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Abstract: We present multiproxy records from a 2.25-m-long lake sediment profile from central India,
which suggested that between ~22,200 and 18,658 cal yr BP, the Indian Summer Monsoon (ISM)
was weak, supporting open vegetation in a cool and dry climate, which is globally correlated with
the Last Glacial Maximum (LGM). The grain size data of this phase suggest low-energy conditions,
indicating a weak ISM. Environmental magnetic concentration-dependent parameters also confirm
this weakened ISM. Between ~18,658 and 7340 cal yr BP, the ISM underwent a notable increase, and
open mixed tropical deciduous forests replaced the existing vegetation under a warm and moderately
humid climate. Environmental magnetic parameters and the grain size data signal a shift toward
higher energy levels, in harmony with the warm and moderately humid climate during this time
span. Between ~7340 and 1960 cal yr BP, the ISM intensity further increased, which supported
open mixed tropical deciduous forests with a rise in prominent tree species under a warm and
a relatively more humid climate, correlated with the global Holocene Climatic Optimum (HCO).
The trends in environmental magnetic parameters and grain size data mirror this phase of climatic
amelioration. From ~1961 cal yr BP to the present, the ISM has intensified, giving rise to dense mixed
tropical deciduous forests under a warm and relatively more humid climate. Environmental magnetic
parameters and the grain size data are in tandem with the palynogical findings from this phase of the
ISM variability.

Keywords: multiple proxies; palynology; grain size; environmental magnetism; ISM; Inter-Tropical
Convergence Zone (ITCZ); summer insolation and SST; Last Glacial Maximum (LGM)

1. Introduction

The Indian summer monsoon (ISM) (also known as the Southwest Monsoon: SWM,
the Southwest Summer Monsoon: SWSM, the South Asian Summer Monsoon: SASM, or
simply, the monsoon and Indian Summer Monsoon rainfall: ISMR) is a major component
of the Asian Monsoon System—a large-scale phenomenon affecting the ocean, land, and
atmosphere [1–7]. The ISM is the backbone of the socio-economic well-being of the people
in Africa and Southeast Asia, including India [8]. Around 80–90% of the total rainfall
during the months of June to September (JJAS) is caused by the ISM, which is a pre-
requisite for agricultural productivity (Kharif crops), the economy and societal benefits
in the Indian subcontinent [9–13]. El Niño, La Niña, the Indian Ocean Dipole and Walker
circulation in the equatorial Pacific influence the ISM [14,15]. The movement of the Inter-
Tropical Convergence Zone (ITCZ) over the equatorial region, however, is regarded as
the cause of monsoons [16]. The seasonal northward movement of the ITCZ due to the
warming of the Asian continents during the summer initiates the summer rains associated
with the Southwest Monsoon (SWM) [17]. The intensity of ISM precipitation varies in
different Indian basins owing to the variations in latitude, altitude and distance from the
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sea [18]. These variations in the ISMR cause extreme floods, landslides (in the Himalaya)
or droughts, which affect >60% of the world’s population over much of South and East
Asia [5,10] and are closely associated with the prosperity of and/or decline in ancient
human civilizations [19–25]. The occurrences of such events from the Indian subcontinent
allow and/or force us to adopt the measures of adaptation and mitigation [26,27]. Further,
droughts and floods over India and other parts of South Asia potentially are impacts of ISM
variations, directly affecting the agricultural output, economic development and societal
well-being of this densely populated region [8,10–12,22].

Saraswat et al. [28] briefly summarized the evolution of the monsoon system, taking
into account previous studies using both terrestrial and marine records generated from the
Indian subcontinent and the adjoining seas. Srivastava et al. [29] have both qualitatively
and quantitatively reconstructed the monsoonal discrepancies during the last ~44 ka using
the coexistence approach (CA) and concluded that the extended period of rainfall during
the Late Pleistocene was because of the monsoonal, post-monsoonal and pre-monsoonal
rainfall, which supported the growth and sustenance of wet evergreen elements in the
Western Ghats. Moreover, our knowledge and understanding of the variability in ISMR
is important both to understand present climatic conditions and to make predictions of
future climactic conditions [30–32]. Therefore, keeping in mind the significance of the ISMR
for the socio-economic well-being of the people in Southeast Asia and India, the present
study was carried out on a 2.25-m-long sediment profile from a lacustrine area, named as
Anandpur Nursery Lake (ANL), of the Baikunthpur Forest Range of the Koriya District
(Chhattisgarh), central India, which comes under the core monsoon zone (CMZ) of India,
using pollen, grain size and magnetic susceptibility/environmental magnetism data.

Palaeoarchives, such as marine sediments [33–36], lacustrine sediments [37–41],
speleothems [42–44] and tree rings [45,46], have been widely used to reconstruct the
ISMR variability with varying temporal resolution. Lake sediments, compared to
marine sediments, provide direct evidence of past events on a local or regional scale,
with a relatively high temporal resolution [47,48]. The main objective of the present
study was to reconstruct the ISMR variability since the Last Glacial Maximum (LGM)
using the multi-proxy approach (pollen, grain size and environmental magnetism)
on the lacustrine sediments in the Koriya District (Chhattisgarh State, central India),
falling under the CMZ of India. We also interrelated the results with published pollen
data from palaeovegetation and palaeoclimatic reconstructions in the central Indian
CMZ [49].

2. Regional Setting
2.1. Study Area

Anandpur Nursery Lake (ANL) is located about 20 km north of the Baikunthpur
Township (82◦32′58.66′ ′ E: 23◦14′59.98′ ′ N; 529 m a.s.l.) of the Koriya District in Chhattis-
garh State (Figure 1).The area adjacent to the site of investigation is marked by highlands of
low relief with gorges. Hilly soils and sandy soil are chiefly found in the area. Rice, maize,
wheat and pulses are cultivated in the area by the local farmers and tribes.
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Figure 1. Geographical map of India showing Chhattisgarh State (upper-left panel), geographical 
map of Chhattisgarh State, central India showing the Koriya District (upper-right panel), and Shut-
tle Radar Topographic Mission (SRTM) and digital elevation model (DEM) showing the sampling 
site in the Koriya District (lower panel). Figure 1 was created using ArcGIS 10.3. 

  

Figure 1. Geographical map of India showing Chhattisgarh State (upper-left panel), geographical
map of Chhattisgarh State, central India showing the Koriya District (upper-right panel), and Shuttle
Radar Topographic Mission (SRTM) and digital elevation model (DEM) showing the sampling site in
the Koriya District (lower panel). Figure 1 was created using ArcGIS 10.3.

