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Abstract

Abstract

The Asian monsoon is one of the major components of the world’s climate system.
The monsoon circulation during the warm half of the year (the Asian summer monsoon)
brings significant amounts of precipitation — mainly between May and September - to a
vast area of South and East Asia stretching from the western Arabian Sea to the southern
Russian Far East. The Asian summer monsoon is generally subdivided into the Indian
Summer Monsoon (ISM) and East Asian Summer Monsoon (EASM). Numerous studies
have demonstrated that both subsystems have varied significantly over different time scales
during the late Quaternary. In order to predict potential future climate dynamics in
Monsoon Asia and to provide essential information to build adaptation strategies, it is
crucial to understand the spatiotemporal patterns and the magnitude of past variations in
the Asian monsoon activity and their relation to other components of the global climate
system as well as extraterrestrial forcing factors. Despite considerable progress during the
last decades, many issues are still unresolved. To improve existing climate model
simulations and to broaden the knowledge about the Asian summer monsoon evolution,
additional palaeoclimate proxy studies are required from both subdomains.

This study mainly focuses on the reconstruction of past vegetation and climate dy-
namics in different regions of Monsoon Asia using numerical approaches (biome
reconstruction method and modern analogue technique) based on fossil and modern
pollen assemblages. The set of employed fossil pollen records include one from a high-
alpine lake (north-western Himalayas, India) located within the ISM domain spanning the
last ca. 12 ka and two from peat bogs located within the EASM domain spanning the last ca.
5.5 ka (south-western Hokkaido, Japan) and ca. 44 ka (north-western Sakhalin, Russia). All
three climate archives are situated close to the modern summer monsoon limit.

The results suggest that the initial post-glacial ISM strengthening temporally coin-
cides with the termination of the Younger Dryas. The Holocene moisture optimum in the
north-western Himalayas prevailed from ca. 11-9.6 cal ka BP. The moisture evolution over
the Holocene is marked by a gradual decline, which parallels the southward migration of
the mean summer position of the Intertropical Convergence Zone in response to the
orbitally induced decrease in summer insolation. The results of the quantitative
reconstruction indicate considerable fluctuations in annual precipitation, which was during
the wettest interval (early Holocene) ca. 430 mm higher and during the driest interval (late
Holocene) ca. 35 mm lower compared to modern conditions (ca. 250 mm). Correlation
with other palaeoclimate proxy records suggests that the decrease in precipitation in the
regions at the northern limit of the ISM was greater than in the southern parts of the ISM

domain.
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There is evidence that likely due to Northern Hemisphere ice sheet boundary condi-
tions, the southern ISM domain received more westerly-derived winter precipitation
during the early Holocene than during the late Holocene. During the late Holocene,
moisture availability is slightly increasing, which is likely a result of strengthened winter
westerly disturbances. Holocene centennial-scale intervals of enhanced aridity, which are
in concert with North Atlantic cold climate (i.e. Bond) events, probably indicate reduced
winter westerly airflow leading to decreased winter precipitation in the north-western
Himalayas.

As inferred from the quantitative climate reconstructions, the climate conditions in
the northern EASM domain during Marine Isotope Stage 3 were only slightly colder and
drier than at present. A significantly strong trend towards climate deterioration is
documented during Heinrich event 4. Like in the north-western Himalayas, the onset of
Holocene climate amelioration parallels the Younger Dryas termination. While the
moisture optimum appears to have occurred in the northern EASM domain during the
early Holocene, the thermal optimum was reached during the middle Holocene. Together
with the results from Hokkaido, the findings from Sakhalin indicate that the Holocene
climate conditions of these islands were considerably influenced by ocean currents.

Palynological and geomorphological analyses suggest that the evolution of the
Bronze Age Harappan Civilisation of the greater Indus Valley was linked to short- and
long-term climate trends. The gradual decrease in precipitation probably caused crop
yields to fall, which promoted the establishment of the mature phase (4.5-3.9 cal ka BP)
urban centres to provide an infrastructure for storage, protection, administration, and
redistribution of staple crops. Additional pronounced dry spells at ca. 4 and 3.2 cal ka BP in
combination with more frequent El Niflo-Southern Oscillation-related interannual
monsoon fluctuations during the late Holocene probably further hamper sufficient food
supply that may have caused the protracted deurbanisation after ca. 4 cal ka BP and
eventual demise of the sophisticated Harappan Civilisation between ca. 3.5-3 cal ka BP.

The results of the case studies presented in this thesis yield new insights into late
Quaternary Asian monsoon dynamics, possible past climate-human interactions and
demonstrate the potential of numerical pollen-based approaches to determine the
magnitude of past climate change. They also point out the need for additional palaeocli-
mate proxy records from different parts of South and East Asia to enhance the understand-
ing of the Asian monsoon system and the underlying driving mechanisms as well as
additional modern pollen reference samples to improve numerical pollen-based vegetation

and climate reconstructions.
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Zusammenfassung

Der asiatische Monsun ist ein Hauptbestandteil des globalen Klimasystems. Wih-
rend der warmen Jahreshalfte verursacht die Monsunzirkulation (asiatischer Sommermon-
sun) betrachtliche Niederschldge — hauptsachlich zwischen Mai und September - in einem
groflen Gebiet Siid- und Ostasiens, welches sich in etwa vom westlichen Arabischen Meer
bis zum siidlichen Teil des russischen fernen Ostens erstreckt. Der asiatische Sommermon-
sun ist grundsitzlich unterteilt in den indischen Sommermonsun (ISM) und den
ostasiatischen Sommermonsun (EASM). Zahlreiche Studien haben gezeigt, dass beide
Subsysteme wihrend des Spétquartérs wesentlichen Anderungen beziiglich ihrer Intensitit
auf unterschiedlichen Zeitskalen unterworfen waren. Um robuste Vorhersagen iiber
mogliche zukiinftige Anderungen im asiatischen Monsunsystem treffen zu kénnen, welche
die Grundlagen zur Definition von geeigneten Anpassungsstrategien bilden, ist es
unerldsslich die raum-zeitlichen Muster und das Ausmaf} vergangener Variabilititen der
Monsunaktivitdit und deren Beziehung zu anderen Bestandteilen des weltweiten
Klimasystems sowie extraterrestrische Einflussfaktoren zu verstehen. Trotz mafigeblicher
Fortschritte in den letzten Jahrzehnten sind viele Fragen nach wie vor unbeantwortet. Um
die Leistungsfahigkeit bestehender Klimamodelle zu verbessern und das Verstindnis der
Evolution des asiatischen Sommermonsuns zu erweitern, sind weitere Proxy-basierte
Paldoklimastudien in beiden Teilgebieten (ISM und EASM) erforderlich.

Diese Arbeit befasst sich hauptsdchlich mit der Rekonstruktion vergangener Vegeta-
tions- und Klimadnderungen in verschiedenen Regionen Monsun-Asiens unter
Verwendung numerischer Rekonstruktionsmethoden (,biome reconstruction me-
thod“ und ,modern analogue technique®) auf der Grundlage fossiler und rezenter
Pollenspektra. Das Set der verwendeten fossilen Pollenprofile beinhaltet ein Profil aus
einem hochalpinen See (nordwestlicher Himalaya, Indien) aus dem Einflussbereich des
ISM, welches den Zeitraum der letzten ca. 12 ka umfasst und zwei weitere Profile aus
Torfmooren aus dem Bereich des EASM, die die letzten ca. 5.5 ka (stidwestliches Hokkaido,
Japan) bzw. ca. 44 ka (nordwestliches Sachalin, Russland) représentieren. Alle drei
Klimaarchive befinden sich an der nordlichen Grenze des heutigen Einflussbereichs des
asiatischen Summermonsuns und sind deshalb besonders gut geeignet, um Erkenntnisse
iber vergangene Schwankungen in der Monsunintensitit zu erlangen.

Die Ergebnisse der Untersuchungen am Pollenprofil aus dem nordwestlichen Hima-
laya zeigen, dass der postglaziale Anstieg der ISM-Aktivitit zeitlich mit dem Ende der
Jingeren Dryas iibereinstimmt. Das holozdne Feuchtigkeitsoptimum datiert zwischen ca.
9.6-11 cal ka BP. Die Entwicklung der holozédnen Feuchtigkeits- bzw. Niederschlagsinten-

sitédt ist gekennzeichnet von einer sukzessiven Abnahme, die mit der stidwirts Verlagerung
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der durchschnittlichen Sommerposition der innertropischen Konvergenzzone einhergeht.
Die Resultate der quantitativen Rekonstruktion ergeben betrichtliche Anderungen in den
jahrlichen Niederschldgen. Diese waren wihrend der feuchtesten Phase (Frithholozédn) um
ca. 430 mm hoher und wihrend der trockensten Phase (Spédtholozédn) um ca. 35 mm
niedriger als heute (ca. 250 mm). Korrelationen mit anderen Paldoklimarekonstruktionen
deuten an, dass die Abnahme der jahrlichen Niederschlagsmengen im nordlichen Teil des
ISM-Einflussbereichs grofier war als im stidlichen Teil.

Vergleiche zwischen den hier vorgestellten und anderen Studienergebnissen geben
Hinweise darauf, dass im siidlichen Bereich des ISM-Gebiets die aus der feuchten
ektropischen Westwindstromung resultierenden Niederschlagsmengen wiahrend des
Frithholozéns hoher waren als im Spitholozidn. Vermutlich ist dies auf die fortdauernde
Vergletscherung in grofien Teilen der nérdlichen Hemisphdre wiahrend des Frithholozans
zurlickzufithren, die eine im Vergleich zu heute weiter stidlich positionierte Westwind-
stromung wahrend der kalten und warmen Jahreszeit zur Folge hatte. Der leichte Anstieg
der durchschnittlichen Jahresniederschldge im Untersuchungsgebiet des nordwestlichen
Himalayas wéihrend des Spétholozéns ist wahrscheinlich ein Ergebnis der Intensivierung
der ektropischen Westwindstromung. Holozédne Trockenphasen auf einer Zeitskala von
Jahrhunderten, die zeitlich synchron mit Klimaschwankungen im nordatlantischen Raum
(»Bond events®) verlaufen, weisen mutmafilich auf eine Abschwiachung der Westwind-
stromung hin, welche zu einer Reduktion der Winterniederschldge in den westlichen
Randbereichen des ISM gefiihrt hat.

Die Rekonstruktionsergebnisse basierend auf dem fossilen Pollenprofil aus Nord-
westsachalin zeigen, dass die Klimabedingungen im nordlichen Teil des EASM-Gebiets
wihrend der Sauerstoff-Isotopenstufe 3 nur unwesentlich kalter und trockener waren als
heute. Eine Phase bedeutender Klimaverschlechterung mit kalten Wintern und geringen
jahrlichen Niederschldgen kennzeichnete das Untersuchungsgebiet wihrend des Heinrich-
Ereignisses 4. Wie im nordwestlichen Himalaya verlief das Einsetzen der postglazialen
Klimaverbesserung parallel zum Ubergang Jingere Dryas/Holozdn. Wihrend das
warmzeitliche Feuchtigkeitsoptimum in der nérdlichen EASM-Zone im Frithholozdn
belegt ist, ereignete sich das Temperaturoptimum im mittleren Holozdn. Die Ergebnisse
aus Hokkaido und Sachalin weisen neben der atmosphdrischen EASM-Zirkulation als
Hauptfaktor fiir die Steuerung des Klimas dieser Inseln Meeresstromungen als weitere
wesentliche Einflussgroflen aus.

Palynologische = und  geomorphologische = Untersuchungen = im  ISM-
Untersuchungsgebiet deuten auf einen Zusammenhang zwischen kurz- und langfristigen
Klimadnderungen und der Entwicklung der bronzezeitlichen Harappa-Kultur im
nordwestlichen indischen Subkontinent hin. Durch die sukzessive, langfristige Abnahme

der jahrlichen Niederschlagsmengen kam es wahrscheinlich zu einer landwirtschaftlichen
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Ertragsminderung. Letztere fithrte wihrend der Hauptphase (4.5-3.9 cal ka BP) der
Harappa-Kultur zur Griindung urbaner Zentren, die die Infrastruktur fiir die Lagerung
und den Schutz sowie die Verwaltung und Verteilung der Grundnahrungsmittel zur
Verfiigung stellten. Die in dieser Studie erfassten Trockenphasen um ca. 4 und 3.2 cal ka
BP in Verbindung mit héufiger auftretenden El Niflo-Southern Oscillation-gesteuerten
interannuelle Sommermonsunschwankungen im Spatholozdn erschwerten im Folgenden
moglicherweise eine ausreichende Versorgung der Bevolkerung mit Nahrungsmitteln und
fihrten somit zu dem nachgewiesenen langerfristigen Verschwinden der urbanen Zentren
(ab ca. 4 cal ka BP) und letztendlich zum Niedergang der hochentwickelten Harappa-
Kultur (zwischen ca. 3.5 und 3 cal ka BP).

Die Ergebnisse der in dieser Dissertation zusammengefassten Fallstudien liefern
neue Erkenntnisse iiber die spitquartire Entwicklung des asiatischen Monsuns und
moglicher holozédner Mensch-Klima-Wechselbeziehungen im Bereich des nordwestlichen
indischen Subkontinents. Ferner veranschaulichen sie das hohe Potenzial numerischer
Pollen-basierter Rekonstruktionsmethoden um das Ausmafl vergangener Klimaschwan-
kungen zu erfassen. Die Resultate zeigen zudem die Notwendigkeit weiterer Proxy-
basierter Paldoklimastudien aus unterschiedlichen Teilen des ISM- und EASM-
Einflussbereichs um ein besseres Verstindnis des asiatischen Monsunsystems und seiner
zu Grunde liegenden Steuerungsmechanismen zu gewdhrleisten. Um die Qualitdt Pollen-
basierter numerischer Vegetations- und Klimarekonstruktionen im Untersuchungsgebiet
weiter zu steigern, ist eine zusitzliche Erweiterung der bestehenden Referenzdatensitze

rezenter Pollenspektra unabdingbar.
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1. Introduction

1. Introduction

1.1 Outline of the thesis

This doctoral thesis constitutes a compilation of four case studies presented in four
manuscripts which have been published in or are prepared for submission to international
scientific peer-reviewed journals. Each paper represents an individual piece of work, so that
in some places (e.g. methods) repetitions are inevitable. An overview of the integrated
manuscripts including my own contributions and publication status is given in Chapter 1.2.

Laboratory and analytical work was conducted at the Palaeontology Branch (Insti-
tute of Geological Sciences) of the Freie Universitat Berlin. The thesis includes case studies
(Chapters 2 and 3) which are part of the multidisciplinary Research Unit “Himalaya:
Modern and Past Climates” (HIMPAC, http://www.himpac.org/) and were financially
supported by the German Research Foundation (DFG) through the grant RI 809/24. This
unit was established in 2010 with the aim of elucidating the characteristics of the Indian
Summer Monsoon during the late Pleistocene and Holocene. A main component of this
research project are studies based on palaeoclimate proxy records—pollen, sediment
properties, tree rings, and stable isotopes—from archives located in climatically sensitive
regions across the Indian subcontinent (i.e. north-western Himalaya, Meghalaya, Deccan
Plateau). The work involved a one-month field campaign through parts of north-western

India including the Tso Moriri region (Ladakh).

The thesis is organised into eight chapters:

e Chapter 1 outlines the general study context including the state of the art of late
Quaternary palaeoclimate research in Monsoon Asia and open questions, the study aims

and objectives, and the study approach and methods.

e Chapters 2, 3, 4, and 5 focus on the results of four case studies each presented as self-

contained manuscripts.

e Chapter 6 is concerned with the main conclusions of case studies in Chapters 2-5 and

highlights some directions for future work.
e The bibliography in Chapter 7 contains all publications cited in this thesis.

e Chapter 8 gives information on the supplementary material associated with Chapters
2-4 and how to access the contained data. It also provides a complete list of publications
in which I was involved during the time of my doctoral research either as main or co-

author. The curriculum vitae is only available in the printed version of this thesis.


http://www.himpac.org/
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1.2 Integrated manuscripts

This manuscript-based doctoral thesis consists of four individual manuscripts,
which have been published in or are prepared for submission to international scientific
peer-reviewed journals. According to paragraph 7(2) of the doctorate regulations of the
Department of Earth Sciences at the Freie Universitit Berlin, an overview of these
manuscripts including my own contributions regarding the conception, accomplishment

of the study and publication is given in Table 1.1.

Manuscript
no./chapter

Manuscript (title, author list, own contribution)

Publication status in May 2014

1/2.

11/3.

111/4.

IV/5.

A Holocene pollen record from the northwestern Himalayan lake
Tso Moriri: Implications for palaeoclimatic and archaeological
research

Christian Leipe, Dieter Demske, Pavel E. Tarasov,

HIMPAC Project Members
contribution of conception: accomplishment:  publication:
Christian Leipe 60% 70% 80%

Potential of pollen and non-pollen palynomorph records from
Tso Moriri (Trans-Himalaya, NW India) for reconstructing
Holocene limnology and human-environmental interactions

Christian Leipe, Dieter Demske, Pavel E. Tarasov, Bernd Wiinne-
mann, Frank Riedel, HIMPAC Project Members

contribution of conception:
70%

accomplishment:
50%

publication:
90%

Christian Leipe

Vegetation and climate history of Northern Japan inferred from
the 5500-year pollen record from the Oshima Peninsula, SW
Hokkaido

Christian Leipe, Norio Kito, Yumi Sakaguchi, Pavel E. Tarasov

contribution of conception:
50%

accomplishment:
70%

publication:
60%

Christian Leipe

Pollen-inferred late Quaternary vegetation and climate variations
from the northern-most part of the East Asian Summer Monsoon
domain (Sakhalin, Russian Far East)

Christian Leipe, Yaeko Igarashi, Takeshi Nakagawa,
Katsuya Gotanda, Pavel E. Tarasov

contribution of conception:
70%

accomplishment:
70%

publication:
90%

Christian Leipe

Published in Quaternary
International 348 (2014)
pp. 93-112

doi:10.1016/j.quaint.2013.05.005

Published in Quaternary
International 348 (2014)
pp. 113-129

doi:10.1016/j.quaint.2014.02.026

Published in Quaternary
International 290-291 (2013)
pp- 151-163

doi:10.1016/j.quaint.2012.07.014

Manuscript in review at
Quaternary Science Reviews

Table 1.1 Overview of the manuscripts presented in this
contribution in percent and the publication status.

thesis including my own
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1.3 Study background and motivation

The Asian monsoon is the most extensive monsoon system of the world (He et al,,
2006) and one of the most important components of the global climate system (Morrill
etal, 2006). Like the other major monsoon systems (i.e. the African and American
monsoon), the Asian monsoon is generally characterised by a seasonal reversal of
atmospheric circulation and associated precipitation. This mechanism is due to the
seasonal reversals in temperature and air pressure gradients between the Asian continent
and the adjacent oceans, which results in a “wet” and “dry” season in large parts of East and
South Asia (Webster et al., 1998; Trenberth et al., 2000). This is expressed in the latitudinal
movement of the Intertropical Convergence Zone (ITCZ); a circum-global low pressure
belt where the northeast and southeast trade winds converge. In winter, cold air masses
(the Siberian High) form over the central Asian continent, while low pressure cells form
over the relatively warm surrounding oceans (i.e. Indian Ocean and western Pacific Ocean).
This is due to the strong heat capacity of the oceans and the enhanced solar-induced
warming of the southern Indian Ocean, which pushes the ITCZ south of the equator.
During summer, strong solar-induced heating over the high-elevated Tibetan Plateau
forms a massive low pressure cell (Asian continental low), which leads to the enhanced
northward migration of the ITCZ. Simultaneously, high atmospheric pressure forms over
the relatively cold oceans resulting in a reversed temperature (pressure) gradient (Chang
et al., 2006).

In a non-scientific context, the usage of the term “Asian monsoon” is mostly related
to the Asian summer monsoon (ASM), which has a far greater meaning for the local
societies than the winter monsoon. While winter monsoon circulation leads to cold and
dry conditions in continental Asia, the summer monsoon circulation transports large
amounts of vapour to the Asian landmass, thus creating warm and wet conditions. The
regions which receive significant amounts of atmospheric precipitation associated with the
ASM mode make up a vast terrestrial area, which is home to approximately half of the
world’s population (World Bank, 2014) and characterised by an extremely high population
density (CIESIN and CIAT, 2005) (Fig. 1.1) stretching from the western Arabian Sea to the
southern Russian Far East (Alpat'ev et al., 1976; Petrov et al., 2000; Wang, 2006; Fig. 1.2).
This impressively highlights the direct dependence of the social and economic well-being
of the local populations on variations in monsoon intensity (Webster, 2006; Cook et al.,
2010).

The ASM is generally divided into the Indian Summer Monsoon (ISM) and the East
Asian Summer Monsoon (EASM) (Fig. 1.2), which are independent subsystems with
different boundary conditions but at the same time interact with each other (Wang, et al.,
2001a, 2003; Ding and Chan, 2005). That both the ISM and the EASM have varied over
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Fig. 1.1 Overview map showing the global population density in 2010 after CIESIN and
CIAT (2005), the 400 mm precipitation isoline (white line) in Monsoon Asia during
summer (June-September) after New et al. (2002) and the wider study region (black inset).

short- and long-term scales during the late Quaternary is well documented in numerous
studies and generally accepted (Clift and Plumb, 2008). In order to predict future dynamics
in the ASM and to provide essential information for adaptation strategies and policymak-
ers especially against the background of a global warming scenario (Overpeck and Cole,
2007; Ashfaq etal., 2009), climate model simulations are identified as useful tools (IPCC,
2001, 2007). Although numerous approaches have been proposed (IPCC, 2007, 2013),
precise modelling of the Asian monsoon to estimate past fluctuations as well as future
trends on multiple time scales (i.e. intraseasonal to orbital time scales) remains a difficult
and challenging task (e.g. Webster, 2006; Turner et al., 2011; Sperber et al., 2012; Zhao and
Harrison, 2012). This is not least due to the role of the Asian monsoon as a major
component of the global climate system with complex spatio-temporal variabilities related
to various teleconnections to other climate subsystems e.g. the El Nifio/Southern
Oscillation (ENSO) (Wallace et al., 1998) and Arctic Oscillation (AO) (Gong et al., 2001)
and North Atlantic climate events (Porter and An, 1995). Another important climate
feature in the region are the Northern Hemisphere (NH) mid-latitude westerly distur-
bances, which influence the north-western boundary areas of the Asian monsoon domain
(Fig. 1.2) by significant moisture supply during winter (December-March) derived from
the Atlantic Ocean, the Mediterranean, Black, and Caspian Sea (Aizen et al., 1996; Gadgil,
2003; Lang and Barros, 2004; Cheng et al., 2012).
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Fig. 1.2 Overview map showing the study area of Monsoon Asia including the schematic
domains of the ISM and EASM together with their schematic main wind directions (light
grey arrows) during summer (June-September) and the winter (December-February)
westerly wind directions (dark grey arrows) after Kalnay et al. (1996). The 400 mm
precipitation isoline during summer (June-September) after New et al. (2002) is indicated
by a white line. The sites of the employed fossil palynomorph records from Tso Moriri in
the NW Himalayas (1), from Yakumo in SW Hokkaido (2) and from Khoe in NW Sakhalin
(3) are represented by red dots.

To further improve existing projections of Asian monsoon trends relevant for the
livelihood of regional human societies, palaeoclimate reconstructions are essential to
uncover monsoon forcing mechanisms and to evaluate climate model outputs (e.g. Otto-
Bliesner et al., 2009; Dallmeyer et al., 2010; Braconnot et al., 2012). A large number of
palaeoclimate proxy studies have been conducted in both the ISM and EASM realm, and
have significantly broadened the knowledge about past dynamics in monsoon activity (see
Morrill et al., 2003; Wang et al., 2005a; Herzschuh, 2006; Fleitmann et al., 2007; Wang et al,
2010; Ran and Feng, 2013 and references therein). However, our understanding of the
spatiotemporal pattern and the magnitude of past fluctuations in Asian monsoon intensity
and its relation with other components of the global climate system as well as extraterres-
trial forcing factors remains incomplete (e.g. Clemens and Prell, 2007; Nakagawa et al.,
2008; Jin etal., 2014). Moreover, palacoclimate proxy records not only improve the
understanding of the late Quaternary monsoon evolution, but also allow the perception of
past human-climate interactions to be broadened. Various studies have suggested a causal

relationship between climate deterioration and the demise of early civilisations like the

5
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Akkadian empire of ancient Mesopotamia (Cullen et al., 2000; deMenocal, 2001), Egypt’s
Old Kingdom (Hassan, 1997; Weiss, 1997), and the Maya in Central America (Haug et al.,
2003). Climate change is also hypothesised to have played a key role in the decline of the
Harappan Civilisation (e.g. Singh, 1971; Staubwasser et al., 2003; MacDonald, 2011), which
at the times of its greatest flourishing (ca. 4.5 and 3.9 cal ka BP) occupied large parts of the
greater Indus Valley. However, this interpretation is doubted by different archaeologists
(Madella and Fuller, 2006 and references therein), who consider climate change as a

negligible factor in the evolution of the Harappans.

The following questions outline some of the main aspects of current research in late

Quaternary palaeoclimatology and archaeological research in Monsoon Asia:

e What is the timing of the Holocene ASM onset?

There is disagreement about whether the initial interglacial strengthening of the ASM
circulation coincides with the Younger Dryas termination and the Holocene onset
around 11.7 cal ka BP (e.g. Overpeck et al., 1996; Dykoski et al., 2005) or occurred no
earlier than ca. 10 cal ka BP (e.g. Sirocko et al., 1993; Schulz et al., 1998; Fleitmann et al,,
2003).

e Was the moisture evolution of the ISM and EASM over the Holocene synchronous or
asynchronous?

