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ARTICLE INFO ABSTRACT

Climate driven changes have impacted various civilizations and have major influence on human population
globally. Remote regions such as the Himalaya also archived these climatic events in various proxies. The
Eastern Himalaya region has recorded the Holocene climate change events in numerous proxy records. A
multi-proxy record of the early to late—-mid Holocene climate change from the catchment of PankangTeng Tso
(PT Tso) Lake at an altitude of 3935 m asl in the Tawang district of Arunachal Pradesh was studied. A 90 cm
sediment profile showed a synchronous pattern of Holocene climate changes in the palynological, environmental
magnetic and carbon isotope data recorded. Dominant cold-humid conditions at 4625 cal yr BP followed by a
cold-dry period was documented in the proxy data. The vegetation vis-a-vis climate varied throughout the
Holocene and cold-dry conditions along with sub-alpine vegetation prevailed in the region around the “4.2ka
event”. Human activities and environmental changes in the Tawang district during the Holocene probably im-
pacted the vegetation during this significant period of the development and demise of major global civilizations.
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1. Introduction

The abrupt climate change (ACC) during the Early to Middle
Holocene around 4000 cal yr BP was observed in many proxy records
from western Asia (Cullen et al., 2000), eastern Asia (Liu and Feng,
2012), Europe (Drysdale et al., 2006; Roland et al., 2014), North
America (Booth et al., 2005), South America (Marchant and
Hoogiemstra, 2004), Africa (Thompson et al., 2002) and the North
Atlantic (Bond et al., 2001). This “4.2 ka Event”, a multi-decadal to
multi-centurial drought, possibly led to the collapse of many civiliza-
tions and the abandonment of cities in ancient India, ancient Egypt, and
Mesopotamia (Singh, 1971; Singh et al., 1990; Weiss et al., 1993; Dalfes
et al., 1997; Possehl, 1997; Enzel et al., 1999; Weiss, 2000; deMenocal,
2001; Weiss and Bradley, 2001; Staubwasser et al., 2003; Drysdale
et al., 2006; McDonald, 2011; Clift et al., 2012; Dixit et al., 2014; Sarkar
et al., 2016). There were drastic changes in the climate and monsoon
strength during the ACC events (Hong et al., 2003; McDonald, 2011;
Berkelhammer et al., 2012). These were probably caused by variations
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in solar radiation and abrupt ocean surface cooling in the North Atlantic
(Bond et al., 2001; Hong et al., 2003; Staubwasser et al., 2003; Dixit
et al., 2014 and references therein).

Here we present a study of a sediment profile collected near the
catchment of the PankangTeng Tso (PT Tso) Lake in the Tawang district
of Arunachal Pradesh, Eastern Himalaya. The palynological, mineral
magnetism and carbon isotope data of this sediment profile recorded
simultaneously the Early-Middle Holocene ACC events at the present
site.

2. Regional setting

The profile sampling site is located along the slope of the valley
surrounding the PT Tso Lake (27°46.85’N and 91°58.38’E; 3935 m asl)
which is about 18 km from Tawang township in the Tawang district of
Arunachal Pradesh, Eastern Himalaya (Fig. 1 and supplementary ma-
terial). These Holocene sediments have similar ages as the newer al-
luvium of the Hapoli formation underlain by the older alluvium in the
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Fig. 1. Locations of present study site and palaeoclimatic records described civilization in relation to 4.2k events. Details of the location are 1 PTTL (Present study
site); 2 NW India (Enzel et al., 1999; Prasad and Enzel, 2006; MacDonald, 2011); 3 Harappan sites (Giosen et al., 2012); 4 Kotla Dahar (Dixit et al., 2014); 5 Karsandi
palaeolake (Dixit et al., 2018); 6. Bhirrana (Sarkar et al., 2016): 7. Harapan sites (Pokharia et al., 2017); 8 Rara Lake (Nakamura et al., 2016); 9 Ximencuo Lake
(Mischke and Zhang, 2010); 10 Qinghai Lake (Shi and Kong, 1992; Shi et al., 1993; Liu et al., 2002); 11 Sujiawan Section (Feng et al., 2004, 2006); 12 Baahar Nuur
Lake (Gao et al., 2007); 13 Diajiaohaizi Section (Wang and Wang, 1992; Zhang et al., 1997); 14 Daihai Lake (Liu and Feng, 2012); 15 Bayanchagan Lake (Jiang et al.,
2006); 16 Taishizhuang Section (Jin and Liu, 2002; Tarasov et al., 2006); 17 Hani Peat (Hong et al., 2005); 18 Jinchuan Peat (Hong et al., 2001); 19 Hulun Lake (Wen
et al., 2010a, 2010b); 20 Hongyuan Peat (Hong et al., 2003); 21 Dajiu Lake (Zhu et al., 2007); 22 Shanbao Cave (Shao et al., 2006); 23 Linhuan Cave (Cosford et al.,
2008); 24 Heshang Cave (Hu et al., 2008); 25 Taihu Lake (Chen et al., 2005; Tao et al., 2006); 26 Xiangshui Cave (Zhang et al., 2004); 27 Dongge Cave (Dykoski
et al., 2005; Wang et al., 2005); 28 Huangguangyan Maar (Zheng et al., 2003; Wang et al., 2007); 29 Core 255 (Jian et al., 2000); 30 Tell Leilan Syria (Weiss et al.,
1993) and 31 Nile Delta, Egypt (Stanley et al., 2003). Note: Location 2, 3, 4 and 6 are many sites. Locations 10 to 29 are described in Liu and Feng (2012).

Quaternary deposits of Arunachal Pradesh (Kesari et al., 2010). These
Quaternary alluvial deposits are found along major river valleys in most
parts of Arunachal Pradesh and the Eastern Himalayas. These Qua-
ternary sediments are underlain by the Siwalik group of rocks and other
formation sequences generally occupying the Himalayan belt in Ar-
unachal Pradesh (Kesari et al., 2010).