2.2. Climate

A tropical savannah-type climate (Aw) and Mesothermal-Gangetic Plain-type climate
(Cwg) are found in the study area [50,51]. The nearest Climate Research Unit (CRU) Time-
series (TS) (version 4.06) data are represented in Figure 2, with 0.5 × 0.5 gridded climate
data points for 1901–2021 showing the mean monthly precipitation and temperature in
the lacustrine deposit of the Koriya District [52]. The mean annual temperature (MAT) is
24.449 (24.45) ◦C, and the mean annual precipitation (MAP) is 1290.72 (~1291) mm in the
study area in the Koriya District (Figure 2).
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2.3. Vegetation 
Both moist and dry tropical deciduous forests dominated by teak (Tectona grandis) 

and sal (Shorea robusta) occupy the landscape in the study area in the region [51,53]. The 
commonassociates of the forests are shown in Table 1. 

Table 1. Common associates of the forests in the study area. 

Name of Taxa Habits Name of Families 
Madhucaindica J. F. Gmelin Tree Sapotaceae 
Terminaliachebula Retz Tree Combretaceae 
T. bellerica (Gaertn.) Roxb. Tree Combretaceae 
T. arjuna (Roxb. ex DC.) Wight et Arn. Tree Combretaceae 
T. tomentosa Wight et Arn. Tree Combretaceae  
Azadirachta indica  A. Juss. Tree Meliaceae 
Diospyros melanoxylon Roxb. Tree Ebenaceae 
Schleichera oleosa (Lour.) Oken. Tree Sapindaceae 
Syzygium cumini (L.) Skeels Tree Myrtaceae 
Buchanania lanzan Spreng. Tree Anacardiaceae 
Acacia catechu (L. f.) Willd. Tree Mimosaceae 
Dalbergia sissoo Roxb. Tree Fabaceae 
Boswellia serrata Roxb. ex.- Colebr Tree Burseraceae 

Figure 2. Nearest CRU TS (version 4.06) data with 0.5 × 0.5 gridded climate data points for 1901–2021
showing mean monthly precipitation and temperature around the ANL of the Koriya District,
Chhattisgarh State, central India. These data are 121-year climate averages for the period of 1901–
2021; MAP = mean annual precipitation; MAT = mean annual temperature.

2.3. Vegetation

Both moist and dry tropical deciduous forests dominated by teak (Tectona grandis)
and sal (Shorea robusta) occupy the landscape in the study area in the region [51,53]. The
commonassociates of the forests are shown in Table 1.

Table 1. Common associates of the forests in the study area.

Name of Taxa Habits Name of Families

Madhucaindica J. F. Gmelin Tree Sapotaceae

Terminaliachebula Retz Tree Combretaceae

T. bellerica (Gaertn.) Roxb. Tree Combretaceae

T. arjuna (Roxb. ex DC.) Wight et Arn. Tree Combretaceae

T. tomentosa Wight et Arn. Tree Combretaceae

Azadirachta indica A. Juss. Tree Meliaceae

Diospyros melanoxylon Roxb. Tree Ebenaceae

Schleichera oleosa (Lour.) Oken. Tree Sapindaceae

Syzygium cumini (L.) Skeels Tree Myrtaceae

Buchanania lanzan Spreng. Tree Anacardiaceae

Acacia catechu (L. f.) Willd. Tree Mimosaceae

Dalbergia sissoo Roxb. Tree Fabaceae

Boswellia serrata Roxb. ex.- Colebr Tree Burseraceae

Holoptelea integrifolia Planch. Tree Ulmaceae

Gmelina arborea Roxb. Tree Lamiaceae

Aeglemarmelos (L.) Correa Tree Rutaceae

Emblica officinalis Gaertn. Tree Euphorbiaceae

Anthocephaleous cadamba (Roxb.) Miq. Tree Rubiaceae
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Table 1. Cont.

Name of Taxa Habits Name of Families

Lagerstroemi aparviflora Roxb. Tree Lythraceae

Mitragyna parvifolia (Roxb.) Korth. Tree Rubiaceae

Adina cordifolia (Roxb.) Hook. f. ex.- Bedd. Tree Rubiaceae

Eucalyptus sp. L’Hér. Tree Myrtaceae

Butea monosperma (Lam.) Taub. Tree Fabaceae

Ficus benghalensis L. Tree Moraceae

Semecarpus anacardium L.f. Tree Anacardiaceae

Ziziphus mauritiana Lam. Shrub Rhamnaceae

Strobilanthes sp. Shrub Acanthaceae

Acacia spp. Shrub Mimosaceae

Holarrhena antidysenterica (L.) Wall. Shrub Apocynaceae

Ricinus communis L. Shrub Euphorbiaceae

Grasses (Members of Poaceae) Terrestrial herb Poaceae

Ageratum conyzoides L. Terrestrial herb Asteraceae

Sida rhombifolia Roxb. ex Fleming Terrestrial herb Malvaceae

Hyptis suaveolens (L.) Poit Terrestrial herb Lamiaceae

Blumea spp. Terrestrial herb Asteraceae

Leucas aspera (Willd.) Link. Terrestrial herb Lamiaceae

Chenopodium album L. Terrestrial herb Amaranthaceae

Amaranthus spinosa L. Terrestrial herb Amaranthaceae

Achyranthes aspera L. Terrestrial herb Amaranthaceae

Xanthium strumarium L. Terrestrial herb Asteraceae

Mazus japonicas (Thunb.) Kuntze Terrestrial herb Mazaceae

Sonchus spp. Terrestrial herb Asteraceae

Oxalis acetocella Terrestrial herb Oxalidaceae

Justicia simplex D. Don. Terrestrial herb Acanthaceae

Euphorbia hirta L. Terrestrial herb Euphorbiaceae

E. thymifolia L. Terrestrial herb Euphorbiaceae

Ajuga sp. Terrestrial herb Lamiaceae

Commelina benghalensis L. Terrestrial herb Commelinaceae

Scirpus sp. Marshy herb Cyperaceae

Cyperus rotundifolia L. Marshy herb Cyperaceae

Carex sp. Marshy herb Cyperaceae

Ammania baccifera L. Marshy herb Lythraceae

Rumex sp. Marshy herb Polygonaceae

Polygonum plebieum R. Br. Marshy herb Polygonaceae

P. serrulatum Lag., Menthaarvensis L. Marshy herb Polygonaceae

Mentha arvensis L. Marshy herb Lamiaceae

Hygrophila auriculata (Schumach.) Heyne. Marshy herb Acanthaceae

Pimpinella tomentosa (Dalzell & Gibson) C.B. Clarke Marshy herb Apiaceae

Solanum xanthocarpum Schrad et Wendl. Marshy herb Solanaceae
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Table 1. Cont.

