septum lanceolate and
distinct, (Mandaokar et al. 2008). Non-coprophilous fungus, mostly saprophytic and
parasitic taxon commonly associated with woody substrates like a living, dead or
decaying wood and leaves or litters. It indicates the dense forest under humid and
rainy climate.

Delitschia [Plate 1, (18)]

The spore is divided by a thick septum, ends are slightly conical, measuring
32-35 x 13-15 pm, the thickness of septa is around 0.41 pm; spore wall is neither
differentiated nor visible. It is a coprophilous fungus.

Diploidia [Plate 1, (20)]
The ascospore is an ellipsoidal, dark brown in colour. It indicates a warm and humid
climate.
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Dictyosporium [Plate 1, (21)]

Pale brown conidia of 36-41 x 11-14 pm, consisting of one truncate cell with
3 vertical straight or slightly curved cylindrical, septate arms of more or less similar
length, arranged close to each other. Mostly found in deadwood.

Alternaria [Plate 1, (23)]

The tri-septate spore is curved at the axis at one side and slightly pointed on the
other, around 5-6 longitudinal septa are present that divide the body of the spore into
chambers. It is a cosmopolitan fungus found generally in areas with a warm and
humid climate.

Sordaria [Plate 2, (24, 25, 26)]

Spores ellipsoidal, one-celled, brown, 18-20 x 10-11 pm with a protruding apical
pore of about 1.5 pm diameter at one end with a slight annulus (van Geel 1978), the
spore wall is thick and pigmented with high survival capacity. It is also a coproph-
ilous fungus which indicates grazing activity and sometimes grows on moulds
as well.

Podospora [Plate 2, (27, 28)]

A dark-pigmented upper cell and a hyaline lower cell (pedicel); they often have a
gelatinous sheath and gelatinous caudal, brown-to-black coloured upper cell. Spore
length is 17-34 pm, inflatable-type species (van Geel and Aptroot 2006). It is a very
common coprophilous fungus, representing a warm and humid climate with an
indication of grazing activities.

Helminthosporium [Plate 2, (29)]

Hyphae are septate. Multicellular conidia (six or more-celled), are brown to dark
brown, erect, parallel-walled, and ceasing to elongate when the terminal conidium is
formed. Large 40 x 9 pm, solitary, club-shaped, and pale to dark brown.
Helminthosporium is an indicator of cultivated land.

Tetraploa [Plate 2, (30)]

Conidia ellipsoid to rectangular, 3—4 columns with 4 cells in each column,
yellowish-brown, 33-41 x 18-23 pm, verruculose, thick-walled; terminating in
septate appendages, 12-80 pm long (frequently broken), 5-8 pm wide. Distributed
mainly in tropical and sub-tropical regions. Found as saprophytes, on decaying
wood, leaf litters, grasses and some monocotyledons as well (Gelorini et al. 2011).

Gelasinospora [Plate 2, (31)]
Ascospores ellipsoidal, 21-32 x 15-20 pm. Spore surface almost black, evenly
ornamented with ca. 1 pm wide round hyaline pits (van Geel 1978).

5.2 Algal Remains

Algal palynomorphs, observed in the pollen slides besides pollen grains and spores
of terrestrial and aquatic plants and fungal spores, are mainly represented by
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Botryococcus, Pseudoschizia, Pediastrum, Spirogyra and Zygnema. However, in the
sediments of Majuli Island, we only noticed the trace occurrence of Botryococcus.

Botryococcus [Plate 1, (1)]

It is green algae, found in colonies of cells with irregular shape and size. The cell
body is oval-shaped folded in mucilage and about 8—10 pm long and 4-6 pm wide.
Modern Botryococcus is widely dispersed in temperate and tropical regions and is
known to tolerate seasonally cold climates.

5.3 Zoological Remains

Neorhabdocoela [Plate 2, (38)]

Oocyte without operculum, yellow, funnel-shaped or oval, 123-147 x 119-150 pm,
with a smooth surface, stalk typical but often only partly preserved or not preserved,
with articulation just beneath the body (Gelorini et al. 2011). Found in pollen
preparations from Holocene freshwater lake sediments (Haas 1996).

Flatworm Residue [Plate 2, (37)]

Flatworm plays a major role in cultivations; hence their remains reflect the farming
activities in the respective field. The digestive cavity of the Flatworms has only one
opening for both ingestion (intake of nutrients) and egestion (removal of undigested
wastes); as a result, the food cannot be processed continuously (Zaborski 2002).