The vegetation distribution in Arunachal Pradesh is comprised of
tropical, subtropical, temperate (broad leaved and conifers), sub-alpine
to alpine forest. Various factors such as the varied topography, phyto-
geographical location, and a discrete variation in the climate of
Arunachal Pradesh (Baishya et al., 2002) contribute to this varied dis-
tribution. The various plant species occupy an altitude range of
2438-3658 m asl in the Tawang district. At lower altitudes from along
the Tawang Chu river basin and upto 2438 m asl are found the Pinus
wallichiana, Alnus, Rhododendron, Salix, etc. which precede the Oak
forest that persist up to 3048 m asl. The forests are dominated by Fir,
Tsuga, Rhododendron, Magnolia, Taxus baccata from 3048 m asl to
3658 m asl. Then up to an altitude of 3962 m asl, the forest are com-
prised of Fir, Abies densa, and Juniper. These are followed by short,
branchy Rhododendron, alpine shrubs along with alpine pasture at
higher altitudes (Biswal, 2006).

There are very few long-term instrumental climate records available
in the eastern Himalaya region and also in the Tawang district
(Bhattacharyya and Chaudhary, 2003). The district-wise rainfall re-
cords of Arunachal Pradesh, spanning only five years is given by the
Indian  Meteorological = Department  (http://hydro.imd.gov.in/
hydrometweb/). Due to the dearth of long-term climate records we
interpolated and down-scaled the CRU TS 3.22 gridded climate data for
the present study site for 1901-2013 C.E. The interpolation was based
on inverse distance weighting over the four nearest grid points covering

the area between 27°00’-28°00” N and 91°30’-92°30’ E closest to our
sampling site. According to the Walter and Leith climate diagram
(Walter and Leith, 1967) based on the interpolated climate of the study
site the minimum mean minimum temperature, maximum mean max-
imum temperature, mean annual temperature and mean annual pre-
cipitation was —5.6°C, 21.4°C, 10.4°C and 683 mm respectively
(Fig. 2). The maximum precipitation received at the study site was in
the southwest monsoon season, between the months of July—
September.

3. Material and methods
3.1. Lithology and age depth model

A 90 cm long sediment profile collected along the catchment of the
PT Tso Lake (henceforth PTTL) had silty clay sediments up to 38 cm
which were rich in organic matter. This was followed by a few cm of
sandy clay having a few pebbles and again some silty clay with a little
sand content. The profile PTTL is mostly comprised of sandy clay mixed
with few silty clay layers along with pebbles below 49 cm (see sup-
plementary material).

The sediments at different depths of the profile PTTL was dated at
the Physical Research Laboratory, Ahmedabad, India. The 14¢C dates
were calibrated using the clam, ‘classical’ age-depth modeling software
(Blaauw, 2010; R statistical software package). For the calibration we
used the northern hemisphere terrestrial curve IntCall13.14C from
Reimer et al. (2013). The age-depth model was developed using a linear
regression model (see supplementary material). The ages of the sedi-
ments beyond *C date of 4600 + 100 years were extrapolated. Thus,
based on the four calibrated ages in calendar years BP (cal yr BP) of the
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Fig. 2. Walter and Leith Climate diagram of regional climate data based on CRU TS 3.22 climate records. MminT: Minimum Mean minimum Temperature, MmaxT:
Maximum Mean maximum temperature, MAT: Mean annual temperature, MAP: Mean annual precipitation. Climate diagram is based on Walter and Lieth (1967).

sediment profile, dates at different depths were interpolated and ex-
trapolated for each sample. The chronology detail of the sediment
samples of the profile PTTL is provided in the supplementary material.

3.2. Palynological analysis

For the palynological analysis, standard procedure of acetolysis
(Erdtmen, 1943) was followed to macerate the profile sediments. For
each sample a minimum of 300 pollen grains were counted. The “Total
Pollen Count” was calculated on the basis of the pollen of all taxa
(arboreal and non-arboreal) along with other aquatic taxa and fern
spores. To estimate “Pollen sum” the aquatic and fern taxa were ex-
cluded from the summations. A pollen diagram was constructed using
the computer software TILIA version 2.0.2 (Grimm, 2004). On the basis
of the variations of the major taxa of both arboreal and non-arboreal
taxa the pollen diagram was further divided into pollen zones. These
zones were drawn through stratigraphically constrained cluster analysis
(CONISS, Grimm, 1987) using square root transferred data. These
pollen zones are prefixed with the abbreviations after the name of PT
TSo Lake as PTTL-I to PTTL-V.

3.2.1. Ordination analysis of palynological data

Principal Components Analysis (PCA) of the fossil pollen assem-
blage was carried out to study the relationships among the variables
and to identify the principal component explaining the highest var-
iance. The CANOCO computer programme version 5 (ter Braak and
Smilauer, 2012) was used for performing the PCA on the data. The
pollen assemblages with more than 0.5% in abundance were considered
for the PCA. This simplified the pollen matrix and made the methods
consistent with cluster analysis carried out on the pollen data using
CONISS (CONISS, Grimm, 1987).

3.2.2. Quantitative climate reconstruction

In the present study we also attempted quantitative climate re-
construction using transfer function methods (Birks, 1995; Birks et al.,
2010). For this modern pollen—climate calibration was established and
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significant climate variable was reconstructed using fossil pollen record
of PTTL. The reconstructed climatic variables were then supplemented
with environmental geomagnetic and 8'3C Isotope data of the profile
sediments. To establish modern pollen—climate relationships and sub-
sequently for the development of transfer functions models, climatic
variables viz., mean annual temperature (MAT), mean temperature of
coldest month (MTCO), mean temperature of warmest month (MTWA)
and mean annual precipitation (MAP) were taken into consideration.
These climatic variables were interpolated for five modern pollen sites
(moss cushion) collected from Tawang and west Kameng district of
Arunachal Pradesh (see supplementary material). The interpolation was
carried out using global land areas high-resolution climate data set of
New et al. (2002). The weighted distance interpolation procedure was
used for climate estimation to each modern pollen site after a reduction
of all stations to the sea level (Guiot and Goeury, 1996).