Name of Taxa Habits Name of Families

Ocimum americanum L. Marshy herb Lamiaceae

O. sanctum L. Marshy herb Lamiaceae

Typha latifolia L. Aquatic herb Typhaceae

Trapa sp. Aquatic herb Trapaceae

Nymphoides indica (L.) Kuntze Aquatic herb Menyanthaceae

Potamogeton purpurascens Seidi ex J. Presl et C. Presl Aquatic herb Potamogetonaceae

Lemna paucicostata Hegelm. Aquatic herb Araceae

Dryopteris prolifera (Retz.) C. Chr. Pteridophytic
herb Dryopteridaceae

Adiantum philippensis L. Pteridophytic
herb Pteridaceae

Diplazium esculentum (Retz.) Sw. Pteridophytic
herb Athyriaceae

Selaginella semicordata N. Wall. Pteridophytic
herb Selaginellaceae

Lycopodium cernuum Pteridophytic
herb Lycopodiaceae

3. Materials and Methods
3.1. Field Work, Coring, Sampling Method and Lithological Details

A 2.25 m-long-lacustrine sediment profile was collected for the present study from
the Baikunthpur Forest Range of the Koriya District (Chhattisgarh), central India. In total,
30 samples were collected for this profile: 15 samples at 5 cm intervals (10 samples from 0
to 50 cm and 5 samples from 200 to 225 cm) and the remaining 15 samples at 10 cm intervals
(50–200 cm). Additionally, bulk samples were also taken at larger intervals for radiocarbon
dating. Three prominent lithozones can be seen from top to bottom in the profile, based on
the variation in sediment texture at different depths. The top-most lithozone is composed
of blackish clay soil with rootlets followed by brownish/blackish clay without rootlets. The
bottom-most stratum consists of blackish/brownish clayey soil.

3.2. Radiocarbon (14C) Dating and Chronology

Three samples have been radiocarbon-dated (17,210 ± 670 yr BP at 215 cm depth,
2900 ± 130 yr BP at 90 cm depth and 100 ± 90 yr BP at 40 cm depth) using conventional
radiocarbon-dating technique at the Birbal Sahni Institute of Palaeosciences (BSIP), Luc-
know (India). IntCal 13 calibration curve [54] was used to calibrate these conventional 14C
dates in OxCal software version 4.3 [55]. To establish the age–depth relationship, a Poisson
process deposition model (Bayesian age-depth modelling [56]) was followed. All of the
model’s agreement indices and convergence indices were higher than the critical values;
thus, all three 14C samples were kept in the model. For details of the dating and chronology,
please see Quamar and Bera [49]. Nonetheless, the Bayesian age-depth model of the ANL,
constructed using the R package rbacon [57], is shown in Figure 3.
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Figure 3. Bayesian age-depth model of the ANL constructed using the R package rbacon [57]).
The blue bars indicate the 14C age distribution, whereas the greyscale of the line graph reflects the
likelihood and the dotted red line indicates the mean ages. Further details can be had by consulting
the paper [49]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

3.3. Pollen Preparation, Microscopic Examination and Pollen Diagram Constructions

Extraction of the palynomorphs (pollen and spores) from the sediment samples is
performed following Erdtman’s conventional method [58]. Chemical treatments success-
fully removed humus, silica and cellulose using 10% KOH, 40% HF and an acetolysis
mixture consisting of concentrated sulphuric acid (H2SO4) and acetic anhydride (C4H6O3)
in 1:9 ratio, respectively. The samples were finally prepared in 50% glycerine solution for
microscopic examination. A few drops of phenol were also added to avoid any microbial
contamination.

Pollen and spores were counted under a transmitted light microscope (Olympus BX50,
Tokyo, Japan). Pollen and spores were identified using published reference material [39,59–64]
and the reference collections held at the BSIP Herbarium. More than 300 terrestrial pollen
grains were counted per sample. Pollen percentages were calculated using the total pollen sum
(TPS) of terrestrial plants only. Pollen of aquatic plants, marshy taxa, spores of algae and ferns,
drifted/transported pollen (transported from higher reaches, i.e., the Himalaya) and fungi were
excluded from the TPS; however, their percentages were calculated using the TPS.

3.4. Grain Size (Particle Size)

The sediment samples were initially treated with 10% HCl and 30% H2O2 in order
to remove the carbonates and organic fractions [65]. Thereafter, to avoid flocculation,



Quaternary 2024, 7, 52 8 of 25

5% solution of sodium hexametaphosphate was added to the samples. The samples were
then analysed for grain size using laser particle size analyser (Beckman Coulter LS™ 13 320,
Brea, CA, USA) at the Birbal Sahni Institute of Palaeosciences (BSIP), Lucknow, India. The
percentages of grain size were determined, such as clay (<2 µm), silt (2–63 µm) and sand
fractions (63–2000 µm), following Udden [66] and Wentworth [67]. The grain size was
then transferred in Gradistat to obtain the values in phi (∅) scale. Statistics, such as mean,
sorting, skewness and kurtosis, were calculated to determine the energy conditions and
depositional settings [68].

3.5. Envirnmental Magnetism

Room-temperature rock magnetic analysis was performed following the standard
techniques of Walden [69]. Dried and disaggregated sediment samples were gently crushed
into powder using an agate mortar and pestle and then packed into standard 10 cm3

non-magnetic plastic bottles. Low-frequency magnetic susceptibility (χlf) measurements
were carried out with a Bartington susceptibility meter (MS2) coupled with the 2B sensor,
which operated at a frequency of 0.465 kHz with a peak field of 200 A/m. In order to see
any significant proportion of ultrafine super-paramagnetic grains (SP) of magnetite crystals,
frequency variation of χ, expressed in percentage (χFD%), was measured for the samples
at two different frequency values of 0.465 kHz and 4.65 kHz using the MS2B sensor. The
anhysteretic remanent magnetization (ARM) was found by exposing the samples to an
alternatingly decaying magnetic field with a100 mT peak field anda decay rate of 0.01 mT,
in the presence of a direct current (DC) bias field of 0.1 mT using an AGICO alternating
field demagnetizer.The ARM intensity was measured using a Minispin fluxgate spinner
magnetometer (Molspin, Witney, UK). The susceptibility of ARM (χARM) was calculated
by normalizing the ARM with the size of the DC biasing field (i.e., 0.1 mT).

An impulse magnetiser (MODEL IM-10-30; ASC Scientific, Narragansett, RI, USA)
was used to impart magnetization to the samples. Progressive forward acquisition of the
remanent magnetisation was performed at 0 mT to 1000 mT in six intermediate steps. The
remanent magnetization obtained at the 1000 mT pulse field is considered as the saturation
isothermal remanent magnetization (SIRM). Progressive backfield demagnetization of the
SIRM was performed at 10 mT to 300 mT in six intermediate steps. A JR-6 dual-speed
spinner magnetometer (AGICO Ltd., Brno, Czech Republic) was used to measure the
remanent magnetization at each acquisition and demagnetization step in the high-speed
mode. The S-ratio was computed to measure the relative concentration of soft and hard
magnetic minerals in the samples by calculating the ratio of absolute value of IRM at
−300 mT over SIRM, i.e., IRM−300mT/SIRM1000mT. To obtain absolute concentration of
low/hard coercive magnetic minerals, Soft-IRM (calculated as SIRM-|IRM−30mT) and
Hard-IRM (calculated as SIRM-IRM−300mT) were derived from the IRM acquisition and
demagnetization measurements. The inter-parametric ratios like χARM/SIRM, χARM/χlf
and SIRM/χlf, which were indicative of magnetic grain size, were finally calculated [69–78].
Magnetic measurements were performed at the Rock Magnetic Laboratory, Department of
Geology, Savitribai Phule Pune University (S.P.P.U.), Pune (Maharashtra), India.