5.4 Organic Matter

Bio-structured Phytoclast [Plate 2, (36)]
Indicates the remaining part of the plant like cortex, epidermis, vascular bundles, etc.

6 Discussion

6.1 General View of NPPs Recorded from the Majuli
Sediments

Non-pollen palynomorphs play a very vital role in the prediction of past
palynostratigraphical and palaeoclimatic condition. Because of its wide variety and
distinguish characters they provide valuable information regarding the
palaeoenvironmental reconstruction. The NPPs recovered from the 31 sediment
samples of the 150 cm deep sedimentary core procured from the Sakali wetland of
Majuli Island have dissimilar origin and nature and include fungal spores, algal and
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zoological remains of different environment. During our pollen-based late Holocene
climatic studies in the aforesaid sediment core, it seems that the vegetation was not
fully reflected by the available palynoassemblage, owing to the recurring floods and
massive soil erosion in the Majuli Island (Barman et al. 2013). Thus, there is a dire
need to look after the NPPs in the palynological slides, in order to provide an
auxiliary tool that corroborates the pollen data for inferring the past vegetation and
climate of this largest river island.

6.2 Major Inferences Drawn from the Retrieval of Fungal
Spore from the Late-Holocene Sediment Samples

Majority of the research on Majuli has focused on climate change, disturbance in
vegetation, bank erosion, rainfall pattern, drainage discharge of the Brahmaputra
river, geomorphic changes in the river basin and the impact of the 1950 earthquake
on settlements and fluvial pattern of the river. The studied sedimentary core gives
variant forms of non-pollen palynomorphs especially the coprophilous and
non-coprophilous fungal remains that provide very valuable insight into the
palaeoenvironmental conditions. A total of 21 different fungal spore types were
reported in the present investigation from the late Holocene sediments of Sakali
wetland of Majuli Island, Assam. The coprophilous fungi have been broadly used to
unravel the presence of herbivores (van Geel and Aptroot 2006; Cugny et al. 2010;
Gelorini et al. 2011; Ghosh et al. 2017; Loughlin Nicholas et al. 2018). Their
presence could be used as indicators of the presence of the livestock, particularly
bovines. The Sordaria sp. is particularly found on cattle dung (Ejarque et al. 2011;
van Geel and Aptroot 2006) and is commonly used for indicating the grazing
activities (Ejarque et al. 2011). Moreover, the Podospora sp. and Delitschia
sp. are strictly coprophilous, whereas Coniochaeta sp. and ascospores of
Sordariaceae are saprophytic in nature, growing on dead plant parts and other
decaying substrates (Ghosh et al. 2017). Coprophilous fungi in surface and sedi-
mentary soil profile helps to document or infer the former presence and subsequent
decline of, herbivorous animals in a region. Many coprophilous fungi have rather
very narrow host range so; they can be indicator for a specific region which reflects
the climate and vegetation around the area. Apart from the coprophilous fungi, the
other non-coprophilous fungi like Alternaria, Dictyosporium, Telitia and Valsaria
were also reported consistently in the sample that shows the proliferation of dense
vegetation under warm and humid climate in the region (Ellis and Ellis 1985).

The Tetraploa and Glomus indicate rich plant diversity and availability of water
in the region. These fungi are commonly found as mycorrhizal fungi on roots, leaves
and stems of Poaceae and Cyperaceae (Tanaka et al. 2009). Glomus is mostly found
during the early phase of late Holocene, often used as an indicator of soil erosion,
and dry climatic conditions, since this fungus primarily lives underground
(Anderson et al. 1984; van Geel et al. 2003). The presence of Entophlyctis lobata
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at the bottom of the sediment core reflects the cold and dry temperature since it is
specific of temperate regions. The fungal spores of Arnium and Gelasinospora
mostly occur in highly decomposed peat; formed under relatively dry, oligotrophic
conditions, also indicate layers with charred material.

Further, the other fungal spores like Nigrospora sp., and Tetraploa sp., could be
used as indicators of open-land vegetation which could be related to the human
pressure (Gelorini et al. 2011). The Helminthosporium (a key indicator of cultivated
land), and Telitia are grass pathogen and especially associated with the Poaceae
member’s example, Oryza sativa (rice), and Bambusa vulgaris (Bamboo) and these
taxa are abundant in the region that reflects the anthropogenic activities around the
area, whereas Diporotheca shows the symbiotic relationship with Solanum sp.