While some authors postulate that the developments in the ISM and EASM have been
asynchronous (e.g. An etal., 2000; He et al., 2004; Herzschuh, 2006; Maher and Hu,
2006; Wang, et al., 2010) or antiphased (Hong et al., 2005), others have found evidence
of their synchronicity (e.g. Zhou et al., 2004; Zhao et al., 2009¢; Zhang et al., 2011).

e What is the phase relationship between the EASM and the East Asian Winter
Monsoon (EAWM) on multiple time scales?

There is consensus about the anti-phase behaviour of the EASM and the EAWM during
the last glacial period. Regarding the Holocene, there is controversy about whether the
two components were simply anti-phased (e.g. Yancheva etal., 2007), in phase (e.g.
Huang et al., 2011; Steinke et al., 2011) or characterised by a more complex relationship
which varied spatially and through time (Wang etal., 2012). At the same time, this
demonstrates that the underlying controlling factors of EAWM intensity are not yet
identified.

e What is the interaction between mid-latitude westerly disturbances and the Asian
monsoon circulation?

There is uncertainty about the interplay between westerly disturbances and the Asian
monsoon circulation and their influence in eastern Central Asia and the regions north
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of the Tibetan Plateau. While some suggest an anti-phase relationship of westerly
disturbances to NH summer insolation, thus ASM intensity, on glacial-interglacial time
scales (An etal.,, 2012), others report strong moisture signals at times of high NH
summer insolation in regions of westernmost China (Cheng etal., 2012), which are
today clearly dominated by westerlies (Aizen etal., 1996). An inverse behaviour of
westerly disturbances and NH summer insolation is also evident during the Holocene
interval. Most proxy records indicate dry and moist conditions during the early and late
Holocene, respectively (e.g. Chen etal., 2008; Liu etal.,, 2008; Rudaya et al., 2009).
However, inconsistent or contrary findings are documented from other climate archives
in the wider region (e.g. Ricketts et al., 2001; Zhao et al., 2009b; Li et al., 2011). Besides
external driving forces, internal forcing factors like NH glaciation, snow cover, and
ocean circulations may have also affected the spatio-temporal westerly/monsoon
influence on seasonal to orbital time scales in these regions, which remain less well
understood.

How are millennial- to centennial-scale phases of weak ASM linked with cold climate
events in the North Atlantic region?

Numerous studies have shown that last glacial-Holocene North Atlantic climate events
are also imprinted in palaeoclimate records from both the ISM and EASM domains
(Bush and Gosling, 2012). There is still debate about the forcing mechanisms (Clement
and Peterson, 2008) and why some events are apparently characterised by a particularly
high magnitude of change in monsoon activity (Gupta et al., 2003; Wang et al., 2005b).
An overview of the suggested mechanisms is outlined by Clement and Peterson (2008)
and Marzin et al. (2013). The most likely drivers of abrupt climate oscillations which are
discussed include teleconnections to Atlantic meridional overturning variations, which
were transmitted by a southward displaced westerly yet causing a weakening of the
ITCZ (e.g. Porter and An, 1995; Wang et al., 2005b; Jin et al., 2007; Sun et al., 2012) and
direct influence of changes in solar output (Gupta et al., 2005; Wang et al., 2005b).

What are the magnitudes of late Quaternary climate fluctuations?

Quantitative palaeoclimate reconstructions are of high value in palaeoclimatology and
allow direct comparison with (i.e. validation of) climate model outputs (Sawada et al.,
2004; Schmidt, 2010). Yet such data for the Asian monsoon realm is still sparse (e.g.
Tarasov et al., 2011; Zhao and Harrison, 2012).

To what extent was the evolution of the Bronze Age Harappan Civilisation and the
Neolithic Yangtze and Central China Cultures influenced by climate change?

As (partly) mentioned above, there are still gaps in understanding the role of climate
change regarding the demise of the Harappan Civilisation (Madella and Fuller, 2006)
and the Yangtze (Yasuda et al.,, 2004) and Central China (Wu and Liu, 2004) Cultures,
which was initiated around 4 cal ka BP.
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To solve existing issues in late Quaternary palacoclimatology addressing the Asian
monsoon system including its variations on multiple time scales and underlying driving
mechanisms, additional and ideally well-dated continuous high-resolution long-term
palaeoclimate proxy records from both subdomains are required (Wang et al., 2005; Ju
etal,, 2007; Tarasov etal., 2011; Chabangborn etal., 2013; Jin etal.,, 2014). The basic
motivation of this thesis is to make a contribution to a better understanding of the Asian
palacomonsoon dynamics.

1.4 Study aims and objectives

The principle aim of this study is to provide new insights into late Quaternary cli-
mate and vegetation variability in different regions within the ASM domain. In particular,
it is intended to quantify past climate dynamics by the reconstruction of dominant biomes
and various climate and environmental parameters based on fossil and modern pollen
assemblages to allow comparison with climate model simulations and to provide awareness
of the magnitude of past and possible future climate fluctuations. The reconstruction
results are generally discussed in combination with the conventional interpretation of fossil
pollen and fern/moss spore assemblages. To make the obtained data easily available to the
scientific community, it is provided via open-access databases (Chapter 8.1). The study is
based on two fossil pollen records from the EASM and one from the ISM domain, each
covering a different time interval. Another concern of this study is to put the fossil pollen
records into a robust chronological framework which allows interpretation of vegetation
and climate dynamics within a broader spatial context. Besides the reconstruction of the
long-term vegetation and climate evolution, focus is also put on detecting short-term (i.e.
millennial- to centennial-scale) climate oscillations. The derived reconstructions are
correlated with existing regional, extra-regional and global key palaeoclimate records, and
records of calculated solar parameters. Against the background of the ongoing debate
whether the demise of the Harappan Civilisation was linked to climate change, a further
aim is to use the palaeoclimate reconstruction results of the pollen record from the ISM
domain to evaluate possible Holocene human-climate interactions. To strengthen the
interpretations in view of past climate changes and human development within the north-
western ISM domain and around the study site, the pollen-based reconstruction results are
supplemented by the analysis of past palacolimnologic conditions of the sampled water

body on the basis of non-pollen palynomorph (NPP) assemblages.
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1.5 Study material and methods

This study combines fossil pollen and NPP records from lacustrine and peat bog
sediment profiles from three individual locations situated within the ISM and EASM
domain covering different time ranges. Figure 1.2 shows the location of the three study
sites and illustrates one basic methodological concept of this study which is to obtain
vegetation and climate reconstructions mainly based on fossil pollen records extracted
from archives located close to the modern limits of the ASM (i.e. in climatically sensitive
regions), thus expected to well reflect past changes in monsoon intensity. More specifically,
two fossil pollen records originate from peat bogs at the northern limits of the EASM
domain (south-western Hokkaido and northern Sakhalin), whilst one was extracted from a
high-altitude lake (Tso Moriri) in the western Trans-Himalaya located close to the
northern limit of the ISM, the eastern limits of winter westerly influence (Bookhagen et al.,
2010) and northern boundary of the Harappan Civilisation settlement area (Kenoyer,
2010). The contained case studies partly employ palynological records which have been
analysed and published within the framework of the HIMPAC project (Chapters 2 and 3)
as well as from existing and previously published studies (Chapters 4 and 5). For the
quantitative reconstruction of climate parameters, the employed modern pollen reference
datasets partly comprise newly analysed samples (Chapter 2), or a combination of new and
existing pollen reference samples (Chapters 4 and 5).

Since its establishment in the early 20th century, classic pollen analysis (i.e. the study
of past changes of vegetation and climate by means of fossil pollen assemblages) has been
extensively applied in late Quaternary palaecoenvironmental studies (Bennett and Willis,
2001). This conventional approach is based on a subjective assessment and interpretation
of fossil pollen spectra. The major aim of this study is to decipher past changes in
vegetation distribution and climate in the study regions by means of pollen-based objective
(semi)quantitative approaches. This mainly includes the modern analogue technique
(MAT) and the biomisation method. Since a sufficiently large array of modern pollen
assemblages was not at hand for the case study in the ISM domain, a simple transfer
function (regression model) was developed to quantify past variations in mean annual
precipitation (Chapter 2).

The underlying assumption of the MAT, which is also termed the (best) modern
analogue approach, is that pollen assemblages with a similar composition of pollen taxa are
produced by compositionally and structurally similar vegetation communities. The
principle concept of the method is to compare individual fossil pollen spectra with a
comprehensive collection of modern spectra in order to determine whether one or more
modern spectrum/spectra numerically “match(es)” the particular fossil spectrum (Jackson

and Williams, 2004). Therefore, multivariate distance metrics (e.g. squared cord distance,
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Euclidean distance) and empirically determined numerical threshold values are commonly
used (Prentice, 1980; Overpeck et al., 1985; Gavin et al., 2003). If a modern spectrum meets
the specified statistical criteria, it is considered as a modern analogue of the particular fossil
spectrum. The modern environmental conditions (e.g. climate parameters, total tree cover)
affiliated with the sites of this modern analogue are then assigned to the fossil spectrum
and considered as the reconstructed values of the represented time interval (Guiot, 1990;
Jackson and Williams, 2004). To evaluate the robustness of the MAT reconstructions,
leave-one-out cross-validation is often applied to the respective compilation of modern
reference pollen assemblages (i.e. modern training set) (Birks, 1995, 1998; ter Braak, 1987).
Here, each modern spectrum contained in the reference set is compared to the remaining
spectra in the set and given the value of the environmental parameter associated with the
identified analogues. The performance (i.e. the strength of the relationship between the
observed and predicted values) is commonly assessed by different statistical parameters
including the coefficient of determination (%), root mean square error (RMSE) and root
mean square error of prediction (RMSEP).

Another objective pollen-based reconstruction method applied in this study is the
semiquantitative biome reconstruction method sometimes referred to as biomisation
method. The approach, which was developed and described in detail by Prentice et al.
(1996), is based on a fuzzy logic approach and allows the reconstruction of biomes, i.e.
major vegetation types, from pollen or plant macrofossil assemblages. The approach
basically involves the calculation of numerical “affinity” of the particular assemblage to
every biome. This requires for each pollen/macrofossil assemblage (i) the assignment of
pollen and/or macrofossil taxa to plant functional types (PFTs), which are plant groups
with similar characteristics in stature, leaf form, phenology, and bioclimatic tolerance
defined in the global BIOME1 vegetation model (Prentice et al., 1992); (ii) the assignment
of PFTs to one or more biome(s) in which they may occur; and (iii) the determination of
the affinity scores for each biome by summation of square roots of the abundances of the
attributed pollen/microfossil taxa. The biome with the highest affinity score, or the one
defined by a smaller number of PFTs (in case several biome scores are equal), is considered
as the dominant biome and assigned to the given pollen assemblage. Since the different
PFTs and biomes are associated with bioclimatic ranges defined in vegetation models (e.g.
the BIOME1 model, Prentice etal.,, 1992), they allow climatic interpretation of biome
reconstruction results which, in turn, may be used for comparison with climate model
outputs (Kleinen et al., 2011, 2014).

A schematic overview of the MAT and the biome reconstruction method is given in
Figure 1.3. The fundamental advantage of both methods is their objectivity and ability to
provide quantitative information on past climate and environmental changes. This is

highly beneficial for both the modelling and data community as direct comparison of
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model simulations and pollen-based vegetation and climate reconstructions allow
validation (Fig. 1.3), thus improvement, of climate models and a better understanding of

the role of climate forcings on past environments (Kleinen et al., 2014).

Fossil pollen Modern pollen
assemblages reference data

Modern analogue Biome reconstruction
technique (MAT) method

Dominant
biomes

Dominant
biomes

Vegetation model
(e.g. BIOME1)

A

Climate
parameters

Climate
parameters

Climate models

physical, biological and chemical principles,
driving forces, boundary conditions

e.g.

Fig. 1.3 Simple relational schema of pollen-based and model-based approaches to
respectively reconstruct and simulate climate parameters.
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2.1 Abstract

This paper presents a new fossil pollen record from Tso Moriri (32°54'N, 78°19'E,
4512 m a.s.l.) and seeks to reconstruct changes in mean annual precipitation (MAP) during
the last 12,000 years. This high-alpine lake occupies an area of 140 km? in a glacial-tectonic
valley in the northwestern Himalaya. The region has a cold climate, with a MAP <300 mm,
and open vegetation. The hydrology is controlled by the Indian Summer Monsoon (ISM),
but winter westerly-associated precipitation also affects the regional water balance. Results
indicate that precipitation levels varied significantly during the Holocene. After a rapid
increase in MAP, a phase of maximum humidity was reached between ca. 11 and 9.6 cal ka
BP, followed by a gradual decline in MAP. This trend parallels the reduction in the
Northern Hemisphere summer insolation. Comparison of different palacoclimate proxy
records reveal evidence for a stronger Holocene decrease in precipitation in the northern
versus the southern parts of the ISM domain. The long-term trend of ISM weakening is
overlaid with several short periods of greater dryness, which are broadly synchronous with
the North Atlantic cold spells, suggesting reduced amounts of westerly-associated winter
precipitation. Compared to the mid and late Holocene, it appears that westerlies had a
greater influence on the western parts of the ISM domain during the early Holocene.
During this period, the westerly-associated summer precipitation belt was positioned at
Mediterranean latitudes and amplified the ISM-derived precipitation. The Tso Moriri

pollen record and moisture reconstructions also suggest that changes in climatic conditions
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affected the ancient Harappan Civilisation, which flourished in the greater Indus Valley
from approximately 5.2 to 3 cal ka BP. The prolonged Holocene trend towards aridity,
punctuated by an interval of increased dryness (between ca. 4.5 and 4.3 cal ka BP), may
have pushed the Mature Harappan urban settlements (between ca. 4.5 and 3.9 cal ka BP) to
develop more efficient agricultural practices to deal with the increasingly acute water
shortages. The amplified aridity associated with North Atlantic cooling between ca. 4 and
3.6 and around 3.2 cal ka BP further hindered local agriculture, possibly causing the
deurbanisation that occurred from ca. 3.9 cal ka BP and eventual collapse of the Harappan

Civilisation between ca. 3.5 and 3 cal ka BP.

2.2 Introduction

Despite a substantial number of existing marine and terrestrial climate proxy records,
especially from the Arabian Sea and the Arabian and Indian Peninsula (e.g. Fleitmann et al.,
2007 and references therein), our current knowledge about late Quaternary spatio-
temporal variability of the Indian Summer Monsoon (ISM) remains poor. A better
understanding of this weather pattern is needed to (i) evaluate relations with climate
forcings and other atmospheric circulation features, (ii) build and validate climate models,
and (iii) reliably interpret past human climate interactions.

The current underdeveloped state of knowledge regarding the ISM is partly due to a
lack of continuous, high-resolution long-term proxy records from the ISM realm (e.g.
Fleitmann et al., 2007; Wahl and Morrill, 2010; Ponton et al., 2012). Cook et al. (2010) and
Sinha et al. (2011) have also suggested that proxy records from remote areas may not be
suitable to explain the evolution of the ISM on the Indian subcontinent, due to its
heterogeneous effect reflected at regional scales. It has been accepted that Holocene
precipitation changes related to the ISM (Fleitmann etal., 2003) and other tropical
atmospheric circulation systems (i.e. the East Asian Summer Monsoon (EASM) (Dykoski
etal., 2005; Wang et al., 2005b), African Monsoon (deMenocal et al., 2000; Gasse, 2000),
and summer rainfall in northern South America (Haug etal., 2001)) are linked to the
migration of the Intertropical Convergence Zone (ITCZ). However, regarding the timing,
strength and fluctuations of the late glacial-Holocene hydrological cycle in different parts
of the ISM domain, various questions remain unanswered. While the planktonic
foraminifera-based 80 (Sirocko etal.,, 1993) and multiproxy (Overpeck etal., 1996)
records from the western Arabian Sea show a two-step (ca. 13-12.5 cal ka BP and 11-10 cal
ka BP) increase of post-glacial monsoon intensity, Fleitmann et al. (2003, 2007) inferred an
onset of enhanced ISM activity from stalagmite §'*O profiles from Oman no earlier than ca.
10 cal ka BP. A second ongoing discussion focuses on the mode of ISM weakening during

the Holocene interval, which has been qualified as occurring abruptly between 5 and 4.5 cal
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ka BP and at around 1.3 cal ka BP by Morrill et al. (2003). However, this view has been
questioned by Gupta et al. (2003), Wang et al. (2005b) and Fleitmann et al. (2007). They
argue that monsoon moisture has declined rather gradually since approximately 8-7 cal ka
BP.

The third important puzzle in palaeoclimate research regards the decline of the ur-
ban Mature Harappan Civilisation at ca. 4.5-3.9 cal ka BP in the northwestern Indian
Peninsula (Fig. 2.1). In particular, we need to clarify whether this decline was brought on
by deteriorating climate conditions (see Madella and Fuller, 2006; MacDonald, 2011 for
further details). Most palaeoclimate and environmental studies addressing this question are
based on proxy records from lacustrine archives. As these are located in the former
Harappan Civilisation settlement area (Madella and Fuller, 2006 and references therein),
they could have been affected by the human impact on regional environments, as opposed
to exclusively recording natural climate change signals. Previous reviews have demon-
strated that these records are of limited usefulness, due to their low resolution (e.g. Prasad
and Enzel, 2006). Moreover, such studies have yielded contradictory results (e.g. Madella
and Fuller, 2006; Wright et al., 2008).

These circumstances highlight the need for supplemental continuous long-term
proxy records from terrestrial climate archives capable of providing reliable interpretations
and enhancing our understanding of past ISM-related changes on the Indian subcontinent.
The high-alpine lakes in the northwestern Himalaya are located in a region that has been
little disturbed by human activity and are near the boundary between arid and humid
climate conditions (Peel et al., 2007). These lakes have thus been identified as valuable past
climate archives able to meet the above stated requirements (Wiinnemann et al., 2010).
Comprehensive multi-proxy studies have also been conducted in the western end of the
adjacent Tibetan Plateau focusing on lake sediment cores from Sumxi Co (Gasse et al,,
1991, Fig. 2.1) and Bangong Co (Gasse etal., 1996, Fig. 2.1). A pioneering study on
palaeoclimate and vegetation, based on a late glacial-early Holocene pollen profile from
the basin of Tso Kar, which is a terminal hyper-saline lake at 4527 m a.s.l. in the Indian
northwestern Himalaya, was presented by Bhattacharyya (1989b). More recently, Demske
etal. (2009) and Wiinnemann etal. (2010) qualitatively reconstructed late glacial and
Holocene vegetation and climate changes using palynological, sedimentological, and
geomorphological records from the Tso Kar basin. Their results indicate that the region
around Tso Kar is even more sensitive to changes in monsoon intensity than the Tibetan
lakes located further north that had been investigated earlier (Gasse etal., 1991, 1996).
However, the reconstruction results from Tso Kar need to be validated with additional
palaeoclimate and environmental proxy data from the region.

This study contributes to the German Research Foundation (DFG) funded multidis-
ciplinary Research Unit “Himalaya: Modern and Past Climates” (HIMPAC). This unit was

14



2. Manuscript I

established in 2010 with the aim of elucidating the characteristics of the ISM during the late
Pleistocene and Holocene (http://www.himpac.org/). A main component of this research
project are studies based on palaeoclimate proxy records—pollen, sediment properties, tree
rings, and stable isotopes—from archives located in climatically sensitive regions along the

Indian subcontinent (i.e. northwestern Himalaya, Meghalaya, Deccan Plateau).

40°N

Winter Westerlies
J

20°N

North
Atlantic
Ocean

EQ

ID Proxy Location Reference

1 8%80 (lake ostracod valves) Lake Qinghai (36°45'N, 100°11'E)
Sumxi Co (34°30'N, 80°23'E)

North Atlantic (54°16'N, 16°47'W)
North Atlantic (55°28'N, 14°43'W)

Lister et al., 1991
Van Campo and Gasse, 1993

Bond et al., 1997, 2001
Bond et al., 1997, 2001

2 Pollen (lake sediment core)

3  Hematite-stained grains (core VM 29-191)
Hematite-stained grains (core MC 52)

4  K*ion conc. (ice core) Greenland (72°35'N, 38°27'W) Mayewski et al., 1997, 2004
5 880 (ice core) Guliya ice cap (35°17'N, 81°29'E) Thompson et al., 1997

6  0%80 (cave stalagmite PD) Hulu Cave (32°30'N, 119°10'E) Wang et al., 2001

7  G. ruber 880 (63KA/41KL) Arabian Sea (24°37'N, 65°59'E) Staubwasser et al., 2002, 2003
8 0'80 (cave speleothems) Soreq Cave (31°27'N, 35°02'E) Bar-Matthews et al., 2003
9a 0'80 (cave stalagmite Q5) Qunf Cave (17°10'N, 54°18'E) Fleitmann et al., 2003

9b &80 (cave stalagmite S4) Defore Cave (17°07'N, 54°05'E) Fleitmann et al., 2007

10 G. bulloides conc. (core 723A) Arabian Sea (18°N, 58°E) Gupta et al., 2003

11 NC (plant cellulose) Hongyuan peat bog (32°46'N, 102°30'E)  Hong et al., 2003

12 380 (cave stalagmite D4) Dongge Cave (25°17'N, 108°05'E) Dykoski et al., 2005

13 Pollen (lake sediment core) Hurleg Lake (37°17'N, 96°54'E) Zhao et al., 2007

14 Pollen (lake sediment core) Tso Kar (33°10'N, 78°E) Demske et al., 2009

15 8"C (cave stalagmite So-1) Sofular Cave (41°25'N, 31°57'E) Gokturk et al., 2011

16 Pollen (lake sediment core TMD) Tso Moriri (32°54'N, 78°19'E) this study

Fig. 2.1 Sketch maps of southern Asia and the North Atlantic region (inset) showing the
geographical location of Tso Moriri and other palaeoclimate proxy records (dots) discussed in the
text (additional information on the employed proxy, location name, coordinates, and associated
references are provided in the table). The main course of the winter westerly storm tracks is shown
schematically, along with the spatial extent of the Indian Summer Monsoon (ISM) indicated by a
dashed line, the East Asian Summer Monsoon (EASM) indicated by a dotted line, and the
Harappan Civilisation settlement area (dark grey area, after Kenoyer, 2010).
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Here we present a high-resolution Holocene pollen record from the alpine lake Tso
Moriri—the northernmost site along the HIMPAC transect, located near Tso Kar in the
northwestern Himalaya (Fig.2.1). The Tso Kar and Tso Moriri pollen records are
compared to verify whether they bear a regional environmental/climatic signal, and are
further used to reconstruct regional vegetation and climate changes during the Holocene.
These results are then discussed along with other published proxy records from the ISM
domain and adjacent regions (Fig. 2.1). This discussion focuses on the context of timing
and mechanisms of the reconstructed climatic changes, along with their possible impact on

the Indus Valley Neolithic and Bronze Age cultures, primarily the Harappan Civilisation.

2.3 Study site and regional environment

2.3.1 T'so Moriri

Tso Moriri, sometimes referred to as Tso Morari, is a high-alpine lake at 4512 m a.s.L.
in the Rupshu area in the south-eastern part of the Ladakh district (32°54'N, 78°19'E, Figs.
2.1 and 2.2A). The lake is in a glacial-tectonic valley bounded by mountain ranges, whose
elevation reaches of >6000 m a.s.l, including the Ladakh Range north of the Indus valley
and Zanskar Range in the south, in the north-western Himalaya (Negi, 2002; Hedrick et al.,
2011). Tso Moriri covers an area of ca. 147 km? within a catchment of ca. 2263 km?. These
figures were calculated using ArcGIS v10.0 (ESRI, 2011) and applying a projected
coordinate reference system (Beijing 1954/3-degree Gauss—-Kruger CM 78E), based on a
topographic map (Pointet, 2008, scale 1:150,000), as well as with SRTM v4.1 data (Reuter
etal.,, 2007; Jarvis et al., 2008). The lake is fed by glacier- and snow-melt water, rainwater,
and small springs originating within a catchment of about 2250 km* The three main
perennial rivers flowing into the lake enter in its southern (Phirse Chu), northern (Kyagar
Nugma), and western (Korzong Chu) parts (Fig. 2.2B). Since no outlet has been detected
(Negi, 2002), Tso Moriri has been classified as a terminal lake. However, a subsurface
outflow may exist, as the lake water is only weakly saline, despite the relatively dry climate.