4. Results
4.1. Description of Pollen Diagram

The pollen diagram (Figure 4) has been divided into four distinct pollen zones (ANL-I,
ANL-II, ANL-III and ANL-IV), based on the varying frequencies of the prominent arboreal
pollen (AP) and non-arboreal pollen (NAP) taxa in order to decipher the sequential vege-
tation changes and contemporary climatic changes in a chronological order in the region.
The pollen zones numbered from the lowest to the highest depths in the Lake sediments
profile are described below:
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Figure 4. Pollen diagram of tree taxa, shrubs and herbaceous taxa, as well as aquatic taxa, algal
remains, marshy taxa, pteridophytic taxa, transported (drifted) taxa and fungal spores from the
Anandpur Nursery Lake sediment profile, Koriya District, Chhattisgarh, central India. The pollen
zones are designated with the initials ‘ANL’ after the name of the site of investigation: Anandpur
Nursery Lake.

4.1.1. Pollen Zone ANL-I (200–225 cm)

This pollen zone has a single radiocarbon date of 17,210 ± 670 cal yr BP (a 225–200 cm
depth) and spans between ~22,200 and 18,658 cal yr BP, suggesting open vegetation. Tree
taxa have 3.46% pollen (on average) in the TPS, whereas shrubs have an average value
of only 0.43% pollen. Poaceae has 53.31% pollen (on average) in the TPS. Cerealia has
<1% pollen, whereas other cultural pollen taxa have <1% pollen in the TPS. Tubuliflorae
(Asteroideae: Asteraceae), with an average of 6.53% pollen is followed by other terrestrial
herbs, which have only an average of 1.67% pollen in the TPS. Wetland taxa have an average
value of 6.67% pollen in pollen rain. Aquatic taxa and algal spores have lower values (2.78%
and 2.84%, respectively). Pteridophytic spores and drifted pollen taxa had low values
(<1%). Fungal spores are recorded in variable frequencies in this pollen zone.

Thus, open vegetation occupied the landscape in the study area between ~22,200 and
18,658 cal yr BP under a dry climate, probably indicating a reduced level of ISMR. Based
on the stray pollen of Cerealia, if considered to be cultivated [79,80], a primitive type of
agriculture practice may be assumed in the study area, but wild rice also produces large
Cerealia grains [81,82]. Hence, the inception of any primitive agricultural practices was
ruled out as this large size criterion may not be applicable to India. Moreover, stray pollen
of Amaranthaceae and Cannabis sativa has also been recorded, which may indicate land
clearance for the purpose of agriculture. But their very small values may not be considered
as additional evidence of the possible presence of any sort of primitive agriculture [83].
Freshwater algae, as well as aquatic taxa demonstrate the existence of a lake. The presence
of wetland taxa also indicates swampy conditions. Pteridophytic fern spores grew locally in
the moist and shady places close to the lake. The scant presence of drifted pollen indicates
restricted wind transport from the Himalayas.

4.1.2. Pollen Zone ANL-II (120–200 cm)

This pollen zone with dates ranging between ~18,658 and 7340 cal yr BP shows
open mixed tropical deciduous forests. Trees and shrubby taxa have 8.48% and 2.33%
pollen values (on average), respectively, in the TPS. Poaceae has a 48.54% pollen value
(on average) in the TPS and decreased comparatively. Cerealia (with an average of ~1%)
and other cultural plant pollen taxa have <1% pollen in the TPS. Tubuliflorae (with an
average of 7.94% pollen) and other terrestrial herbs (with an average of 5.88% pollen)
increased comparatively. Wetland taxa have an average of 2.35% pollen. Aquatic taxa,
algal remains and pteridophytic fern spores decreased comparatively (with an average
of 1.84%, 0.85% and 0.87%, respectively). Drifted pollen taxa had low values (with an
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average of 0.29% pollen). Fungal spores are recorded with variable high-to-low values in
this pollen zone.

The open vegetation was, thus, succeeded by open mixed tropical deciduous forests
between ~18,658 and 7340 cal yr BP under a warm and moderately humid climate, proba-
bly indicating increased ISMR. Agricultural practice could not be confirmed during this
timeframe, as Cerealia and other cultural pollen taxa do not show much variation. The
continuous sediment influx affected lake dimensions, which became comparatively narrow.
This is also shown by comparative reduced frequencies of aquatic taxa, as well as algal
spores. The swampy conditions, however, increased a bit in response to the increased
level of human activities, as well as the increased frequencies of wetland taxa. The meagre
presence of transported taxa denotes their transportation from the Himalayas.

4.1.3. Pollen Zone ANL-III (45–200 cm)

This pollen zone with a solitary date of 2900 ± 130 cal yr BP (an 80–100 cm depth) and
time range of ~7340 to 1961 cal yr BP again shows the presence of open mixed tropical de-
ciduous forests. Tree taxa increased comparatively with a 15.47% pollen value (on average)
in the TPS, whereas the shrubby taxa (with an average of 1.52% pollen), decreased com-
paratively. Poaceae shows comparatively decreased values of 38.48% pollen (on average)
in the TPS. Cerealia and other cultural pollen taxa increased comparatively with values
of 6.66% and 13.28% (on average), respectively. Tubuliflorae (with an average of11.78%)
had increased values compared to those during the two preceding pollen zones; however,
the other terrestrial herbaceous taxa (with an average of 4.07% pollen) have lower values
in this pollen zone. Wetland taxa (with an average of 3.43% pollen) have lower values
compared to the preceding pollen zones. Aquatic taxa (with an average of 3.21% pollen),
algal remains (with an average of1.73%) and pteridophytic spores (<1%) are sparse. Drifted
pollen has very low values (<1% pollen). Fungal spores were recorded with high-to-low
values in this pollen zone.

The open mixed tropical deciduous forest became relatively denser than that devel-
oped earlier during the preceding phase under a warm and relatively more humid climate,
owing to a comparatively increased amount of ISMR between ~7340 and 1961 cal yr BP.
Agricultural practice and other anthropic activities became more evident during this phase.
Furthermore, intensive pastoral activities are indicated by a comparative increase in Tubu-
liflorae pollen around the forest area and heathland [84]. The lake became comparatively
wider in dimension and swampy conditions prevailed. The drifted pollen indicated it was
exclusively transported from the Himalayas.

