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a b s t r a c t

Vegetation and climate during later part of Late Pleistocene have been reconstructed from Ziro valley,
Arunachal Pradesh, Eastern Himalaya based on pollen data along with carbon isotope and magnetic
susceptibility data The study reveals that the area and the vicinity is occupied by mixed broad leaved e

conifer forest and pine grass savanah at variable densities at least since 66,000yr BP. The phases of
expansions and declines of Oaks with decline and increase of Pines and grasses probably occurred under
increase (warmemoist) and decrease (cooledry) of S.W. monsoon precipitation respectively. The
increasing trend of S.W. monsoon and temperature is recorded during ~44,000 to 34,000 cal yr BP
synchronizing with the peat development, and which peaked at around 35,000 cal yr BP. This may link to
the interstadial phase during the last major glacial cycle in the Himalayan region. It is also reflected in the
decline of d13C value indicating dominance of C-3 type of vegetation. The increased values of cFD%, and
lower values cLF magnetic susceptibility, recorded during the phase of the peat deposit, further advo-
cate's higher monsoon intensity. Impact of expansion of glacier felt with peak (LGM) around
20,000 cal yr BP is perceived. Tree line had moved to lower altitudes due to increased aridity and low
temperature. During this time existence of savannah type of vegetation is also evident by the increase of
C4 taxa. Decreased FD% and increased cLF susceptibility also indicate reduced S.W. monsoon intensity.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Analysis of climate of the Himalaya is important not only in
understanding the monsoon dynamics of the Indian subcontinent
(Prell and Kutzbach, 1992; Li and Yanai, 1996; Boos and Kuang,
2010, 2013) but also for the whole Southeast Asia, and to know
its teleeconnection with other global climate systems
(Bhattacharyya, 1989; Gupta et al., 2003, 2005; Cane, 2010; Molnar
et al., 2010). In the Himalaya itself a great variability in climate
exists from one region to other (Mani, 1981; Kumar and Pant, 1997).
The eastern part is under the extreme influence of SoutheWest
Monsoon, due to closeness to the Bay Bengal and as a result climate
in eastern part is considerably more humid than in the western
part. Thus, it is crucial to understand cause, timing and spatial
(N. Mehrotra).
extent of millennial scale climate events of this region for under-
standing the teleeconnections among various climate systems.
Analysis of various proxy records (viz. pollen, tree rings, lake and
marine sediments etc) are indispensable to retrieve longeterm
paleoclimate data (Bradley, 1999). It has been recorded that pollen
and carbon isotope as proxy data have broader perspective towards
climatic reconstruction through analysis of vegetation change. In
addition magnetic susceptibility data in sediments also provide
clue for the climatic change. The records of Quaternary palae-
oclimate vise�aevis palaeoevegetation analysis based on varied
proxy data are sparse from the Eastern Himalaya (Chauhan and
Sharma, 1996; Bhattacharyya et al., 2007). However, such records
are available in good numbers from the Western Himalaya
(Krishnamurthy and DeNiro,1982; Bhattacharyya,1983,1988,1989;
Dodia et al., 1985; Kotlia et al., 2000, 2010). On the contrary from
the Eastern Himalaya (except one viz., from JoreePokhari, Darjee-
ling (Chauhan and Sharma, 1996), the climate records are mainly
from early Holocene (Sharma and Chauhan, 2001; Bhattacharyya
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Fig. 1. Site Map showing location of sampling site in Ziro Valley, Arunachal Pradesh, NE India and nearest climate grid points used to represent modern regional climate.
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et al., 2007). Even paleoclimatic scenario from the low elevation
sites of north east part of India beyond Holocene are scarce
(Bhattacharyya et al., 2011; Mehrotra et al., 2014).

This study attempts to reconstruct the changes in vegetation
vise-�ae-vis climate during the Late Quaternary period based on
palynological analysis supplemented with environmental
geomagnetic and isotopic studies from subsurface sediments from
the Ziro valley, Lower Subansari District in the state of Arunachal
Pradesh, Eastern Himalaya.

2. Temporal record of Himalayan past vegetation and climate
change

Paleoenvironmental studies commenced since the early part of
20th century with pioneering work from Western Himalaya
(Wodehouse and De Terra, 1935; Deevey, 1937). Subsequent work,
except for a few (Bhattacharyya, 1989; Kotlia et al., 2000, 2010)
mostly was concerned vegetational changes vise�aevis climate
covering Holocene time (Bhattacharyya, 1988; Ranhotra et al.,
2001; Bhattacharyya et al., 2006 and others). Some of the longest
records of climate change from this region are from the Tsokar
lake (4572 m amsl) in Ladakh, based on pollen analysis of 23 m
core of about 30,000 yr BPe9000 yr BP, revealed phases of
increase in Junperus communities in the continued alpine steppe
vegetation cover. Four phases at 28,000 yr BPe30,000 yr BP,
21,000 yr BPe18,375 yr BP, before 15,800 yr BP and 10,000 yr BP
were considered as climate amelioration events during the last
glaciations in the Transe Himalayan region (Bhattacharyya, 1989).
Later from the same lake, Demske et al. (2009) reported Lateglacial
and Holocene vegetation covering time span since 15.2 BP.
Ranhotra et al. (2007) studied a palaeolake profile in the semi arid
climate of Lamayuru, Ladakh, and provide a broad idea of temporal
succession of vegetation vise�aevis climatic changes during major
part of the Last Glacial period. Paleoclimate record from Bhim-
taleNaukuchiatal Lake basin in southecentral Kumaun in western
Himalaya indicated at least two phases of arid climate and one
phase of humid climate in Late PleistoceneeHolocene period
(Kotlia et al., 1997). Palynological records from another sediment
profile from Wadda Lake in western Himalaya preserve three
temperate humid and two arid climate phases during
36,000e10,000 yr BP (Kotlia et al., 2000). In the eastern Himalaya,
longest pollen record is from the Mirik lake, Darjeeling which ex-
tends up to about 20,000 yr BP (Sharma and Chauhan, 1994).
Vegetation vise-�ae-vis climate of Late Holocene (since 1800 yr BP)
was made based on pollen and carbon isotope from a sediment
profile in Paradise Lake near Sela Pass, Arunachal Pradesh
(Bhattacharyya et al., 2009). This review of palynological analysis
shows that except some stray reports, a detailed palaeoclimate
records covering evenmajor part of the Last Glacial period from the
diversified geographical regions of the Himalaya especially from its
eastern part are yet to come.