In the global modern (1961-1990) climate dataset (New et al., 2002), the area of Tso
Moriri and surrounding mountains is covered by six grid cells (total area 20' x 30') with an
average elevation of 5176 m a.s.l. The key bioclimatic variables (sensu Prentice et al., 1992)
calculated (Guiot and Goeury, 1996) for this immediate pollen source area are as follows.
The mean temperature of the coldest month (MTCO) is -15.5°C, while the mean
temperature of the warmest month (MTWA) is 7.7 °C; the annual sum of mean day
temperatures over 5 °C (GDD5) is 150. The ratio of actual over potential evapotranspira-

tion (moisture index a) is 0.44. Mean annual precipitation (MAP) amounts to 248 mm,
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while the mean annual temperature (MAT) is —4.0 °C. These figures reflect a harsh climate

suitable for the alpine cold grass/shrub and tundra vegetation (Prentice et al., 1992).
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Fig. 2.2 Chart compilation indicating (A) Tso Moriri’s location, the spatial distribution of the
eleven modern surface pollen spectra from the study region, and positions of the 300 and 700 mm
MATP isolines based on the modern climate dataset from New et al. (2002), along with (B) Tso
Moriri’s local environmental setting, the location site of the TM3 and TM4 cores, and living
Potamogeton sample used for "“C reservoir effect evaluation. Graphs C-F show selected climate
diagrams of meteorological stations in (C) Shimla (after Miiller et al., 1996), (D) Ali (after Chinese
Central Meteorological Office, 2010), (E) Leh (after Miiller et al., 1996), and (F) Kargil (after Miehe
etal, 2001). The graphs also provide information on mean monthly temperature (red curves),
mean annual temperature (MAT), mean monthly precipitation (blue bars), and mean annual
precipitation (MAP) values.
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2.3.2 Regional climate and vegetation

The Ladakh District is in a high altitude mountainous region with a cold, dry climate.
Annual temperature variations are very pronounced, with minimum winter temperatures
dropping to -20 and even to -40 °C and maximum summer temperatures rising up to
30 °C. The most extreme diurnal oscillations are observed in summer, when maximum
daytime temperatures reach ca. 30°C and drop to subzero during night-time
(Bhattacharyya, 1989b; Philip and Mazari, 2000; Philip and Mathew, 2005; Peel et al., 2007;
Le Masson and Nair, 2012). Mean temperatures in the area generally follow an altitudinal
gradient. Whereas the MAT at Kargil (2680 m a.s.l.) and Leh (3506 m a.s.l.) is 8.9 °C and
5.6 °C, respectively, it only reaches -1.6 °C at 4530 m a.s.l. near Korzok village at Tso
Moriri (Miller et al., 1996; Miehe etal., 2001; Reinmiiller, 2010). Due to the extreme
differences in elevation, the regional distribution of precipitation is strongly controlled by
topography and associated rain-shadow effects. However, a general decrease in the MAP
values from the south-west to the north-east direction, caused by the ISM attenuation, is
well pronounced (Fig. 2.2A).

The regional hydrology is primarily governed by the ISM (Bookhagen and Burbank,
2010 and references therein), which is mainly active from June to September and may
contribute up to 76-83% to the MAP sum (i.e. Figs. 2.2C and D). The area around Tso
Moriri receives about 70% (ca. 175 mm) of its total annual precipitation from June to
September (New et al., 2002).

A further source of precipitation in the region is westerly-associated storm tracks
reaching north-western India during winter and spring (Lang and Barros, 2004).
Comparison of the climate diagrams of Ali, Leh and Kargil (Figs. 2.2D-F) illustrates that
westerly influence considerably decreases in a southeast direction along the high north-
western Himalayan mountain ranges. Precipitation falling from October to May can
comprise up to 50% of the total annual precipitation at Leh (Fig. 2.2E) in the north-western
part of this region, but falls to ca. 30% around Tso Moriri (New et al., 2002). While the total
MAP values are relatively small, the impact of westerly-associated precipitation on the
water balance and environments of the region should not be underestimated.

The vegetation of Ladakh can mainly be characterised as steppe and desert-steppe
(Hartmann, 1997, 1999; Klimes, 2003). Woody taxa like Juniperus spp. and Betula utilis are
only found in isolated river gorges. Today, Salix spp. and Populus trees are cultivated along
the main river valleys and around human settlements (Fox et al., 1994; Kala and Mathur,
2002). Based on differences in floristic composition, Dvorsky et al. (2011) determined eight
main vegetation types in eastern Ladakh, including four common and four less common
plant communities, in the area between the southern end of Tso Moriri and the north-

western end of Pangong Tso (Fig. 2.2A). Among the common vegetation groups, the first is
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salt marshes. The second common plant group is semi-deserts and steppes with Artemisia,
Chenopodiaceae, Oxytropis, Polygonum, Poaceae, and Carex (optimum at 4500-4900 m
a.s.l.). The third common plant group consists of alpine grasslands located mostly along
streams represented by Kobresia, Potentilla, Thalictrum, and Poaceae (optimum at 4600-
4900 m a.s.l.). The last common plant group comprises subnival vegetation with Poaceae,
Potentilla, Thylacospermum, Caryophyllaceae, Saussurea, and Draba (optimum at 4600-
5700 m a.s.l.). Among the four less common vegetation types, the first includes communi-
ties with Halerpestes, Potamogeton, Poaceae, Cyperaceae, and Ranunculus around
freshwater bodies. A second less common plant group grows around animal resting places
and is dominated by Poaceae, Chenopodiaceae, Artemisia, Polygonum, (optimum at 4600-
5000 m a.s.l.). Screes and boulder fields are home to the third less common plant group
with Poaceae, Oxytropis, Potentilla, Saussurea, Thylacospermum caespitosum, and
Pleurospermum stellatum (4750-5620 m a.s.l.). Shrublands with Poaceae, Oxytropis,
Caragana, Ephedra, Krascheninnikovia, Hippophaé, and Myricaria species (optimum at
4200-5000 m a.s.l.) comprise the final less common plant group and last of the eight main
plant communities of the Eastern Ladakh area. The low frequency of shrublands in the
area’s current vegetation stems from insufficient moisture availability and damage caused
by humans and their livestock (Hartmann, 1997, 1999; Murti, 2001; Klime$, 2003; Dvorsky
etal., 2011).

Forests are restricted to regions of the Lesser Himalayan Ranges located south to
southwest of Tso Moriri, where MAP exceeds 700 mm (Schweinfurth, 1957; New et al.,
2002). The shortest linear distance between the forested regions—the Beas River valley and
Sutlej River valley—and Tso Moriri is about 120 km. Schweinfurth (1957) and Singh and
Singh (1987) have described the five major forest types of this area as follows. The first is
low-montane needleleaf forest dominated by Pinus roxburghii (ca. 1000-1800 m a.s.l.) with
Olea cuspidata as the prevailing species in the drier locations. The second is low- to mid-
montane hemi-sclerophyllous broadleaf forest of Quercus spp. frequently mixed with
conifers, such as P. roxburghii and Abies spectabilis, accompanied by broadleaved evergreen
Rhododendron, Lyonia, and Ilex, in areas with MAP of 1000-2500 mm and MAT of 13-
16 °C. The third is mid-montane needleleaf evergreen forest largely dominated by Cedrus
deodara (1700-2500 m a.s.l.), Abies pindrow (2500-3000 m a.s.l. or higher), and, more
seldom, Picea smithiana (2500-2800 m a.s.l.) and Pinus wallichiana (2300-3000 m a.s.l.).
The fourth is mid-montane deciduous forest mostly located along streams and typically
consisting of Aesculus indica, Acer pictum, Acer caesium, Carpinus viminea, Ulmus
wallichiana, Betula alnoides, Pyrus lanata, Morus, Juglans regia, Corylus colurna, and
Fraxinus micrantha. And the fifth is high-montane mixed forest (above ca. 3000 m a.s.1.)

with Betula utilis, Abies spectabilis, Quercus semecarpifolia, and Rhododendron. Drier and
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colder areas at 3500-4900 m a.s.l. are marked by steppe-like vegetation with Caragana,

Artemisia, and Juniperus growths, including Juniperus indica and Juniperus communis.

2.4 Material and methods

2.4.1 Drill core recovery and sediment record

In summer 2011, two parallel sediment cores (TM3 and TM4), with a diameter of
90 mm, were recovered at a spot (32°55'46"N, 78°1924"E) close to the centre of Tso Moriri
(Fig. 2.2B). The coring site was selected on the basis of bathymetric information
(unpublished data), which uncovered a characteristic glacier influenced U-shaped lake
bottom structure. The eastern slope in the northern Tso Moriri basin appears to be less
steep than its western slope. The coring site was considered to be less exposed to potential
land-slides, slope movement driven by seismic activity, and seasonal fluvial inflows,
making it therefore most suitable for coring. Coring was accomplished using a UWITEC
piston corer developed by R. Niederreiter at a water depth of 105 m. Correlation of distinct
marker layers in the parallel cores TM3 and TM4 made it possible to build up a continuous
composite sediment record (briefly referred to as TMD) with a total length of 724 cm.
Based on the visual description of the sediment (detailed results of the quantitative
sediment analysis will be published in a separate paper), the upper 312 cm part of the TMD
composite core discussed in the current study mainly consists of light to dark grey
calcareous clay and partly laminated silty clay (Fig. 2.6A). The record does not exhibit any
visible disturbances, hiatuses, or turbidite layers, and thus represents continuous

sedimentation.

2.4.2 Chronology

Six samples from the analysed part of the TMD core were submitted to the Poznan
Radiocarbon Laboratory for AMS age determination. The set consists of five bulk sediment
samples and one sample of the macroscopic remains of Potamogeton leafs. Dating on the
total organic carbon (TOC) of the sample representing the topmost part of the core yielded
a "C age of 3800 + 35 a BP (Table 3.1). By contrast, a much younger radiocarbon age of
365 + 30 a BP was determined for the contemporary Potamogeton leaf sample collected
from Tso Moriri’s western littoral region (Fig. 2.2B, Table 2.1). These ages were regarded as
representing the constant reservoir effect in the AMS dates obtained on the TOC (i.e. ca.
3800 years) and Potamogeton leaf (i.e. ca. 365 years) fossil samples, respectively (see Hou et
al., 2012 for discussion). Accordingly, all *C age determinations (Table 2.1) were first

corrected for the reservoir effect and subsequently converted to the calendar ages using the
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computer software CalPal-2007 (Weninger and Joris, 2008; Weninger et al., 2013), along
with the online version of the CalPal radiocarbon calibration program (Danzeglocke et al.,
2013) based on the CalPal-2007-Hulu calibration curve. The resulting ages, as illustrated in
Table 3.1 and in Fig. 2.3, demonstrate some reversals in the middle part of the analysed
section (i.e. at 125 and 183.5 cm depth). A similar problem, which raises difficulties for
reliable age-depth models, has been recognised in various lakes on the Tibetan Plateau and
adjacent regions (Hou et al., 2012 and references therein). This problem may be caused by
temporal changes in reservoir age and/or contamination of the bulk samples with reworked
organic material.

Due to the observed uncertainties in “C age determination, we additionally con-
strained the TMD core chronology by using pollen-based correlation with the radiocarbon-
dated Tso Kar record (Demske et al., 2009). The two records are located in very similar
climatic environments, i.e. ca. 40 km apart from each other (Fig. 2.2A), and feature highly
comparable changes in their pollen assemblages. In the current study, the pollen
percentage ratio of Artemisia to Chenopodiaceae (A/C) from Tso Kar (Fig. 2.3A) and from
the TMD core of Tso Moriri (Fig. 2.3B) is chosen for the pollen-based correlation of the
two records. This ratio has been used to reconstruct variations of effective moisture
(Demske et al., 2009; Wiinnemann et al., 2010) and should represent a regional, rather than

local, climatic signal.

Sample ID ID in Lab. ID Composite  Dated Radiocar- reservoir Corrected and
Fig. 2.3 depth (cm,  material bon date effect calibrated age, yr
mid point) (“C BP) correc- BP (95% conf.

tion(yr)  interval)

TMD (32°55'46"N, 78°19'24"E)

TMD 1 (0-1) a Poz-48104 0.5 Bulk TOC 3800 £35  -3800 Modern
TMD 1 (47.5- b Poz-48105 47.7 Bulk TOC 5050 + 40 -3800 1200 £ 120
47.8)

TM 1 (124-126) [ Poz-45172 125.0 Bulk TOC 9200 £ 50 -3800 6190 + 160
TMD 3 (30.5) d Poz-48133 165.5 Potamogeton 4920 £ 35 -365 5200 + 200

leaf fragments

TMD 3 (48-49) e Poz-48114 183.5 Bulk TOC 10780 = 100  -3800 7820 + 200
TMD 4 (34-34.3) f Poz-48134 185.5 Bulk TOC 10080 + 60  -3800 7190 £ 160
TMD 5(76-76.3) g Poz-48136 276.0 Bulk TOC 14270 + 80  -3800 12400 = 360

Nearshore location (32°51'50"N, 78°16'54"E)

BP10 TM-G- - Poz-48102 - Potamogeton 365+30  -365 Modern
PL-10 leaf fragments

Table 2.1 Radiocarbon dates for samples from the Tso Moriri composite core TMD and one
modern sample collected from a nearshore location. All samples were AMS-dated at the Poznan
Radiocarbon Laboratory (Poland). Calibrations were performed using CALPAL-2007 (Weninger
et al., 2013; Weninger and Joris, 2008).
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The correlation of the Tso Kar and Tso Moriri records is based on the 16 most
prominent levels (tie points) identified by visual comparison. The calendar ages assigned to
these selected levels in the Tso Kar record were transferred to the corresponding Tso
Moriri tie points and utilised for building the TMD chronology outlined in Fig. 2.3C. The
age model for the TMD record described here is represented by a second-order polynomial
regression. The comparison of the two A/C records shows a reasonably strong correlation
(" =0.75). This compatibility (i) suggests that both records archive a regional signal of
vegetation/climate change and (ii) enables us to conclude that the upper 312 cm of the
analysed TMD core covers the entire Holocene interval between ca. 12 cal ka BP and the

present.

Age (cal ka BP)
0 1 2 3 4 5 6 7 8 9 10 11 12 13

1 L 1 L | L | | | | 1 1 1 1 1
] Tso Kar 13 15 AT
o
B & A/C ratio ' ! i
O o
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—~ 1 y = 0.0288x% + 29.728x + 0.001 C }
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£ -
o) = 14C-dates (cal. ka BP)
O S m Bulk TOC (-3800 yr) g
S =3 A Potamogeton remains (=365 yr) 7 8910 1112153 o |
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Fig. 2.3 The A/C ratio curves from (A) Tso Kar (TK 106, TK 223, after Demske et al., 2009) and

from (B) Tso Moriri (TMD, this study), along with the 16 most prominent levels (open circles),

which helped to correlate the two pollen records and construct (C) the age-depth model (black line

and equation) for the Tso Moriri composite TMD core. The bottom graph also indicates positions

and 95% confidence intervals of the seven calibrated radiocarbon dates (a-g) corrected for the
reservoir effect (see Table 3.1 for further details).
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2.4.3 Pollen analysis

In this study, we focus on the analysis of terrestrial pollen from the uppermost
312 cm unit of the Tso Moriri composite TMD core, which accumulated during the last ca.
12 cal ka. For palynological analysis, a 2 cm thick sediment layer (volume of 2.3 cm’) was
sampled with a 4 cm step from the TMD core sequence by applying the double-L-channel
subsampling method (Nakagawa, 2007). A total of 79 fossil samples were analysed. To
allow for a more accurate interpretation of the fossil pollen data, a set of 166 modern
surface pollen samples was collected from the wider study region (Fig. 2.2A) in 2009-2012.
In the current study, we first analysed seven representative samples from this reference
dataset, which are distributed along a transect crossing the north-western Himalaya.

Palynomorphs were extracted from each fossil and modern sample in the pollen
laboratory of the Freie Universitdt Berlin (FU Berlin) following standard procedures,
including HF treatment and acetolysis (Faegri and Iversen, 1989). To calculate the total
terrestrial pollen concentration, each sample was spiked with one tablet of modern
Lycopodium spores prior to chemical treatment (Stockmarr, 1971). In each sample, a
minimum number of 400 pollen and spores were counted with the aid of compound light
microscopy at magnifications of x400 and x600. We used several palynomorphological
keys (Punt and Malotaux, 1984; Gupta and Sharma, 1986; Moore et al., 1991; Wang and
Feng, 1994; Wang et al., 1997; Beug, 2004; Fujiki et al., 2005) to determine the pollen and
spores of ferns and fern allies. Arboreal pollen types belonging to the Rosaceae family,
including the Sorbus, Cotoneaster, Prunus, Rosa, and Spiraea types, were summarised as
Rosaceae (arboreal).

For all surface and fossil pollen spectra, the relative abundance of each taxon was
calculated based on the sum of all terrestrial pollen excluding indeterminable pollen grains.
For spores, percentages were calculated using the total terrestrial pollen sum, plus the sum
of spores. Based on these percentage values, total sums of arboreal pollen (AP) and non-
arboreal pollen (NAP) taxa were calculated for each sample. The Tilia/Tilia-
Graph/TGView software set (Grimm, 1993, 2004) was employed to statistically calculate
the pollen percentages and construct pollen assemblage diagrams (Figs. 2.4 and 2.6).

Local pollen zones (LPZ) were derived from visual examination supported by strati-
graphically constrained cluster analysis using CONISS (Grimm, 1987) integrated in the
Tilia package.

2.4.4 Biome reconstruction

To objectively evaluate changes in the major regional natural vegetation types, which

are primarily driven by regional climate changes (Prentice et al., 1992), we employed the
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biome reconstruction method first presented in Prentice et al. (1996). This quantitative
approach makes it possible to reconstruct major vegetation types (i.e. biomes) on a regional
to global scale using pollen data. It was successfully tested in various regions of Eurasia,
including areas influenced by the EASM and the ISM in China (e.g. Yu etal., 1998;
Herzschuh et al., 2004) and Japan (e.g. Takahara et al., 2000; Gotanda et al., 2002; Leipe
etal,, 2013). However, we are not aware of publications applying the biome reconstruction
method to fossil pollen data from the Indian Peninsula.

Following a standard methodology (see Prentice et al., 1996 for details), all terrestrial
pollen taxa identified in the analysed samples were assigned to one or several regional
biomes following knowledge of the modern geographical plant distribution and bioclimatic
tolerance. The resulting biome-taxa matrix shows the taxa which may occur in each biome
(Table 3.2). The biome with the highest affinity score, or the one defined by a smaller
number of PFTs (in case several biome scores are equal), is considered as the dominant
biome and assigned to the given pollen spectrum. To provide a basis for the regional
biome-taxa matrix (Table 3.2), as applied to the TMD pollen record, we adopted previously
published biome-taxa matrixes representing characteristic vegetation types of the Inner
Asia region (Tarasov etal.,, 1998; Yu etal,, 1998; Herzschuh etal., 2004). Biome score

calculations were made using PPPBase software (Guiot and Goeury, 1996).

2.4.5 Moisture availability reconstruction

The ratio of arboreal to non-arboreal pollen percentage (AP/NAP) is frequently
applied to discuss changes in forest distribution and regional moisture availability (Favre
et al., 2008 and references therein). However, in the steppe, desert, and tundra regions with
harsh climate and relatively low pollen productivity (i.e. decreased pollen concentration),
this ratio appears to be an inappropriate measure for moisture availability (Tarasov et al.,
1998), even though it is useful tool for evaluating the contribution of far-distant
transported tree pollen to the local pollen assemblages (Birks, 1973; Van Campo and Gasse,
1993; Herzschuh etal., 2004). Pollen studies done on the north-western Himalaya
(Bhattacharyya, 1989a; Demske et al., 2009) and north-western Tibet (Cour et al., 1999)
show that variations in the long-distant transported AP percentages, together with pollen
concentration data, can be used to evaluate pollen productivity of the local plants and ISM
intensity and westerly disturbances during the Holocene period.

Demske et al. (2009) demonstrated the usefulness of the pollen percentage ratio of
Artemisia to Chenopodiaceae (A/C) for reconstructing qualitative centennial to millennial
changes in the moisture availability in the Tso Kar area during the late glacial and

Holocene. As suggested by El-Moslimany (1990), the approach assumes that Artemisia, as
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Biome name/

Pollen taxa assigned

Abbreviation

Tundra/TUND Aconogonon, Alnus fruticosa type, Betula undiff., Cyperaceae, Knorringia type, Poaceae undiff.,
Polygonum, Primula type, Salix, Saxifraga cernua type, Saxifraga granulata/hirculus type,
Scrophularia type

Steppe/STEP Aconogonon, Allium type, Anthemis type, Artemisia, Aster/Gnaphalium type, Asteraceae subfam.
Cichorioideae undiff., Brassicaceae, Caltha/Isopyrum type, Cannabis type, Caryophyllaceae undiff.,
Chenopodiaceae/ Amaranthus, Galium type, Geum/Potentilla type, Hippophaé, Knorringia type,
Mentha/Elsholtzia type, Papaver type, Poaceae undiff., Polygonum, Potentilla/ Chamaerhodos type,
Ranunculus type, Rosa type, Rosaceae undiff., Scrophularia type, Sedum type, Spergularia type,
Spiraea type, Thalictrum, Veronica type

Cold deciduous Alnus undiff., Betula undift., Betula utilis type, Juniperus type, Pinus Diploxylon type, Pinus

forest/ CLDE Haploxylon type, Pinus sylvestris type, Pinus undiff., Primula type, Salix

Taiga/TAIG Abies, Alnus undiff., Betula undiff., Betula utilis type, Juniperus type, Picea, Pinus Diploxylon type,
Pinus Haploxylon type, Pinus sylvestris type, Pinus undift., Primula type, Rosaceae undiff., Salix,
Sorbus/Cotoneaster type

Cold mixed Alnus undiff., Betula undiff., Betula utilis type, Cedrus, Corylus, Juniperus type, Pinus Diploxylon

forest/ CLMX type, Pinus sylvestris type, Pinus undiff., Primula type, Rosaceae undiff., Salix, Sorbus/Cotoneaster

Cool conifer
forest/COCO

Cool mixed
forest/ COMX

Temperate
deciduous
forest/TEDE

Warm mixed
forest/ WAMX

Desert/DESE

type
Abies, Alnus undiff., Betula undift., Betula utilis type, Carpinus undift., Carpinus viminea type,

Corylus, Juniperus type, Picea, Pinus Diploxylon type, Pinus Haploxylon type, Pinus sylvestris type,

Pinus undiff., Primula type, Rosaceae undiff., Salix, Sorbus/Cotoneaster type

Abies, Alnus undiff., Betula undiff., Betula utilis type, Carpinus undiff., Carpinus viminea type,
Corylus, Juniperus type, Picea, Pinus Diploxylon type, Pinus Haploxylon type, Pinus sylvestris type,

Pinus undiff., Primula type, Quercus undiff., Rosaceae undiff., Salix, Sorbus/Cotoneaster type

Alnus undiff., Betula undiff., Betula utilis type, Carpinus undiff., Carpinus viminea type, Cedrus,
Corylus, Juglans, Juniperus type, Morus, Pinus Diploxylon type, Pinus sylvestris type, Pinus undiff.,

Primula type, Quercus undift., Rosaceae undiff., Salix, Sorbus/Cotoneaster type

Alnus undiff., Betula undift., Betula utilis type, Carpinus undift., Carpinus viminea type, Corylus,
Juglans, Juniperus type, Morus, Pinus Diploxylon type, Pinus sylvestris type, Pinus undiff., Primula

type, Quercus undiff., Rosaceae undift., Salix, Sorbus/Cotoneaster type

Aconogonon, Chenopodiaceae/ Amaranthus, Ephedra distachya type, Ephedra fragilis type,
Knorringia type, Myricaria type, Polygonum

Table 2.2 Biome-taxa matrix based on previous publications (Tarasov et al., 1998; Yu et al., 1998;
Herzschuh et al., 2004) and used in the calculation of biome affinity scores. The matrix includes all
taxa presented in the 79 fossil pollen spectra from the analysed TMD core from Tso Moriri which
exceed the universal threshold of 0.5% as suggested by Prentice et al. (1996). The affinity score for
each potential biome is calculated by summation of the square roots of all attributed pollen taxa
percentages. The biome with the highest affinity score or the one defined by a smaller number of
PFTs (when scores of several biomes are equal) is treated as the dominant biome.

characteristic of steppe environments, requires higher effective moisture compared to

Chenopodiaceae, which is typically found in desert environments. Thus higher Artemisia

percentages in the pollen spectra (and higher A/C values) in arid and semi-arid environ-
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ments are linked to increased moisture availability. Numerous studies have shown that in
the arid regions of Inner Asia, the A/C ratio is a reliable qualitative to semi-quantitative
measure for inferring soil/atmospheric moisture availability and distinguishing between
steppe and desert vegetation communities (e.g. El-Moslimany, 1990; Van Campo etal.,
1996; Cour et al., 1999; Demske and Mischke, 2003; Zhao and Herzschuh, 2009).
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Fig. 2.4 Simplified percentage pollen diagram showing eight modern surface pollen spectra
(analysed in this study) arranged by latitude and providing altitudinal information and sample
numbers and symbols used in Figs. 2.2A and 2.5. The pollen percentages of each taxon are
calculated using the total sum of all arboreal and non-arboreal pollen taxa. Fern and fern allies’ (F
& a) spore percentages were calculated using the total sum of all terrestrial pollen taxa and spores.

The above research has demonstrated the positive correlation between the A/C ratio
and measured humidity or precipitation records. Zhao etal. (2008) presented a near-
annual resolution pollen record from a lake in the north-eastern Qaidam Basin and
compared the A/C ratio over a 50 year interval to the relative humidity record from a
nearby meteorological station. They reported that the A/C ratio is very sensitive to changes
in effective moisture and corresponds well to the instrumental data. Two other studies
based on modern pollen and climate data from the Tibetan Plateau (Herzschuh, 2007) and
Alashan Plateau/Qilian Mountains region (Herzschuh etal., 2004) revealed a relatively
weak correlation between the A/C and the instrumentally measured MAP values (r* = 0.25
and r* = 0.39, respectively). However, these studies also showed that the A/C ratio can serve
as a good qualitative indicator of the past vegetation and moisture conditions. More
recently, Zhao et al. (2012) demonstrated that in the arid and semi-arid environments of
China, the correlation between A/C and MAP values may be enhanced by applying non-
linear regression models. But they also denoted considerable disturbances, which are
mainly due to a strong human impact, in their study areas affecting the A/C ratio.