The corroboration of these NPPs helps us to reconstruct the past climate vegeta-
tion interaction. The NPPs collectively display the holistic information of mixed
settlement of domestic living, anthropogenic capacities and environmental elements
prevailing during the late Holocene in the Majuli Island.

6.3 Overall Inferences from the Algal and Zoological
Remains

The occurrence of Neorhabdocoela, a freshwater zoological remain demonstrates
the existence of cropland along with the presence of perennial water system around
it. We have also encountered the scanty amount of algal remain like Botryococcus,
where the flow of water would be in stagnant condition (Kumar et al. 2017). The
complete absence of algal remains and rare occurrence of Botryococcus in sediments
of Sakali wetland, supports the high energy levels in wetland water, attributed to
frequent flood activities, owing to the close vicinity of Brahmaputra river. The
overall NPP assemblage shows that this island possesses the grazing activities,
cultivation process and domestic settlement during the recent past.

Besides the aforesaid NPPs, there are large numbers of NPPs, which are still
unidentified and their ecological, as well as environmental values, are yet to be
established. Additionally, the unidentified NPPs particularly fungal spores and
conidia, which are in predominance, could be prescribing the probability to improve
the typification and knowing of new bio-markers for their future examinations in
palaeoecology, palacoenvironment and palaeoclimate.

7 Conclusions

From the overall reviewing of the inferences discussed in the present paper, it can be
suggested that the generated database of Non-pollen palynomorphs could provide
baseline information for the precise reconstruction of past vegetation and climate in
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this high flood and erosion-prone region of Majuli Island. Twenty-five different and
well-identified NPP types, classified broadly under three categories as fungal, algal
and zoological remains, have been studied, documented and illustrated from the
Sakali wetland of Majuli Island, along with their palacoecological implications.
Based on the recovered NPPs we concluded that the study area is providing a
blend scenario of scattered forest near the wetland, and the presence of some
non-coprophilous fungi indicates the practice of cultivation around with adequate
signature of human settlement. The coprophilous fungi especially Sordaria and
Podospora could be used to decode the palaeoherbivory in the Majuli Island. In
future, the multiproxy analysis including both biotic and abiotic proxies would
definitely unfold the past hidden ambience of the region.

Moreover, the vigorous dataset on NPPs aspect from sediment samples was
needed with a view to strengthen the palaeoclimatic and palaeoecological
interpretation.
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Abstract The Indian Summer Monsoon (ISM) is a part of Asian monsoon system
and forms a fascinating component of the global climate dynamics. Its long-term
evolution and variability at different time scales (centennial to millennial) has been
attributed to changes in large-scale forcing or boundary conditions like orbital
parameters, mountain-plateau orography (tectonic), glacial surface boundary condi-
tions and atmospheric CO, concentrations. The changes in ISM have large scale
impacts on the diverse ecosystems and life of billions of people living in south Asia.
Despite its importance, the reliable future ISM predictions (model simulations)
remain a challenge. The proxy palacoclimatic reconstruction data serves as an
analogue against which the future models are tested and hence their importance.
Towards understanding the ISM variability, the eastern Himalayan region is impor-
tant as it is dominantly influenced by the Bay of Bengal branch of the ISM. Its
tropical character and high biodiversity is—in large—a consequence of topography-
climate interactions and the influence of the ISM precipitation. Till now, in-depth
and quantitative (semi) characterizations of ISM variability and precipitation pat-
terns prior to the instrumental period are rare. As far as the paleoclimatic/
paleoenvironmental proxy records of the tropical Himalaya are concerned, these
data requirements are only rudimentarily fulfilled, especially in relation to the sheer
size of this sector. The present work provides a semi-quantative synthesis of all the
available (11) palaeoclimatic records from this sector that are qualitative in nature.
Towards this, the available information on moisture or precipitation associated with
ISM (published data) has been evaluated and given a weightage (1-6; driest to
wettest) following a consistent criteria, to arrive at meaningful synthesis. In the
present study, modern precipitation and temperature (categorized into summer and
winter) data have been analyzed to understand the driving forces that potentially
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influence the variability in the climate. To establish the links between various
climate driving indices and the climate parameters, redundancy and Granger-
causality analysis have been employed.