3. Ziro valley, Arunachal Pradesh, Eastern Himalaya

3.1. Physiognomy, modern environment

Arunachal Pradesh, is a state in the northeastern extremities of
the Eastern Himalaya extending from the southern ends of snow
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Fig. 2. Climate diagram of regional climate data based on CRU TS 3.21 climate records.
Blue line represents precipitation curve and red line represent temperature. The dia-
gram shows mean maximum temperature (29.4 �C) of the warmest month, mean
minimum temperature (6.8 �C) of the coldest month. Upper right corner of the dia-
gram is showing annual average of temperature and annual total precipitation. Climate
diagram is based on Walter and Lieth (1967). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. A) Image of the sampling site in Ziro valley Arunachal Pradesh. B) Image of the
exposed surface fromwhere sediment profile was collected. C) Image of the top part of
the sediment profile section having excessive grasses, fern and mosses cover near
upper surface and vertical wall.
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covered Tibet to the plains on of Brahmaputra valley, Bhutan on the
western edge and Myanmar near its eastern borders (Fig. 1). The
undulating topography with altitudes ranging from 100 m to
7000 m increases from south to north (Baishya et al., 2002). The
Himalayan Mountain ranges influence and contributes to the cli-
matic pattern of this region. The state receives a huge share of the
monsoonwinds rising from the Bay of Bengal. The variable weather
conditions and topography are clearly accountable for the distri-
bution of the wide range of vegetation extending from Alpine to
Sub Tropical forests. For this study we have selected Ziro valley
(Fig. 1) which is an elongated sediment filled topographic low
(93�490 E�93�51E: 27�320Ne27�370N) nestled within high hills of
Lower Himalaya in Arunachal Pradesh. The NeS extent of the valley
is about 8 km while EeW spread being 3e4 Km. The Kale river,
flowing longitudinally, forms the trunk drainage of the valley and
tributaries joining it from east and west. The valley itself is having a
very gentle gradient towards south with an average elevation of
1570e1580 m amsl. The surrounding hill ranges have variable el-
evations between1700e1800 m amsl. Quaternary sediments are
underlain by Upper Siwalik group of sediments of the Kimin For-
mation of MioePliocene age comprised of sandstone, claystone,
shale, pebbly deposits and boulder beds made of quartzite, gneiss,
granite, schist etc (Kesari, 2010). The Main Frontal Fault marks the
boundary of poste-Siwalik Quaternary sediments that are mainly
fluvial deposits are identified into Older Alluvium (Middle to Upper
Pleistocene) and Newer Alluvium of Holocene to Recent age
(Laskar, 1949; Banerjee, 1973; Kesari, 2010.

3.1.1. Modern climate
Meteorological data close to study site were available from the

meteorological station located at Ziro town. However no data is
available for the year 1963e1968 and 1977 and more than six
months data of the years 1901, 1962, 1971 and 1975 are missing
(Shah and Bhattacharyya, 2012). To attain a lucid understanding of
the modern climate in the region the authors selected CRU-TS 3.21
climate data (Harris et al., 2014). This data set extends from the year
1901e2012 and is an interpolation of 5 degrees of latitude-longi-
tude climate data. Four grid points (Fig. 1) around the present
sampling site were selected for calculation of regional mean tem-
perature and precipitation. The resulting mean temperature
showed that the highest and lowest mean temperatures were
25.5 �C and 13.4 �C during the month of July and January respec-
tively. The precipitation data indicated that the months of
MayeSeptember were the monsoon months where July
(395.3 mm) and December (12.1 mm) had the highest and lowest
average precipitation records. According to the Walter and Leith
Climate diagram (Walter and Lieth, 1967) based on CRU TS 3.21
climate records the average maximum and average minimum
temperature of the warmest and the coldest month of the region
were 29.4 �C and 6.8 �C respectively and total annual precipitation
is 1942 mm during the years 1901e2012 (Fig. 2). This climate dia-
gram represents a tropical summer rain type curve according the
Walter and Lieth (1967) thus indicating that the modern climate in
the region is closer to tropical warm and humid conditions.

3.1.2. Modern vegetation
A great diversity in the flora of Arunachal Pradesh is mainly

due to its varying topography climate and phytogeographical
position. It comprises a rich amalgamation of Chinese, Malaysian
and western Himalayan elements (Sahni, 1969). Based on vege-
tation type and their altitudinal distribution flora of this region
has been divided in to Tropical, Subtropical, Pine Forests,
Temperate, Alpine and Secondary forests (Malhotra, 1983;
Chowdhery, 1996; Baishya et al., 2002). The Tropical vegetation
comprises Evergreen and Tropical Semieevergreen elements;



Fig. 4. Lithology of the sediment profiles from Ziro valley as in Srivastava et al. (2009) modified and compared with the lithology of the present sediment profile (shown in color)
from Ziro valley Arunachal Pradesh. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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latter has been subdivided in to Low hill & Plains Semi evergreen
and Riverine Semieevergreen type. The Temperate vegetation
includes both Broad leaved and Coniferous forest. The secondary
forests were also classified as Degraded forests, Bamboo forests
and Grasslands. Ziro valleys under Subansiri District of this region
have given importance for its rich biodiversity. The vegetation in
and around this site has been enumerated by several workers
(Sahni, 1969; Malhotra, 1983; Behera et al., 2002; Dollo et al.,
2009) who suggested that the modern vegetation comprised of
a rich amalgamation of both temperate and tropical plant taxa.
Malhotra (1983) provides a detailed vegetational scenario of
Subansari district covering altitudes ranging of 900e4400 m amsl.
This region encompasses Tropical Evergreen forests, Subetropical
Savannah lands, Subetropical forests, Temperate forests and
Subealpine vegetation.