4.1.4. Pollen Zone ANL-IV (0–45 cm)

This pollen zone, datedto 1900 ± 90 cal yr BP (a 5–25 cm depth) and with the time
range of ~1961 cal yr BP to the present, reveals the presence of a relatively dense, mixed
tropical deciduous forest. Tree and shrubby taxa have average high values of 28.59% pollen
and 6.8% pollen, respectively, compared to the preceding pollen zones. Poaceae show
comparatively decreased values, with 18.75% pollen (on average) in the TPS. Comparatively,
Cerealia and other cultural pollen taxa decreased a bit with average values of 2.09% and
9.25%, respectively. Tubuliflorae (with an average of 5.77% pollen) have lower values as
compared to the three preceding pollen zones, whereas the other terrestrial herbaceous taxa
(with an average of 3.67%) have increased values compared to the preceding pollen zone.
Wetland taxa (marshy taxa) (with an average of 2.50% pollen) increased a bit compared
to the two preceding pollen zones. Aquatic taxa (with an average of 5.49% pollen), algal
remains (with an average of 3.21%) and pteridophytic (2.62%) had higher values compared
to the preceding pollen zones. Drifted pollen has very low values (1% pollen). Fungal
spores are recorded in variable high-to-low values in this pollen zone too.

Thus, the dense mixed tropical deciduous forest became relatively denser from~
1961 cal yr BP to the present under a warm and relatively more humid climate with a
further increase in ISMR. Agricultural practice and other anthropogenic activities, however,
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decreased comparatively. The lake, contrarily, became larger; however, swampy conditions
prevailed. Pteridophytic fern spores also grew locally in moist and shady locations close to
the lake. The scant presence of drifted pollen is indicative of its exclusive transportation by
wind from the Himalayas.

4.2. Grain Size (Particle Size)

The various fractions of grain size along with their statistical parameters are plotted in
Figure 5. The results for each phase are as follows:
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4.2.1. Zone I (~22,200–8658 cal yr BP)

During this deposition period, the clay fraction ranged from 4% to 6%, the silt fraction
from 56% to 71% (with fine-to-medium silt contributing 38% to 49%) and the sand fraction
from 23% to 39% (dominated by very fine and fine sand). Medium sand was present in low
percentages, and coarse sand was less than 1% in PS-26 and absent in the other samples.
The samples exhibited both unimodal and bimodal distributions, with mean grain sizes
between 3∅ and 4∅. The sorting values ranged from 1.15∅ to 1.46∅, skewness was negative
between −0.27∅ and −0.39∅, and kurtosis ranged from 0.74∅ to 1.05∅, indicating poorly
sorted sediments with coarse-to-very-coarse skewed grains, which were either platykurtic
or mesokurtic.

The samples’ unimodal and bimodal distributions suggest deposition in low-energy
environments, with an average mean grain size of 3.5∅, indicating fine-grained sediments.
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The average sorting value of 1.26∅ suggests poor sorting. The sediments were negatively
skewed, with an average skewness of −0.31∅, indicating a coarse and very coarse skewed
distribution, reflecting unidirectional sediment transport. The mesokurtic character indi-
cates deposition by unidirectional flow in a low-energy setting, while the platykurtic nature
suggests the mixing of sediments from two sources.

4.2.2. Zone II (~18,658–7340 cal yr BP)

During this period, the clay content varied from 2% to 6%, with the silt and sand
proportions being roughly equal. Silt ranged from 34% to 78%, with fine-to-medium silt
mainly ranging from 20% to 56%, while medium-to-coarse silt ranged from 13% to 21%. The
sand was mostly very fine to fine, with low-to-moderate amounts of medium and coarse
sand. The sediments were both unimodal and bimodal, with mean grain sizes from 2∅ to
4∅ and sorting values from 1.05∅ to 1.57∅. The skewness values were mostly negative,
except for that of PS-18, which was positive, and kurtosis ranged from 0.67∅ to 1.33∅.

The sediments, which were poorly sorted, reflected low-energy depositional condi-
tions. The mean grain size averaged 3.2∅, indicating a fine-grained composition. The
sorting values averaged 1.39∅, and skewness was mainly coarse to very coarse, with occa-
sional symmetrical and fine-skewed samples. Negative skewness values suggested periods
of erosion or non-deposition, with coarse skewness indicating unidirectional sediment
transport. Most samples were platykurtic, suggesting fine-to-medium sand dominance,
and were indicative of low-to-moderate energy depositional settings.

4.2.3. Zone III (~7340–1961 cal yr BP)

During this period, the clay content varied from 1% to 8%, silt from 25% to 90% (with
fine-to-medium silt making up 12% to 75%), and sand from 2% to 73%. A high sand content
appeared mainly in the lower part of the zone, with varying amounts of very fine, fine and
medium sand, and coarse sand present in very low proportions. The samples showed both
unimodal and bimodal distributions, with mean grain sizes from 2∅ to 5∅. The sorting
values ranged from 0.69∅ to 1.50∅, and the skewness was mostly positive (ranging from
−0.02∅ to 0.32∅) except for that of PS-14, which was negative. Kurtosis varied from 0.69∅
to 1.97∅. Most sediments were poorly sorted, except for PS-10 and PS-14, which were
moderately sorted. The grains were generally fine-skewed, with PS-11 showing a very fine
skewness and PS-14 being symmetrically skewed. Most samples were platykurtic, except
for PS-10 and PS-14, which were very leptokurtic, and PS-17, which was mesokurtic.

The average mean grain size was 3∅, indicating fine-grained sediment. The sorting
averaged 1.25∅, suggesting poor sorting overall, with one moderately sorted sample. The
skewness was mostly positive, indicating low-to-moderate energy levels during deposition,
with only one sample negatively skewed. Predominantly fine-skewed samples suggest
a high level of winnowing or the long-distance transportation of sediments [85–87]. The
mesokurtic and leptokurtic nature of some of the sediments suggests the addition of
finer-sediment fractions. Skewness and kurtosis values indicate a low-energy riverine
environment during deposition [88].

4.2.4. Zone IV (~1961 cal yr BP–Present)

During this period, silt content ranged from 25% to 89%, with a predominance of
fine-to-medium silt and lower amounts of medium-to-coarse silt. The sand content varied
from 0.6% to 73%, primarily consisting of very fine and fine sand, while the clay content
ranged from 1% to 10%. Medium and coarse sand were negligible or absent. A grain size
analysis using the Folk and Ward method indicated that the samples were either unimodal
or bimodal, with mean grain sizes from 2∅ to 5∅. The sorting values ranged from 0.77∅ to
1.32∅, and skewness varied from −0.20∅ to +0.30∅. The kurtosis values ranged from 0.70∅
to 2.28∅. Most sediments were poorly sorted, with some moderately sorted, primarily
fine-skewed, and a few coarse-skewed or symmetrical (PS-4). The kurtosis values ranged
from platykurtic to very leptokurtic.
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The unimodal sediments indicated a consistent deposition process and low-energy
conditions. The mean grain sizes averaged 3.4∅, indicating fine-grained sediments [89,90].
A positive skewness suggested winnowing activity, while variations in skewness reflected
low-to-moderate energy conditions. Fine and symmetrical skewness values indicated the
deposition of finer fractions as coarser content was removed. The kurtosis values varied
from mesokurtic to leptokurtic, indicating an increase in fine sediment fractions after
winnowing, preserving the initial sediment character. Leptokurtic sediments suggested
fluctuating energy conditions, while mesokurtic sediments indicated unidirectional flow
and sediment settling in low-energy environments [85–88].