Detrended correspondence analysis (DCA) was carried out to de-
termine whether the pollen datasets along the climatic gradient follows
linear-based or unimodal-based statistical methods (Birks, 1995).
Based on the observed gradient length (< 2.5) our data showed linear
response. Thus linear ordination approach, RDA was used along with
the climatic variables to check its quantitative influence on the datasets.
The Monte Carlo permutation tests (using 999 random permutations)
were used to determine the statistical significance in the ordination.
The forward modeling technique was used to determine significant
climate variable which has unique influence on the distribution of
pollen assemblages. All ordination analysis was carried out in pro-
gramme CANOCO, version 5 (terBraak and Smilauer, 2012). The
method of partial least square regression (PLS) approach (terBraak and
Juggins, 1993) was used to develop the pollen-climate transfer function
for significant climate variable. The PLS model was verified using lea-
ve-one-out cross—validation procedure (Michaelsen, 1987; terBraak
and Jugins, 1993) using PLS components to determine the optimum
transfer function and to detect the samples with large residuals. The PLS
model performance was assessed using statistical criteria such as root
mean square error for prediction (RMSEP) and coefficient of determi-
nation (r?) of observed versus predicted values. The number of
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PLS—components included was selected on the basis of lowest RMSEP
and highest r*> between observed and predicted values (terBraak and
Juggins, 1993; Berks, 1995, 1998). The sample specific error for re-
construction was done by applying 1000 bootstrap cycles. The quanti-
tative climate reconstruction was carried out through transfer functions
model developed in R version 3.3.0 (R Core Team, 2016) using the rioja
package (Juggins, 2016).

3.3. Environmental magnetic measurements

For the mineral magnetic measurements the sediment samples were
prepared using standard procedures detailed in Thompson and Oldfield
(1986), Basavaiah and Khadkikar (2004) and Basavaiah (2011). Firstly
each sample was oven dried at a temperature up to 40 °C overnight.
Then these samples were crushed and packed in 8 cc cylindrical plastic
holders and weighed. In the Environmental Magnetism Laboratory,
Indian Institute of Geomagnetism, Navi Mumbai the samples were
analysed for the mineral magnetic measurements. The high and low
frequency magnetic susceptibility (y.r at 0.976 kHz and ur at 1.6 kHz
with units of 108 m®/kg) was measure on an AGICO MFK1 Kappa-
bridge instrument; which helps to indicate the type and concentration
of the magnetic minerals in the sample. Frequency-dependent sus-
ceptibility (FD%) [(yir — Yur)x100/%1r] is considered to record the
superparamagnetic (SP) ultrafine (~0.02um) ferrimgnetic minerals
(e.g., magnetite) during soil formation. FD % probably also serves as a
proxy for soil erosion (Thompson and Oldfield, 1986; Dearing et al.,
1996). The Molspin spinner magnetometer was used to measure the
Anhysteretic and isothermal remanent magnetizations (ARM and IRM)
of the sediments. ARM was imparted in a DC bias field of 0.1 mT with a
peak AF field of 100 mT. Susceptibility of ARM (xARM, 10~° m®/kg)
was calculated by dividing the ARM by the DC bias field. Saturation
IRM (SIRM, 10~° Am?/kg) was incorporated using a Molspin pulse
magnetizer. The samples were normalized for differences in density by
dividing each sample's weight. The S-Ratio was calculated from the
SIRM and backfield IRM results based on the equation: S-
Ratio = IRM_¢ 3/SIRM (Bloemendal et al.,, 1992; Basavaiah and
Khadkikar, 2004). It aids in distinguishing between high-coercivity
magnetic minerals (e.g., hematite) from low-coercivity magnetic mi-
nerals (e.g., magnetite). To understand the relative variations in the
amount of magnetite and hematite, the Soft IRM (SIRM - IRM_5,) and
Hard IRM (SIRM - IRM_, 3) were also calculated, respectively. The inter-
parametric ratios such as ARM/SIRM and SIRM/y;r were calculated to
measure the magnetic characteristics that are independent of magnetite
concentrations, such as magnetic grain size and mineralogy. In-
dependently these mineral magnetic parameters such as ¥z, ARM and
SIRM are basically representing a measure of magnetite concentration.
The fraction of finer single-domain (SD) magnetite grains in the
0.02-0.5 um size range are said to be dominant when there is an in-
crease in the ARM/SIRM ratio which indicates decrease in the magnetic
grain size. On the contrary low ARM/SIRM values indicate a large
multi-domain (MD) magnetite component (0.5-10 um size range). The
MD component from the primary fine minerals present along with the
fine SP and SD mode created by environmental transformations of Fe
oxides as a result of pedogenesis, discern into a bimodal distribution.
The low S-ratio and higher ARM/SRM ratio values are yielded by the SD
grains contributed by the weakly magnetic hematite occurring in the
sediments.

3.4. Carbon isotope analysis

The 8'3C isotope analysis of the profile sediments was carried out at
the Physical Research Laboratory, Ahmadabad. About 1 gm of dry soil
sample placed in a small quartz tube with an outer diameter 9 mm,
along with pure CuO powder (Laskar et al., 2012) to analyze the soil
organic carbon for stable isotopes measurements. This tube sealed with
quartz wool, was evacuated, and heated at ~900°C for ~1h to
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produce CO,. The cyrogenical purification of this CO, was done over
several steps and a stable isotope ratio mass spectrometer (GEO 20-20,
Europa Scientific, UK) was used to measure its carbon isotopic com-
position (8'3C). The 8'3C measurements had an external precision
better than *+ 0.2%o0 (Laskar, 2011; Laskar et al., 2012). An interna-
tional standard solution of Oxalic acid II supplied by the National Bu-
reau of Standards, used as a modern reference for 1*C dating, was used
to measure the accuracy of the measurements. The average 8'C (with
respect to V-PDB) obtained is —17.7 = 0.1%o, close to the inter-
nationally accepted value of —17.8%o (Laskar, 2011; Laskar et al.,
2012).