4. Materials and methods

4.1. Lithology and collection of samples

For the present study subsurface sediments were collected from
a sediment profile along the crest of mount slope at Ziro. We
cleared the exposed upper surface and vertical wall which are
clothed by grasses, fern and mosses (Fig. 3 A, B) and 45 samples
were collected. The profile (Fig. 3C) is of 5.64 m depth and we could
not go further deep due to oozing of water. The lithology of the
section (Fig 4) given in details in Table 1.
4.2. Radiocarbon dates

Sediments of the profile have been dated at the Radiocarbon
laboratory, Birbal Sahni Institute of Paleobotany, Lucknow. These
date at the depth of 30 cm is 16,990 ± 300 (Ziro e3 BSe2389), at
80 cm (Ziroe7 BS1922) is 29,670± 80, at the depth of 3.8m (Ziro30)
is 32,530 ± 890; at the depth of 4.30 m (Ziro e34 BS2390) is
40,000 ± 1 and at the depth of 5.50 m (Ziroe45 BSe1927) is
30,750 ± 660 (Table 2). Rate of sedimentation for this whole
exposed section could not be calculated due to heterogeneous na-
ture of sediments and insufficient number of 14C dates. Suitable
dating materials in the upper part of the section, was not available
where as the lower part is beyond the range of conventional C14
dating. The date at the bottom most of the section seems to be
erroneous due to contamination.

4.3. Pollen analysis

For palynological analysis sediments were macerated using the
standard procedure of acetolysis. Minimum 300 pollen grains per
sample were counted which is taken as ‘Total Pollen Count’ which
includes pollen of arboreal and non arboreal taxa along with fern
spore. In pollen sum we excluded fern, algal and fungus spores.
Pollen percentage diagrams were constructed using the TILIA
version. 2.0.2 (Grimm, 2004). Pollen of extra local elements which
are not growing at the site of investigation, viz. Abies, Alnus, Car-
pinus, Corylus, Juglans, Larix, Picea, Pinus, Quercus, Rhododendron



Table 1
Detailed lithology of the sediment profile from Ziro Valley, Arunachal Pradesh.

Sample
number(s)

Depth
range (cms)

Lithology

1e2 0e30 Black sandy clay
3 30e41 Sticky yellow colored clay
4 41e54 Light grayish clay
5 54e60 Orange yellowish grit (sand, gravel and clay)
6 60e71 Yellow clay mixed with gravel and pebbles
7 71e79.5 Yellowish clay
8e30 79.5e396 Dark black peaty clay (270e366 cm

good no of wood logs are visible)
31 396e411 Coarse black sand
32 411e415 Black clay band
33 415e427 Coarse sand gravel brownish
34e37 427e449 Dark blackish brown clay in which

last 9 cm is less black
38 449e454 Coarse sand
39 454e463 Sticky clay less black in colour In

between a small 2 cm fine sandy layer
40 463e476 Coarse sand
41e42 476e495 Clay, in last 10 cm very dark in color
43 495e516 Sandy clay layer
44 516e549 Coarse sand with wood logs
45 549e564 Sticky clay
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and Tsuga are also included in the “Pollen sum”. These taxa are
growing at comparatively higher elevations at temperate and upper
level of subealpine Fir forest. These pollen grains have been carried
at the site by wind and water and get deposited there. Since
mountain slopes are at steep gradient, the provenance of these
trees are not far from the sampling site .The variation in percentage
of these taxa in diagram is due to the shifting of forest belt and
expansion of taxa which is much controlled by climate though role
of wind direction and speed could not be ruled out for their pref-
erential deposition. To make the pollen diagram more realistic
some of the pollen taxa, which are represented by very low
quantities (lower than 0.5%) throughout the profile are shown by
“þ” sign in the pollen diagram. For the interpretation of fossil
pollen spectra, the pollen diagram has been divided in to pollen
zones. These zones are made by CONISS multivariate method using
square root transferred data (Grimm, 1987). These pollen zones are
prefixedwith the abbreviations after the name of Blue Pine Lodge, a
lodge located close to the sampling site.

4.3.1. Quercus Pinus index
An index was calculated to assess the relationship of the most

dominating taxa viz., Pinus, Quercus and Poaceae in the pollen di-
agram as they were considered as a key taxa for the vegetation
dynamics in and around Ziro valley. Pinus, Quercus are presently
found at higher elevated sites of Arunachal Pradesh and also around
Ziro valley and Poaceae is found in the Savannah type of mixed
vegetation at the proximities of the forest belt. To understand the
variation in the extent of the tree element of both conifer and broad
leaved taxa and the domination of grasses in amixed savannah type
Table 2
14C Dates of five samples at different depths within the sediment profile BPL from
Ziro Valley Arunachal Pradesh generated at 14C Laboratory at Birbal Sahni Institute of
Palaeobotany, Lucknow India. (B.S. Number being the laboratory code given to each
sample submitted).

Sample number Depth range (cm) B.S. number 14C dates (yr BP)

1 30 Ziro e3- BS-2389 16,990 ± 300,
2 ~ at 80 cm Ziro-7- BS1922 29,670 ± 80
3 ~3.8 m Ziro30- BS-1831 32,530 ± 890
4 ~4.30 m Ziro 34- BS-2390 40,000 ± 1
5 5.50 m Ziro 45- BS-2663 30,750 ± 660
of vegetation we followed the approach by Mensing et al. (2012)
and developed the Index based on the formula [(P þ Q)ePo]/
[(P þ Q)þPo]þPo where P is percent Pinus, Q is percent Quercus, Po
is percent Poaceae. Values approaching 1 represent high levels of
Pinus and Quercus good development of conifer broad leaved taxa,
while values approaching �1 represents abundant grasses,
expansion of the savannah.