In the current study, we tested the A/C ratio approach using available modern sur-
face pollen data. In the set of eleven samples, seven represent moss polsters and surface

sediment samples analysed in this study (Fig.2.4), while the other four represent lake
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sediment core top samples. The lake sentiment core top samples include the TMD pollen
record (this study), TK 223 pollen record from Tso Kar (Demske et al., 2009), and pollen
profiles from Sumxi Co (Van Campo and Gasse, 1993) and Bangong Co (Van Campo et al.,
1996). The two latter A/C ratio values were digitised from figures provided in Van Campo
and Gasse (1993) and Van Campo etal. (1996). Details on all eleven modern surface
samples are included in the supplementary material associated with this article. The
samples are roughly distributed along a northeast-southwest transect (Fig. 2.2A), following
the ISM-derived precipitation gradient across the north-western Himalaya and parts of the
western Tibetan Plateau (see Figs.2.2A and C-F). The samples come from sites
characterised by a low degree of human disturbance, so the A/C values likely reflect the
natural composition of vegetation controlled by the regional climate. Modern MAP was
derived from a gridded (10" x 10") global dataset of surface climate averaged over a thirty-
year (1961-1990) interval (New et al., 2002). For each surface sample (and associated A/C
ratio), we adopted the estimated MAP value of the corresponding grid cell. The relation
between the modern A/C and MAP values shown in Fig. 2.5 is well described by the
exponential regression function explaining ca. 71% of the variation. The samples 9-11
from forest-dominated sites reveal lower A/C ratios compared to the sample originating
from the wettest steppe site (8 in Fig. 2.5). Previous studies (e.g. El-Moslimany, 1990; Zhao
and Herzschuh, 2009; Zhao etal, 2012) have also highlighted that A/C ratios from
relatively moist environments, like forests and meadows, show lower values compared to
steppes. Because the TMD and Tso Kar pollen records indicate a predominance of the
treeless vegetation around the study lakes during the Holocene interval, the data from the
forest site samples was not considered in the transfer function (Fig. 2.5) applied to the fossil
A/C pollen ratio from Tso Moriri (Fig. 2.3B). The transfer function applied in the current
paper is an attempt to quantify past changes in the study region’s MAP using pollen data.
Completing the pollen analysis of the remaining surface samples collected in the region will
allow for further statistical tests of the A/C approach, as well as the application of other
reconstruction methods (i.e. modern analogue technique), which requires a more

representative and spatially extended reference pollen dataset.

' Fig. 2.5 Relationship between the A/C ratio and
o y = 0.1069e00086x / mean annual precipitation derived from the
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2.5 Results and interpretation

2.5.1 Fossil pollen record and biome reconstruction

We identified 141 terrestrial pollen taxa and differentiated two morphological
groups of spores in the analysed fossil spectra from the TMD core. The majority of the taxa
are generally represented by only small frequencies. The assemblage diagram shows relative
percentage values for selected major pollen types and monolete and trilete spores
(Fig. 2.6B). The major pollen types were arranged into two groups: (i) trees and shrubs (i.e.
AP) and (ii) semi-shrubs (i.e. Ephedra and Chenopodiaceae), herbs and grasses (i.e. NAP).
A complete dataset is provided in the supplementary material published online. Figure 2.6
also provides records of pollen concentration (Fig.2.6C), AP/NAP (Fig.2.6D) and A/C
(Fig. 2.6E) ratios, and the dominant biome scores (Fig.2.6F), which are used in the
qualitative interpretation of the pollen record. The pollen record is subdivided into five
main local pollen zones (LPZ TMD-1 to TMD-5) by means of visual inspection and
statistical cluster analysis (Fig. 2.6G). The LPZ TMD-1 indicates the top of the core, thus
allowing a consequent numbering through the not yet analysed glacial part of the TMD
pollen record.

All analysed spectra are clearly dominated by NAP, namely Artemisia, Chenopodi-
aceae, Cyperaceae, and Poaceae, which are the most characteristic elements of the alpine
environments. While frequencies of Artemisia, Chenopodiaceae, and Cyperaceae show
considerable changes, Poaceae frequencies remain more or less constant. The amounts of
AP throughout the record are relatively stable and do not exceed ca. 20%. The AP sum is
mainly comprised of wind transported pollen of Pinus. Pollen percentages of other trees
and shrubs appear in small quantities. The most prominent changes in the fossil pollen
spectra and the results of biome reconstruction and their interpretation are presented in
the following paragraphs organised by LPZs.

LPZ TMD-5 (312-285 cm; ca. 12-10.8 cal ka BP) exhibits a rapid increase in Ar-
temisia pollen abundances (from ca. 40 to 64%) accompanied by a decrease in Chenopodi-
aceae (from ca. 18 to 1%). Percentages of Cyperaceae pollen remain stable (between ca. 10
and 13%) before they start to increase, albeit in a somewhat delayed manner, from the rise
in Artemisia, at about 11 cal ka BP, towards the top of the zone. Desert-associated Ephedra
fragilis-type features declining abundance from ca. 4 to 2%, suggesting a decreasing aridity
trend during this time. Decreases in Pinus and Pinaceae pollen percentages, together with a
simultaneous rapid increase in total pollen concentrations from ca. 6500 to «ca.
10,000 grains/cm’, likely indicate increase in pollen productivity and/or local vegetation
cover density. This interpretation is further supported by a major increase in A/C values,

from ca. 2 at the bottom to 39 at the top of this zone. The increase in A/C values is
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strongest in the entire record and indicates a trend towards the spread of Artemisia-
dominated communities and substantially wetter regional climate. The low AP/NAP values,
together with the lowest pollen concentrations revealed at the bottom of LPZ TMD-5,
likely reflect a very limited presence of trees in the whole region by the end of the Younger
Dryas stadial. At the beginning of the Holocene, interglacial climate amelioration
significantly improved growth conditions of the herbaceous plant communities around Tso
Moriri, as reflected by the changes in the pollen assemblages and in the pollen concentra-
tion values. The biome reconstruction demonstrates that steppe is a dominant vegetation
type, and scores for desert decrease in favour of tundra, thus suggesting a transition from
relatively dry to substantially wetter environments.

LPZ TMD-4 (285-193 cm; ca. 10.8-6.8 cal ka BP) is characterised by the lowest
Chenopodiaceae (ca. 1-3%) percentages in the whole pollen record. Artemisia abundance
decreases from ca. 40% at the bottom of the pollen zone to ca. 30% near its top. The
increase in Thalictrum, Polygonaceae, and Caryophylaceae percentages is accompanied by
decreasing percentages of Cyperaceae. The growing frequencies of Betula, Hippophaé, Salix,
Myricaria, and arboreal Rosaceae pollen reflect the establishment of stream-side associated
shrubby/woody vegetation communities. The gradual increase in Pinus percentages is
paralleled by the slight decline in the pollen concentrations, which explains growing
contribution of wind-transported AP taxa to the local pollen assemblages. The highest
pollen concentrations are recorded in the lower part of TMD-4 (up to 14,000 grains/cm?),
suggesting favourable growing conditions around Tso Moriri during the early Holocene.
This conclusion is supported by the highest A/C ratios, which are registered between ca. 11
and 9.5 cal ka BP. Afterwards A/C values show a moderate decrease towards the top of this
zone. The biome scores for tundra continue to increase and reach almost the same level as
steppe at ca. 9.6 cal ka BP, marking the maximum extension of meadow communities in
the Tso Moriri region. The numerical score of desert remains lowest in the whole record,
suggesting that the Tso Moriri region experienced the wettest Holocene climate during this
time interval. The reduced pollen contribution of local plants towards the middle Holocene
may explain the moderate decrease in pollen concentrations, accompanied by the relative
increase in wind transported arboreal pollen, as indicated by the increase in AP/NAP
values from 0.12 to about 0.3.

LPZ TMD-3 (193-133 cm; ca. 6.8-4.5 cal ka BP) reveals a continuous increase in
Chenopodiaceae, accompanied by decreasing percentages of Artemisia and Cyperaceae.
Though percentages of wind transported Pinus remain stable, percentages of riparian
woody taxa, including Betula, Hippophaé, Salix, and Myricaria, as well as arboreal Rosaceae,
decline. At the same time, Ephedra percentages show a moderate increase, from 0.4 to ca.
4%, while the overall pollen concentration becomes lower compared to LPZ TMD-4. A

remarkable feature in the TMD-3 pollen spectra is the highest taxa diversity—or highest
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average of the number of identified pollen taxa in all samples—of the entire record. This
might indicate a transitional phase in the regional vegetation development. Despite a short
phase of climate amelioration, suggested by an increase in A/C ratios at around 6.2 cal ka
BP, the changes in the pollen spectra, along with reduced local pollen production, indicate
a further reduction of moisture availability in the study region. This is in line with
increasing scores of desert and decreasing scores of tundra revealed in the biome
reconstruction.

LPZ TMD-2 (133-37 cm; ca. 4.5-1.1 cal ka BP) is generally characterised by consid-
erably high percentages of Chenopodiaceae (27-42%). Cyperaceae continues to slowly
decrease during this interval. The average abundance of E. fragilis remains comparatively
high (>2%). On the other hand, regional shrubby taxa (i.e. Juniperus type, Hippophaé,
Salix, Myricaria) reveal decreasing percentages and are frequently absent in the pollen
spectra. The more frequent presence of Cannabis type pollen grains is registered from ca.
3.5 cal ka BP, while Urtica also appears more frequently in the pollen spectra after ca. 1.7
cal ka BP. These taxa may indicate human presence (e.g. Demske et al., 2009), though both
may naturally grow in the study region. Pollen spectra composition, lowest pollen
concentrations, very low A/C values, ranging between 0.7 and 1.7, and the highest desert
biome scores together suggest that this period constituted the driest time interval of the
entire record. In particular, short-term intervals of increased aridity are indicated by
several distinct peaks in Chenopodiaceae percentages, accompanied by relatively low
contribution of Artemisia, at about 4.4, 3.2, 2.7, and 1.3 cal ka BP.

LPZ TMD-1 (37-0 cm; ca. 1.1-0 cal ka BP) is characterised by the almost complete
disappearance of Hippophaé, Salix, and Myricaria. In the lower half of the pollen zone,
Chenopodiaceae is moderately decreasing, while Artemisia slightly increases in abundance,
reflecting a short climate amelioration interval between ca. 1.1 and 0.5 cal ka BP. The A/C
ratios show a peak value of 1.9 at around 0.7 cal ka BP, a decline to 0.9 at ca. 0.3 cal ka BP,
and subsequent moderate increase towards the core top. Similarly, biome scores for desert
generally decrease from the base of the pollen zone to ca. 0.5 cal ka BP, but subsequently
increase again afterwards.

The results of the pollen analysis and pollen-based biome reconstruction applied to
the TMD record suggest that alpine steppe (cool grass/shrub biome sensu Prentice et al.,
1992) was a dominant vegetation type in the Tso Moriri region through the entire
Holocene, though the scores of alpine tundra and desert remained relatively high,
confirming local presence of both vegetation types. These results are in line with Hartmann
(1997, 1999) and Klimes$ (2003), who defined the modern vegetation in the study area as
desert-steppe. The pollen-based biome reconstruction approach does not allow for the

reconstruction of intermediate vegetation types, i.e. desert-steppe, tundra-steppe, and the
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like (Prentice etal., 1996).Nevertheless, the analysis of the broader spectrum of biome
scores (i.e. Fig. 2.6F)—not just those of the dominant biome—helps to partly overcome this

methodological constraint.

2.5.2 Quantitative climate reconstruction

The positive results of the test with the modern surface pollen and climate data from
the study region encouraged us to apply the obtained transfer function (Fig. 2.5) to the
fossil A/C record from the TMD core (Fig. 2.7A) for reconstructing regional changes in
MAP since ca. 12 cal ka BP.

The reconstruction results are shown in Fig. 2.7B. For the topmost sample, the re-
constructed MAP of 276 mm strongly reflects the modern value of ca. 250 mm (New et al.,
2002). During the covered time interval, the reconstructed MAP in the Tso Moriri region
ranged from 215 mm at 2.1 cal ka BP to 685 mm at 10.9 cal ka BP. This suggests that the
700 mm isoline of MAP (Fig. 2.2A), which limits modern forest distribution in the north-
western Himalaya (Schweinfurth, 1957), was situated much closer to the study site between
ca. 11 and 9.6 cal ka BP than it is today. Though pollen data indicate the higher occurrence
of trees in the study area during the first half of the Holocene (Fig.2.6D), the AP
percentages are not high enough to assume that the altitudinal forest belt expanded to the
Tso Moriri area. However, the results do not contradict each other, as the upper forest limit
there is primarily controlled by the low summer temperatures and low GDD5 values
(Prentice et al., 1992), rather than being exclusively determined by MAP, as indicated by
the modern climate data (New et al., 2002).

In line with the pollen record and the biome reconstruction results (Fig. 2.6), the
increase in precipitation promoted the local spread of arboreal vegetation at lower altitudes,
but mainly favoured the spread of alpine steppe (i.e. cool grass/shrub biome) and meadow
(i.e. tundra biome) communities in the Tso Moriri region between ca. 11 and 9.6 cal ka BP.
Since that time, the reconstructed MAP decreased gradually until about 5.4 cal ka BP. It
then declined more rapidly until ca. 4.4 cal ka BP. Subsequently, a dry period, with
reconstructed MAP values generally below 300 mm, persisted until ca. 1.3 cal ka BP,
followed by a slight increase (= 300 mm) during the last millennium (ca. 1-0.4 cal ka BP).
After that, MAP depleted towards the present. This millennial-scale general trend was
complicated by shorter-term century-scale oscillations, including phases of pronounced

aridity at ca. 4.4, 3.2, 2.7, 2.1, and 1.3 cal ka BP with precipitation of around 220 mm/a.
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2.6 Discussion

The Holocene pollen record from Tso Moriri allows for the qualitative and quantita-
tive reconstruction of millennial- to centennial-scale changes in vegetation and climate
around this high-alpine lake. The good match between the A/C records from Tso Moriri
and Tso Kar (situated ca. 40 km to the north-west) show that the reconstructed environ-
mental changes mirror a regional climatic signal, mainly the ISM Holocene activity. In the
following discussion, the results from Tso Moriri are reviewed, along with other published
proxy records from the ISM domain and adjacent regions (Fig. 2.1). This review has the
following four focal points. The first is the timing and magnitude of the ISM strengthening
in the early Holocene. The second is the attenuation of the ISM during the Holocene. The
third is the occurrence of century-scale oscillations in the Tso Moriri record of precipita-
tion and their possible background mechanisms. And the fourth is the reconstructed
climatic changes and their possible impact on the Indus Valley Neolithic and Bronze Age

cultures, primarily on the Harappan Civilisation.

2.6.1 The early Holocene strengthening of the ISM: A spatio-temporal comparison

Both qualitative and quantitative interpretation of the Tso Moriri pollen record (Figs.
2.6 and 2.7B) suggests a rapid increase in moisture availability and MAP, from very low
values by the end of the Younger Dryas ca. 12 cal ka BP to a maximum value ca. 10.9 cal ka
BP. The interval between ca. 11 and 9.6 cal ka BP can be regarded as the wettest interval of
the entire Holocene, as reflected by the highest A/C ratio (Fig.2.7A) and reconstructed
MAP values (Fig. 2.7B), accompanied by the highest pollen concentrations (Fig. 2.6C) and
minimum scores of desert biome (Fig. 2.6F). Similar trends could be observed in the pollen
record from Tso Kar (Demske et al., 2009). The first peak of humidity around 11 cal ka BP
corresponds to the summer insolation maximum at 30°N (Laskar et al., 2004, Fig. 2.7C).
Previous palaeoclimatic studies from north-western India and adjacent regions (e.g. Gasse
et al, 1991; Van Campo and Gasse, 1993; Gasse et al., 1996; Demske et al., 2009;
Wiinnemann et al., 2010) argue that the ISM has been the major source of moisture during
the Holocene interval in these areas and past variations in precipitation are mainly
controlled by the monsoon strength. Up to now, the Arabian Sea region has served as a key
focus area of studies aimed at reconstructing the late Quaternary ISM history. However,
the published climate proxy records from this region are temporally inconsistent regarding
the onset of the ISM. Evidence for an early maximum, from ca. 11.4 cal ka BP onwards, is
only reported from an investigation done on three individual marine pollen and
foraminifera records from the western Arabian Sea (Overpeck et al., 1996). By contrast,

two studies on marine sediment cores, including a foraminifera 6'*0O profile from the
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Fig. 2.7 Summary chart used to discuss the Holocene onset and evolution of the ISM showing (A)
the A/C record (thin line shows 10-times exaggeration) and (B) the mean annual precipitation
(MAP) reconstruction from Tso Moriri (this study) compared with (C) the mean July insolation at
30°N (after Laskar et al., 2004) and other palaeoclimate proxy records referred to in the Discussion
chapter (see Fig. 2.1 for geographical locations), including the stalagmite 8O records from (D)
Qunf Cave (Q5) and (E) Defore Cave (S4) in Oman indicating ISM precipitation intensity (after
Fleitmann et al., 2003, 2007); (F) the Globigerina bulloides record from Hole 723A in the western
Arabian Sea indicating ISM upwelling intensity assigned to the revised chronology (see Chapter
2.6.1 and Supplementary data for further details) (after Gupta et al., 2003); (G) the 63KA/41KL
Globigerinoides ruber 6'®O record (210-year average) from the northern Arabian Sea implying
Indus River discharge (after Staubwasser et al., 2002, 2003); (H) the A/C record from Sumxi Co
assigned to the revised chronology (see Chapter 2.6.1 and Supplementary data for further details)
based on calendar ages BP (after Van Campo and Gasse, 1993; Van Campo et al., 1996); (I) the
ostracod valves 6O record from Lake Qinghai on the northern Tibetan Plateau in China assigned
to the revised chronology (see Chapter 2.6.1 and Supplementary data for further details) (after
Lister et al., 1991); (J) the PD stalagmite §'*0 record from Hulu Cave (after Wang et al., 2001b) and
(K) the D4 stalagmite §'°0 record from Dongge Cave (after Dykoski et al., 2005), reflecting summer
monsoon intensity in China; (L) the speleothem §"*O record from Soreq Cave in Israel representing
annual precipitation (after Bar-Matthews et al., 2003); and (M) the So-1 stalagmite §'*O record
from Sofular Cave in Turkey controlled by temperature and precipitation variations (after Goktiirk
etal., 2011).

western Arabian Sea (Sirocko et al., 1993) and an upwelling record based on total organic
carbon concentration from the north-eastern Arabian Sea (Schulz et al., 1998), suggest a
peak of the ISM strength occurring no earlier than ca. 10 cal ka BP. Similarly, Fleitmann et
al. (2003), based on the analysis of the Q5 stalagmite 6'*O profile (Fig. 2.7D) from Qunf
Cave in Oman (Fig. 2.1), concluded that the maximum level of precipitation was reached at
about 10 cal ka BP, or approximately 1000 years later than the Tso Moriri date.

The Q5 record does not have the potential to show an earlier initial Holocene ISM
strengthening, as it only covers the past 10.6 cal ka interval. The S4 stalagmite §'*O record
(Fig. 2.7E) from nearby Defore Cave (Fleitmann et al., 2007, Fig. 2.1), which starts ca. 140
years earlier than Q5, indicates a phase of higher ISM-driven precipitation prior to the
minimum observed ca. 10.5 cal ka BP. Moreover, it has to be noted that the trough in the
§"0 cave record prior to 10 cal ka BP (Fig. 2.7E) corresponds to a simultaneous decrease in
the A/C values from Tso Kar and Tso Moriri. This drop in monsoon activity may be
associated with a climate anomaly recorded in the glacial GISP2 ion records at ca. 10.3 cal
ka BP (Mayewski et al., 1997, 2004), which Weninger et al. (2009) evaluated as one of the
most intense cooling events during the last 50 ka. A similar strong attenuation of the ISM is
also evident in a coastal upwelling record based on Globigerina bulloides concentrations
(Gupta et al., 2003, Fig. 2.1). Initial results based on the chronology developed by Gupta et
al. (2003) suggest peak ISM intensity at ca. 10 cal ka BP, which correlates with the timing of
the monsoon onset proposed by Fleitmann et al. (2007). To allow comparison with Tso
Moriri and the other records discussed here, we adjusted the given chronology, which was
initially based on the MARINE98 calibration dataset (Stuiver and Reimer, 1993), by
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converting the C ages using the online version of the CalPal radiocarbon calibration
program (Danzeglocke et al., 2013). To our satisfaction, the resulting curve (Fig. 2.7F, see
supplementary material for further details) not only points to a significantly earlier ISM
maximum (ca. 11 cal ka BP) than was reported in the original publication, but also shows a
substantial depression in G. bulloides concentrations at around 10.3 cal ka BP. This finding
coincides with the §'®0 peaks in the Q5 and S4 stalagmites from Oman (Fleitmann et al,,
2007, Figs. 2.7D and E) and corroborates the low MAP values seen in the Tso Moriri
reconstruction (Fig. 2.7B).

Another proxy reflecting the ISM activity is the Globigerinoides ruber 6'*O record
from the northern Arabian Sea (Staubwasser et al., 2002, 2003, Figs. 2.1 and 7G). The
changes in oxygen isotope composition were interpreted as an indicator for the discharge
of the Indus River, whose watershed largely covers the region of northern Pakistan and
north-western India. According to Staubwasser et al. (2002), the major strengthening of the
ISM occurred between ca. 12 and 11 cal ka BP and the maximum Indus water discharge (i.e.
lowest 6'*0 value) was reached at ca. 9.4 cal ka BP. This dovetails closely with the results
from north-western India.

Our synthesis also reveals similar trends in the monsoon-related moisture availabil-
ity in other palaeoclimate records northeast of the Tso Moriri/Tso Kar region, for example,
in the A/C ratio curves from Sumxi Co (Van Campo and Gasse, 1993; Van Campo et al,,
1996) and Bangong Co (Van Campo et al., 1996). Both records are located in the south-
western Tibetan Plateau (Fig. 2.1); however, their published chronologies were established
based on uncalibrated *C dates. For consistency, we digitised the A/C ratio record from
Sumxi Co (Van Campo et al., 1996) and then replaced the assigned radiocarbon ages with
calendar ages obtained using the CalPal-2007-Hulu calibration curve (Fig. 2.7H, see
supplementary material for further details). The variations in the A/C values from Sumxi
Co are in strong temporal agreement with the A/C record from nearby Bangong Co (Van
Campo et al., 1996). Consequently, both records indicate a rapid moisture increase from ca.
11.6 cal ka BP, quickly reaching maximum Holocene level within the next hundred of years
(Fig. 2.7H). But the absolute values of A/C at Sumxi Co and Bangong Co are lower than
these in the Tso Moriri record, which is in line with the generally drier climate of south-
western Tibet.

A similar climatic change pattern has been reported from Qaidam Basin in the
north-eastern Tibetan Plateau (Zhao et al., 2007), where a wet climate phase occurred ca.
11.9-9.5 cal ka BP inferred from a Hurleg Lake pollen record (Fig. 2.1). Lister et al. (1991)
presented a study on changes in ostracod oxygen isotopes from Lake Qinghai (Fig. 2.1),
which are related to the precipitation-evaporation budget controlling the lake levels and
thus may be interpreted as a proxy for humidity. For consistency, we digitised the ostracod

§'%0 values from this early publication and calibrated the associated radiocarbon ages using
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CalPal online (Danzeglocke et al., 2013). The resulting curve (Fig. 2.7I) reveals a phase of
minimum 8'0 values (i.e. increased humidity) starting at ca. 11.6 cal ka BP and persisting
until ca. 9.4 cal ka BP (see supplementary material for further details).

Though, the northern part of the Qinghai-Tibetan plateau may also receive precipi-
tation from other sources, including the EASM and the Atlantic westerlies, there is a
striking similarity with the ISM domain. While the ISM and EASM are often regarded as
two different subsystems of the Asian summer monsoon, both directly respond to the
strength of the developed low-pressure cell over the Asian continent (Wang et al., 2005a)
linked to the insolation anomaly and position of the ITCZ during the Northern
Hemisphere (NH) summer. If we assume that this constitutes a common driving force of
the Asian summer monsoon, then the post-glacial strengthening of the ISM and EASM
should be fairly synchronous. This general assumption is supported by the comparison of
the early Holocene part of the PD §"*O stalagmite record (Wang et al., 2001b, Fig. 2.7])
from Hulu Cave (Fig. 2.1), interpreted as a proxy for EASM intensity, with the D4 §'*0O
stalagmite record (Dykoski et al., 2005, Fig. 2.7K) from Dongge Cave (Fig. 2.1), which was
mainly influenced by ISM-related precipitation. Both signatures show a steep increase in
monsoon intensity between ca. 11.7 and 11 cal ka BP.