The metabolic processes through which Carbon is incorporated into
plants control the 8'3C values of plant tissue (Faure, 1977; Faure and
Mensing, 2004). The 8'3C values ranging from —23%o to — 34%o with a
mean value of —27%o represent the plants following the Calvin cycle
(Cs plants: mostly plant on land) to metabolize CO,. Whereas the §'°C
values between —9%o and —23%o having a mean of —13%o indicate
occurrence of the Hatch-Slack pathway-following plants (C, plants:
aquatic, desert and salt marsh plants as well as tropical grasses) (Faure,
1977; Faure and Mensing, 2004). Thus in the present carbon isotopic
study was carried out to examine the variations in §'3C of the PTTL
profile sediments. Primarily to understand the productivity of the Cs
and C4 plants in the PTTL sediments and their resemblance with the
pollen and magnetic susceptibility records.

4. Results
4.1. Palaeo—vegetation history

The chronology of the sediment profile based on linear regression
showed that it covers the last 8010 cal yr BP, confirming that these
sediments covers time span since early Holocene. So the present fossil
records represent the vegetation and climate records since early
Holocene (see supplementary material). Based on the CONISS analysis
on percentage pollen data, five zones viz., PTTL - I to PTTL — V were
established to represent the major phase of vegetation change (see
supplementary material). The vegetation changes in each pollen zone
are described in details in the supplementary material.

4.1.1. Ordination analysis — PCA

The PCA resulted in explaining 65.37% of total variance for the first
principal component (PC1) retained. The species distribution in the sub-
surface sediment samples was determined by the important factors
displayed by the PC1. The significant fluctuation in species abundance
occurred within the sediment around 4.2 cal yr BP that is also marked
by variation in PC1. Most of the species distributed at each depth are
represented at this point of change in PC1 (Fig. 3). The species com-
ponent score of the complete sediment profile includes taxa namely
Magnoliaceae, Tsuga, Rhododendron, Juniper, Pinus, Abies, Larix, Betula,
Corylus, Alnus, Quercus in increasing order. The PC2 explained a total
variance of 25.37% where the highest scores displayed by Magnolia-
ceae and Tsuga. Thus PC1 included almost all significant species in the
sediment profile but a sudden but stepwise change in species abundance
is recorded after Pollen zone PTTL-II around 4.2 cal yr BP.

4.1.2. Reconstructed climatic parameter

In RDA, we found MTCO is the most promising climatic variable
based on forward modeling approach. The constrained ordination using
RDA with pollen and MTCO explained variance of 40.83% and 32.10%
in Axis 1 and Axis 2 respectively (see supplementary material). The
climate variable, MTCO was used to develop transfer function model.
The performance of transfer function models for MTCO showed that the
second component to be the best performing model. It showed the
lowest value (4.4296) of RMSEP and moderate value (0.646) of 1> be-
tween observed and predicted MTCO (see supplementary material). The
successful validation of the transfer function models for MTCO based on
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Fig. 3. Composite diagrammatic representation of PC1, PC2, Environmental geomagnetism parameters, 8'>C Isotope and MTCO variations in the sediment profile.

standard statistical criteria (Birks, 1995) shows its prospect for quan-
titative reconstruction of in the present study. This leads to the re-
construction of MTCO since 8010 cal yr BP for PTTL fossil pollen profile
from Tawang, Arunachal Pradesh (Fig. 3).

5. Discussion
5.1. Palaeo-environmental changes at PT Tso Lake, Eastern Himalaya

The entire sediment profile records high occurrence of tree taxa and
discrete variation in the fern-spore counts. The lower pollen zones
(PTTL-I and PTTL-II) record fewer pollen counts of different taxa but
tree species such as Magnoliaceae, Tsuga, Larix, are dominant. But we
recorded fern spore in excessive numbers in these zones in comparison
to overlying zones. These sub-tropical-temperate species occupy up to
~4814 cal yr BP indicating less cold and humid conditions near PT Tso
Lake. Similar Himalayan moist temperate forests are found in Eastern
Himalaya in modern times. These modern evergreen forests are com-
prised of conifers or Oaks, or a mixture of both (Champion and Seth,
1968a).

The key elements of the present day Himalayan moist temperate
forests are Tsuga dumosa, Abies densa with Quercus pachyphylla in the
upper aspect, whereas Tsuga, with Q. lineata and Q. lamellosa in the
lower aspect (Champion and Seth, 1968a). The Eastern Himalayan
mixed coniferous forests a subdivision of Himalayan moist temperate
forests, are found at altitudes between 2300 and 3000 m. They are
occupying regions such as the present day Sikkim Himalaya (not the
outer most ranges), Mishmi hills, N.E.F.A. (North-East Frontier Agency,
now known as Arunachal Pradesh) and westwards into Nepal
(Champion and Seth, 1968b). The taxa such as Tsuga dumosa, Abies
densa, Q. pachyphylla, Q. lineata, Acer campbellii, Magnolia campbellii,
Betula utilis, Rhododendron arboreum, R. grande, Symplocos phyllocalyx,
etc, along with abundant Ferns (Champion and Seth, 1968b) are the
constituent flora of these forests presently.

Thus the present day Eastern Himalaya mixed coniferous forests
type was present around PT TSo Lake and less cold and humid prevailed
until ~4814 cal yr BP. But the temperature was possibly higher than
the present and also in the overlying zones (PTTL III-V) of the sediment
profile. The taxa dominant in zones PTTL-I and II are now confined to
lower altitudes i.e., between 2300 and 3000 m in Tawang and other
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parts of the Eastern Himalaya.