4.4. Environmental geomagnetism

Environmental geomagnetism based analysis consider that the
magnetic properties of magnetic mineral that occur naturally
within sediments, the surrounding environmental conditions and
geomorphic process determine their magnetic mineralogy
(Verosob and Roberts, 1995; Pant et al., 2005). The measure of
concentration of magnetic particles are estimated through pa-
rameters namely magnetic susceptibility (c) and isothermal
remnant magnetization (IRM) where as the extent of ultraefine
super paramagnetic and ferromagnetic particles are estimated
through the coefficient of concentration of frequency dependent
susceptibility (cfd) (Verosob and Roberts, 1995; Pant et al., 2005).
Magnetic mineralogy from the subsurface sediments from fluvial
environments have been recognized a potential climatic proxy re-
cord. It is proven now that several of its parameters such as sus-
ceptibility (c) and frequency dependant (cfd) and isothermal
remanence ratio (S) are dependent on the intensity of weathering
of rocks along the fluvial environment. Susceptibility is mainly a
measure of the concentration of ferromagnetic minerals and S ratio
is diagnostic of the abundance of magnetite in the expense of he-
matite. Thus variation in these parameters would provide infor-
mation regarding weathering that lead to incorporation of
ferromagnetic minerals, which would indirectly provide informa-
tion regarding climate and precipitation which has a great role in
weathering. Environmental geomagnetism analysis of the sedi-
ment samples used in this study was conducted using standard
techniques and instrumentation at the Environmental Geomagne-
tism Laboratory at Indian Institute of Geomagnetism, Navi Mumbai,
India.

4.5. Isotopic analysis

Carbon isotopic study is made to examine variations of d13C
values towards the understanding of C-3, C-4 plants productivity
from the corresponding sediments analyzed for pollen and mag-
netic susceptibility. This provides logical inference to pollen based
vegetational vise�aevis climate reconstruction. Earlier studies have
established that the lower values of d13C indicate dominance of C-3
plants which prefer coolemoist climatewhereas higher d13C values
specify C-4 plants confine under drier climate (Galy et al., 2008;
Sarkar et al., 2009; Agrawal et al., 2012; 2013). For carbon isotope
analysis of total organic carbon, sediment samples were treated
with 1N HCl in order to dissolve any carbonate. When visible re-
action ceased, the residues were washed several times with
distilled water. The residues were dried at 50 �C and homogenized.
The carbon isotopic composition was measured by combusting the
samples in a CarloeErba element analyzer connected to a Thermo
Finnigan Delta plus mass spectrometer. All isotopic values are re-
ported in the standard denotation in peremil relative to VePDB.

5. Results:

5.1. Chronology

There are several geomorphological reconnaissance of Sub-
ansari District of Arunachal Pradesh which indicate that lacustrine
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deposits of this region are analogous to the Karewa sediments of
Kashmir (Banerjee, 1973; Acharyya, 2005). The thick sediment de-
posit is mostly of fluvial origin and classify in to older alluvium
(middle to upper Pleistocene) and new alluvium (Holocene to
Recent age). But regarding the absolute age of the sediments,
except sporadic information (Srivastava et al., 2009) much of the
Quaternary sediments of this region remain yet to be dated. We
have dated exposed 5. 56 m sediment profile that cover a time span
from about 66,000 cal yr BP to around 11,000 cal yr BP. In this
section the 3m peat layer chronologically cover time span from
35,407 cal yr BP to 33,918 cal yr BP ( 32,530e29,771 14C) (Fig. 4) It
corresponds to the Marine Isotope Stage 3 (MIS 3). This layer is
underlying an oxidized yellowish sediment unit which is dated
from 33,827 cal yr BP to 11,165 cal yr BP (29,670e8058 14C). In an
another study several sections at the range of more or less
5 me20 m depth from the Ziro lake valley are dated through IRSL
dating which cover time ranges from 22,000 to 5000 yr BP
(Srivastava et al., 2009). Based on sedimentology it is concluded
that in Ziro Lake basin, the fluvial aggradations took place between
22 and 0 Ka with seismic activity and faulting during 21ka yr BP
.This indicated that major sedimentation took place in the Ziro
valley during the Last Glaciation followed by strong monsoon ac-
tivity in the valley (Srivastava et al., 2009). A shallow profile 3.4m
Soro Nala, Ziro Lake Basin, Arunachal Pradesh having two 14C dates
viz. 1370 ± 71 B.P. (at 20 cm) and 3540 ± 150 B.P. (60 cms) and the
other dates extrapolated merely by broad matching of sediments
with IRSL dates of other profiles (LDe101 and LDe105 dated as
19.5 ± 1.7 and 10.2 ± 2.7 ka respectively) given by Srivastava et al.
(2009), and provided the vegetation history since LGM to recent
period (Ghosh et al., 2014). Chronologically the upper oxidized
layer in our section represents the bottom layer of their sections
(Fig. 4). Thus, the sectionwe have analyzed represent the lower part
Fig. 5. Calibrated Age curve viz,. IntCal 13
of their sections and extends the records back to nearly
66,000 cal yr BP based on extrapolated 14C dates (Fig. 4).

5.1.1. Age model
Ageedepth models were prepared using OxCal ver. 4.1.7

(Ramsey, 2009) (Fig 5). For which we used IntCal09 calibration
curve (Reimer et al., 2009) and the P_Sequence depositional model
with the kevalue set to 0.5 (Ramsey, 1995, 2001, 2008, 2009;
Reimer et al., 2009). The outliers have been designated as such
within the program. Calendar year BP (cal BP) is used to indicate
calibrated 14C years (Fig. 6). The curve generated by Ox Cal k ¼ 0.5
confidence limit appear to be acceptable but it included sharp slope
changes, that is, abrupt changes in sedimentation rates in lower
part and the upper part (Fig. 6).

5.2. Palynological analysis

5.2.1. Description of the pollen diagram
For the convenience of the interpretation, the pollen diagram

has been divided in to five pollen Zones (Fig. 7) based on variation
of percentages of major pollen taxa and is numbered BPLeI to
BPLeV from bottom to top of the profile and described below.

Zone BPL IePineeTsugaeJuglandaceaeeOakePoaceae : This
zone extends from 556.50 cm to 375.36 cm covering time span
65,977 to 36,294 cal yr BP (63,303e32405 14C). This zone is sub-
divided in to BPL I(a) (65,977 cal yr BP to 43,585 cal yr BP) and BPL
I(b) (42,039 cal yr BP to 36,294 cal yr BP). In zone BPL I (a) among
temperate forest elements, except Tsuga (0.77e14.29%) and Pinus
(7.56e56.58%) other conifers viz., Juniperus, Abies, Larix, and Picea
are represented by almost less than 1%. In the broad leaved taxa,
except Juglandaceae (1e16%), Quercus (1e24%) and Betula
(0.4e7%)); the other taxa viz., Alnus (0.1e5%) Rhododendron (<1%),
atmospheric curve Reimer et al., 2013.