Keywords Indian summer monsoon variability - Semi-quantative synthesis -
Ordination analysis - Granger-causality test

1 Introduction

Understanding of the past climate variability as well as its present trend, is funda-
mental for any agrarian society, as it paves the way for predicting/forecasting future
scenarios. With ongoing changes in the global climate, our community is eager to
know and understand climate variations, their possible impacts and potential effects
on the future generations (Dixit 2020). The Indian Summer Monsoon (ISM) is a
dominant source of precipitation in the three most important river basins (Indus,
Ganga, and Brahmaputra) and plays a significant role in south Asian and Indian
hydrology (Hasson et al. 2016). The Himalaya, also acknowledged as the water
tower of Asia, has the largest concentration of glacier outside the poles. The
contributions however, to the river systems, suggest dominance of rainfall-runoff
(~66%) with respect to glacier melt water in case of both Ganga and Brahmaputra
(Shrestha et al. 2015). Therefore, it is crucial to understand the dynamics and
variability of ISM as ~830 million people involved in agriculture, forestry, fisheries,
and livestock directly depend on it and are vulnerable to any water stress due to the
ongoing climate change (Webster et al. 1998; Shrestha et al. 2012a, b; Gadgil and
Kumar 2006; Dixit 2020). Further, the droughts and floods associated with the ISM
rainfall have devastating effects on the people, agriculture and economy of the
Indian subcontinent (Xavier et al. 2007; Kaushal et al. 2018).

The ISM is a component of the Asian summer monsoon system and originates as
aresult of the differential heating of the land and ocean surfaces during boreal spring
and is considered as the most pronounced monsoon system in the world (Tao 1987;
Webster 1987; Wu 2017). The ISM rainfall has shown both spatial as well as
seasonal to multi-decadal variability (Parthasarathy and Yang 1995; Koul et al.
2018). The variability is largely controlled by insolation driven coupled ocean-
atmosphere processes such as El Nino Southern Oscillations and Indian Ocean
Dipole (Sikka 1980; Pant and Parthasarathy 1981; Rasmusson and Carpenter
1983; Ashok et al. 2019; Webster and Yang 1992; Kumar et al. 1995). Towards
understanding the past (Late Quaternary) ISM variability, reasonable research has
been done on the Ocean sediments (Gupta et al. 2003, 2005, 2013; Kessarkar et al.
2013; Govil and Naidu 2011; Rashid et al. 2011; Schulz et al. 1998; Overpeck et al.
1996; Sirocko et al. 1993). However, such reconstructions are more reliable for wind
speed and monsoon strength and less valid for moisture content (Sinha et al. 2005;
Sarkar et al. 2000; Ruddiman 1997). Hence, to understand the ISM variability,
terrestrial (fluvial, lacustrine and speleothem) records of climate variability with
greater spatial and temporal coverage are needed to improve the predictive
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capabilities of the future ISM trends (Ali et al. 2018; Chen et al. 2015; Sinha et al.
2005). However, such records are scanty and often suffer poor age control (Ali et al.
2018; Bhushan et al. 2018; Ghosh et al. 2015; Mishra et al. 2015; Prasad et al. 2014;
Sinha et al. 2005).

The Himalayan region is variably influenced by two main weather systems viz.
the ISM and the mid-latitude westerlies (Yang et al. 2008; Finkel et al. 2003) and the
southern and eastern parts are dominated by the ISM, while the northwestern parts
are dominated by winter westerlies (Ali et al. 2013; Benn and Owen 1998). These
two weather systems have also influenced the inter-regional variability in the pattern
and extent of past glacier advances and present dynamics (Bookhagen and Burbank
2010; Finkel et al. 2003). In a recent study, Ménégoz et al. (2013) suggested a
differential concentration and limited role of the ISM in the western and some parts
of eastern Himalaya. Hence it is important to understand the past ISM variability
from different sectors of the Himalayan orogen.