In sum, the majority of the discussed proxy records from the ISM domain suggest an
abrupt intensification of the summer monsoon had already occurred at the end of the
Younger Dryas and the early Holocene phase of the most active monsoon starting at ca. 11
cal ka BP. This finding, in turn, strongly dovetails with the reconstruction results from both
Tso Moriri and China. One of the reasons for the disagreement in the ISM evolution
reported in some records from the western Arabian Sea may be chronological uncertainties
related to ocean upwelling and surface convection caused by south-westerly and north-
easterly winds, respectively. As both upwelling and convection vary in time, reservoir ages
have been fluctuating in the past, which hampers the development of robust age-depth
models (Staubwasser et al., 2002). Another explanation for the “later onset of the ISM”
suggested in some publications may be the insufficient length of these records, which are
missing the late glacial/early Holocene interval, as demonstrated in Fig. 2.7D. The
differences seen in the records from the southern and northern part of the ISM domain
may also reflect some differences in the regional atmospheric circulation during the early
Holocene. For example, westerly disturbances may have possibly governed the precipita-
tion in the northern parts of the ISM area during the early Holocene. Today, the westerly
system carries vapour from the Atlantic Ocean, Eastern Mediterranean region and the
Caspian Sea as far as north-western India (Aizen et al., 1996) and controls the hydrology of
the Karakorum and parts of the north-western Himalaya during the winter and spring
(Figs. 2.2C, E and F). Stable isotope records from the Eastern Mediterranean region reveal

a quick and relatively early increase in precipitation ca. 11 cal ka BP in the speleothem §'*O
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record from Israel (Bar-Matthews et al., 2003, Figs. 2.1 and 2.7L) and ca. 11.2 cal ka BP in
north-western Turkey (Goktiirk et al., 2011, Figs. 2.1 and 2.7M). These records are
comparable with the early Holocene humidity peak recorded at Tso Moriri. As suggested
for the Eastern Mediterranean (Rohling, 1994; Rossignol-Strick, 1999), this early Holocene
precipitation maximum may be interpreted as the effect of both winter and summer
rainfall. In this case, the presence of the early Holocene ice sheet in Scandinavia meant that
the summer westerly precipitation belt did not migrate as far northwards as today (Litt et
al., 2009). This feature of the early Holocene atmospheric circulation may have led to
enhanced moisture transmission to the Eastern Mediterranean and further eastwards, thus
contributing to the rapid increase in precipitation suggested by the north-western
Himalaya proxy records. To further evaluate the timing of the initial onset and maximum
activity of the ISM, we need additional well-dated palaeoclimate proxy records from the
southern ISM region, which could not been influenced by low-latitude westerly

disturbances.

2.6.2 The long-term evolution of the ISM during the middle and late Holocene

To date, no general agreement exists about how the ISM has developed since the
hydrological optimum conditions during the early Holocene. Morrill et al. (2003) did the
first published statistical analysis of palaeoclimate records and argued for significant
weakening of the summer monsoon between ca. 5 and 4.5 cal ka BP. However, their study
covered the entire Asian monsoon domain. More recently, Wang et al. (2010) postulated
that the Holocene evolution of the ISM and EASM has been asynchronous, arguing that
the ISM has weakened since the early Holocene maximum, while the EASM reached its
maximum ca. 7 cal ka BP. This conclusion, however, requires further empirical verification
and is not easily traceable in the most representative records from both regions (Fig. 2.7).

The MAP reconstruction (Fig. 2.7B) derived from the TMD record shows an overall
gradual decrease in available moisture, which closely parallels the reduction in NH summer
insolation (Fig. 2.7C). This continuous decrease in monsoon strength accords with the
majority of available terrestrial proxy records (Wang et al., 2010 and references therein), as
well as the ISM domain’s marine component (e.g. Overpeck et al., 1996; Gupta et al., 2003;
Ivanochko et al., 2005; Fleitmann et al., 2007; Ponton et al., 2012). The consensus is that
this continuous attenuation of the ISM (e.g. Fleitmann et al., 2007), also seen in other parts
of the tropical belt (e.g. Haug et al., 2001), follows the southward migration of the mean
position of the ITCZ, which occurred in response to the reduction in NH summer
insolation. Nevertheless, the data syntheses from the EASM (An et al., 2000; He et al., 2004)
and the ISM (Fleitmann et al., 2007) regions also indicates that spatial heterogeneity in the

Holocene moisture climate evolution can not be completely excluded. Comparing Fig. 2.7B
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and Fig. 2.7D, suggests two precipitation trends. First, in response to the southward shift of
the mean ITCZ position during summer, precipitation in areas closer to the equator
experienced a less pronounced decrease during the middle Holocene. Second, precipitation
has been decreasing more steadily in the northern parts of the ISM domain since the early

Holocene towards minimum values ca. 3-2 cal ka BP.

2.6.3 Centennial-scale climate oscillations

In addition to the overall trend towards drier conditions in the study region during
the Holocene, there is evidence for climatic oscillations of much shorter duration in the
MAP record from Tso Moriri, as well as in the other proxy records (Fig. 2.8).

The A/C record (Fig. 2.8A) and MAP reconstruction results (Fig. 2.8B) from Tso
Moriri reveal several phases of reduced precipitation (grey bars, Fig. 2.8). Similar abrupt
variations in the ISM strength, which correspond to climate events in the North Atlantic
(Bond et al., 1997, 2001), were first found in the Holocene N**C time series based on plant
remains from the Hongyuan peat bog on the eastern Tibetan Plateau (Hong et al., 2003, Fig.
2.1). Later, Wang et al. (2005b), who interpreted the summer monsoon intensity record
from Dongge Cave, also noted that the gradual trend in the monsoon development is
punctuated by eight centennial-scale weak monsoon events, centred at ca. 8.3, 7.2, 6.3, 5.5,
4.4,2.7,1.6,and 0.5 cal ka BP, and further linked them to solar changes and North Atlantic
climate. A comparison of the Tso Moriri Holocene climate record with millennial-scale
cold/dry cycles recognised in the North Atlantic region (Bond et al., 1997, 2001, numbered
0-8, Fig. 2.8C) and Greenland ice cores (Mayewski et al., 1997, 2004, Fig. 2.8D) shows a
remarkable synchrony. That synchrony suggests a link with the North Atlantic century-
scale climate oscillations.

On the other hand, monsoon proxy records from the region of the western Arabian
Sea do not imply dry climate fluctuations, which are clearly coeval with the cold events
documented in the North Atlantic during the mid to late Holocene (e.g. Fleitmann et al,,
2003, 2007, Fig. 2.8F; Gupta et al., 2003, Fig. 2.8E). However, in the Q5 record from Oman,
Fleitmann et al. (2007) identified pulses of reduced §'*O values during the early Holocene
(Fig. 2.8F), which are also found in the stalagmite record from Dongge Cave (Dykoski et al.,
2005, Fig. 2.8G) from the northeastern ISM domain. These pulses are synchronous with the
9.2 and 8.2 events (i.e. Bond cycles 6 and 5, respectively). Moreover, the period of
decreasing 8'®O values between ca. 10.6 and 10 cal ka BP in the Q5 and S4 record (Fig.
2.8F), which is interpreted as the Holocene onset of the ISM by Fleitmann et al. (2007),
may reflect the end of a pronounced phase of dry climate synchronous with the Bond cycle
7 (Bond et al., 2001, Fig. 2.8C) and 10.2 event described from Greenland ice core data
(Mayewski et al.,, 1997, 2004, Fig. 2.8D; Weninger et al., 2009). This interval of climate
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Fig. 2.8 Summary chart used to discuss the centennial-scale dry oscillations in (A) the A/C record
(thin line shows 10-times exaggeration); (B) the Tso Moriri MAP reconstruction; (C) the hematite-
stained grains record as a drift ice indicator from North Atlantic deep-sea sediment cores with
numbered Bond events (after Bond et al., 1997, 2001); (D) the concentrations of K* ions in the
GISP2 Greenland ice core as a signature of polar circulation-linked atmospheric dust flux (after
Mayewski et al., 1997, 2004); (E) the Globigerina bulloides record from Hole 723A in the western
Arabian Sea showing ISM upwelling intensity assigned to the revised chronology (see Chapter 2.6.1
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and Supplementary data for further details) (after Gupta et al.,, 2003); (F) the stalagmite §'°O
records from Qunf Cave (Q5), including the ten-point running average (thick line) and Defore
Cave (S4) in Oman, indicating ISM precipitation intensity (after Fleitmann et al., 2003, 2007); (G)
the stalagmite §'°0 record from Dongge Cave in southern China showing variations mainly in the
ISM (after Dykoski et al., 2005); and (H) the §"O record from the Guliya ice core from the western
Kunlun Shan showing temperature changes (after Thompson et al., 1997). Vertical grey bands
indicate dry spells in the Tso Moriri moisture and MAP reconstructions.

deterioration is also indicated by a large-amplitude shift in the foraminifera upwelling
record, combined with the revised chronology from the Oman margin (Gupta et al., 2003,
Fig. 2.8E), reduced moisture/precipitation availability values in the Tso Moriri reconstruc-
tions (Fig. 2.8A and B), and the expansion of the Guliya ice cap in north-western Tibet
(Thompson et al., 1997, Fig. 2.8H).

If our interpretations are correct, then it appears that North Atlantic influence is
more pronounced in the records from the southern part of the ISM domain during the
early Holocene, but does not play a significant role during the middle and late Holocene.
This may be explained by the higher summer and winter westerly-derived rainfall during
the early Holocene, which likely had a greater impact on the regional hydrology. By
contrast, the North Atlantic cooling events significantly affected the hydrology in the north,
including the Tso Moriri area following the Holocene onset. This is probably due to the
significant contribution of westerly-driven precipitation to the overall water budget

throughout the Holocene interval.

2.6.4 Possible impact of climate variations on early human civilisations

Like the Akkadian Empire and Ancient Egypt, the Harappan Civilisation was one of
the world’s first great urban societies (see MacDonald, 2011 and Giosan et al., 2012 for
summary and references). At times of maximum flourishing, marked by the highest
degrees of urbanisation, between ca. 4.5 and 3.9 cal ka BP, defined as the Mature Harappan
phase (Figs. 2.9A and B), the civilisation occupied large parts of the alluvial lowlands of the
greater Indus Valley and adjacent regions in present-day Pakistan and north-western India
(dark grey area in Fig. 2.1). The subsequent phase, known as the Late Harappan stage (3.9-
3 cal ka BP), is marked by a cultural demise related to prolonged deurbanisation. This
deurbanisation was accompanied by a more dispersed settlement structure, migration, and
shifts in agriculture, all of which eventually resulted in the vanishing of prominent artefacts
and the Harappan script in the archaeological records after 3 cal ka BP (Possehl, 2002;
MacDonald, 2011). As is the case for the collapse of several other early civilisations (e.g.
deMenocal, 2001; Weiss and Bradley, 2001; Yasuda et al., 2004a), several authors regard

climate deterioration as being mainly responsible for the demise of the Mature Harappan
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cities, though this climatic hypothesis is not indisputably accepted by all scientists (Madella
and Fuller, 2006 and references therein).

Like the region’s earliest sedentary communities first discovered at the Mehrgarh site
(Baluchistan, Pakistan) and dated to ca. 9 cal ka BP, the diet of the Early (5.2-4.5 cal ka BP)
and Mature Harappans was mainly based on winter crops, like wheat and barley (Weber,
2003; Fuller, 2006). MacDonald (2011) pointed out that good harvests of such crops not
only depended on westerly-controlled winter precipitation, but needed sufficient ISM
rainfall as well. The latter was essential to provide enough soil moisture for the germination
of grains after sowing during September or October. We assume that, like today, the
climate in the former settlement area of the Harappan Civilisation (Fig. 2.1) has been
influenced by both westerly-controlled and ISM precipitation throughout the Holocene.
Consequently, the wider plains of the Indus and its tributaries in the north-western Indian
subcontinent appear to have been a highly suitable environment for the rise of the
sophisticated urban culture of the Mature Harappan Civilisation. Most astonishing is that
this cultural development was accompanied by the following three climate features. The
first was a general trend towards increasingly arid climate (Figs. 2.9C and E) caused by the
identified ISM weakening (e.g. Overpeck et al., 1996; Gupta et al., 2003; Fleitmann et al,,
2007) linked to a decrease in NH summer isolation (e.g. Fleitmann et al., 2007; Marzin and
Braconnot, 2009). The second were several centennial-scale dry events (Figs. 2.9C and D)
superimposed on this long-term climate trend (Figs. 2.9C and E). And the third was
increasing interannual variability in monsoon precipitation caused by El Nifio events,
which started occurring during the mid Holocene (Moy et al., 2002; Gagan et al., 2004).

A period of intensified aridity, due to severe cold spells in the North Atlantic (Bond
cycle 3 in Fig. 2.9F) and referred to as the 4.2 event, has been associated with the demise of
the Akkadian empire (Cullen et al., 2000; deMenocal, 2001) and Egypt’s Old Kingdom
(Hassan, 1997; Weiss, 1997). Although called the 4.2 event, this cold climate oscillation
extended over several centuries, i.e. from ca. 4.2 until 3.8 cal ka BP (Redman et al., 2007).
However, the cooling possibly started as early as ca. 4.5-4.4 cal ka BP, which may be traced
in a rather short-term peak in hematite-stained grains (Bond et al., 2001, Fig. 2.9F) and
Greenland ice core ion concentration (Mayewski et al, 1997, 2004, Fig. 2.9G). An abrupt
shift towards aridity in the Tso Moriri MAP record is dated to ca. 4.4 cal ka BP, and a
second distinctly dry oscillation took place around 4 cal ka BP (Fig. 2.9C). Taking into
account minor chronological uncertainties, the recognised trends in the MAP reconstruc-
tions and during the Bond cycle 3 represented in the ice-rafted debris record from the
North Atlantic (Fig. 2.9F) are well synchronised. Equivalent tendencies are documented in
the oxygen isotope record from the continental margin off Pakistan interpreted as a proxy
for Indus River discharge (Staubwasser et al., 2002, 2003). The record does not indicate a

general trend of discharge decrease during the middle and late Holocene, but shows
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Fig. 2.9 Overview of (A) the chronology of the approximate archaeological periods in the greater
Indus Valley (after Madella and Fuller, 2006) and (B) associated information on settlement
structure (after Madella and Fuller, 2006) compared to palaeoclimate proxy records (see Fig. 2.1 for
geographical location) including (C) the reconstruction results for MAP derived from the TMD
record from Tso Moriri; (D) the 63KA/41KL Globigerinoides ruber §'*O record from the northern
Arabian Sea, implying Indus River discharge, with thick line showing the 10-point running average
(after Staubwasser et al., 2002, 2003); (E) the stalagmite §'*O record from Dongge Cave in southern
China showing variations mainly in the ISM (after Dykoski et al., 2005); (F) the hematite-stained
grains record as a drift ice index from North Atlantic deep-sea sediment cores with numbered Bond
events (after Bond et al., 1997, 2001); and (G) the concentrations of K* ions in the GISP2 Greenland
ice core as indicators of polar circulation-linked atmospheric dust flux (after Mayewski et al., 1997,
2004). Dashed lines indicate pronounced dry events mentioned in the Discussion.

small-scale oscillations from a relatively stable 8O level (Fig. 2.9D). It might be possible
that changes in 6'®0 are no more visible after the discharge exceeds a certain threshold or
that only very significant variations in the water discharge can be recognised. Such large-
scale fluctuations, with maximum &0 values (i.e. a minimum in the Indus River
discharge), are visible during the middle Holocene, between approximately 4.5 and 4.3 cal
ka BP, with a more prolonged phase of heavier 'O beginning at ca. 4 cal ka BP (Fig. 2.9D).
The correlation of these records suggests that the north-western Indian subcontinent was

already exposed to short-term dry events during the early Mature Harappan phase,
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characterised by the most intensive urbanisation (Figs. 2.9A and B). Madella and Fuller
(2006) propose that such changing (and unstable) climate conditions might have promoted
the diversification of agriculture, which then contributed to the appearance of the Mature
Harappan urbanism. Likewise, the emergence of urbanism in southern Mesopotamia after
ca. 6 cal ka BP is thought to be the result of adaptation to severe drought and unpredictable
periodic flooding (Adams, 1981; Nissen, 1988).

Alternatively, Giosan et al. (2012) attest a long-term trend of increasing aridification
in the Harappan Civilization domain during the middle Holocene based on an investiga-
tion of the fluvial landscape morphology of the western Indo-Gangetic Plain. The latter
study suggests that after ca. 5 cal ka BP diminished river discharge and decreased flood
intensity might have improved habitation environments of this initially unstable fluvial
landscape, facilitated agricultural and stimulated urban development during the Mature
Harappan Civilisation (Giosan et al., 2012). The relationship between the inferred middle
Holocene decrease in regional fluvial discharge and the ISM weakening derived from the
Himalayan pollen record (Fig. 2.9C) is obvious, though understanding the links between
climate change and societal developments require further considerations.

Under conditions of continuous drying, which possibly culminated at ca. 4 cal ka BP
(Figs. 2.9C and D), there is evidence of deurbanisation starting in the period between 4.2
and 4 cal ka BP (Madella and Fuller, 2006). The Tso Moriri MAP reconstruction (Fig. 2.9C),
together with the Indus discharge record (Fig. 2.9D), strongly suggests that a period of
enhanced aridity, which probably persisted until ca. 3.8-3.6 cal ka BP and is associated with
the Bond cycle 3, caused the adverse changes in sociocultural adaptation (Possehl, 1997;
Fuller and Madella, 2001). These climate changes coincide with the termination of the
Mature Harappan phase. As MacDonald (2011) concludes, more frequently appearing
interannual monsoon fluctuations, caused by a higher density of El Nifio events after ca. 4
cal ka BP (Moy et al., 2002; Abram et al., 2007), further complicated sustaining agricultural
subsistence. The subsequent agrarian, social, and economic transformations include: (i)
agricultural diversification (i.e. double-cropping) marked by the additional cultivation of
summer crops, such as millet, (ii) population dispersion, reflected in the abandonment of
cities and an increase in the number of smaller, separated rural settlements (Fig. 2.9B), and
(iii) reduction in long-distance trade and production of luxury items (Possehl, 1997; Fuller
and Madella, 2001). The most significant causal relationship between Late Harappan
communities and climate deterioration is probably the migration to moister regions in the
east, northeast (i.e. the Ganges plains and the Himalayan foothills) and south (Gujarat
Province), which left many western areas abandoned (Gaur and Vora, 1999; Fuller and
Madella, 2006). From ca. 3 cal ka BP, traces of the Harappan Civilisation start to disappear
from archaeological records, pointing to the end of the Harappan Civilisation as a complex

sociocultural system (Possehl, 2002). Despite continued habitation in the Harappan

44



2. Manuscript I

settlement area (Fig. 2.1) at much lower density, Possehl (2002) states that the people were
no longer organised by class and occupation and partly gave up their identity by adopting
new customs and beliefs. As is the case for the decline of the urban period, we see strong
evidence that this downfall was climate-induced. Around 3.2 cal ka BP, the region is
characterised by distinctly low levels of MAP (Fig. 2.9C) and Indus River discharge (Fig.
2.9D). These increasingly severe environmental conditions were likely due to a further
weakening in ISM circulation (Figs. 2.9C and E), which was reinforced by a decrease in the
westerly-transported winter precipitation during the phase of North Atlantic cooling
identified as Bond cycle 2 (Fig. 2.9F).

Up to now, it has been acknowledged that the Harappan Civilisation’s rise, decline,
and disappearance were accompanied by a gradual trend towards a more arid climate
(Madella and Fuller, 2006; MacDonald, 2011; Giosan et al., 2012). On the basis of the
foregoing discussion, we conclude that the continuous reduction of ISM precipitation and
more frequent ENSO-related interannual Asian monsoon fluctuations may be considered
as the fundamental driving force for climate deterioration recognised in much of South
Asia. This deterioration was further amplified by North Atlantic cold events, especially in
large parts of the north-western Indian subcontinent, including the former Harappan
settlement area. This is mainly due to the region’s location at the interface of two major
atmospheric circulation systems, where, in addition to the ISM, annual precipitation is
significantly influenced by westerly disturbances immediately linked to North Atlantic
climate. Consequently, we hypothesise that it was the interplay of both long- and short-
term trends of climate change which triggered the Harappan Civilisation’s rise, develop-

ment and flourishing, and then decline and eventual disappearance.

2.7 Conclusions

In this study, we analysed the Holocene part of the 7.24 m long deep-water core
from Tso Moriri for terrestrial pollen. The strong fit between the pollen record from Tso
Moriri, and pollen record from Tso Kar, situated ca. 40 km north of Tso Moriri, suggests
that they reflect regional changes in vegetation and climate. Based on the published pollen
studies from the broader region, we used the A/C ratio as an indicator for moisture
availability. Furthermore, using a limited set of modern surface pollen spectra and modern
climate data assigned to the pollen sampling sites, we found a significant statistical
correlation between the A/C ratio and MAP. Thus, we applied the obtained transfer
function to the Tso Moriri fossil pollen record to quantify past changes in MAP.

Both qualitative and quantitative interpretations of the Tso Moriri pollen record
imply that moisture availability had already increased rapidly at the end of the Younger

Dryas, with hydrological optimum conditions in the study region occurring between ca. 11
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and 9.6 cal ka BP. The subsequent climate is characterised by a gradual decline in humidity,
which is only interrupted by a centennial-scale reversal trend between ca. 1 and 0.4 cal ka
BP, which is also observed in the EASM domain. The Holocene development of regional
moisture availability parallels the evolution of the NH mean summer insolation. This
suggests that the regional hydrology is primarily governed by ISM strength, which is
coupled to the mean summer ITCZ position as a response to the precessional isolation
cycle controlled warming over Asia.

The persistent decline of MAP in the Tso Moriri record is superimposed by several
prominent centennial-scale intervals of enhanced aridification, which are closely
synchronised to North Atlantic cold climate events. It appears that the latter reduced the
winter westerly air flow, which decreased regional winter precipitation, thereby amplifying
the underlying steady weakening of the ISM.

The comparison of the Tso Moriri record with the published moisture reconstruc-
tions suggest that the decrease in precipitation in the regions at the northern limit of the
ISM (i.e. the north-western Himalaya) was greater than in the southern parts (i.e. the
western Arabian Sea region) of the ISM domain. In the latter region, we also see evidence
for stronger dependence on North Atlantic climate conditions throughout the early
Holocene, which is probably linked to the westerlies’ maximum intensity during this time
period.

The reconstructed moisture evolution supports previous hypotheses that the emer-
gence and decline of the urban Harappan Civilisation coincided with periods of severe
drought. The overall gradual decrease in MAP may have caused crop yields to fall. That, in
turn, promoted the establishment of urban centres to facilitate the storage, protection,
administration, and redistribution of staple crops. Moreover, there is evidence for
pronounced dry spells at ca. 4 and 3.2 cal ka BP, which possibly further hindered food
ensuring sufficiency and may have caused the protracted deurbanisation after ca. 4 cal ka
BP and eventual demise of the Harappan Civilisation between ca. 3.5 and 3 cal ka BP in the

greater Indus Valley.
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3.1 Abstract

The high-altitude lake Tso Moriri (32°55'46"N, 78°1924"E; 4522 m a.s.l.) is situated
at the margin of the Indian Summer Monsoon and westerly influences in the Trans-
Himalayan region of Ladakh. Human settlements are rare and domestic and wild animals
are concentrated in the alpine meadows. A set of modern surface samples and fossil pollen
from a deep-water core was evaluated with focus on indicator types revealing human
impact, grazing activities and lake system development during the last ca. 12 cal ka BP. The
non-pollen palynomorph (NPP) record, comprising remains of limnic algae and
invertebrates as well as fungal spores and charred plant tissue fragments, were examined in
order to attest palaeolimnic phases and human impact, respectively. Changes in the early
and middle Holocene limnic environment are mainly influenced by regional climatic
conditions and glacier-fed meltwater flow in the catchment area. The NPP record indicates
low lake productivity with high influx of freshwater between ca. 11.5 and 4.5 cal ka BP
which is in agreement with the regional monsoon dynamics and published climate
reconstructions. Geomorphologic observations suggest that during this period of enhanced

precipitation the lake had a regular outflow and contributed large amounts of water to the

48


http://www.himpac.org/
http://dx.doi.org/10.1016/j.quaint.2014.02.026

3. Manuscript II

Sutlej River, the lower reaches of which were integral part of the Indus Civilisation area.
The inferred minimum freshwater input and maximum lake productivity between ca. 4.5-
1.8 cal ka BP coincides with the reconstruction of greatest aridity and glaciation in the
Korzong Valley, resulting in significantly reduced or even ceased outflow. We suggest that
lowered lake levels and river discharge at a larger regional scale may have caused irrigation
problems and harvest losses in the Indus Valley and lowlands occupied by sedentary
agricultural communities. This scenario, in turn, supports the hypothesis that Mature
Harappan urbanism (ca. 4.5-3.9 cal ka BP) emerged in order to facilitate storage,
protection, administration, and redistribution of crop yields, and secondly, the eventual
decline of the Harappan Culture (ca. 3.5-3 cal ka BP) was promoted by prolonged aridity.
There is no clear evidence for human impact around Tso Moriri prior to ca. 3.7 cal ka BP,
with a more distinct record since ca. 2.7 cal ka BP. This suggests that the sedimentary

record from Tso Moriri primarily archives the regional climate history.

3.2 Introduction

At present, the climate conditions in the western Trans-Himalaya are mainly influ-
enced by the Indian Summer Monsoon (ISM) and westerly disturbances (Wiinnemann et
al., 2010). Previous studies from this region (Bhattacharyya, 1989b; Wiinnemann et al,,
2008, 2010; Demske et al., 2009; Leipe et al., 2014) and the adjacent westernmost Qinghai-
Tibet Plateau (e.g. Gasse et al., 1991, 1996) indicate significant variations in palaeoenvi-
ronmental conditions throughout the late-glacial and Holocene in this arid high-alpine
part of Asia. In contrast to the palacoenvironmental archives, the human prehistory of this
region remains poorly studied. It is unclear when the first human activities occurred in the
Indian part of the Trans-Himalaya (Dollfus, 2012). Only limited archaeological evidence is
reported from this region (e.g. Ganjoo and Ota, 2012). Tripathi et al. (1988) discovered
stone artefacts from several sites in the Indus Valley 60-150 km downstream of Leh, which
according to sediment stratigraphy are regarded as Lower and Middle Palaeolithic. Early to
late Holocene (Neolithic-Iron Age) human presence, at least temporary, in Ladakh is
described from a set of sites in the Indus Valley ~100 km upstream of Leh, which are
radiocarbon-dated to 7.7-2.7 cal ka BP (Sharma et al., 1989; Ota, 1993; S.B. Ota, personal
communication 2013). It is believed that nomadic pastoralists, who originated from
ancient tribes on the Qinghai-Tibet Plateau, were among the earliest permanent
inhabitants (Dollfus, 2012). Today, their descendants in Ladakh, called Changpas, mainly
subsist through pastoralism.