The mineral magnetic data supports the interpretation of the ve-
getation vis-a-vis climate conditions prevailing around PT Tso Lake.
The overall magnetite content was more along the lines of this increase
in available moisture in the sediments. There was a possible increase in
the organic input as the magnetic trends increased in these pollen zones
with low pollen counts (PTTL- I and PTTL-II). The domination of mixed
vegetation was also recorded in the §'°C isotope which signaled the
presence of both C3-C,4 plants in the same period. The reconstructed
temperature record fluctuates but has higher temperatures than over-
lying zones.

The next zone PTTL-III a significant change in the vegetation is
recorded in the sediment profile. The taxa that mostly occur in tem-
perate to sub alpine belts were dominant in this zone. These included
plants such as Quercus (19-54%), Betula (6-12%), Larix (5-10%),
Ericaceae (1-16%), Alnus (6-12%), which thrived in the Tawang re-
gion, between 4195 and 2527 calyr BP; but during this period the
temperate taxa such as Magnoliaceae, Tsuga and the ferns were reduced
significantly. The forest type occupying the region during this period
varied between modern day Himalayan dry temperate forests to sub-
alpine forest vegetation. The former is found around 3000 m asl as open
evergreen forest with scrub undergrowth having both coniferous and
broad leaved species (Champion and Seth, 1968a). These forests have
Larix griffithiana growing on moraine soils at 3000-4000 m along with
Abies, Picea etc, reaching from the moist zones and Juniper wallichiana
from higher altitude (Champion and Seth, 1968a). Whereas the sub-
alpine forests that are presently comprised by Betula and Abies densa,
Blue pine, and Rhododendrons in Eastern Himalayas above 3000 m
(Champion and Seth, 1968a).

Later these taxa vary significantly indicating less cold and humid
conditions in the early part of the zone PTTL-III. And further there is
shift towards cold and dry environment in the later part of this zone.
The sudden decrease of Magnoliaceae, Tsuga and the ferns also point
towards a transition in to less moist conditions. Although Quercus is the
dominant element in this zone but it fluctuated throughout the zone.
This variation in the pollen taxa is also observed in PC1 record in this
zone (Fig. 3). It can probably be considered as an extra-local element or
also coming from lower elevation, when dryer conditions cause
stronger winds that brought in excessively produced Oak pollens. The
mineral magnetic parameters such as SIRM, ARM, FD% and S-ratio
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indicate a low magnetite content and overall drier environment around
the sediments and higher HIRM values than lower zone showed a rise in
hematite contents (see supplementary material). Similarly the §!3C data
indicates that C3 plants mostly dominate this zone. The zone PTTL-III
witnessed a cod dry phase and the palynological and mineral magnetic
data synchronously change with the changes in the reconstructed
MTCO, which show a remarkable fall in temperature in the region
(Fig. 3).

The zones PTTL-IV and PTTL-V have ages ranging between 2336
and 1240 calyr BP to 906 cal yr BP and present. In these zones the
MTCO fluctuate and gradually rise after 906 cal yr BP. In the early part
of the PTTL-IV zone the environmental magnetic data indicates some
magnetite content. But later most of the parameter values signify higher
hematite content upto 906calyr BP. The &'°C values during
2527-906 cal yr BP signified the occurrence of C; vegetation and the
values were mostly constant. The pollen data recorded a decrease in the
counts towards the upper part of the profile and similar vegetation
continues as in PTTL-IIL. In the zone PTTL-V (906 cal yr BP to present)
the sub alpine forests replaced the dry temperate forests dominating in
PTTL-IV. Such sub alpine forests are also presently known as the
Rhododendron forests in Arunachal Pradesh (N.E.F.A.). These
Rhododendron forests have taxa such as Abies densa, Juniper wallichiana,
Rhododendron, Betula utilis, Salix wallichiana, Polygonum spp. growing in
the eastern Himalayas above 3000 m along with Larix griffithiana and
Picea spinulosa presently (Champion and Seth, 1968b). The Rhododen-
dron and Larix replace Oaks by the end of zone PTTL-V. Probably the
anthropogenic activities such as cultivation and farming in the region
have caused this change in the vegetation. The Oak (Quercus spp) is
extensively utilized by the local tribes (such as Monpas of Tawang). They
use Oak leaves as manure in cultivation and Oak wood for firewood
even today (Biswal, 2006). The Monpa tribe also trades the leaves of
Quercus griffithii (local name paisang) with the Brokpa, a yak breeding
highlander community located in Tawang and West Kameng districts.
The Brokpa tribes live in higher altitudes and move down to lower al-
titude during peak winters, to exchange paisang leaves and wood with
yak-based food products to Monpas cultivating paisang at lower alti-
tudes till present times (Singh et al., 2015). The Monpa tribe is said to
have migrated around fourth century (~ 1650 cal yrs BP) from the Tibet
regions (Chakravarty, 1973; Norbu, 2015). Hence these Oak cultivation
practices could have been continuing since their occupancy or probably
earlier by other inhabitants of the region. Human occupancy in Ar-
unachal Pradesh has been reported since the Neolithic period. Neolithic
age stone tool were found from Parsi parlo, in Kurung Kumey district
and Daporijo, in Upper Subansari district towards the east of present
study site (Dikshit & Hazarika, 2011-12). Thus the presence of humans
and their impact on the vegetation of this region or surrounding areas
since the Neolithic period could be one of the factors influencing the
environmental changes and vice-versa. Though the direct impact of
environmental changes and palaeoclimatic fluctuation on the past
human populations of Arunachal Pradesh have not been successfully
recorded.