The eastern Himalaya is dominated by the ISM precipitation and comprises of
some spectacular landscapes and is a biodiversity hot spot, where the moist winds
from the low lands of India and Bangladesh rise and interact with the cold dry winds
of Tibetan highland (O’Neill et al. 2017). The eastern part of the Himalayan
cordillera is an important sector to understand the past ISM variability, as the
contributions from the winter westerlies is very less (Ali et al. 2019; Bookhagen
and Burbank 2006). The dominance of ISM and its controls on the landscape
evolution, ecosystems and steep climatic and ecological gradient makes the region
special in terms of important implications for understanding past environmental/
climate changes (Meyer et al. 2009, 2017; O’Neill et al. 2017; Bookhagen and
Burbank 2006; Grujic et al. 2006). Along with this, the tele-connections of ISM with
other modes of climate variables such as El Nino Southern Oscillation (ENSO),
ENSO-Modoki, Total Solar Irradiance (TSI), Pacific Decadal Oscillation (PDO),
Southern Oscillation Index (SOI), Atlantic Multidecadal Oscillation (AMO), Indian
Ocean Dipole (IOD), and the Arctic Oscillation (AO) at multiple spatio-temporal
scales have been a topic of discussion within the scientific community. The nature
and extent of these forcing factors is not quantified and is debatable. Despite the
importance of the north eastern Himalayan region in understanding the dynamics of
ISM, the palacoenvironmental and palacoclimatic trajectory and its underlying
mechanisms is—till today—largely under-researched (Ali et al. 2018).

Here we propose an innovative research agenda that will provide a semi-
quantative synthesis of palaeoclimatic records during the Late Quaternary in the
Eastern Himalaya. The study further aims at understanding the climate drivers and
establishing possible links between past climate variability and associated drivers.
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2 Regional Setting (Study Area)

The northeastern Indian Himalaya (NEIH) comprising of Sikkim and Arunachal
Pradesh and is bordered by Tibet (China), Nepal and Bhutan. The region hosts some
of the highest peaks like the Kanchenjunga (~8475 m asl), the third highest mountain
peak in the world and a number of glaciers and glacial lakes (Fig. 1). The altitudinal
gradient of the area and its direct trajectory to ISM (Bay of Bengal Branch) results in
direct confrontation of monsoon winds and results into heavy precipitation charac-
terized by gradual decrease towards the north, as a consequence of orography
(Chakravarty et al. 2012; Ali et al. 2019). The diverse landscapes and steep altitu-
dinal gradient of the region also entails diverse microclimatic and climatic condi-
tions, ranging from tropical humid at altitudes <1500 m asl to alpine-humid between
~1500 and 3500 m asl to progressively tundra-type at altitudes above ~3500 m asl
(e.g. Ali et al. 2018). Owing to these unique setting, the NEIH shelters richest
biological environment and vegetation types (rain forest, alpine meadows and cold
desert taxa) that accounts for over one-third of the country’s total biodiversity
(Arrawatia and Tambe 2011; Chakravarty et al. 2012; Venkataraman and
Sivaperuman 2018).

BU0E BUTE WOUE MOTE

Fig. 1 (a) Shuttle Radar Topographic Mission (SRTM) digital elevation model (DEM) showing
the regional setup of the area along with the trajectories of the two major weather systems—the
Indian summer monsoon (black arrows) and the mid-latitude westerlies (red arrows), (b) Shows the
close up of the study area along with the location of the available palaeoclimatic records
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3 Climate

The two main meteorological parameters that help in understanding the climate of an
area are temperature and precipitation. Any variation or extremity in one or both of
these parameters can have substantial impacts on the ecology as well as on the
socioeconomic gradient of any region. In the Himalayan context, the complexity in
terms of topography is accountable for extensive variations in these meteorological
parameters over comparatively smaller spatial gradients (Bhutiyani et al. 2010).
However, due to the unavailability of instrumental meteorological data, the varia-
tions in temperature and precipitation over the NEIH including the foothills have
been extracted from the Climatic Research Unit Time series gridded data sets (CRU
TS.4.04; 0.5 latitude x 0.5 longitude; 1901-2018 CE; Harris et al. 2020). A seasonal
time series has been compiled from the monthly datasets to get annual, summer
(June—July—August—September; JJAS) and winter averages (December—January—
February; DJF). The climate observations from the CRU dataset show a rise in
both summer and winter temperatures over the last 100 years. The mean minimum
and maximum winter temperatures recorded in the area are —3 °C and 1.6 °C,
respectively. During the summer months the average temperature often reaches to
9 °C. Being in the trajectory of the ISM, the area receives rainfall from June to
September. The average annual precipitation recorded from the area is ~1585 mm
with minimum and maximum values of ~1192 and ~1991 mm. Out of the total
precipitation, ~80% 1is contributed by the Indian Summer Monsoon during JJAS
with contributions of ~2%, .3%, 5% from winter, pre- and post-monsoon months
respectively.