Similarly, the prehistory of the Qinghai-Tibet Plateau is poorly understood (Miehe
et al, 2009a; Brantingham et al., 2010; Aldenderfer, 2011 and references therein).

Archaeological finds from the plateau suggest that hunter-gatherer populations were at
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least seasonally present at ca. 11-8 cal ka BP (Brantingham et al., 2007, 2010) in areas
>4000 m a.s.l. Year-round habitation of nomadic pastoralists based on domesticated yaks
(Bos grunniens) is claimed to have occurred not before ca. 4 cal ka BP (Flad et al., 2007;
Rhode et al., 2007). By contrast, other archaeological studies suggest that the occupation
started already at ca. 10 cal ka BP (Aldenderfer, 2003). A yet earlier colonisation is
hypothesised by several genetic investigations, which date the onset of permanent human
occurrence to ca. 21 cal ka BP (Zhao et al., 2009a) or even to ca. 30 cal ka BP (e.g. Moore et
al., 2000; Beall, 2001).

Since the establishment of modern palynology, the analysis of fossil palynomorphs
has been demonstrated a useful tool for identifying the presence and dynamics of human
activities (e.g. Firbas, 1937; Iversen, 1949; Behre, 1981, 1988; Dimbleby, 1985; Gaillard et al.,
1992, 1994; van Geel, 2001), applied to various environmental settings (e.g. Birks et al,,
1988 and references therein; Rosch, 1992; Yasuda et al., 2000; van Geel et al., 2003). In the
high altitudinal regions of Asia, such works have been conducted in the Nepal Himalaya
(Miehe et al. 2002, 2009b; Schliitz and Zech, 2004) and the Pakistani Hindu Kush (Miehe et
al., 2009b), suggesting that human impact caused deforestation. Considering the eastern
part of the Qinghai-Tibet Plateau, several studies (e.g. Thelaus, 1992; Frenzel, 1994, Miehe
et al. 2006; Kaiser et al., 2008; Schliitz and Lehmkuhl, 2009) aimed at identifying the onset
of regional nomadic pastoralism, which was dated to ca. 8.8 cal ka BP (Miehe et al., 2009a).
However, the interpretations of the above mentioned studies are still under debate (e.g.
Ren, 2007; Herzschuh et al., 2009, 2010), and contradict other studies which assume a
climate-induced Holocene vegetation change on the Qinghai-Tibet Plateau (e.g.
Herzschuh et al., 2006).

The application of non-pollen palynomorphs (NPPs) in palaeolimnological research
is a comparatively young discipline (van Geel, 1978, 1986, 2001). Many of the described
microscopic botanical and zoological remains are yet unknown and their ecology is scantily
understood. However, today the value of NPPs in palaeoecology is generally recognised
(Aichner et al., 2012; Hooghiemstra, 2012) and numerous studies have used them for the
reconstruction of late Quaternary limnological changes (e.g. van Geel et al., 1989; Rull et al.,
2008; Kramer et al., 2010). In a recent multi-proxy study, Wiinnemann et al. (2010) applied
fossil NPP assemblages from Tso Kar in Ladakh to infer late-glacial-Holocene climate and
limnological changes.

The present study contributes to the multidisciplinary Research Unit “Himalaya:
Modern and Past Climates” (HIMPAC) which involves the analysis of palaeoclimate proxy
records from archives located in climatically sensitive regions distributed over the Indian
subcontinent  (http://www.himpac.org). Besides elucidating late-glacial-Holocene
variations in the ISM and its global teleconnections, these proxy records are aimed at

enhancing our understanding of past human-environment interactions.
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Here, we present a Holocene record of fossil pollen and NPPs based on a composite
sediment core from Tso Moriri, a high-alpine lake located in the Indian Trans-Himalaya.
Based on the terrestrial pollen record from the same sediment profile, Leipe et al. (2014)
reconstructed regional Holocene vegetation and climate changes and correlated them with
other palaeoclimate records. The results suggest that the terrestrial vegetation in the Tso
Moriri region was relatively undisturbed by human activities. With the current study, we
expand our analysis about deciphering human impact in the region and for tracing
palaeolimnological variation in the lake by using different types of palynomorphs including
arboreal and non-arboreal pollen, spores of ferns, fern allies and fungi, remains of algae,
zoobenthos and zooplankton, and plant tissue fragments. Further, the palaeolimnological
reconstructions are used to evaluate how climate and environmental conditions could have
influenced cultural changes in the ancient Harappan Civilisation which prospered in the
greater Indus Valley between ca. 5.2 and 3 cal ka BP. The fossil pollen and NPP records are
complemented by a new set of regional modern palynological surface samples and recent
observations of geomorphological features within the lake basin. The discussion of the
presented results considers previously published regional palacoenvironmental studies

including the glaciation history in the Korzong Valley.

3.3 Study site and modern environment

3.3.1 Characteristics of lake and catchment area

The high-alpine lake T'so Moriri is situated in the Trans-Himalayan region of north-
western India in the Rupshu area, south-eastern Ladakh district (Figs. 3.1A and B). This
part of Ladakh southeast of Leh (Fig. 3.1B) is characterised by high average altitudes
ranging from around 3000 m a.s.l. in the Indus Valley to above 6500 m a.s.l. at the highest
peaks (Reuter et al., 2007; Jarvis et al., 2008). Tso Moriri spans a surface area of ~147 km?
(Leipe et al., 2014) at an elevation of 4522 m a.s.l. according to Shuttle Radar Topography
Mission (SRTM) v4.1 data (Reuter et al., 2007; Jarvis et al., 2008). It has been considered a
closed-basin lake (Hutchinson, 1937; Lesher, 2011). Gujja et al. (2003) and Panigrahy et al.
(2012) noted a former outlet in the south, but they did not describe related hydromor-
phological features nor did they indicate during which period the outlet was active.
Thickness of the lacustrine basin sediments has not been explored, but from the
chronology of a 724 cm sediment core it can be inferred that the lake has existed at least
since the Last Glacial Maximum (Leipe et al., 2014).

The maximum depth of Tso Moriri is not known, but exceeds 105 m (Mishra et al.,
2013). Secchi disc transparency of 9 m (Hutchinson, 1937) defines the lake as ultra-
oligotrophic. From the electric conductivity data published in Singh et al. (2008), a salinity
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Fig. 3.1 Chart compilation including (A) the geographical distribution of the Mature Harappan
Culture (dark grey area, after Kenoyer, 2010) and the location of the study region (inset) in north-
western India; (B) topographic map of the study region showing the Tso Moriri watershed (black
contour line, after Leipe et al., 2014), rivers discussed in the text and site of the local environment of
Tso Moriri (inset) presented in chart (C). Spatial distribution of modern surface pollen spectra is
indicated by circles. The TMD coring site is shown by a star. Arrows A-D show position of
photographer in Figs. 3.5A-D. Inset in (C) marks the spatial extent of the non-orthorectified
CORONA image in Fig. 3.5E. Topography is based on ASTER GDEM V2 data (NASA Land
Processes Distributed Active Archive Center, 2011); distribution of snow and ice fields (September
2006) in chart (C) is derived from Landsat 7 ETM+ imagery (NASA Landsat Program, 2009).

of 2-3 psu can be calculated, which is low for an endorheic lake. The pH is ~9 (Hutchinson,
1937; Singh et al., 2008). The vertical distribution of temperature and of oxygen saturation
in late August (Hutchinson, 1937) indicates stratification at ~25 m water depth. Water
temperature near the surface was 12 °C and 4.8 °C in 50 m water depth (Hutchinson, 1937).
The mixing type is unclear but it is possibly monomictic-meromictic. However, during
years with a short ice cover period, the lake water may overturn twice (in spring and
autumn) and mix completely. The ice cover period is from January/February to April/May,
with a range of 75-140 days during 2001-2010 (Lesher, 2011). Despite the oxygen
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saturation, which is sufficient in all studied water depths to sustain macro-invertebrates
(data in Hutchinson, 1937), we assume a low biodiversity in Tso Moriri. The only group of
macro-invertebrates occurring in larger numbers is amphipods, which points to a low
macro-invertebrate biodiversity compared to other previously studied high altitude lakes in
Ladakh and across the Qinghai-Tibet Plateau (personal observations, F. Riedel, 2008, 2009,
2012, 2013). Concerning phytoplankton, Hutchinson (1937) listed Oocystis (Chlorophy-
ceae) and Cyclotella (Bacillariophyceae). Zooplankton such as rotifers, cladocerans and
copepods were not listed for the lake proper but from the estuary of the northern inflow
(see Hutchinson, 1937). Chironomids are mentioned to occur in Tso Moriri (Ramachandra
etal., 2011).

The precipitation pattern in the western Himalayas is characterised by pronounced
seasonal and spatial variations (Bookhagen and Burbank, 2010). A mean annual
precipitation of 248 mm (including rain- and snowfall) can be inferred from the global
surface climate dataset (10" x 10' resolution) from New et al. (2002), which is averaged over
a thirty-year (1961-1990) interval based on meteorological station data. According to the
latter dataset, the area around Tso Moriri receives ~70% of its total annual precipitation
during June to September (Leipe et al, 2014). Tropical Rainfall Monitoring Mission
(TRMM) 2B31 data (Kummerow, et al., 1998) averaged over 10 years (1998-2007) show
that the main amount of rainfall (excluding snow precipitation) in the lake area falls during
summer (May-October) (Bookhagen and Burbank, 2010). Based on their estimates,
Bookhagen and Burbank (2010) suggest that summer rainfall (mainly ISM-derived)
decreases rapidly west of 77°E (~120 km west of Tso Moriri), which approximately equals
the western boundary of the Sutlej river catchment, where the annual rainfall sum becomes
dominated by westerly-derived rainfall. TRMM 2B31 data mainly represent rainfall, thus
excluding most snow precipitation (B. Bookhagen personal communication 2013). In
contrast to the long-term climate dataset from New et al. (2002), Wulf et al. (2010)
calculated average monthly precipitation based on data measured over a ten-year interval
(1998-2007) at 16 meteorological stations in the semi-arid to arid Himalayan orogenic
interior (70-160 km south-southwest of Tso Moriri) and found that precipitation
(including rain- and snowfall) during the cold season (November-April) exceeds that in
the warm season (May-October).

The catchment area of Tso Moriri is 2263 km* (Leipe et al., 2014). The larger part of
it is in the Zanskar Range, particularly in the sub-system Korzok Range (Fig. 3.1B). The
maximum elevation of this part of the catchment is the peak of Mentok I at ~6250 m a.s.l.
(Fig. 3.1C). Small glaciers exist at Yalung Nong, whose meltwater feeds the perennial
Kyagar Nugmar (enters the lake from the north) and at Mentok II within the drainage area
of the perennial Korzong Chu which enters the lake near Korzok village in the northwest

(Fig. 3.1C). The largest of the three perennial rivers, the southern inflow Phirse Chu, runs
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along the south-western and southern flanks of Korzok Range before the main water flow
is directed NNW towards the lake. The Phirse Chu alluvium delimits the lake basin in the
south. In the eastern part of the catchment area, two larger snow- and ice fields cover the
neighbouring peaks of Chamser Kangri (6600 m a.s.l.) and Lungser Kangri (6650 m a.s.l.)
(Fig. 3.1C). In September 2013, two small rivers from this sub-catchment were still active
while most other river beds entering the lake were already dry. Several large alluvial fans
indicate that water flow was much stronger in the past. Based on Landsat image analysis,
Lesher (2011) calculated lake area changes from 1972 to 2009 and concluded significant
inter-annual lake level fluctuations. Because the nine images analysed were partly from
different seasons, Lesher’s data, however, may equally describe intra-annual lake level

fluctuations.

3.3.2 Natural flora and fauna

Modern vegetation in the Tso Moriri region is represented by desert-steppe and
alpine/high alpine steppe communities, which are characteristic for the Trans-Himalayan
landscape. In addition to general studies on the vegetation in the north-western Trans-
Himalaya (e.g. Polunin and Stainton, 1984) detailed phytosociological records are available
for Ladakh (Hartmann, 1983, 1987, 1990, 1995, 1997, 1999; Klimes, 2003; Klime$ and
Dickoré, 2005) including the Rupshu area (Dvorsky et al., 2011). Summaries of the main
plant community characteristics are outlined in Demske et al. (2009) and Leipe et al. (2014).
In this study, we exclusively focus on vegetation types which are related to human activities
in the Tso Moriri region.

The alpine environment of Ladakh is a habitat for numerous species of ungulates,
rodents, lagomorphs and birds, which affect the regional vegetation by grazing or may
influence the nutrient cycle of Tso Moriri and other lakes, respectively. Further details on
mammals and birds in the region of Tso Moriri are outlined in Pfister (2004) and Chandan
et al. (2008).

3.3.3 Human activities

For the local nomadic pastoralists (Changpas), the Trans-Himalayan region of
north-western India represents an important highland grazing system for their livestock
(Goldstein und Beall, 1990; Gautam et al.,, 2007). Today, the tent-dwelling Changpas
mainly subsist on different livestock including yak, sheep, goat, donkey and horse
(Namgail et al., 2012 and personal observations). These livestock types, which are well
adapted to the harsh environmental conditions, strongly depend on the available grazing

ground. With almost ten times the population (~200,000) of their wild counterparts,
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today’s domestic ungulates of Ladakh severely impact the natural vegetation by grazing and
trampling (Gautam et al., 2007; Namgail et al., 2009, 2012). Open and closed alpine
meadows, which are usually dominated by Cyperaceae (mostly Kobresia) species, are a
widespread vegetation type in the Tso Moriri region including the upper Korzong Valley of
the Korzong Chu river (Hartmann, 1999). These alpine meadow communities are
influenced by grazing and pastoralism (Miehe et al., 2008) constituting important
resources for domestic livestock but also wild herbivores (Hartmann, 1997, 1999; Gautam
et al., 2007). The principal woody taxa found in the study area are shrubs of Caragana,
Astragalus, Ephedra, Krascheninnikovia, Hippophaé and Myricaria, which are intensively
harvested as fuel by the local people (Rawat and Adhikari, 2005; Srivastava, 2010; Dvorsky
et al., 2011; Khuroo et al., 2011). Animal resting places, which are in use throughout the
grazing season in summer, represent further plant communities related to human impact,
characterised by Knorringia, Aconogonon, Physochlaina, Lindelofia, Microula and several
grass taxa including Elymus (Dvorsky et al., 2011).

Historically, farming only played a minor role in the area of Ladakh mainly due to
the severe environmental conditions along with a short growing season (Namgalil et al.,
2007). The main crops cultivated in Ladakh are cereals including barley (Hordeum), wheat
(Triticum), buckwheat (Fagopyrum) and millet (Panicum) (Bhattacharyya, 1991;
Hartmann, 1999). Despite the more recent introduction of improved crop varieties by the
regional authorities, agricultural patches cover less than 1% of the Tso Moriri region today
(Chandan et al., 2008). Permanent settlements are commonly found in the lower reaches of
valleys running towards the major rivers crossing the region. Most other settlements on
higher altitudes are seasonal camp sites. One of the few permanent settlements in Rupshu
is the village of Korzok on the north-western shore of Tso Moriri (Fig. 3.1C) with its ca.
400 year-old Buddhist temple (gompa) and one of the highest cultivated areas world-wide
(Gujja et al., 2003; Gautam et al., 2007).

3.4 Study material and methods

3.4.1 Sampling and chronology

The composite Tso Moriri deep-water core (TMD) was recovered from the north-
western part of the lake (32°55'46"N, 78°1924"E; Fig. 3.1C) at a water depth of 105 m. It
provides a continuous sedimentary sequence based on two parallel cores (TM3 and TM4).
Further details about core extraction and a rough overview about the lithology are
presented in Leipe et al. (2014). The part of the TMD core analysed in this paper has a
length of 312 cm. The age-depth model for this section relies on eight AMS '*C dates and

has been additionally constrained using pollen-based correlation with the record from Tso
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Kar (Demske et al., 2009) situated ~40 km northwest of Tso Moriri (for details see Leipe et
al., 2014). For a more precise interpretation of the fossil palynological data from the Tso
Moriri TMD core, we collected a total of 166 modern surface pollen samples from the
wider study region during several field campaigns between 2007 and 2012. In this study, we
selected 16 representative samples from this reference dataset, which are distributed
around Tso Moriri and in valleys ~25 km north of the lake (Figs. 3.1B and C). The surface
samples were taken from the uppermost layer (~1.5-3 cm) of the top soil following the

sampling technique described in Adam and Mehringer (1975).

3.4.2 Hydromorphological analysis

The analysis of hydromorphological features of the Tso Moriri basin is mainly based
on personal observations of F. Riedel during a field campaign in September 2013, which are
documented by photography, and/or on reported observations from local people and a
Manali-based mountaineer, who has tracked the lake area many times during the last two
decades. In addition, we utilised non-orthorectified CORONA imagery (entity ID: DS1107-
1104DA026) provided by the United States Geological Survey EROS Center (1995) to
illustrate the hydromorphological situation of the alluvial fan at the southern end of Tso

Moriri.

3.4.3 Palynological analysis

The current research focuses on the analysis of pollen and non-pollen palynomorphs
(NPPs) from the Holocene part of the composite TMD core and a set of 16 surface samples
from the study area. For the analysis of fossil palynomorphs, volumetric subsamples of 2.31
cm’, each representing a 2 cm thick sediment layer, were continuously picked from the
TMD core sequence by applying the double-L-channel subsampling method (Nakagawa,
2007). Due to lack of sediment material, the uppermost two samples from the core top
comprise 2.0 cm’. To allow pollen and NPP taxa identification, every second sample was
submitted to standard laboratory processing including treatment with hydrochloric acid,
50% hydrofluoric acid and ultrasonic fine-sieving on 7 um meshes (Faegri and Iversen,
1989). The initial treatment with hydrochloric acid allowed estimation of the carbonate
content in the sediments. Accumulation rate (influx) can significantly improve the
interpretation as it also considers the sedimentation rate. In order to calculate absolute
concentrations and influx of palynomorphs, one Lycopodium marker spore tablet was
added to each fossil sample (Stockmarr, 1971; Maher, 1981). The marker spore frequencies
together with estimated ages for the analysed TMD core samples then allowed for the

calculation of influx values expressed as number of palynomorphs deposited per square
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centimetre per year (n/cm’/y). Results of the pollen and NPP analysis of the surface
samples are presented in percentages. The relative abundance of each terrestrial pollen
taxon was calculated based on the sum of all terrestrial pollen taxa excluding indetermin-
able pollen grains. For aquatic pollen, spores, algae and other NPPs percentages were
calculated using the total terrestrial pollen sum, plus the respective subsum.

Altogether, 79 fossil samples were analysed for pollen and NPP assemblages, except
for charred and uncharred grass epidermis fragments, which were only counted in every
second sample (n = 40). Arboreal and non-arboreal pollen from terrestrial plants were
identified to reach a minimum basic sum of 400 grains (for details, see Leipe et al., 2014
and supplementary material published in PANGAEA at doi:10.1594/PANGAEA.808952).

Microscopic slides were counted across evenly spaced lines using a light-transmitting

microscope (Axiophot, Carl Zeiss) at magnifications of 400x and, in combination with
Nomarski Differential Interference Contrast (NDIC), at 600x. The preservation of
palynomorphs was mostly good to very good. The determination of pollen types mostly
followed Punt et al. (1976-2009), Moore et al. (1991), Gupta and Sharma (1986) and Beug
(2004). Identification of NPPs was based on a variety of publications referring to fern plant
spores (Sorsa, 1964), algal remains (Jankovska and Komarek, 2000), charred and non-
charred grass epidermis fragments (Ralska-Jasiewiczowa and van Geel, 1992) and other
palynomorphs (van Geel 1978, 1986, 1989, 2001, 2003; Pals et al., 1980). The complete
pollen and NPP datasets of the Holocene TMD section are published as supplementary
data in the PANGAEA Open Access information system at doi:10.1594/PANGAEA.808958
and at doi:10.1594/PANGAEA.829753.

The distinguished Poaceae pollen types comprise undifferentiated small grains

(Poaceae undiff.) and larger grains of the wild grass type and cereal type. Cereal type pollen
were identified on the basis of the grain size (>37 um) and characteristics of the anulus
(Beug, 2004). For the surface samples we used a lower grain size limit of 40 pm, in order to
enhance the confidence of correct identification. The wild grass type pollen have a grain
size >37/40 um but do not meet the criteria for the cereal type anulus characteristics.

The identification of fungal spores was limited to endomycorrhizal Glomus chlamy-
dospores and ascospores of coprophilous taxa given in van Geel et al. (2003) indicated as
HdV (Hugo-de-Vries Laboratory, University of Amsterdam, The Netherlands) type, which
include Sporormiella (HdV-113), Sordaria (HdV-55A) and Gelasinospora (HdV-1) (van
Geel, 1978). Coenobia of Pediastrum, which could only partly be determined (see
supplementary data for further details), mainly include P. orientale and P. boryanum
(including var. longicorne), but also a substantial fraction of crumpled undifferentiated
remains. Therefore, only the summary curve is presented in this paper.

Pollen and NPP taxa identified in the surface samples are presented in one diagram

(Fig. 3.2), whereas fossil palynomorphs related to the terrestrial (Fig. 3.3) and limnic
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environment (Fig. 3.4) are shown separately in order to facilitate presentation and
discussion of the results. For the purpose of the current study, selected pollen taxa (Fig. 3.2
and 3.3) are grouped in several categories potentially relevant in terms of past human
activities at regional to local scale. Pollen types of woody taxa are grouped according to
their upper altitudinal distribution limits (Fig. 3.3), including a Betula zone (including B.
utilis; <3200 m a.s.l.), a Juniperus zone (Juniperus type, Rosa type, Spiraea type, Myricaria
type, Tamarix type, Lycium type, Capparis type, Viburnum; <3500 m a.s.1.), a Sorbus zone
(Sorbus/Cotoneaster type, Hippophaé, Salix, Anemone/Clematis type, Berberis, Rhododen-
dron, Thymelaea type; <4000 m a.s.l.) and a Lonicera zone (Lonicera, Ericaceae undiff.
including Cassiope, Ribes; ca. >4000 m a.s.l.) (Klime§ and Dickoré, 2005; Khuroo et al,,
2011). Astragalus/Oxytropis type (partly including Caragana pollen), Caragana type and
Ephedra are shown separately for discussing potential alpine wood resources (Srivastava,
2010). The NPP diagram (Fig. 3.4) contains grouped aquatic life forms, fungal and moss
spores and unidentified NPPs.

3.5 Results

3.5.1 Hydromorphological analysis

Information on seasonal lake level fluctuation was obtained from local people (Sep-
tember 2013) and inferred from shore zone observations and analyses. During the last
decades the lake level varied within a range of 1-3 m, with a high stand in June/July when
melt water inflow and rainfall peak. In late summer and autumn, evaporation dominates
over precipitation, and a low lake level is reached in December before the lake freezes.
Geomorphic features on the south-western shore can be related to such short-term lake
level fluctuations. The high level is featured by a pronounced gravel beach delimiting a
lower lying stretch of hummocked earth with minor shore-line features intercalated (Fig.
3.5A). The hummocked earth is free of marmot and pika burrows, which can regularly be
found in areas which are not periodically flooded. This interpretation was confirmed by
Mehar Chand (Mountaineering Institute Manali) who passed this area repeatedly in July.
Long-term lake level fluctuation could not be examined in detail and the study was
confined to geomorphic features above modern lake level. There is no evidence of palaeo-
shoreline features higher than 6-7 m above the September 2013 lake level. Palaco-estuary
deposits near the western shore (Fig. 3.5B) exhibit the interaction of shallow riverine inflow
and lake water at this level. Palaeo-beaches and erosional features at 6-7 m above the
September lake level can be traced along the slopes and the mountain range, which is
delimiting the wetland south of the lake. This wetland has formed along the edge of the

northern and north-western part of the large alluvial fan bounding the lake basin to the
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south. The alluvial fan is very gently down-sloping from the valley of Phirse Chu (Fig.
3.5C). Its central sector forms the watershed. About 2 km northeast of the distal central
alluvium, the continuation of the erosional line, which is 6-7 m above the lake surface,
levels at ~2 m above the front of the fan. Across the watershed, a shallow channel (Fig.
3.5D) indicates former surface outflow to the south into the Parang Chu Valley. Analysis of
a CORONA image (Fig. 3.5E) shows that the ground along the lower lying front of the
alluvial fan is water saturated. The orientation of channels in the southern part of the
alluvium indicates that subsurface flow is feeding Parang Chu (Fig. 3.1C), which is a
tributary of the Sutlej River (Fig. 3.1B). Mehar Chand (personal communication) who has
trekked across this area many times over the last two decades, reported in September 2013

that during seasonal Tso Moriri high stands lake water flowed into Parang Chu.