Fig. 6. Ageedepth model of sediment profile from Ziro Valley.
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Corylus (0.4e7%), Acer (<1%), Salix (<1%) etc. are not much repre-
sented. The elements of sub-tropical and tropical belt are repre-
sented by Tiliaceae (<2%) along with 1% each of Elaeocarpaceae,
Oleaceae, Aesculus, Lytheraceae etc. Elements of Savanah taxa,
except Poaceae (<40m size 14e63% and >40m size 0.99e10.53%),
Caryophyllaceae (1e4%), Asteraceae (Liguliflorae <1%, Tubiliflorae
<5%), Malvaceae (<2%), Arecaceae (<3%); other taxa represented by
low values. The aquatic or marshy taxa present in this zone are
represented by Cyperaceae (<2%), Impatiens (<3%), Potamogeton
(2e44%), Eriocaulon (<1%). Apart from these taxa, pteridophytic
spores are exhibited by fern (Monolete 8e19%, Trilete 1e27%) and
Lycopodium (<2%).

Pollen zone BPL I(b) around 42,039e36249 cal yr BP
(38,391e32405 14C) exhibits a significant increase in broad leaved
taxa of temperate and subalpine belts such as Quercus, Betula,
Rhododendron, etc,. The Poaceae (<40m 5e41%, and >40m 2e8%) has
also increased. Similar increase is also in the aquatic taxa, Pota-
mogeton (23e54%). The pteridophytic spores both fern (Monolete
5e20%, Trilete 0.3e2%) and Lycopodium (<1%) decline than previ-
ous pollen zone BPL I(a).

Zone BPL IIe RhododendronePinee Oak Zone: This zone extends
from 361.60 cm to 265.27 cm covering time span of 36,181 cal yr BP
to 35,389 cal yr BP (32,279e31,40114C). This zone is also subdivided
in to BPL II (a) (36,181 cal yr BP to 35,841 cal yr BP) and BPL II (b)
(35,728 cal yr BP to 35,389 cal yr BP). In zone BPL II (a) there is a
slight decline of pollen percentage of Pinus (10e29%) whereas
values of other conifers viz., Juniperus (1%), Abies (<1%), Larix (<1%),
Picea (<1%) and Tsuga (<1%), do not show much change. Broad
leaved taxa show a mixed response, a drastic increase in Rhodo-
dendron (9e23%), Quercus (9e31%), where as percentage of Betula,
Corylus,, Salix, Alnus, Juglandaceae and others decline. Elements of
Savanah trees viz., Arecaceae (3e13%) Elaeocarpaceae, Oleaceae,
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Myrtaceae have good representation. The grasses of all size range
(13e20%) and the aquatic or marshy elements (3e6%) are low in
comparison to the previous zone BPL I (b). In pollen zone BPL II (b)
exceptQuercus (34e39%), other broad leaved taxa and Pinus decline
though there is not much change in broad leaved taxa growing at
tropical and sub tropical belt. There is also a decline in the grass
(6e18%) and fern (5e10%) elements.

BPL IIIe Oake eBirch eAlnuse Corylus: This zone extends from
251.51 cm to 155.18 cm covering time span 35,276 cal yr BP to
34,484 cal yr BP (31,778e30,398 14C). In this pollen zone Pinus
(2e13%) declines. There is not much change in the representative of
broad leaved taxa of both high and low elevation level except
Quercus (22e54%) has increased drastically. Poaceae including both
sizes (4e27%) has shown almost similar variation as pollen zone II,
whereas there is an increase in aquatic taxa viz., Potamogeton
(6e44%). But fern (6e20%) does not exhibit much change.

BPL IVe Oake AldereCoryluseBirch e Pine: This zone extends
from 141.42 cm to 75.25 cm covering time span of 34,371 cal yr BP
to 33,827 cal yr BP (30,273e29670 14C). This zone is also subdivided
in to BPL IV (a) (34,371 cal yr BP to 34145 cal yr BP) and BPL IV (b)
(34,032 cal yr BP to 33,827 cal yr BP). In pollen zone BPL IV (a) Pinus
(<3%) and other conifers viz., Larix (1e2%), Picea (<1%), Tsuga
(1e2%) decline. But there is increase in broad leaved taxa growing
both higher elevations viz., Quercus (20e42%), Betula (2e5%), Alnus
(2e6%), Corylus (2e3%) and also Arecaceae (8e20%), Oleaceae
(1e2%), Caesalpiniodeae (<2%), Castanopsis (<1%) growing at lower
elevations.

In zone IV (b) high values of Quercus (23e46%) decline in sedi-
ments form lower to upper depths, the other broad leaved taxa
Betula (3e4%), Rhododendron (2e7%), Corylus (2e3%), Juglandaceae
(1e2%) growing at higher elevations at temperate and alpine belt
decline. There is an increase in Poaceae (<40m, 8e16%), (>40m,
1e5%) observed.

Zone BPL V e Fir ePine Oake Poaceae: This zone extends from
65.50 cm to top covering time span 30,566 cal yr BP to
11,165 cal yr BP (26,560e8058 14C). This zone is also subdivided in
to BPL V (a) (30,566 cal yr BP to 20,531 cal yr BP) and BPLV (b)
(16,183 cal yr BP to 11,165 cal yr BP). Palynologically this part is not
well represented as sediments are either with poor pollen contents
or even devoid pollen grains.

In zone V (a) representation of pollen of Quercus (17e21%), and
Pinus (2%) still has a lower value in sediment, where as other co-
nifers show slight increase. Broad leaved taxa growing at lower
elevation have sudden increase followed by decline. Poaceae in-
creases (10e21%) and aquatic taxa decline abruptly.

In zone V (b) Pinus (10.53e21.35%) and other conifers slightly
increase. Quercus (5%) and Betula (3%) are in lower values There is a
sudden change in pteridophytic assemblage which is reflected by
high values of fern (Trilete 72e87% and Monolete 0.71%), and
Lycopodium (0.62%). There is an overall increase in representation
of pollen grains of taxa growing in the Savanah viz., Arecaceae
(17e28%), Poaceae (22e23%), Theaceae (4%), Euphorbiaceae (4%),
Asteraceae (Tubiliflorae 6.58%), Malvaceae (2.25%), Acanthaceae
(1.32%),etc are observed in this zone.