4 Methodology

To understand the palaeoclimatic history of the NEIH, 11 previously published
studies from the region that infer about the moisture conditions during the last
~46 ka have been used. Basic information about the records including the location,
dating technique and time coverage is summarized in Table 1. The description of the
moisture (precipitation) conditions in each of the study is qualitative and the
nomenclature is quite generalized. Thus, to quantify the information on precipitation
associated with ISM, inferences drawn from the 11 palacoclimatic records have been
used for the calculation of a palaeoclimatic index (weightage) and each climatic
event from all the records has been assigned a weightage (1-6; driest to wettest;
Table 2) following a consistent criteria. It has to be mentioned that the general values
for pre- and post-LGM cannot be exactly compared with each other, since only two
reconstructions date back to pre LGM time, while only a handful of reconstructions
cover the time frame since LGM.
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Table 1 Table showing the locations, chronological method used, inferred chronological zones,
climatic inferences and assigned weightage of 11 palaeoclimatic records from the northeastern
Indian Himalaya

Chr.
Study site Dating zones Climatic inference Wtg. | References
Mirik lake Radio 20,000— Cold temperate 2 Chauhan and
(Darjeeling) carbon 18,000 Sharma (1996)
18,000— Warm temperate 4
12,000
12,000- | Cool oscillation 1
11,000
10,000— Optimum climate 4
4000
4000- Barren 4
2000
2000- Warm temperate with 3
500 gradual deterioration
500-0 Barren
Jore-Pokhari | Radio 2500- Warm-temperate and 5 Chauhan and
(Darjeeling) carbon 1600 humid Sharma (1996)
1600— Cool oscillation 1
1000
1000- Warm and humid 5
300
300-0 Warm-temperate and 5
humid
Sixth mile, Radio 2313- ‘Warm and moist 5 Ghosh et al.
Darjeeling carbon 1819 (2018)
1819— Warm and weak monsoon |3
1326
1326- Warm and strong monsoon | 6
832
832-148 | Cooler with monsoon 2
intensification
148-0 Warm with no direct infer- |3
ence on monsoon
Chopta valley | AMS 14C | 13,000- | Intensified ISM 6 Ali et al. (2018)
12,250
12,250- | Cool and dry 3
10,600
10,600— Enhanced ism 6
8000
8000- Moderate to low 4
6500
6500— Weak 3
3000
3000— Moderate 4
1500
1500-0 Moderate to high 4

(continued)
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Table 1 (continued)
Chr.
Study site Dating zones Climatic inference Wtg. | References
Darjeeling AMS 14C | 46,400- | Monsoon intensification 6 Ghosh et al.
foothills 41,200 (2015)
41,200- | Weak monsoon 3
31,000
31,000- | Monsoon intensification 6
22,300
22,300- | Low temperature and 1
18,300 precipitation
18,300- | Enhanced monsoon and 6
15,600 temperature restoration
5400— Monsoon intensification 6
4300
4300- Rainfall minima (weak 3
3500 monsoon)
Kupup Lake Radio 2000- Warm and moist 5 Sharma and
(Sikkim) carbon 1800 Chauhan (2001)
1800- Cold climate 1
1450
1450- Warm and moist (MWP) 5
450
400-200 | Colder and drier 1
200-0 Less drier and colder 1
PT Tso Lake | Radio 8010- Cool humid 2 Mehrotra et al.
carbon 6579 (2019)
6198- Cool humid 2
4625
4195- Dry temperate (cool) 1
2527
2336— Cool dry 1
1240
906-0 Cool wet 2
Paradise Lake | Radio 1780 Warm and moist 5 Bhattacharyya
carbon 684 et al. (2007)
684-0 Cooler and less moist 2
Ziro lake Radio car- |22,000- Humid climate 5 Ghosh et al.
bon/OSL | 19,500 (2014)
19,500— | Cooler and drier 1
10,200
10,200- | Monsoon intensification 6
3800
3800-0 Warmer and drier 3
Ziro valley Radio ~66,000 | Cool dry 1 Bhattacharyya
carbon 44,000— | Increased SW monsoon 6 etal. (2014)
34,000

(continued)
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Table 1 (continued)