3.5.2 Palynological analysis of modern surface samples

An overview of the palynomorph assemblages of the 16 selected modern surface
samples from the wider Tso Moriri area is given in a percentage diagram (Fig. 3.2). The
samples are arranged according to the collecting locations (Figs. 3.1B and C) into six
groups including a northern area (20-25 km north of Tso Moriri), the Korzok area, and
areas northwest, southwest, northeast and east of Tso Moriri. The cultivation of cereals
(mostly Hordeum) is reflected in the pollen spectra from the village of Korzok and its
vicinity (samples no. 1, 7 and 12). Especially, sample number twelve, from the area known
to be currently used for crop cultivation (personal observations), shows a high frequency of
the cereal pollen type. This coincides with similarly high pollen abundance of the wild grass
type, which shows a wider spatial coverage. The presence of Cannabis type pollen (sample
no. 10, 11 and 14) does not show a spatial distribution related to human settlements. Pollen
of Aconogonon and Physochlaina type are more frequently found in samples from locations
in the northern part of the study area (samples no. 13, 15 and 16), where nomadic camp
sites were present in summer 2011 (personal observations). Aconogonon is also recorded in
the pollen assemblages (no. 4-6 and 8) from the eastern and north-eastern shore area of
Tso Moriri. The abundances of these pollen types coincide with presence of Knorringia,
Thalictrum and Gentianaceae type pollen. Several samples (1-6, 11 and 13-15) from sites,

which are temporarily moist or submerged, expose a significant percentage of algae.
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Fig. 3.2 Diagram illustrating the percentage abundances of selected identified palynomorphs for the analysed set of 16 modern surface samples from the
Tso Moriri (TM) area (see Fig. 4.1B and C for geographical distribution). Samples are grouped according to the collecting locations including a northern
area (ca. 20-25 km north of Tso Moriri), the Korzok area, and areas northwest, southwest, northeast and east of Tso Moriri. Percentages are calculated
based on the sum of all terrestrial pollen plus subsums of aquatics pollen, spores, algae and other non-pollen palynomorphs (NPPs). Taxa are grouped in
the context of wood resources, human impact and grazing as well as in relation to moist, inundated or disturbed sites.
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Fig. 3.3.Diagram showing assemblages of selected terrestrial pollen types (after Leipe et al., 2014) and non-pollen palynomorph taxa (this study) based on 79
fossil palynomorph spectra from the Tso Moriri TMD core thematically grouped into potential wood resources, human impact and grazing intensity. Pollen
data are shown as silhouette curves, non-pollen palynomorph taxa as histogram bars. Dots indicate additional observations beyond the regular count. Pollen
types of woody taxa are grouped into zones according to their altitudinal distribution limits, including a Betula zone (including B. utilis), a Juniperus zone
(Juniperus type, Rosa type, Spiraea type, Myricaria type, Tamarix type, Lycium type, Capparis type, Viburnum), a Sorbus zone (Sorbus/Cotoneaster type,
Hippophaé, Salix, Anemone/Clematis type, Berberis, Rhododendron, Thymelaea type) and a Lonicera zone (Lonicera, Ericaceae undift. including Cassiope,
Ribes). Both, local pollen zones (LPZs, solid lines) adopted from Leipe et al. (2014) and non-pollen palynomorph zones (NPPZs, solid lines) and subzones
(NPPSZs, dotted lines) visually defined in this study are given for better orientation. Intervals of glacial advance in the Korzong and Puga Valley (Hedrick et
al., 2011) discussed in the text are indicated by a light and dark grey bar, respectively.
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Fig. 3.4 Diagram showing assemblages of selected non-pollen palynomorph taxa (this study) and terrestrial pollen types (after Leipe et al., 2014) based on 79
fossil palynomorph spectra from the Tso Moriri TMD core used to reconstruct variations in palaeolimnological conditions. Pollen data are shown as
silhouette curves, non-pollen palynomorph taxa as histogram bars. Dots indicate additional observations beyond the regular count. The Pediastrum curve
includes influx values of Pediastrum orientale, P. boryanum and P. undiff. Both, local pollen zones (LPZs, solid lines) adopted from Leipe et al. (2014) and
non-pollen palynomorph zones (NPPZs, solid lines) and subzones (NPPSZs, dotted lines) visually defined in this study are given for better orientation.
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Fig. 3.5 A: Inter- and intra-annually active beach zone of Tso Moriri, characterised by earth hummocks
and absence of mammal burrows; B: The top of fluvio-lacustrine, palaeo-estuarine sediments is located
6-7 m above early September lake level indicating the maximum palaeo-highstand of Tso Moriri; C: The
alluvial fan of the river Phirse Chu is very gently sloping; D: Geomorphic evidence for a former outflow
of Tso Moriri along the lowest part of the Phirse Chu alluvial fan. E: Clip of a non-orthorectified
CORONA image (entity ID: DS1107-1104DA026; United States Geological Survey EROS Center, 1995)
taken on 30th July 1969 showing the alluvial fan of Phirse Chu which delimits T'so Moriri to the south.
Photos were taken in 2013 on September 4 (B), September 5 (C and D) and September 6 (A); positions
of photographer and directions of view (A-D) are indicated in E and Fig. 3.1C.
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3.5.3 Palynological analysis of the TMD sediment core

The record of terrestrial pollen from the TMD core covers the last ca. 12 cal ka BP as
outlined in Leipe et al. (2014). In this section, we present the assemblages of (a) terrestrial
pollen, coprophilous fungi and grass remains, which are potentially relevant in terms of
past human activities (Fig. 3.3), along with (b) aquatic pollen, spores of mosses and fungi,
remains of algae, Ostracoda, Chironomidae, Rotifera and other aquatic and terrestrial
organisms (Fig. 3.4), which are used for the reconstruction of limnological conditions. A
total of 141 terrestrial pollen types (Leipe et al., 2014) and 78 types of NPPs (see
Supplementary material for further details) were identified. Local pollen zones (LPZs) in
Fig. 3.3 were adopted from Leipe et al. (2014). Palynostratigraphic intervals of NPP
assemblages (NPP zones and subzones) in Fig. 3.4 were visually delineated. Both zonations
are shown in each diagram.

The influx of extra-regional arboreal pollen shows only minor variations along the
entire record with slightly higher values in the upper part (ca. 2.7-0 cal ka BP). More
pronounced changes are recognised for the accumulation of the (mostly regional)
herbaceous taxa, which varies between ca. 80 and 270 grains/cm’/y, showing several clear
minima. The abundances of spores show a long-term decrease, with high values until ca. 5
cal ka BP corresponding to the maxima in pollen of regional alpine woody taxa (including
taxa of the Juniperus zone and Sorbus zone). The sequence of NPP zones (NPPZs) and
subzones (NPPSZs) follows prominent changes in fossil NPP assemblages, which are
compared to the record of selected pollen types within corresponding sections of the local
pollen zones (Figs. 3.3 and 3.4).

NPPSZ 7b (312-285 cm; ca. 12-10.8 cal ka BP) is characterised by decreasing abun-
dances of Botryococcus, Pediastrum and ostracod remains. Filinia resting eggs remain at a
constant proportion. Pollen numbers of the woody taxa Juniperus and Sorbus are slightly
rising. Pollen grains of ruderal plants are mostly absent. Poaceae wild grass type pollen is
relatively abundant. Pollen assigned to the cereal type occurs in this zone.

In NPPSZ 7a (285-261 cm; ca. 10.8-9.7 cal ka BP) influx of Botryococcus and Pedias-
trum is relatively low. Glomus chlamydospore abundances show high variations but are
mostly comparatively low. Ostracoda values increase in this zone. In the lower part of LPZ
4 pollen abundance of Poaceae wild grass type is very low. Pollen of taxa assigned to
regional wood resources (i.e. Betula, Juniperus and Sorbus zones) show a slight increase.

NPPZ 6 (261-241 cm; ca. 9.7-8.8 cal ka BP) is marked by increased influx values of
Botryococcus and the appearance of the undetermined Type 221 and cf. Zygnema. Filina is
detected in high abundances while ostracod remains diminish. The upper part of LPZ 4

shows a slight increase in Thalictrum abundance. In this zone, Gentianaceae shows the
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highest influx values along the record. Pollen abundances of regional woody taxa
(Juniperus zone and Sorbus zone) remain unchanged.

In NPPSZ 5c¢ (241-225 cm; ca. 8.8-8.1 cal ka BP) Spirogyra type first appears. Ostra-
cod remains and Filinia resting eggs decrease. In this part of LPZ 4 the accumulation rates
of Juniperus and Sorbus zones continue to slightly rise while pollen of Ephedra shows
decrease in abundance.

NPPSZ 5b (225-193 cm; ca. 8.1-6.8 cal ka BP) exhibits distinctly lowered pollen
accumulation rates (increased sediment accumulation rates) which coincide with very low
abundances of Pediastrum, reduced frequencies of Filinia and presence of cf. Anuraeopsis
resting eggs (Rotifera). While abundances of ostracod remains are comparatively low,
numbers of zooplanktonic and other zoobenthic microfossils rise. The influx of the Sorbus
zone continues to increase in the uppermost part of LPZ 4. Ephedra abundance reaches the
lowest level of the record. In this zone, pollen of Solanum/Physochlaina type starts to
appear more regularly than in the lower part of the record.

In NPPSZ 5a (193-157 cm; ca. 6.8-5.4 cal ka BP) Botryococcus slightly diminishes
and Pediastrum shows an increase. Filinia resting eggs decline in abundance and appear
only sporadically. By contrast, ostracods, chironomids and other chitinous remains appear
more abundantly in the spectra. In this part of LPZ 3 regional shrub and tree pollen
influxes are highest of the entire record; Thalictrum and Gentianaceae are continuously
very abundant and Ephedra abundances start to increase.

NPPZ 4 (157-133 cm; ca. 5.4-4.5 cal ka BP) is characterised by the increase in Pedi-
astrum remains, lack of Filinia and the decline and disappearance of organisms represented
by Type 221, as well as by decreased abundances of ostracod and chironomid remains.
Within the upper part of LPZ 3 frequencies of Polygonum pollen reach maximum levels.

The most distinctive feature of NPPSZ 3b (133-85 cm; ca. 4.5-2.7 cal ka BP) is the
strong increase of Pediastrum and the minimum influx of Botryococcus. In addition,
Debarya appears in considerable frequencies while Spirogyra vanishes. Glomus chlamy-
dospores start to appear in smaller numbers. In most samples, Type 221 is absent. In this
section, corresponding to the lower part of LPZ 2, regional arboreal taxa are represented by
significantly lowered abundances. However, pollen grains of Astragalus/Oxytropis type and
Ephedra are noted more regularly.

NPPSZ 3a (85-57 cm; ca. 2.7-1.8 cal ka BP) is delineated by highest frequencies of
Debarya, presence of Tetraedron and relatively high influx rates of ostracod remains. While
Pediastrum remains abundant, Botryococcus is slightly increasing. In the corresponding
part of LPZ 2, Aconogonon shows high influx for the first time. Highest influx rates for
Ephedra are encountered.

In NPPSZ 2b (57-37 cm; ca. 1.8-1.1 cal ka BP) Botryococcus and Pediastrum show

opposite trends towards higher and lower abundances, respectively. Debarya influx
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dropped sharply and is considerably lower compared to NPPZ 3a. Spores of coprophilous
fungi are first time recorded in this zone. This is related to increasing frequencies of
Aconogonon pollen in the upper part of LPZ 2.

In NPPSZ 2a (37-13 cm; ca. 1.1-0.4 cal ka BP), compared to the preceding zone,
Botryococcus, Pediastrum and Debarya abundances remain unchanged. Both Poaceae wild
grass and cereal type pollen influx are relatively high and regular. In this part of LPZ 1
pollen of Cannabis type and Fagopyrum are present in the record. Aconogonon accumula-
tion rate diminishes, but remains on comparatively high levels.

NPPZ 1 (13-0 cm; ca. 0.4-0 ka BP) is characterised by strongly rising frequencies of
Botryococcus and further decreasing of Pediastrum. Poaceae wild grass and cereal type
pollen are also present in this part of LPZ 1. Aconogonon influx varies strongly with

comparatively low influx values.

3.6 Interpretation and discussion

3.6.1 Hydromorphological analysis

There is no indication that the level of Tso Moriri has ever been higher than 6-7 m
above modern lake level. This is due to the low, broad and gently sloping alluvial fan of
Phirse Chu delimiting the lake to the south. The surface outflow has probably been
activated at levels 4-5 m above modern lake level. Adding another 2 m of water to the lake
level, the outlet would become significantly wider preventing the lake level from further
increase. The outlet was thus able to constrain the lake level even during periods of
particular high inflow. Considering the hydromorphology of the alluvial fan, it is not likely
that in present times Tso Moriri has a surface outflow every late spring—early summer but
possibly during years with exceptionally high amounts of melt water and atmospheric
precipitation. The outflow observed by mountaineering people is related to Parang Chu,
which emerges from Phirse Chu water penetrating through the alluvial sediment but also
receives subsurface water originating from Tso Moriri by flowing through the distal alluvial
fan into Parang Chu. This small scale regular seasonal outflow in combination with a larger
scale periodical surface outflow probably explains why Tso Moriri is only slightly saline.
On the other hand, it also explains why Tso Moriri is not a freshwater lake. That Tso
Moriri is not a freshwater lake is probably also related to former low lake levels preventing
any outflow. During such periods of low lake levels, salinity would increase significantly.
An indication for repeated former low stands in combination with increased salinity might
be the presumed low modern macro-invertebrate diversity likely reflecting an ecologically
unstable system (Filippov and Riedel, 2009) characterised by environmental changes to

which gastropods such as Radix and Gyraulus, which are widely distributed across the
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Tibet Plateau (von Oheimb et al., 2011, 2013), cannot adapt (ecological traits of Tibetan
Plateau Radix summarised in Taft et al., 2012). Potential colonisation of Tso Moriri by
such molluscs characteristic of oligohaline environments has probably been difficult or

only short-term.

3.6.2 Holocene environmental and limnological evolution of the Tso Moriri basin

Pollen-inferred vegetation changes (Bhattacharya, 1989; Demske et al., 2009) and
precipitation reconstructions (Leipe et al., 2014) indicate an early Holocene climatic
amelioration likely due to the warming and strengthening of the ISM in the high mountain
region of Rupshu in the NW Himalayas. The following moist interval, which continues
until the middle to late Holocene transition (ca. 11.5-4.5 cal ka BP), is characterised by an
expansion of relatively moist desert steppe communities, grassland and meadows in the
study region (Leipe et al., 2014). After ca. 4.5 cal ka BP, moisture availability in the Tso
Moriri region became considerably lower. This is designated by high abundances of
Chenopodiaceae and reduced values of Poaceae and Artemisia pollen (Leipe et al., 2014).
This climate change towards aridity is well documented by the TMD Ar-
temisia/ Chenopodiaceae (A/C) ratio (ranging between 0.68 and 1.9; Fig. 3.3), commonly
used as a moisture index in arid environments (e.g. El-Moslimany, 1990), and annual
precipitation reconstruction (Leipe et al., 2014).

During the early to middle Holocene interval (ca. 12-4.5 cal ka BP; NPPZ 7-4),
relatively low influx values of algae remains of Botryococcus and Pediastrum are recorded.
The low abundances of these taxa can tentatively be associated with nutrient poor
freshwater lakes (Jankovskd and Komarek, 1995, 2000; Kuhry, 1997). This interpretation
would also explain the pronounced minima in the Botryococcus curve (Fig. 3.4) during the
phase of reconstructed maximum humidity (up to ca. 600-680 mm mean annual
precipitation) between ca. 11-9.6 cal ka BP (upper NPPSZ 7b-7a) (Leipe et al., 2014).
These findings corroborate the inferred interval of enhanced precipitation (ca. 11.5-4.5 cal
ka BP; upper NPPSZ 7b-NPPZ 4), which presumably led to open lake (exorheic)
conditions and a reduced residence time induced by a rising lake level and the consequent
surface outflow via the detected channel on the alluvial fan at the southern end of Tso
Moriri (Figs. 3.5D and E). In contrast to low algal abundance, remains of zooplanktonic
and zoobenthic taxa, especially of ostracods (juvenile mandibles) and Filinia (Rotifera) are
recorded in high frequency. During the interval ca. 12-4.5 cal ka BP, ostracod remains
show highest abundances including some minor trends. The latter may point to changes in
lake level and/or salinity. However, since taxa differentiation was not conducted, the
ostracod mandible assemblages cannot be further interpreted. The growth of Filinia (ca.
12-6.8 cal ka BP; NPPSZ 7b-5b) might be promoted by a somewhat higher water
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temperature and shorter ice cover period (Gauthier et al., 2010) in response to enhanced
early Holocene summer insolation (Berger and Loutre, 1991). Earlier studies have shown
that Rotifera sensitively react to temperature changes (Andrew and Fitzsimons, 1992) and
that some Filinia species are associated with warmer water bodies (Basinska et al., 2010).
Chironomidae are widely used in lacustrine palaecoenvironmental studies for reconstruct-
ing e.g. water temperature, salinity and lake productivity (Walker, 2001 and references
therein). A limnological interpretation of the chironomid assemblages in the TMD samples
was not conducted, since a more detailed identification of their remains to genus or species
level is not feasible.

The appearance of the Spirogyra type (Zygnemataceae) at ca. 8.8-6.6 cal ka BP
(NPPSZ 5c-upper NPPSZ 5b), after the interval of maximum humidity, might be related to
water conditions of lowered pH values and likely augments the evidence for enhanced
freshwater influx to the lake. Many of the Zygnemataceae are reported to be acidophilic
and abundant in acidic habitats (Zippi et al., 1991 and references therein). Low-pH
conditions are typical for high-altitude cold-water bodies with a low photosynthetic activity
and low concentration of other green algae (Kramer et al, 2010). Interestingly, the
attendance of the yet unidentified Type 221 (e.g. van Geel et al. 1989, van Geel, 2001) is
more or less isochronous with that of Spirogyra. As the origin of this microfossil remains
unknown, its record does not allow a reliable limnological interpretation, but clearly
delimits a middle Holocene palaeolimnic interval comprising NPPZs 3-5 (Fig. 3.4).

The NPPZ 4 (ca. 5.4-4.5 cal ka BP) is marked by a climatic transition towards sig-
nificantly more arid conditions (Leipe et al., 2014). This is accompanied by the decrease in
Botryococcus, a slight increase in Pediastrum and the abrupt decline of NPP Type 221,
which likely point to changing limnological conditions driven by aridification. The
aridification trend, which is characterised by reduced precipitation and/or reduced
meltwater flow, is supported by increased abundances of Glomus chlamydospores, which
are associated with roots of various terrestrial plants (van Geel, 2001). The increase in
Glomus probably indicates intensified soil erosion by wind during this interval due to a
more reduced vegetation cover than during the previous moister interval (ca. 11.5-5.4 cal
ka BP; Leipe et al,, 2014) where Glomus influx was generally lower. Correspondingly,
Kramer et al. (2010), who studied an NPP record from a lake on the south-eastern
Qinghai-Tibet Plateau, argue that enhanced Glomus influx is related to sparse vegetation
cover due to increased aridity.

The following interval ca. 4.5-1.8 cal ka BP (NPPZ 3) is characterised by substantial
changes in the phytoplankton composition. We assume that the maximum abundance of
Pediastrum along with the presence of different genera of green algae (Tetraedron,
Scenedesmus and Debarya) indicate reduced inflow of freshwater combined with

enrichment of nutrients from nearby terrestrial surfaces. Fossil Debarya zygospores, which
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show highest influx values during NPPSZ 3a (ca. 2.7-1.8 cal ka BP), have been recorded in
palacoenvironmental settings of shallow sandy pools (van Geel et al., 1989), and are
observed in both fossil sediments and surface samples of high-mountain zones in the
Colombian and Venezuelan Andes (van Geel and van der Hammen 1978; Montoya et al.,
2010; Kotaczek et al., 2012).

Although observed ca. 1 ka earlier (ca. 5.5 cal ka BP), a comparable onset of decreas-
ing Botryococcus influx is found in the NPP record from the neighbouring (~40 km
northwest of Tso Moriri) lake Tso Kar (Wiinnemann et al., 2010), indicating a tendency
towards lowering of the lake level caused by a relatively dry climate. In the Tso Kar record,
this decline in lake level was accompanied by highest water salinity values reconstructed
after ca. 4.2 cal ka BP (Wiinnemann et al., 2010). Increased salinity caused by reduced
freshwater influx was probably also a feature of Tso Moriri during the interval of highest
aridity (ca. 4.5-1.8 cal ka BP; NPPZ 3). This would well agree with our hypothesis that the
modern lake’s low salinity and low biodiversity are due to prolonged endorheic conditions
in the past.

Interestingly, there is evidence for glacial advance in the Korzong (Chu) Valley (Fig.
3.1C) which was dated to ca. 4.7-2.7 ka BP (Fig. 3.3) based on "Be dating of moraine
boulders, with an average exposure age of 3.6 +1.1 ka BP (Hedrick et al., 2011). This is
overlapping with the age of glaciation in the Puga Valley ~25 km north of Tso Moriri,
which is documented between ca. 7.6-2.1 ka BP, with an average age of 4.2 +2.2 ka BP
(Hedrick et al,, 2011). Given these average ages, which correspond well to NPPSZ 3b (ca.
4.5-2.7 cal ka BP), the glacial phase might corroborate the inferred low level of freshwater
input when assuming enhanced glacial accumulation of winter precipitation in the Tso
Moriri catchment. Evidence for climatic deterioration in the TMD pollen record is given by
peak abundance of Cichorioideae pollen (Fig. 3.3), likely related to a spread of pioneer
vegetation on bare ground, and two minima in pollen accumulation rates during NPPSZ
3b.

However, the '’Be ages from the Korzong Valley need to be considered with caution.
The distinct boulder moraine ~3 km northwest of Lake Tso Moriri, that blocked the
narrow Korzong Valley there, was not described and dated by Hedrick et al. (2011). Due to
the shape and unweathered surfaces of the moraine’s granite boulders, it may represent a
glacier advance during the late-glacial period. This moraine is located between the
stratigraphically corresponding moraine complex KM-1 further upstream that was dated
between ca. 12.5-135 ka (mean age ca. 80 ka; Hedrick et al., 2011) and the oldest moraine
boulders (KM-0) with a mean age of ca. 310.5 +4.1 ka situated further downstream, thus
younger than the two latter moraine fields. The reason for this may be that the identified
moraine represents a younger advance which overrun the moraine complex KM-1 or that

the KM-1 average age given by Hedrick et al. (2011) is too old. This demonstrates the need
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for further glaciological studies to establish a more reliable glacial chronology for the
Korzong Valley.

Starting at ca. 4.5 ka BP towards the TMD core top, Glomus continuously shows
lowered accumulation rates. We hypothesise that this is caused by a reduced vegetation
cover in combination with decreased atmospheric precipitation (i.e. surface runoff) which
led to reduced transportation of erosional matter (organics, humic acids) into the lake.
After a phase (ca. 5.4-4.5 cal ka BP; NPPZ 4) of most intensive outwash of Glomus
chlamydospores remaining in the soil from formerly more dense vegetation cover between
ca. 11.5-5.4 cal ka BP, their amount is continuously reduced after ca. 4.5 cal ka BP.

During the interval at ca. 1.8-0.4 cal ka BP (NPPZ 2) the phytoplankton record is
very similar to that of the interval ca. 11.5-5.4 cal ka BP, thus likely indicates a shift
towards enhanced freshwater influx. This interpretation is consistent with the recon-
structed regional increase in precipitation (Leipe et al., 2014).

For the youngest phase representing the last ca. 300 years of the lake history, after
foundation of the Korzok gompa ca. 400 years ago, the abrupt increase in Botryococcus
algae accompanied by a pronounced decrease in Pediastrum likely indicate a rapid change
in limnic conditions including an increase of lake productivity. Similar interpretations are
published by Lami et al. (2010), who related the autochthonous algal growth during the last
century in a series of lakes on the Qinghai-Tibet Plateau to the distinct increase in primary
production. The rise in Botryococcus abundances cannot be explained by changes in
precipitation (i.e. freshwater influx) given the results of the precipitation reconstructions,
which suggest slightly drier conditions compared to the previous interval (ca. 1.8-0.4 cal ka
BP). It also might be considered that the extremely high abundance of Botryococcus in the
uppermost (core top) sample is connected to the contemporary trans-regional climate
warming (e.g. Ren et al.,, 2004; Gou et al., 2007; Holmes et al., 2009) leading to increased
evaporation and salinity and/or the strongly increased livestock populations as seen during
the past decades (Namgail et al., 2007; Cui and Graf, 2009).

3.6.3 Potential human impact in the Tso Moriri region during the Holocene

During the early and middle Holocene (prior to ca. 4.5 cal ka BP), the TMD pollen
and NPP records do not provide clear evidence for human activities around the study site,
thus strengthening our original interpretation that the Tso Moriri pollen record primarily
indicates regional vegetation and climate history. Though, the documented increase in
regional shrubby taxa pollen in LPZ 4 and 3 (ca. 5.4-2.7 cal ka BP; Fig. 3.3) suggests an
increased availability of fuel wood, it remains unclear whether these wood resources were
utilised by humans in the region. Similarly, the increased pollen influx of moisture

indicators like Thalictrum and Gentianaceae points to more developed grassland and
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meadows offering improved grazing conditions for nomadic livestock. However, there is
no further support for pastoralism recognised at this time. The stable but relatively low
influx rates of charred grass epidermis fragments until ca. 4.5 cal ka BP coincide with
maximum abundance of regional woody taxa and indicator taxa of moist sites. We assume
that during this climatically favourable interval (ca. 11.5-4.5 cal ka BP) of enhanced ISM
activity the charred grass epidermis fragments may indicate a more frequent occurrence of
fires (e.g. Bos et al., 2005) in the forested lower ranges of the Himalayas probably caused by
lightening related to stronger than present monsoonal convection.