4.3. Eenvironmental Magnetism

The environmental magnetic parameters showing the magnetic concentration are
plotted against depth and age in Figure 6. The mass specific magnetic susceptibility
(χlf, which measures the total concentration of magnetic minerals present in a natural
sample [69,73]) values vary between 60.21 and 781.57 × 10−8 m3 kg−1 with an average
of 219.96 × 10−8 m3 kg−1 (Figure 6, Table S2). These χlf values are quite high with
respect to the χlf values reported from the Ganga flood plains [74] due to the geology
(Deccan traps) of the area [75–77]. The frequency-dependent susceptibility percentage
(χfd%) indicates the proportion of superparamagnetic (SP) grains [78]. The χfd% values
for the sediments vary from −2.74% (17.5 cm) to 3.05% (27.5 cm; Figure 6). The average
χfd% value is 1.63% (Figure 6, Table S2). These values close to zero suggest the lack of
SP magnetite grains of bacterial origin [75]. The susceptibility of anhysteretic remanent
magnetization (χARM) is biased towards magnetic minerals of a stable single domain
(SSD) grain size [70]. Values of χARM vary between 12.24 × 10−8 m3 kg−1 (37.5 cm) and
1691.53 × 10−8 m3 kg−1 (155 cm) with an average of 438.73 × 10−8 m3 kg−1 (Figure 6,
Table S2). Saturation isothermal remanent magnetization (SIRM) is generally influenced
by the concentration of all remanence-carrying magnetic minerals [69] and, hence, reflects
the total concentration of the remanence-carrying magnetic mineral content [76]. Values of
the SIRM range between 762.97 × 10−5 Am2 kg−1 (32.5 cm) and 17,796 × 10−5 Am2 kg−1

(155 cm) with an average of 4373.04 × 10−5 Am2 kg−1 (Figure 6, Table S2), suggesting a high
concentration of magnetic minerals since 22,200 cal yr BP. The S-ratio, which is indicative
of relative proportions of ferrimagnetic and antiferromagnetic minerals in the sample,
varies between 0.95 and 1.00 [69,71]. A high value (~1) of the S-ratio (Figure 6, Table S2)
indicates the presence of predominantly low-coerciveness, magnetically “soft” minerals
like magnetite and maghemite, whereas lower S-ratio values refer to the presence of a
mixedmineralogy of magnetite and anti-ferromagnetic minerals (haematite and goethite)
in the samples. This supports the fact that the magnetic mineralogy of the sediment is
dominated by ferromagnetic minerals like magnetite and maghemite. The HIRM values
(Figure 6, Table S2) fluctuate between a low of 0.07 × 10−5 Am2 kg−1 (27.5 cm) and a high of
310.31 × 10−5 Am2 kg−1 (95 cm) with an average of 77.34 × 10−5 Am2 kg−1, suggesting a
significant concentration of high-coerciveness magnetic minerals like hematite and goethite,
though their relative contribution to remanent magnetisation is quite small. Roberts
et al. [77] has reported that even an S-ratio of 0.90 suggests 90% hematite (wt%) in the sample
matrix though its relative contribution to remanent magnetisation is reasonably small,
largely because of its antiferromagnetic nature. The inter-parametric ratios, χARM/SIRM,
SIRM/χlf and χARM/χlf, are used to determine the magnetic grain size qualitatively. High
ratios of χARM/SIRM and χARM/χlf generally indicate a finer magnetic grain size and
vice versa (Figure 6, Table S2) [76,78], whereas high ratios of SIRM/χlf suggest coarser
grain size fractions and vice-versa.
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Magnetic minerals in sediments can be derived from a variety of sources [69]. Apart
from detrital input, bacterial magnetite [91], authigenicgreigite [92] and anthropogenic
magnetite originating from industrial activities, automobile emissions and so on [93] may
all contribute to sediment magnetism. Furthermore, the diagenetic dissolution of magnetic
minerals owing to organic matter breakdown is a possibility [94]. Low values of χARM/χlf
throughout the ANL profile in the current study discard the involvement of bacterial
magnetite in sediments [75]. Likewise, lower SIRM/χlf ratios below the greigite threshold
value (i.e., 40 × 103 Am−1; [92]) further rule out the occurrence of iron sulphide in the ANL
sediments. Additionally, the inter-parametric ratios (indicative of magnetic grain size) such
as χARM/χlf and χARM/SIRM do not show significant changes along the profile, indicating
that magnetic dissolution had no effect on the magnetic record [78].

The correlation coefficient matrix (Supplementary Table S1) shows strong correlations
of χlf with the other concentration-dependent parameters of χARM, SIRM and Soft-IRM,
revealing the dominant ferrimagnetic nature of the magnetic minerals. The overall strong
correlation of χlf with SIRM/χlf (r2 = 0.85) suggests the coarser magnetic grain sizes of
magnetite/maghemite as major remanence-carrying minerals, and the significant corre-
lation of χlf with χARM/χlfi.e (r2 = 0.45) suggests relatively finer grain sizes of mag-
netite/maghemite as remanence-carrying minerals as can be observed in patches.As the
samples are well saturated within a field value of 300 mT (with an S-ratio close to 1), a poor
correlation of the S-ratio with the other parameters is observed.

4.3.1. Zone I (~22,200–18,658 cal yr BP)

It is observed that Zone I is characterised by a stable yet low concentration of a
ferrimagnetic mineral input of coarser magnetic grain sizes as the ratios of χARM/SIRM
andχARM/χlf are relatively low and the SIRM/χlf values are higher in this zone. An
overall strong correlation of χlf is observed in the entire profile with the concentration-
dependent metrics of ARM, SIRM and Soft-IRM showing ferrimagnetic minerals, such as
magnetite and maghemite as dominant remanence carriers. A very strong correlation of
χlfwith SIRM/χlf and a strong correlation of Soft-IRM with SIRM/χlf suggest the coarser
nature of the ferrimagnetic mineral assemblages.