A drastic change in the vegetation vis-a-vis climatic conditions
occurred around the PT Tso Lake between ~8000 and 906 cal yr BP.
The climate around the lake became more cold and dry as signaled by
the multi-proxy data. The strengths of the southwest monsoon in the
region probably altered during Holocene and similar conditions still
persist. But a sudden change in the data had occurred around
~4.2 cal yr BP implicating the impact of the change on the proxy re-
cord. After this ACC event the vegetation vis-a-vis climate did not revert
back the conditions occurring prior to the event. The multi-proxy re-
cords and the temperature reconstruction clearly indicated this strong
change in the environmental conditions around the PT Tso Lake. The
human impact on the vegetation may be creating a parallel impact and
possibly causing the degradation of the vegetation. Additionally the
climate had probably influenced the environment and the lake catch-
ment in equal measure, as recorded by various proxies These Holocene
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proxy records establish the sensitivity of the region towards climate
change. Undoubtedly an ACC event occurred around the high altitude
lake of Eastern Himalaya and surrounding regions of Tawang.

The reduction in the strength of the southwest monsoon in the
Eastern Himalaya region and parts of Northeast India during the 4.2ka
(ACC) event was also simultaneously impacting the western parts of
India and Western Himalaya region. Western Himalaya and Central
Himalaya have recorded similar records of 4.2ka (ACC) events where
cold and dry episodes have impacted the vegetation vis-a-vis climate
conditions. Stalagmite from Sainji cave deposits in western Himalaya
recorded a pattern of reduction in precipitation during the millennia
from 4000 cal yr BP to ~3000 cal yr BP with the lowest precipitation at
~3200calyr BP (Kotlia et al., 2015). In the Tso Moriri Lake, north-
western Himalaya a cold and arid phase from ~4350 to 3450 cal yr BP
in the region was recorded (Dutt et al., 2018). The Phulara palaeolake
in the Kumaun Himalaya also recorded rising 8'C and variable mag-
netic susceptibility values around the 4.2ka event (Kotlia et al., 2010).
Similarly weakening of the SW monsoon was recorded in the central
Himalaya resulting into an arid phase around 4000 cal yr BP (Phadtare,
2000). Pollen record from Surinsar Lake, Jammu, north-western Hi-
malaya suggested a weakening of the monsoon strength and a cold and
arid phase during 4000 to 2100 calyr BP in the region (Trivedi and
Chauhan, 2009). Similarly the Karsandi palaeolake record from Ra-
jasthan western India records prevalent dry conditions during
4400 cal yr BP to ~3900 calyr BP (Dixit et al., 2018). This phase of
aridity had impacted the population dwelling in the region of Thar
Desert and they shifted towards eastern margins, as higher palaeolake
levels were observed in the east where more archeological evidences
persisted (Dixit et al., 2018). Thus this change in climatic conditions
and monsoon strength also impacted the human civilization during the
late Mid Holocene in several regions in India and globally.

5.2. The Holocene ACC events: the impacts recorded and societal damage
caused globally

The ACC events during the Holocene were simultaneously recorded
in Northern hemisphere and were creating major societal impacts on
various civilizations of Africa, Pan Asia or the old world cultures
(Redman et al., 2007). A high resolution 880 of calcite from a spe-
leothem of Mawmluh Cave (25°15’44”N, 91°52/54”E, elevation 1290 m)
at Cherrapunji, Meghalaya, was spanning 3600 to 12,500 years BP
(Berkelhammer et al., 2012). Cherrapunji has very high annual average
precipitation ~11,000 mm, making it one of the wettest place on the
planet. A major part (70%) of the rainfall occurs during the summer
monsoon months i.e., June-September (Murata et al., 2007). The sta-
lagmite witnessed highest isotopic enrichment between 4071 BP ( = 18
years) and 3888 BP ( * 22 years) for about 183 years. This record is
close to the 4.2calyr BP. The ACC event was probably caused by
changes is monsoonal dynamics in the region. Indian summer monsoon
(ISM) anomalies have been recorded in Dandak cave from east central
India, which observes a cyclic pattern of the ISM similar to Gleissberg
solar cycle and multi-decadal sea surface temperature variability in the
North Atlantic Oscillation (AMO) between 600-1550 CE. Similar iso-
tope records from Renella Cave (Alpi Apuane, central Italy) in southern
Europe, have recorded the 4.2 ACC events and shift towards dryer and
colder conditions (Drysdale et al., 2006).