5.2.2. Past vegetation
We reconstructed vegetation history covering time span of

around last 66,000 cal yr BP to 11,000 cal yr BP and onwards based
on the interpretation of the pollen diagram (Fig. 7) in terms of
extant vegetation and climate in and around of this region. Pollen
assemblage of this region is characterized by deposition of pollen
from local taxa (subtropical) as well as extra local taxa (trees
growing at higher elevations comprising both conifers and
broadeleaved taxa). A good amount of pollen (both local and
extra local) in sediments suggests that site has good vegetation
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cover under amelioration of climate (warmemoist). Alternatively,
an increase of local taxa especially grass and other steppe ele-
ments in the pollen spectra suggests existence of cooleredrier
climate. Based on this principle past vegetation of the region has
been interpreted temporally in terms of broad climate changes.
During 66,000 to 36,300 cal yr BP the area was occupied by the
temperate conifer broad leaved forest in which Pine and Tsuga are
the major constituents of conifers and are growing at much lower
elevation. In this the broad leaved trees are mostly represented by
Juglans and Oak. The much of the area in the vicinity of the site
was covered by savannah in which grasses were prominent. Lake
was shallow and supported by a good growth of Potamogeton.
During pollen zone II covering time span of 36,181 cal yr BP to
35,389 cal yr BP there was expansion of oaks, Rhododendron and
Juglans within the Pine, Tsuga conifer zone. There was increase in
tree elements within the savannah also. This might have
happened with the corresponding increase of S.W. monsoon.
During pollen zone III around time 35,276 cal yr BP to
34,484 cal yr BP (31,778e30,398 14C) there was further increase in
the broad leaved elements viz., Oake RhododendroneBirch with
the decline of pine in the temperate forest with the further in-
crease of SW monsoon. There was invasion of more tree taxa in
the Savannah. The pollen zone IV covering time span
34,371 cal yr BP to 33,827 cal yr BP temperate forest elements of
broadleaved taxa viz., OakeRhododendrone AldereCoryluseBirch
Pine showed maximum development within conifer broad leaved
forest. This forest was much closer to the site with increase of
both temperature and precipitation. However, Pine forest dwin-
dled during this time due to increase of S W monsoon precipi-
tation and these trees might have occupied at the comparatively
drier site of southern aspects of the mountain. The area of
savannah is much reduced with the proliferation subtropical and
tropical elements in it. During pollen zone V, covering a time span
of 30,566 cal yr BP to 11,165 cal yr BP, there is expansion of
OakeRhododendrone BirchePine forest when temperature might
have declined to from cool moist loving trees. Around
20,531 cal yr BP to 11,165 cal yr BP, there was decline of tem-
perature and precipitation which favored adoption of conifers,
PineeFir when Oak forest decline. Moreover increase of Arecaceae
in the savannah is noteworthy; this may be due to proliferation of
Calamus leptodix which is a common palm growing at this region
(Sahni, 1969). Increased number of grasses and other non arboreal
taxa, especially sudden increase of fern, more strikingly Trilete
spore bearing fern also supports the expansion of Savannah in the
vicinity of the site.

5.3. Carbon isotope

Carbon isotope data can be used as a reasonable supportive
evidence of vegetation changes vise�aevis climatic variability
construed by the pollen data. The d13C record of this sediment
profile has values ranging from �24 to �30‰ with the highest
value of�24.39‰ occurring at around 30,566 cal yr BP (26,560 14C);
and the lowest value is �29.34‰ at 347.84 cm around
36,068 cal yr BP (32,154 14C). In general, low d13C values in (i.e. zone
BPL I and V (b)) between elevated d13C values at the bottom and
upper part of the sediment profile (i.e. BPL II, III and IV). In
conjuncture with the pollen zones the isotope data significantly
matches the vegetation changes recorded throughout the sediment
profile (Fig. 8). Thus, this data provides supportive evidence of
climatic variability recorded by the pollen data The pollen Zone BPL
I has relatively high d13C values averaging up to about �27.74‰
depicted by the predominance C-3 plants. There is further decline
of d13C values in Zones BPL I (b), BPLII, and BPL III, BPL IV (a) with
average values of d13C being e28.45‰, e28.92‰, e28.30‰,
e28.82‰ respectively, the vegetation seems to be in and around
the study site mostly of C-3 type of plants. During this time period
the pollen assemblages coherently had higher percentages of broad
leaved taxa representing a warm and moist phase in the region.
Subsequently increased of d13C values within the Zone BPL IV (b)
averaging about e 27.38‰ signifying addition of C4 type of plants
within the C-3 type of dominated vegetation. The increase of d13C
i.e., from C3 toward C4 values is expected due to changeover of
vegetation patterns from to broad leaved conifer forest to grassland
under deterioration of climate. During this period there might have
been an occurrence of Savannah and subsequently at Zone BPLV (b)
further expansion of Savannah with more C-4 type plants. This
changing vegetation trends are evident in the pollen assemblages
where grassland elements coherently dominate the arboreal taxa.

5.4. Magnetic susceptibility

The clf or the low frequency measurements of magnetic sus-
ceptibility of the sediments show significant variations. The mag-
netic susceptibility values are not completely synchronous with the
palynological data (Fig. 8.). In pollen zone BPL I (a) or the oldest
zone the clf values were relatively higher than the other overlying
zones but the values comparatively were low range susceptibility
values. Similar trend continues in Zones BPL I (b), II, and III where
there was variability in the clf data but the estimates are increas-
ingly low. In Zone BPL IV the clf values were the lowest signifying
the driest phase in the region which was similar to the pollen and
isotope records of this profile. In Zone BPLV the clf values are again
variable and shift towards relatively higher orders but the overall
range being of low values. The estimates in this zone were not
significantly similar to the pollen and isotope records as they
depicted a much drier environment during that period.