Chr.
Study site Dating zones Climatic inference Wtg. | References
36,000— Intensified monsoon 6
34,145
~34,000- | Increased monsoon 6
30,000
30,000— | Cool moist 2
20,000
Subansari Radio 12,500- | Cold and dry 1 Bera and
river carbon 7960 Basumatary
7960 On set of warm and humid |5 (2013)
6421
6421- Warm and humid 5
4270
4270-0 Warm and relatively dry 3

4.1 Calculation of Palaeoclimate Index

The above mentioned weightage or palacoclimate indices (pCI) has been assigned to
quantify the palaeco—-monsoon dynamics over the available time bracket and plotted
at an age interval of 100 years. This quantification is based on the intensity of
monsoon discussed in different studies (published data). A rank (number) is given to
the climate events in an ascending order such that the lower most rank will represent
dry conditions while the higher most rank will be the indicative of enhanced
monsoon (Ali et al. 2019). The weighted averaging palacoclimate index (WApCI)
is calculated per time slice of 100 years and weight (wi) will either be 1 if the
particular time slice has published data or O for otherwise (Eq. 2). The probability
density function of WApCI is calculated by normalizing WApCI over the time

(Eq. 2).

i X pCI;
%:W’ PH w; = 1if published data available

WApCl = “—~—w; = : (1)

_Wj w; = Ootherwise

j

_
p(WApCI) = SWADCT, (2)
t

where pCI = palaeoclimate index assigned for each time slice of 100 years; (dry to
intensified monsoon); w is the weight, and the subscripts j and t represent the number
of publications and the number of time slices respectively.
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Table 2 Climatic classes and their weightage used in the present study

91

S. no.

Class

Category

Weight moisture

1

Intensified monsoon
Enhanced monsoon
Increased SW monsoon

Intensified monsoon

6

Moist

Humid

Humid climate
Temperate and humid

Enhanced monsoon

Temperate
Temperate with gradual deterioration
Optimum climate

Moderate monsoon

Weak monsoon
Rainfall minima

Weak monsoon

Moist

Less moist
Cold temperate
Drier
Relatively dry

Moist

Low precipitation
Cool oscillation
Cold climate
Cooler and drier
Cool and dry
Drier and colder
Cold dry

Colder and drier

Dry/arid

S. no.

Class

Category

Weight temperature

Intensified monsoon
Enhanced monsoon and temperature
Increased SW monsoon

Warmer

4

Warm moist

Warm humid

Humid climate

Warm temperate and humid
Warm temperate

Warm temperate with gradual deterioration

Optimum climate
Weak monsoon
Rainfall minima
Warmer and drier
Warm but relatively dry

Warm

Cool

Cool oscillation
Low temperature
Cooler

Cool

Cold
Colder

Cold
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Fig. 2 Synthesis of climate variability data using weighted climatic interpretation based on the
inferences drawn in different studies from the Northeastern Himalaya, India with CONISS Cluster
analysis. The ascending order of the scale represents intensification of the monsoon
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Age (ka)

Fig. 3 Synthesis of the palaeoclimatic records represented by anomalous density function (blue
line) and the temporal availability of the number of data points (climatic records; red line) from the

northeastern Indian Himalaya

This allows us to have a broad understanding of the palacoclimate of the area and
will help in further correlations as a whole (Figs. 2, 3 and Tables 1 and 2).
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4.2 Ordination Analysis

According to Gauch and Gauch (1982), ordination analysis primarily endeavours to
represent sample and species relationships as faithfully as possible in a reduced-
dimensional space. It can be used as a collective term for multivariate analysis used
to find patterns and combinations in the data that are otherwise difficult to interpret.
Ordination analysis can be classified into the constrained and unconstrained ones. To
find which ordination method should be applied for a dataset, the rule of thumb,
introduced by Lep$ and Smilauer (2003), is used. The present study involved,
calculating the detrended correspondence analysis (DCA) followed by measuring
the length of the first DCA axis. The length of the first axis decides whether a linear
or unimodal based method is to be applied where a gradient length > 3 SD (standard
deviation) suggests that a unimodal based method of direct gradient analysis (canon-
ical correspondence analysis) should be selected to understand the relationship
between response and explanatory variable. However, <3 SD gradient length
indicates that a linear-based method of direct gradient analysis (redundancy analysis)
to be selected. Further, principal component analysis (PCA) has been used to
identify the patterns between samples (response variables) and determine minimum
var