4.3.2. Zone II (~18,658–7340 cal yr BP)

This zone is characterized with fluctuating concentrations of magnetic mineral input
with the highest magnetic concentration values occurring at a depth of ~155 cm, which
certainly decreased at shallower depths (~125 cm). Therefore, both coarser and finer
magnetic grain sizes are observed in this zone. The major remanence-carrying mineral is
coarser and finer magnetite/maghemite. A similar observation of the sediment particle size
transition can be inferred from the fine-to-medium silt fraction. The coarser grain fraction
is corresponding well with the concentration-dependent metrics of χlf, ARM, SIRM and
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Soft-IRM. The overall environmental magnetic parameters depict a fluctuating trend with
high rainfall conditions in the region.

4.3.3. Zone III (~7340–1961 cal yr BP)

The lower part of this zone exhibits a high magnetic mineral concentration as shown by
χlf, SIRM and χARM values. Overall, this zone is characterised with a high yet fluctuating
concentration of magnetic mineral input together with predominant ferrimagnetic mag-
netite or maghemite mineral of a finer grain size range as evident from the ratio parameters.
The pollen assemblage during this time period indicates increased frequencies of tree taxa,
suggesting comparatively dense forests in the study area. Therefore, when there were high
amounts of rainfall, the forests barred the coarse-grain sediments from reaching the lake,
leading to the deposition of high amounts of silt and fine sand particles, which is well
represented in the grain size parameters as well [74].

4.3.4. Zone IV (~1961 cal yr BP–Present)

This zone shows a relatively low and stable concentration of magnetic minerals of
fine grain sizes as evident from low values of χlf, ARM, SIRM and Soft-IRM and grain size
proxies of ratio parameters. Overall, a decline in the magnetic parameters implies reduced
sediment transport to the lake attributed to increased/dense vegetation [74].

5. Synthesis of Pollen, Grain Size and Environmental Magnetism Data: Global
Contextualization and Forcing Factors

Pollen records demonstrate that between ~22,200 and 18,658 cal yr BP, open vegetation
occupied the landscape under a dry climate, probably indicating reduced ISMR (Table 2).
The grain size data suggest that fine-grained sediment deposition occurred with two
sources, which was directly correlated to the lower ISMR. Moreover, the concentration-
dependent parameters, such as χlf, χARM and SIRM, exhibit low values during this period.
Therefore, several pieces of evidence such as those above are suggestive of low ISMR
conditions in the study area. The low ISMR during ~22,200–18,658 cal yr BP is globally
correlated with the Last Glacial Maximum (LGM) (Figure 7) [95]), which corresponds to
changes in the following: particular orbital patterns(i.e., the precession cycle), albedo, the
NH ice sheet, CO2, CH4, other greenhouse gases (e.g., water vapour) and the warming of
the Pacific Ocean. These led to an increase in summer insolation near the tropics, which
resulted in enhanced atmospheric water transport from the sea [96–102]. Duplessy [103]
suggested lower ISMR during the LGM in the Bay of Bengal (BoB), based on the observed
δ18O enrichment in planktonic foraminifera, which led to the reduced influx of fresh water
into the BoB. A prominent rainfall minimum during ~20 ka was observed in the Ganga Plain,
India [104–106]. A cool and dry climate (reduced ISMR) was suggested between 21,000
and 18,000 cal yr BP, which supported the open grassland type of vegetation in the Ganga
Plain during the LGM [107]. The LGM was also noticed in Central India [108], the South
Indian Mountains [109] and the Eastern Himalayas [110]. Wasson et al. [111] also reported
the LGM in the Sambhar Lake of the Thar Desert Rajasthan, India to be ~21,000 cal yr BP. A
cold and dry climate in response to low ISMR was suggested on the basis of high-resolution
stable isotopic (δ18O and δ13C) as well as glycerol dialkyl glycerol tetraether (GDGT) studies
conducted on stalagmite during the LGM from Mawmluh Cave (Meghalaya), Northeastern
India [112], resulting in reduced vegetation (as exhibited by high δ13C values). A cool and
dry climate during the LGM was suggested in Darjeeling, Eastern Himalaya, India [110]. A
declining monsoon, which transformed forests into savannahs under a cooler and drier
climate during the LGM, was inferred from the Ziro Valley of Arunachal Pradesh, Eastern
Himalayas, India [113]. Drier climatic conditions can be inferred from a sharp drop in the
ratio of evergreen to deciduous elements, corresponding to an abrupt rise in non-arboreals
(herbaceous vegetation) and a sharp decline in arboreal percentages (trees and shrubs)
during the LGM (~22.3–18.3 ka), as observed in the Darjeeling foothill region, Eastern
Himalayas [114]. A weak monsoon has also been inferred in Kumaun, Central Himalayas,
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India, during the LGM [115]. Premathilake and Risberg [116] and Premathilake [117]
suggested a semi-arid climate affected by cool and dry conditions owing to low ISMR
during the LGM in Sri Lanka. Zhang et al. [118] suggested a dry climate and decreased
ISMR as manifested by abundant C4 plants in the terrestrial ecosystem around Lake Lugu
between 30 and 14.6 ka in Southwest China (the ISM region). The strengthening of the
westerlies and their shift southwards–eastwards during the LGM have been suggested;
however, based on lacustrine studies in West China, there was a moderate or high water
level [119]. Clement et al. [96] and Overpeck et al. [8] suggested a very weak monsoon,
accompanied by cool global temperatures during the LGM in the Indian subcontinent and
the Arabian Sea, respectively. In the Arabian Sea, reduced in situ productivity [120–122],
reduced denitrification [100] and a lower sea-surface temperature (SST) [100,123] have
been suggested. Similarly, a reduced SST [124,125] with enriched foraminiferal δ18O
values [126–128], depleted sea water δ18O [129], reduced detrital contribution [130] and
reduced calcareous productivity [131] have been suggested in the Bay of Bengal. However,
a higher level of calcareous productivity during the LGM has been suggested from the
northern part of the Bay of Bengal, attributed to the monsoon-triggered river discharges
that led to the dilution of CaCO3 content in the sediments during the interglacial period
and vice-versa during the glacial time [132]. The microparticle concentration increased after
25 ka and reached a peak during 20–15 ka in the Guliya ice cap, China [133], whichsupports
increased dust emissions and the expansion of Central Asian dust realms during the
LGM [134].

Table 2. Rainfall marker taxa and their rainfall (annual) requirements (Champion and Seth, 1968) [53].