The nonesynchronous nature of the susceptibility records is
probably due to the nature of the vegetation cover in the region.
The palynoassemblage records around ~43,000 cal yr BP to
~34,000 cal yr BP have the highest values of taxa recorded and
hence reflect a dense vegetative cover during this period especially
in Zones BPL I, II, III and IV (a). Thus the erosion rate in the valley
was controlled or checked and can be attributed to much vegeta-
tion cover during that time. Moreover during this period there was
probably an intensification of S.W. monsoon which is also sup-
ported by rising lake levels spread inwider area like western China,
Tibet and many other regions (Rhodes et al., 1996; Zhang et al.,
2000; Zheng et al., 2000; Shi et al., 2001; Yang and Scuderi,
2010). Hence the low susceptibility values might be probably due
to the diminished content of ferromagnetic minerals as these depict
the erosion and deposition environment of the sediment in which
they accumulate. The reduced content of mineral magnetite in the
sediment has lead to the reduced clf values and a rise in hematite
and other supra paramagnetic minerals have caused the variations
in the Frequency Dependent (FD %) percentages ratios of clf and
chf. These estimates of susceptibility of the sediment profile are
evidence for the changing vegetation scenario of the region during
that time.

6. Reconstruction of vegetation and climate change

Data derived from Pollen analysis, Magnetic susceptibility and
carbon isotopic analysis cumulatively (Fig. 8) provide a better un-
derstanding of climatic changes in Ziro valley during later part of
Pleistocene. A good amount of grass pollen along with broad leaved
conifer forest elements throughout the deposition suggests that the
nearby area was savannah with close by coniferebroad leaved
forest. However there are certain intervals (35,050 cal yr BP to
34,842 cal yr BP and 34,371 cal yr BP to 34,145 cal yr BP) when



Fig. 8. Diagram showing Quercus ePinus Index, Magnetic Susceptibility, d13C Isotope variations in the sediment profile and its comparison with major palynomorphic elements
which comprise the vegetation in Ziro valley Arunachal Pradesh.
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grasses decline, with an increase of broad leaved conifer taxa. This
is also evident from the high value of Quercus e Pinus Index. In
general pollen and carbon isotope data reveal that during last
glaciations a phase of interstadial with domination of C-3 broad
leaved tree elements are present within the sequence dominated
by Pine grass savannah. The carbon isotopic data shows variation of
in d13C values in the range of C-3 plants which lead to conclude that
the area was mostly occupied by C-3 plants in mixed vegetation of
C3 and C4 types. The changes in values towards higher or lower
may be incorporation of C4/C3 plant community. More over such
variation in d13C values within the range�3‰ also suggest that the
site undergone several changes in hydrological regime, from
swamp, marsh to dryeland. Palynological, Isotopic, and Magnetic
Susceptibility data all are harmonized depicting that in the begin-
ning the climate was comparatively cooler and drier. The most
salient feature in the present study is the increase of magnetic
parameters and decrease of d13C values around ~36,000 cal yr BP to
~33,000 cal yr BP corresponding to the peat deposition of the
profile when the area have comparatively good forest cover. This
might be impact of short time span of interstadial phase when both
rainfall and temperature were higher during Last Glacial period.
Maximum development of Rhododendron in 36,294 cal yr BP and
34,597 cal yr BP also synchronize with the lower d13C indicating the
expansion of broadleaved C3 vegetation. The other significant
feature in the present study is the sharp rise of magnetic parame-
ters and also increases of d13C values around 30,566 cal yr BP and
afterwards when glacier environment reverted again. Palynologi-
cally, this period has been characterized by drier climate when
much of the area was colonized by grasses under savannah and at
higher elevations conifer broadeleaved forest was became dimin-
utive. Thus the magnetic susceptibility data also supports the
palynological view that the area had experienced drier climate at
that period.