5.2.1. Damage caused to various civilizations globally

The societal impact on some major civilizations such as the Indus
Valley civilization, Mesopotamia, of the Bronze Age has been discussed
below along with few other global records of the 4.2 ACC events. Some
of these sites along with few records mentioned in composite studies of
the records of indicating impact of the ACC events on various civili-
zations of a region and environmental changes (Cold/Dry conditions)
caused are given in Figs. 1 and 4.
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Fig. 4. Map showing present study site along with 4.2ka cold and dry event records. Details of the location are 1 PTTL (Present study site); 2 Lake Karakul, Tajikistan
(Mischke et al., 2010a); 3 glacier record of Muztag Ata and Kongur Shan (Seong et al., 2009); 4 Garhwal Himalayan peat, India (Phadtare, 2000); 5 Bangong and
Sumxi Co (Gasse et al., 1996); 6 Guliya ice core (Thompson et al., 1997); 7 Chen Co (Zhu et al., 2009a); 8 Zigetang Lake (Herzschuh et al., 2006); 9 Nam Co (Zhu
etal., 2009b); 10 Cuoe Lake (Wu et al., 2006); 11 central Tibetan peats (Wang and Fan, 1987); 12 Ahung Co (Morrill et al., 2006); 13 Dunde ice core pollen (Liu et al.,
1998); 14 Dunde ice core 8180 (Yao and Thompson, 1992); 15 Lake Koucha (Mischke et al., 2008); 16 Lake Kuhai (Mischke et al., 2010b); 17 Naleng Co (Kramer
et al., 2010); 18 Lake Qinghai (Shen et al., 2005); 19 Nianbaoyeze Shan peats (Schlii;tz and Lehmkuhl, 2009); 20 Lake Ximencuo (Mischke and Zhang, 2010); 21
Hongyuan peat (Yu et al., 2006); 22 Ugii Nuur Basin (Schwanghart et al., 2008); 23 Yishu River Basin (Gao et al., 2007); 24 Jinchuan (Jiang et al., 2008); 25 Tougou-
ike Lake (Kato et al., 2003); 26 Mawmluh cave (Berkelhammer et al., 2011, 2012); 27 NW-India (Enzel et al., 1999; MacDonald, 2011); 28 Kotla Dahar (Dixit et al.,
2014); 29 Karsandi palaeolake (Dixit et al., 2018); 30 Phulara palaeolake (Kotlia et al., 2010); 31 Sainji Cave (Kotlia et al., 2015); 32 Rara Lake (Nakamura et al.,
2016); 33 Tibetan Plateau (Miigler et al., 2010); 34 Tibetan Plateau (Gasse and VanCampo, 1994); 35 Tibetan Plateau (Wei and Gasse, 1999); 36 Hongyuan Bog
(Hong et al., 2003); 37 W Loess Plateau (An et al., 2005); 38 Dongge cave (Wang et al., 2005); 39 Daihai lake (Peng et al., 2005); 40 Tung-Yuan Pond (Yang et al.,
2011); 41 Dead Sea (Migowski et al., 2006); 42 Soreq Cave (Bar-Matthews et al., 2003); 43 Dead Sea (Frumkin et al., 2001); 44 Dead Sea (Enzel et al., 2003); 45
Syrian coast (Kaniewski et al., 2008); 46 Tell Leilan (Weiss et al., 1993); 47 Lake Van (Lemcke and Sturm, 1997); 48 High Plateau of Yemen (Wilkinson, 1997); 49
Arabian sea (Gupta et al., 2003); 50 SE Arabia (Parker et al., 2006); 51 NE Rub'alNKhali desert (Parker et al., 2004). Note: Location 2 to 25 represent cold 4.2ka event
and locations 26 to 51 represents dry 4.2ka event.

5.2.1.1. Indus valley civilization. The Harappan civilization flourished civilization (Enzel et al., 1999; Weiss and Bradley, 2001).
along the Indus valley in Pakistan and across the NW India between
~9000 and 3000 cal yr BP (Marshal, 1931; Enzel et al., 1999; Possehl,

2002). This urbanized population of the Bronze Age expanded during 5.2.1.2. Mesop otamia.. Th.e. .agriFulmral lands *of ra.in fed .Su.bir. of
the Mid Holocene intensification on the Indian summer monsoon Northern Mesopotamia civilization on the Habur plains and irrigation

(McDonald, 2011; Possehl, 2002; Sarkar et al., 2016) i.e., during the base‘? agriculture of Sumer and Akkad in southe@ Mesopotamia
Early Harappan phase (~8-6.5 cal yr BP) (Sarkar et al., 2016). But the flourished under the rule of Sargon of Ak.kad (Welss et .al., 19?3)
de-urbanization and abandonment of major cities occurred followed by from 2300 to 2200 BC For. - 100 years the imperial Akkadian empire
the collapse of the Harappan Civilization occurred around 3.9 cal a BP had controlled the socio political military set up and conducted intense

(Possehl, 1997; Redman et al, 2007 and references there in). This agriculture practices in the gradually degrading climate (Weiss et al.,
1993). Between ~ 2200 and 1900 B.C. large populations from Northern

Mesopotamia, Habur plains abandoned these desertified region and
moved into southern Mesopotamia (Weiss et al., 1993; Weiss, 2000).
2011; Sarkar et al., 2016 and references there in). Proxy based After 100 years the prosperous Akkadian empire abruptly collapsed at

evidences such as fossil pollen (Singh, 1971; Singh et al., 1972, 1990; ca. 4170 + 150calyr BP (Postgate, 1992; Weiss et al, 1993;

Possehl, 1997), 8180 record of gastropod aragonite (Dixit et al., 2014), deMenocal, 2001). . Intense desertiﬁcation due to .a.ridiFy, wind
animal teeth bone phosphate (Sarkar et al., 2016), archaeobotanical, turbulence, dust veil, decreased agricultural productivity in Habur

geochemical, and stable carbon isotope (§13C) (Pokharia et al., 2017), plain and abfupt climate change evidences were found in Tell Leilan
U-Pb zircon dating (Clift et al, 2012), fluvial morpho-dynamics stratified sediments. Evidence of volcanic tephra layers of Tell Leilan
(Giosan et al., 2012), from western India and 80 of planktonic was followed by phase of aridity and sudden climate change in Habur
foraminifera Globigerinoides ruber, from off Pakistan, Arabian sea plain. Excessive abandonment in North led to the building of Repeller of

(Gupta et al., 2003), have recorded the influence of the 4.2 calyr BP Amorites, a 180 km long wall across central Mesopotamia to check the
influx of refugees to south (Weiss et al., 1993). The Low flow in

Euphrates and Tigris rivers, increased population, diminishing political
control and abrupt climate change resulted in the final collapse of the
Akkadian empire (Weiss et al., 1993).

decline has been attributed to several causes such as Aryan invasion,
catastrophic floods or droughts, variations in the monsoon dynamics
and resulting river flow changes, reduction in trade etc., (McDonald,

ACC event in the region. Although there is speculation regarding the
impact of the 4.2 aridification event or reduced intensity of Indian
summer monsoon as a causative of the decline of the Harappan
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5.2.1.3. Other global records. Many regions of the northern hemisphere
such Egypt, Tibet, Nepal, China, have been impacted severely by the
same ACC events (Redman et al., 2007 and references there in; Liu and
Feng, 2012). The ancient Kingdom of Egypt had civil conflicts after the
end of the regimes of Userkaf and Sahure around 4400 cal yr BP. The
large building projects of the Fourth Dynasty weakened and ended the
treasury of the Kingdom. The Old Kingdom faced several decades of
famine and strife during the severe drought that occurred between 4200
and 4150 cal yr BP causing the final collapse of the Kingdom (Dalfes
et al., 1997; Stanley et al., 2003; Drysdale et al., 2006; Liu and Feng,
2012).