Rainfall Marker Taxa Rainfall (Annual) Requirements

Tropical evergreen forest elements: Syzygium cumini, S.
heyneanum, Barringtonia sp. >2000 mm

Tropical semi-evergreen forest element(s): Shorea
robusta 1600–1900 mm

Tropical moist deciduous elements: Madhuca indica,
Terminalia, Schleichera, Eucalyptus, Adina cordifolia,
Mitragyna parvifolia, Grewia, Mallotus philippensis,
Mimusops elangi, Manilkara hexandra

1500–2000 mm (1250–1900 mm)

Tropical dry deciduous forest elements: Lannea
coromandelica, Lagerstroemia parvifolia, Emblica officinalis,
Aegle marmelos, Tectona grandis, Bombax ceiba, Acacia sp.,
Diospyros melanoxylon, Semecarpus anacardium,
Buchanania lanzan

1250–750 mm

Between ~18,658 and 7340 cal yr BP, the ISMR comparatively increased and supported
open mixed tropical deciduous forests under a warm and moderately humid climate
(Table 2, Figure 7). The varying degrees of the grain size parameters, such as fine- and
medium-grain sediments during the depositional period, indicate local as well as long-
distance sediment transport and winnowing activity owing to a comparatively increased
level of ISMR. The environmental magnetic parameters also depict increased rainfall
conditions as the values of χlf, χARM, SIRM and HIRM are considerably higher during the
early part of this phase. This suggests that the mineralogical parameters are in accordance
with the palynological and grain size results concerning the ISMR variability. A large
degree of climatic amelioration with a significant rise in SWM rains between 10,400 and
9850 cal yr BP was reported in Sri Lanka [135]. An orbitally induced increment of summer
insolation triggered the strengthening of the ISM [116]. Nevertheless, the time span during
11.7–6 ka also included abrupt climatic episodes of relatively weaker ISMs, which can be
linked with the North Atlantic climate [136,137]. The microparticle concentration in the
Guliya ice cap in the Tibetan Plateau was significantly lower during 11–8 ka throughout the
Holocene epoch, suggesting a prominent decline in atmospheric dust and an intensification
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of the summer monsoon [133]. The strengthened SWM rains seem to have shown positive
correlations with the high level of insolation in NH, warm conditions in the North Atlantic
climate and ENSO-like conditions [138–140]. The high level of insolation might have
caused the increased rainfall, and the paleoclimatic record from the central Indian CMZ
may support this notion [26].
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Subsequently, between ~7340 and 1961 cal yr BP, open mixed tropical deciduous
forests continued to grow in the study area with some increase in the prominent tree taxa
under a warm and relatively more humid climate with comparatively increased ISMR
(Table 2). The grain size shows fine-grained sediments, indicating high winnowing activity,
which is suggestive of low-energy riverine or local erosion activity. This time period
is characterized by high values of magnetic parameters such as χlf, χARM and SIRM,
suggesting coarser material due to comparatively dense vegetation (the tree frequency
increased), which indicates that increased ISMR conditions prevailed during this time
period. Also, low erosion activity even during the high ISMR conditions has beensuggested
during this period, which could be due to the dense vegetation around the landscape
of the study area. This instance of the amelioration of climatic conditions, from a global
perspective, corresponds with the Holocene Climatic Optimum (HCO) (Figure 7), which
falls broadly within the time interval of 7000–4000 BP [118]. A steady increase in the ISM
intensity between 6.3 and 5.6 ka, based on δ18O records in a stalagmite, was observed from
the Kotumsar Cave in Chhattisgarh State (central India) [141]. An active SW monsoon
during 10,000–5800 14C yr BP from the Ganga Plain was also inferred, corresponding to
the early Mid-Holocene Climatic Optimum (HCO) [142]. An active SW monsoon during
the HCO was also reported from different regions of India, such as Son Valley in North
and central India [143] and Rajasthan in Western India [144–147]. However, the timing and
magnitude of the HCO varies globally; i.e., it is asynchronous, which is why different names,
such as the Holocene Thermal Maximum (HTM), Holocene Megathermal, Altithermal,
Hypsithermal, Mid-Holocene Warm Period, Climatic Optimum and Holocene Optimum,
have been proposed by different authors. Nonetheless, it is well established that the HCO
was a relatively warm climatic phase between 11 and 5 ka BP [148–154]. This warming
is commonly associated with the orbitally forced summer insolation maximum [155–157].
The HCO was affected by other forcings and feedbacks, as well as the remnant of the
Laurentide ice sheet (LIS) [149,153]. Moreover, as far as the timings and magnitudes of
maximum warming are concerned, these vary substantially among the different regions
across the globe [154–157]. Finally, since 1961 cal yr BP onwards, the open mixed tropical
deciduous forest has been succeeded by dense mixed tropical deciduous forest under a
warm and relatively more humid climate with a further increase in the ISMR (Table 2;
Figure 7). On the contrary, a decline in the magnetic parameters is recorded during this
time period attributed to reduced sediment transport owing to increased vegetation, which
barred the coarser sediments from reaching the lake [74].

6. Conclusions

Our multi-proxy approach (considering pollen, grain size and environmental mag-
netism) has suggested the evolution of ISMR variability since the LGM in the central Indian
CMZ. The following conclusions can be drawn in the present study:

1. A reduced (weak) monsoon between ~22,200 and 18,658 cal yr BP (during the LGM)
was suggested, which supported open vegetation in the landscape under a cool
and dry climate. The presence of organic-deficient fine clay also confirms poor
vegetation coverage and the influx of terrigenous material in the lake under low-
energy conditions (low levels of rainfall). The magnetic concentration-dependent
parameters (χlf, χARM, SIRM, S-ratio and Soft IRM) are also related to the lower ISMR.

2. Between ~18,658 and 7340 cal yr BP, the open vegetation was replaced by open mixed
tropical deciduous forest under a warm and moderately humid climate, indicating
increased monsoon rainfall. A comparatively increased level of floristic diversity
is marked by the rise in organic matter generated by the degradation of biomass
accumulated on the forest floor. Moreover, the increasing trend in environmental
magnetic parameters, such as χlf, χARM, SIRM and grain size data (high-energy
condition), also support a warm and moderately humid climate during this phase.

3. Between ~7340 and 1961 cal yr BP, comparatively increased levels of monsoon rainfall
supported open mixed tropical deciduous forest in the study area with an increase in
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some other tree taxa under a warm and humid climate. The climate, thus, was amelio-
rated, which could be globally correlated with the HCO. The increasing trend in the
environmental magnetic parameters and the grain size data (high-energy conditions)
also supports a warm/humid climate reducing the severity of the monsoon during
this phase.

4. The level of monsoon rainfall increases comparatively from ~1961 cal yr BP to the
present, and mixed tropical deciduous forest succeeds the open mixed tropical de-
ciduous forest under a warm and more humid climate. The environmental magnetic
parameters and the grain size data corroborate the palynogical findings of this phase
on the ISMR variability.

5. The trends in agricultural practice as well as lake-level changes are in agreement with
the variations in the ISMR.

Our study shows that the vegetation history, climate changes and monsoonal variabil-
ity in the central Indian CMZ were controlled by the NH summer insolation and ice sheet
dynamics and were also influenced by the sea surface temperature of the Indian Ocean.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/quat7040052/s1, Table S1. Showing the correlation coefficient
matrix of the observed magnetic parameters. Table S2. Variations of environmental magnetic
parameters along the ANL supplementary archive.
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