7. Regional correlations

We have recorded changes in climate based onmulti proxy data,
viz., pollen, d13C values and magnetic susceptibility data during the
Late Pleistocene (corresponding to Marine Isotope Stage 3, MIS 3)
from the subesurface sediment from Ziro valley. During Last Glacial
period at 66,000 cal yr BP the Eastern Himalayan regionmight have
been occupied by a lager extent of glacier as evidenced from the
Garhwal Himalaya (Benn, and Owen, 1998). Numerical climate
modeling records from the Himalaya of the Late Quaternary indi-
cated an increase in snow cover in the Eastern Himalaya during Last
Glacial Maximum probably due to the variation in the wind pattern
in the summer andwinter south Asianmonsoon (Bush, 2002, 2004).
During last glaciations, glacier may not descend to low elevations as
close to Ziro valley since it was weak in the comparison to earlier
ones in the Himalaya (Rashid et al., 2011), but position of snout and
average snow line was much lower during that period than today
and that varied with the changes of climate. Moreover, during Last
Glacial period SW monsoon in general was weak with the corre-
sponding increase of NE monsoon, but latter does not bring much
rain (Owen et al., 2008). The impact of these climate changes and
glacier environment influences vegetation scenario of not only at
the higher elevations but also be felt even at the lower elevations.
Pollen data suggests that climate of this region has been compara-
tively cool and dry around 66,000 cal yr BP which is evident by the
expansion of the Pine eTsuga savannah comparable to present day
dry temperate forest of the Eastern Himalaya. Subsequent devel-
opment (around 43,000 cal yr BP) of broad leaved forest especially
expansion of Oakwithin it took placewhen climatewas changing to
moister than before. Further expansion of broad leaved conifer
forest around 35,000 cal yr BP suggests comparatively more favor-
able climatic conditions. Thus overall scenario of the present study
indicates that there was gradual rise of S.W. monsoon since
66,000 cal yr BP onwards and reached to peak at around
~36,000e34,145 cal yr BP (32,530e30,022 14C) which subsequently
weakenedwhen climate turned to be comparativelycooler anddrier
with coeval of increased aridity during LGM, which favored the
expansion of Pine and grass land. However because of non-
eavailability of samples suitable for pollen analysis and dates in the
upper part of the profile impact of these events could not be pre-
cisely recorded. But d13C values indicate expansion of C4 plants in
response to increased aridity. This is also supported by pollen data
from adjacent upper Assam where temperate and subtropical ele-
ments are reported at lower elevations (Bhattacharya and Chanda,
1992). Thus in the present study the optimum expansion of broad-
leaved conifer forest in response to increased S.W.monsoon records
around 34,145 cal yr BP (30,022 14C) may correspond to interstadial
periodwhich have extensive supportive evidences of corresponding
climate ameliorations in other parts of the Himalaya, Tibetans
Plateau and also in marine records. From the western Himalayan
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region several periods of ameliorations during 34 ka, 32 ka, 30.7 ka,
and29ka are recorded fromKumaun, LesserHimalayan (Kotlia et al.,
1997, 1998, 2000) and also from Ladakh, TranseHimalayan regions
(Bhattacharyya,1989), and seem to correspond to the events of Ziro
valley, Eastern Himalaya. Isotope studies from Karewa sediments,
Kashmir reveal that palaeosols dating beyond 30,000 yr BP have
lower values of d13C values ranging from �21.9to16.2‰ whereas
palaeosol dated about 18,890 yr BP having �25.3‰ d13C values
(Krishnamurthy and DeNiro, 1982) Thus in the Karewa deposit re-
gions of Kashmir Himalaya C-4 type vegetation dominated beyond
30,000 yr BP signifying a cold dry phase whereas C-3 type vegeta-
tionpersisted around18,000yr BPwhen the climatewasmorewarm
and humid (Krishnamurthy and DeNiro, 1982). These results
exhibited the difference in the vegetation scenario in the contem-
poraneous deposits of Ziro valley where C-3 vegetation dominated
around 30,000 (14C dated). This variation may signify the difference
in themoister conditions in both the regions were dissimilar during
this period of enhanced monsoon strength. The amelioration of
climate during interstadial phases occurring in the Trans-
eHimalayan region concurwith the increasedWesterndisturbance/
northeast monsoon in the Indian subcontinent (Bhattacharyya,
1988; Bhattacharyya et al., 2006; Demske et al., 2009). However,
based on carbon isotope study fromNilgiri Hills almost similar trend
of climate changes (the southern Indian montane region) are
recorded, which is also under domain of S.W. monsoon region. This
study showed that the moist conditions around 40,000 to
28,000 yr BP followed by increase of aridity and more arid condi-
tions around 16,000 yr BP (Rajagopalan et al., 1997) .The extreme
arid conditions in this region during the LGM have also been evi-
denced in another carbon isotopic analysis earlier from the same
region when there were higher values of d13C suggesting mostly
existence of C-4 plants, which are indicator of arid climate. Thus,
16,000 yr BP onwards there is more negative signature of d13C
indicating dominance of C-3 vegetation, which reached optimum at
around 10,600e9000 yr BP (Sukumar et al.,1993) However, formost
of our data from Ziro valley a precise correlation with existing data
from other regions is not possible so far, due to the low number of
samples and age constrain. In the Tibetan Plateau an extremely
strong event of summermonsoonwas recordedduring the later part
of marine isotope Stage 3 (MIS 3), which corresponds to the later
phase of the megaeinterstadial of Last Glacial period during
30,000e40,000 yr BP (Shi et al., 2001). During this period the warm
and humid conditions with 2e4 �C higher temperature and 40%�
100% more precipitation were estimated to have prevailed causing
higher lake levels in the Plateau as evidenced in the iceecore, pollen
and lakeelevel records (Shi et al., 2001). The strong summer
monsoon managed to reach the interior of northwest China such as
the Qaidam basin during late MIS 3 where higher lake levels were
recorded (An, 2000). The Weinan Loess and Luochuan Loess in the
Loess Plateau of China show evidences of increased precipitation
during MIS 3 which also correlates with the SST changes in a South
China Sea core (An and Sun, 1995; Wang et al., 1995; Gu et al., 1997;
An, 2000). Equivalent to Ziro valley, a similar interstadial periodwas
described at about 30 ka characterized by slight increase of tree
pollen in the long lacustrine core sample from Lake Urmia, North
West Iran (Djamali et al., 2008). These climatic ameliorations have
also wide impact in many other geographical regions of Northern
Hemisphere. The warmemoist phase around 36e34 ka reported in
the present study may correspond to the Interstadial of 34e28 ka
which is widely known from SW Europe (Veres, 2007), NW Europe
as Denekamp Interstadial (Van der Hammen et al., 1971; Roger,
1976; Kolstrup, 1980), Alesunde Interstadial in Scandinavia
(Baumann et al.,1995) or as Krinides Interstadial in Northern Greece
(Wijmstra, 1969). There is a regional evidence for an almost fully
deglaciated Scandinavia during the Middle Weichselian some
30e40 ka (Olsen et al., 1996). The glacialegeologic sea level and
benthic d18O data indicates that ice volume at ~35 ka BP was
approximately 50% of that of the LGM (Winograd, 2001). However
the scenario is different in the southern hemisphere where the re-
cords from northern Australia indicate increase aeolian activity,
desert development resulting from strengthened southeeasterly
trade winds during MIS 3 which might have contributed to
enhanced precipitation in East Asian monsoon resulting from trans
equatorial air streams effects (Wasson,1986; DeDeckker et al.,1991;
An, 2000).

8. Conclusions

We describe changes of vegetation and climate during themajor
part of the Last Glacial period in the vicinity of Ziro valley, Aruna-
chal Pradesh, Eastern Himalaya based on multi proxy data. Increase
of SW monsoon from ~43,000 cal yr BP to 34,000 cal yr BP
(40,000e30,022 14C) and decline thereafter is recorded. The area
experienced a peak warm and humid phase around
36,181 cal yr BPe34,145 cal yr BP (32,279 to 30,022 14C) during last
glaciations. During this time span the influence of enhanced SW
monsoon was evident in the pollen and isotope records when wet
evergreen confer mixed vegetation covered at altitude gradient,
enhanced in the valley. Around 20,000 cal yr BP i.e., during LGM the
decline of monsoon is evident when forest turn to be Savannah
type, which is also evident by the lower Quercus- Pinus Index.
However, for the higher resolution and detailed paleoclimate
analysis there is a need for longer and complete record from the
region. Ziro valley, Arunachal Pradesh, Eastern Himalaya seems to
be one of the promising sites for paleoclimatic analysis using multi
proxy of long Quaternary sequence. Due to typical physiographical
position at Lower Eastern Himalaya this area can provide us a
complete picture of past climatic variations especially monsoon
dynamics. Such long records would be useful to understand the
climatic variation and its teleeconnections not only from the
Himalaya but also throughout the globe.
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