In Tibetan Plateau a cold event was recorded in the lake and peat
sections, ice cores and glacial remains during the Holocene around
4.2 calyr BP. A large area of the Tibetan plateau and surrounding re-
gions were impacted and this ACC event recorded at many sites
(Mischke and Zhang, 2010). The cold event prolonged for almost a
millennium in the western and central regions and for several hundred
years in the eastern region. A temporary trans-regional climate response
in the Tibetan Plateau had probably influenced each catchment of the
lake sediment and peat accumulation resulting from the end of the
Holocene “climatic optimum”. The end of old and advent of new Chi-
nese Dynasties happened simultaneously to these cold events after
4.2 calyr B.P (Fig. 1) thus impacting the social system of eastern China
(Mischke and Zhang, 2010).

A study from Lake Rara, western Nepal was based on the analysis of
redox sensitive elements (Mn/Ti and Mn/Fe) and organic matter
properties (TOC, d13C, and C/N) of the lake sediments, recorded the
Indian summer monsoon variation particularly focusing on the 4.2 ka
event (Nakamura et al., 2016). The environmental reconstruction from
Lake Rara concluded that surface processes and soil dynamics in the
catchment, were driven by hydroclimate variability in this Himalayan
region of Nepal. The low Mn/Ti and Mn/Fe recorded in the lake sedi-
ments between 4.2 and 3.7 ka signaled an interval of weak summer
monsoon intensity. This weak summer monsoon interval at around 4 ka
coincided with the 4.2 ka event recorded elsewhere (Nakamura et al.,
2016).

A detailed review of climate proxy records and archeological lit-
erature of climate variations and cultural collapse in China during
~8500-~ 3500 cal yr B.P. was compiled by (Liu and Feng, 2012). A
major part of China was impacted by the ACC event at ~4000 cal yr B.P
which is a much documented occurrence. Excluding Henan Longshan
Culture, the collapse of six out of the seven Neolithic cultures, in China
at ~4000 cal yr B.P was recorded and well documented. This collapse
of cultures resulted in reduction of archeological sites, lowering of
quality of artifacts, disappearance of advanced architectures and
change into pastoral or agro—pastoral adaptations in agriculture, which
were the major societal impacts documented.

5.2.2. The Holocene ACC events: the probable causes

The occurrence of the Holocene ACC event has been reported
throughout the northern Hemisphere for which many causes have been
given and impacts reported globally (Roland, 2012). The primary factor
causing these events was speculated to be the change in the monsoon
dynamics over the Indian subcontinent. The ISM possesses a complex
and spatially heterogeneous nature. An anomaly in the ISM around
~4000 cal yr BP has been recorded in the Kotla Dahar paleolake (Dixit
et al., 2014) in northwest and Mawmluh cave (Berkelhammer et al.,
2012) in eastern India. This peculiar anomaly in the ISM dynamics has
be attributed to a coupled feedback of Indian Ocean Dipole (IOD), Sea
surface temperature gradients in Eastern tropical pacific and changes in
ENSO activity (Berkelhammer et al., 2012; Dixit et al., 2014). A forcing
is generated in the higher latitudes of the Northern Hemisphere (i.e.,
the North Atlantic) (Bond et al., 1997, 2001; Hong et al., 2003) or due
to variability in the solar insolation (McDonald, 2011) creates these
coupled feedbacks impacting the ISM. The likely change in the ISM
strength created cool and arid conditions further initiating fluctuation
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in mid-latitude westerlies (Ding and Wang, 2005; Krishnan et al.,
2009). Thus causing dry extra—tropical air to enter the monsoon system
and form a comprehensive feedback loop of ISM and westerlies leading
to further weaker monsoon (Berkelhammer et al., 2012). Such cool and
arid conditions in the Holocene occurred around 4.2 cal yr BP and were
recorded in regions around the present study area such as Cherrapunji
in north-east India (Berkelhammer et al., 2012), Tibet (Hong et al.,
2003; Mischke and Zhang, 2010) and China (Liu and Feng, 2012). It is
thus forming an imperative link of the various proxies responding to
changes on the monsoonal patterns, possibly due to a circum-global
pressure anomaly generated by the feedback system (Berkelhammer
et al., 2012). Hence similar signal of ACC event and changes in the ISM
strength are generated by the proxy records in NE India and sur-
rounding region. Consequently this coupled impact on vegetation vis-a-
vis climate in the Eastern Himalaya during the Holocene is being re-
corded in the present multi proxy analysis.

6. Conclusions

The high altitude region of the PT Tso Lake, in Tawang, in the
Eastern Himalaya recorded environmental changes around 4.2 calyr
BP. There were episodes of monsoon intensification during the Mid
Holocene, followed by low temperatures and high aridity conditions
during the ACC event period of the early Late Holocene. These climate
fluctuations in the Eastern Himalaya were recorded in multi-proxy re-
cords of palynological, carbon isotope and mineral magnetism of sedi-
ments at the catchment of PT TSo Lake. Such ACC events have been
recorded globally and have impacted major civilizations in China,
Tibet, Western India, Mesopotamia, Egypt and many other regions. The
significance and impact of such ACC events on the human society in the
past and also in the coming future need to be further identified. Longer
palaeo—climatic reconstructions based on higher resolution proxy re-
cords from the populous Eastern Himalaya are needed in future to
strongly establish the climatic variations and it societal impact during
the entire Holocene.
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