The study region experienced climate aridity with notably lower moisture availabil-
ity between ca. 4.5 and 2.7 cal ka BP (NPPSZ 3b) (Leipe et al., 2014). Several changes in the
TMD record presented here, such as the increase in grass epidermis fragments, including
charred particles, paralleled by low Poaceae pollen influx, more frequently recorded cereal
type pollen and the occurrence of Cannabis type pollen may be tentatively interpreted as
indicators for permanent human presence in the Tso Moriri region. A good potential
indicator for human activities related to use of fire is the increased record of charred grass
epidermis fragments after ca. 3.7 cal ka BP. In contrast, maximum frequencies of charred
plant tissue remains in the NPP record from Tso Kar occur even earlier (ca. 6.9-5.3 cal ka
BP) (Wiinnemann et al., 2010). Cannabis type starts to appear more frequently after ca. 3.5
cal ka BP and especially after ca. 1.8 cal ka BP. Until ca. 2.7 ka BP pollen of herbaceous
plants typical for grazing sites (Dvorsky et al., 2011), as well as ruderal plant pollen, show
no change (Fig. 3.3). The pronounced reduction of wood resources (e.g. Betula, Juniperus,
Sorbus and Hippophaé), which require moister habitats (Fig. 3.3), likely reflects the decline
in precipitation and not the increased firewood consumption. In accordance, pollen
frequencies of Ephedra, a typical dry-tolerant shrubby taxon, which may be also used as
firewood, show an increase.

Archaeological evidence of human presence prior to ca. 3.7/2.7 cal ka BP in the
wider Tso Moriri region is documented by fire place remains from the upper Indus Valley
~60 km north of Tso Moriri dated to ca. 7.7-2.7 cal ka BP (Sharma et al., 1989; Ota, 1993).
However, these oldest human traces rather indicate temporal than permanent presence of
agro-pastoralists in the study region thus show that the Indus Valley likely served as a
connecting route between the Indian subcontinent and Central and East Asia already since
ancient times. It may be further hypothesised that the human remains from the Indus
Valley are related to trading activities of sedentary communities reported from the greater
Indus plains. Here, the earliest evidence of sedentary lifestyle was found at Mehrgarh
(Pakistani Baluchistan) and appeared as early as ca. 9 cal ka BP (Possehl, 2004).

From ca. 2.7 cal ka BP until present (NPPSZ 3a-NPPZ 1), the terrestrial pollen re-
cord from Tso Moriri suggests the persistence of arid climate with a weak reversal towards

slightly moister conditions between ca. 1.1-0.5 cal ka BP (Leipe et al., 2014), with glacial
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advance after ca. 1.0 cal ka BP (Fig. 3.3) as documented for the Puga Valley (Hedrick et al.,
2011). This interval exhibits most evidence for human activities affecting the regional
landscape. Pollen of herbaceous taxa indicating grazing sites (Dvorsky et al., 2011), in
particular Aconogonon, as well as some ruderal taxa like Urticaceae, show highest or
generally increased accumulation rates. Likewise, the presence of coprophilous fungi
arguing for an enhanced number of animals in the lake catchment area (van Geel et al,,
1983, 2003; van Geel, 2001) may be explained by presence of herdsmen and their livestock.
Enhanced disturbance of the natural vegetation, which would be expected under enhanced
grazing pressure, is supported by the generally augmented influx of ruderal plant pollen.
On the contrary, there is no significant change in Cyperaceae influx after ca. 5.4 cal ka BP
(NPPSZ 5a), which may point to a spread of Kobresia mats. Regarding large parts of the
Qinghai-Tibet Plateau, the latter were hypothesised to be the result of grazing pressure by
nomadic livestock (Miehe et al., 2008).

Pollen of the Poaceae wild grass type starts to appear more frequently in the pollen
assemblages after ca. 1.8 cal ka BP (NPPSZ 2b-NPPZ 1). As suggested by the results of the
modern surface sample analysis regional wild grass type pollen may partly represent taxa of
cultivated crops (Fig. 3.2), but primarily includes large pollen types, e.g. of Elymus (Beug,
2004), which after Dvorsky et al. (2011) is characteristic for moist sites and animal resting
places. On the other hand, the increased presence of wild grass type pollen may demon-
strate the expansion of grassland. Previous studies have shown that intensified grazing
activities in an alpine meadow ecosystem on the northern Qinghai-Tibet Plateau can
enhance the productivity of grass vegetation (Klein et al., 2007). Consequently, the above
interpretations would suggest that the rise in wild grass type pollen indicates an onset or
increase of either pastoral or farming or both activities around Tso Moriri.

Poaceae pollen grains assigned to the cereal type appear more frequently after ca. 1.1
cal ka BP (NPPSZ 2a-NPPZ 1) (Fig. 3.3), but this pollen morphological type may also
include wild grass taxa to some extent (Beug, 2004). Clear distinction is further hampered
by the possibility that the pollen grains of the local cereals are particularly smaller in size
due to the harsh growing conditions in the study area. Therefore, the interpretation of
cereal type pollen should be evaluated critically. While in Europe numerous detailed
palynological investigations (e.g. Andersen, 1979; Moore et al., 1991; Beug, 2004; Tweddle
et al., 2005) allow for a more reliable differentiation between cereal and wild grass types in
fossil pollen assemblages, such a distinction is postulated to be much more difficult in
other regions, including the Middle East or South and East Asia (e.g. Behre, 2007 and
references therein). Although Fagopyrum is a cultivated crop in Ladakh today (Bhat-
tacharyya, 1991; Hartmann, 1999), the record of its pollen at around 1.1 cal ka BP (lower
NPPSZ 2a) cannot be interpreted beyond doubt as an indicator for human presence. This is

due to the distribution of wild Fagopyrum species (i.e. F. cymosum and F. tataricum) in the
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north-western Himalayas (Kumaun, Garhwal and Kashmir region) (Ohnishi, 1998), which
cannot be differentiated from cultivated species by microscopic analysis of their pollen.

Despite the reconstructed minor trend towards climate amelioration (Leipe et al,,
2014), the pollen sums of regional shrubby taxa (including e.g. Juniperus, Sorbus, Lonicera
and Ephedra) potentially used as firewood show lowest values during this phase, suggesting
enhanced human impact on vegetation. Other plants commonly used as firewood in the
study region are Astragalus (Astragalus/Oxytropis pollen type) and the insect-pollinated
shrub Caragana (Srivastava, 2010), with the latter being generally underrepresented in
pollen records (Beug and Miehe, 1999). In contrast to the generally lower influx of the
previously mentioned shrubs, both taxa are more frequently found in the uppermost part
(NPPZ 1) of the TMD core. An alternative or additional explanation for the minor
presence of regional shrubs may be the enhanced grazing activities of nomadic livestock,
indicated by high influx of wild grass and Aconogonon pollen, which prevented the growth
of these taxa (Vera, 2000; Klein et al., 2007).

An interesting feature at ca. 0.4 cal ka BP (lower NPPZ 1) are the distinctly lowered
frequencies of Aconogonon and Cannabis type pollen and charred grass remains, which
likely indicate reduced human impact around this time. This may provide evidence for a
short period of reduced agro-pastoral activities due to unfavourable climate conditions,
which coincide with glacial advance in the region as documented by boulders in the Puga
Valley dated to ca. 1.2-0.2 cal ka BP (Hedrick et al., 2011).

3.6.4 Possible influence of climate dynamics on the Harappan Civilisation

There is still debate on whether there was an interaction between climate dynamics
and the evolution of the Harappan Civilisation, which flourished ca. 5.2-3 cal ka BP and
occupied a large part of the greater Indus plains (Fig. 3.1A) during its greatest expansion
(Madella and Fuller, 2006; MacDonald, 2011). The palaeolimnological record from Tso
Moriri provides arguments for a possible relationship between climate deterioration and
documented cultural changes in the Harappan Civilisation. In combination with the TMD
terrestrial pollen record (Leipe et al., 2014), the NPP record supports the onset of a phase of
enhanced aridity by significantly increased Pediastrum influx together with the occurrence
of different genera of green algae, which indicate reduced inflow of freshwater combined
with enrichment of nutrients between ca. 4.5-1.8 cal ka BP (NPPZ 3). The evidence of arid
conditions corroborates the hypothesis that deteriorated climate conditions may have
promoted the diversification of agriculture and the emergence of urbanism during the
Mature (ca. 4.5-3.9 cal ka BP) Harappan phase (see Leipe et al, 2014 for further
discussion). Moreover, we propose that the fossil algae record also implies a prolonged

residence time of water in the Tso Moriri basin resulting in a minimised or ceased outflow
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at its southern end (Fig. 3.1C and 3.5E). If these interpretations are correct, they not only
illustrate that during the time interval in focus the Harappans were facing reduced
precipitation. They also suggest diminished discharge of the Indus and its tributaries (e.g.
Sutlej and Beas), with large parts of their catchments situated in the north-western
Himalayas and the Qinghai-Tibet Plateau, which was mainly due to reduced monsoon
precipitation (Leipe et al., 2014). According to Giosan et al. (2012), the late Holocene
drying of the Ghaggar-Hakra drainage system located between today’s Indus and Ganges
watersheds augments the hypothesis that aridification was mainly driven by declining ISM
precipitation that could affect the Harappan Civilisation. On the basis of fluvial landform
analyses on the Indo-Gangetic plains, the authors argue that the Ghaggar-Hakra was a
monsoon-controlled perennial river system without access to a glacier-fed river when
numerous settlements flourished along its channels during the urban Harappan phase (ca.
4.5-3.9 cal ka BP). Later, through the Late Harappan phase (ca. 3.9-3 cal ka BP) when the
number of Harappan sites along the middle Ghaggar-Hakra course decreased (Possehl,
2002), the channels of the fluvial system dried (Giosan et al., 2012).

3.7 Conclusions

The record of non-terrestrial pollen and non-pollen palynomorphs from the high-
alpine lake Tso Moriri in north-western India exhibits prominent changes in its ecosystem
during the Holocene interval. In combination with the geomorphologic analysis of the lake
basin, these variations yield insight into Tso Moriri’s palaeolimnology and hydromorphol-
ogy and underpin the proposed regional palaeoclimate evolution through the last ca. 12 ka
outlined in Leipe et al. (2014). The NPP record indicates conditions of low lake productiv-
ity with high influx of freshwater between ca. 11.5 and 4.5 cal ka BP, which is well in
agreement with the reconstruction of mean annual precipitation based on the terrestrial
fossil pollen record from the same sediment core (Leipe et al., 2014). However, meltwater
must be also taken into account as a factor which influenced the lake’s hydrology.
Geomorphologic findings suggest that the palaeo-lake level did not exceed the level
recorded in September 2013 by more than 6-7 m, which is controlled by a surface outlet at
Tso Moriri’s southern end. These findings suggest that during this period of enhanced
freshwater influx (ca. 11.5-4.5 cal ka BP) the lake regularly drained, thus added large
amounts of water to the Sutlej River, the lower reaches of which were integral part of Indus
Civilisation land use.

The inferred minimum freshwater input and maximum productivity between ca.
4.5-1.8 cal ka BP coincides with the reconstruction of greatest aridity and glacial advance
in the Tso Moriri catchment and points to significantly reduced or probably ceased outflow

activity, which, at this time, likely caused significantly higher than present salinity levels.
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We further hypothesise that lowered discharge from the Sutlej as well as from other Indus
tributaries caused by reduced precipitation may have led to irrigation problems and crop
losses in the Indus lowlands. This, in turn, would support the theory that, firstly, Mature
Harappan urbanism (ca. 4.5-3.9 cal ka BP) emerged in order to facilitate storage,
protection, administration, and redistribution of crop yields and secondly, the eventual
decline of the Harappan Culture (ca. 3.5-3 cal ka BP) was at least partly triggered by
prolonged aridity driven by declining ISM precipitation.

There is no clear evidence for human impact in the Tso Moriri region prior to ca.
3.7/2.7 cal ka BP. For the time interval ca. 2.7-0 cal ka BP, the record provides clear
indications for an occupation by humans likely subsisting on agro-pastoralism. Besides
evidence for burning of grass and enhanced grazing activities, there is indication for
farming activities by the presence of cultivated plants (i.e. cereals). However, as long as the
pollen morphology of regional Poaceae cereal types and wild grass types remains poorly
studied, certain differentiation is not possible.

In combination with the climate reconstruction based on the terrestrial pollen re-
cord from the same core, the presented record of NPPs from Tso Moriri provides a first
insight in the development of the palaeolimnological conditions of the lake system. Further
research is required, which should include sediment geochemical approaches to deepen
our understanding of the interpretation of NPP assemblages in future studies. To test our
hypotheses on the ecological and hydromorphological evolution of Tso Moriri, the
reconstruction of salinity, e.g. by means of fossil ostracod shell assemblages, is considered

to be a promising approach.
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4.1 Abstract

This study reconstructs middle and late Holocene vegetation and climate dynamics
in the Oshima Peninsula, SW Hokkaido, using the published method of biome reconstruc-
tion and modern analogue technique applied to the Yakumo pollen record (42°17'03"N,
140°15'34"E) spanning the last 5500 years. Two previously published matrices assigning
Japanese plant/pollen taxa to the major vegetation types (biomes) are tested using a newly
compiled dataset of 78 surface pollen spectra from Hokkaido. With both matrices showing
strengths and weaknesses in reconstructing cool mixed and temperate deciduous forests of
Hokkaido, the results suggest the necessity to consider the whole list of identified terrestrial
pollen taxa for generating robust vegetation reconstructions for northern Japan. Applied to
the fossil pollen data, both biome-reconstruction approaches demonstrate consistently that
oak-dominated cool mixed forest spread in the study region between 5.5 and 3.6 cal ka BP
and was subsequently replaced by beech-dominated temperate deciduous forest. The
pollen-based climate reconstruction suggests this change in the vegetation composition
was caused by a shift from cooler and drier than present climate to warmer and wetter,
similar to modern conditions about 3.6 cal ka BP. Comparing the pollen-based reconstruc-
tion results with the published marine records from the NW Pacific, the reconstructed
vegetation and climate dynamics can be satisfactorily explained by the greater role played
by the warm Tsushima Current in the Sea of Japan and in the Tsugaru Strait during the

middle and late Holocene. An increase in sea surface temperatures west and south of the
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study site would favour air temperature rise and moisture uptake and cause an increase in
precipitation and snow accumulation in the western part of Hokkaido during the late

Holocene.

4.2 Introduction

Palynological studies have proved to be extremely useful for reconstructing the East
Asian Monsoon (EAM) dynamics (e.g. Nakagawa et al., 2008; Tarasov et al., 2011) and its
influence on the regional climate, vegetation and human dynamics and adaptation
strategies during the late Quaternary (e.g. Yasuda et al., 2004b; Jiang et al., 2006; Tarasov
et al.,, 2006; Lee et al., 2010; Nakazawa et al., 2011). Likewise, pollen records and pollen-
based vegetation and climate reconstructions serve as boundary conditions and/or as data
for comparison with model output and are capable of improving model predictions of past
and future climate changes on a global and regional level (e.g. Prentice and Jolly, 2000;
Wang et al., 2005a; Kleinen et al., 2011).

The vegetation and climate of the Japanese Archipelago situated in the north-
western Pacific close to the eastern edge of the Eurasian continent are greatly influenced by
the EAM. The area is suitable for palaecoenvironmental studies aiming to reconstruct the
past monsoon climate-vegetation-human relationships in the region, and pollen have been
frequently used as a proxy to infer climate and human-induced environmental changes in
prehistoric times on the Japanese Archipelago (Tsukada, 1986, 1988; Takahara et al., 2010).
Whereas numerous conventional pollen studies and pollen-based qualitative environ-
mental reconstructions have been conducted in Japan since the 1930s, the number of works
performing quantitative vegetation and climate reconstructions from Japanese pollen data
is rather limited.

Takahara et al. (2000) and Gotanda et al. (2002) independently adopted the biome
reconstruction (also called biomization) method (Prentice et al., 1996) to derive
quantitative information about the major vegetation types (biomes) during the late
Quaternary. The approach was first tested with representative modern pollen datasets and
then applied to fossil pollen data to calculate the dominant biome scores and to objectively
discuss late Quaternary changes in vegetation. Each of the two cited studies proposed
different biome-taxa matrices based on slightly different assumptions and reference
datasets. For example, Takahara et al. (2000) considered all arboreal and non-arboreal
pollen taxa in their regional biomization scheme. When testing the method, they achieved
an agreement of 54% between pollen-derived biomes and modern natural vegetation at the
surface pollen sampling sites. All samples from the areas dominated by cool conifer forest
and temperate conifer forest were reconstructed incorrectly, which appeared to be the

main weakness of the suggested approach. Gotanda et al. (2002) modified the approach by
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allowing only 32 tree and shrub taxa commonly counted in pollen spectra from the
Japanese Archipelago to be considered in the biome reconstruction. Tested with a three
times greater reference modern pollen dataset, this modification increased the amount of
correctly assigned pollen spectra to 78%. Despite this substantial improvement for Japan in
its entirety, the utilised approach (Gotanda et al., 2002) still revealed difficulties in accurate
biome reconstruction for the northern island of Hokkaido, where most samples from cool
mixed forest sites were assigned to temperate deciduous forest.

Another approach frequently used to derive quantitative information about past
climate (Jackson et al., 2000; Peyron et al., 2000; Nakagawa et al., 2002; Tarasov et al., 2011)
and vegetation (Tarasov et al., 2007; Williams et al., 2011) from fossil pollen spectra using
representative reference datasets of modern pollen and vegetation/climate data is the
modern analogue technique (MAT) (Overpeck et al., 1985; Guiot, 1990). The MAT was
applied to the pollen profiles from central and northern Honshu (e.g. Nakagawa et al., 2002,
2003, 2005, 2006, 2008; Yoshida and Takeuti, 2009) using the modern pollen-climate
dataset representing 285 surface pollen sites from Japan compiled by Gotanda et al. (2002).
Recently, Tarasov et al. (2011) significantly extended this previously published dataset to
798 sites representing the whole Northwest Pacific region, including the boreal Russian Far
East and tropical Japanese islands. This dataset together with the MAT was suggested as a
powerful tool suitable for reconstructing glacial-interglacial climate changes from Japanese
pollen records.

The Baikal-Hokkaido Archaeology Project (BHAP) - an international and multi-
disciplinary research project investigating Holocene hunter—gatherer culture dynamics in
the Lake Baikal region of Siberia, Russia and in Hokkaido, Japan - was started in 2011.
Together with archaeological teams from Japan, Russia, UK, Germany and Canada, BHAP
also includes scientists representing palaeoenvironmental studies and climate and
vegetation modelling, whose aims are robust reconstructions of the past climate and
environments using high-resolution environmental archives (i.e. sedimentary cores
obtained from Lake Kotokel, Siberia and Lake Kushu, Rebun Island, Japan) and regional
climate models (e.g. White and Bush, 2010 and references therein). The present study
discusses the applicability of the published approaches and reference dataset for
reconstructing the Holocene vegetation and climate of northern Japan. For this purpose,
different biomization schemes are tested with the newly compiled surface pollen data from
Hokkaido and the MAT is applied to the pollen record from the Oshima Peninsula, SW
Hokkaido (Kito and Takimoto, 1999), spanning the last 5500 years. The findings are
discussed in the context of the regional climatic system and against the existing palaeocli-

mate records.
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4.3 Reconstruction methods

4.3.1 Biome reconstruction method

The method of biome reconstruction is the quantitative approach adapted for recon-
struction of globally recognised major vegetation types from pollen and plant macrofossil
data (Prentice etal., 1996). The method allows the objective assignment of pollen taxa to
plant functional types (PFTs) and to biomes on the basis of modern ecology, bioclimatic
tolerance and geographical distribution of pollen producing plants. The method was tested
using surface pollen data from Russia (Tarasov et al., 1998), Mongolia (Gunin et al., 1999),
China (Yu et al., 2000) and Japan (Takahara et al., 2000; Gotanda et al., 2002) and further
used to reconstruct the late Quaternary vegetation on a regional, extra-regional and
hemispheric scale (e.g. Prentice and Jolly, 2000 and references therein). The main steps for
the construction of the biome-taxa matrix and biome score calculation summarised in
Prentice et al. (1996) are rather universal and include: (i) assignment of each pollen taxon
to one or several plant functional types (PFT: group of plants defined by their stature, leaf
form, phenology, and bioclimatic tolerance) and to biomes, using knowledge of modern
plant distribution; (ii) construction of the biome-taxa matrix showing the taxa that may
occur in each biome; (iii) calculation of the aftinity scores for all concerned biomes as the
summation of square roots of attributed pollen taxa abundance (percentage value minus
0.5% - the universal threshold suggested for minimisation of possible noise mainly due to
long distance transport or re-deposition of exotic pollen grains); and (iv) the biome with
the highest affinity score or the one defined by a smaller number of PFTs (when scores of
several biomes are equal) is assigned for each pollen spectrum. However, the use of the
method in the new area requires that the applied taxon-biome matrix reflects regional
vegetation and pollen composition, which can be tested with the surface pollen data from
the region (Prentice et al., 1996; Tarasov et al., 1997; Mokhova et al., 2009).

For the purpose of the present study and the BHAP focus on Hokkaido, the biome
reconstruction method was tested using assignment of pollen taxa to the main Japanese
biomes (Tables 4.1 and 4.2) proposed by Takahara et al. (2000) and Gotanda et al. (2002).
Tests were performed on a dataset of 78 unpublished surface pollen spectra from Hokkaido.

PPPBase software (Guiot and Goeury, 1996) was used for biome score calculations.

4.3.2 Climate reconstruction method

The MAT, also known as the best modern analogue or modern analogue approach,
has been described in detail in many publications (e.g. Overpeck et al., 1985; Guiot, 1990;
Nakagawa et al., 2002; Jackson and Williams, 2004; Tarasov et al., 2007, 2011). The method

assumes that pollen assemblages with a similar composition of pollen taxa are produced by
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compositionally and structurally similar vegetation communities. Proceeding from this

assumption, comparison of fossil samples and modern pollen samples included in the

reference dataset makes it possible to identify the closest modern analogues for each

Biome name/

Abbreviation

Pollen taxa assigned

Tundra/TUND

Cold
deciduous
forest/ CLDE

Taiga/TAIG

Cold mixed
forest/ CLMX

Cool conifer
forest/COCO

Cool mixed
forest/ COMX

Aconitum*, Allium, Artemisia*, Betula*, Caryophyllaceae*, Compositae (Asteraceae)*, Cruciferae
(Brassicaceae), Cyperaceae*, Epilobium*, Ericaceae*, Ericales*, Gentiana*, Geranium*, Gramineae
(Poaceae)*, Leguminosae (Fabaceae)*, Liliaceae*, Lysimachia*, Pinus Haploxylon-type, Polygonaceae*,
Polygonum undiff.*, Polygonum bistorta-type, Ranunculaceae*, Rhododendron, Rosaceae*, Salix*,

Scabiosa, Scheuchzeria, Selaginella selaginoides, Stellaria, Thalictrum*, Umbelliferae (Apiaceae)*

Aconitum*, Allium, Alnaster, Alnus*, Artemisia*, Betula*, Caryophyllaceae*, Compositae*, Cruciferae,
Cupressaceae-type*, Epilobium*, Ericaceae*, Ericales*, Gentiana*, Geranium*, Larix*, Leguminosae*,
Liliaceae*, Lysimachia*, Pinus undiff.*, Polygonaceae*, Polygonum undiff.*, Polygonum bistorta-type,
Ranunculaceae*, Rhododendron, Rosaceae*, Rumex*, Salix*, Sanguisorba*, Scabiosa, Scheuchzeria,

Stellaria, Thalictrum*, Umbelliferae (Apiaceae)*

Abies*, Aconitum*, Allium, Alnaster, Alnus*, Artemisia*, Betula*, Caryophyllaceae*, Compositae
(Asteraceae)*, Cruciferae (Brassicaceae), Cupressaceae-type*, Epilobium*, Ericaceae”, Ericales*,
Gentiana*, Geranium*, Larix*, Leguminosae (Fabaceae)*, Liliaceae*, Lysimachia*, Picea*, Pinus
undiff.*, Pinus Haploxylon-type, Polygonaceae*, Polygonum undiff.¥, Polygonum bistorta-type,
Ranunculaceae*, Rhododendron, Rosaceae*, Rumex*, Salix*, Sanguisorba*, Scabiosa, Scheuchzeria,

Stellaria, Thalictrum*, Umbelliferae (Apiaceae)*

Abies*, Aconitum*, Allium, Alnaster, Alnus*, Artemisia*, Betula*, Caryophyllaceae*, Compositae
(Asteraceae)*, Cruciferae (Brassicaceae), Cupressaceae-type*, Epilobium*, Ericaceae*, Ericales*,
Gentiana*, Geranium*, Leguminosae (Fabaceae)*, Liliaceae*, Lysimachia*, Pinus undiff.*, Pinus
Haploxylon-type, Polygonaceae*, Polygonum undift.*, Polygonum bistorta-type, Ranunculaceae*,
Rhododendron, Rosaceae*, Rumex*, Salix*, Sanguisorba*, Scabiosa, Scheuchzeria, Stellaria, Thalictrum*,

Tsuga*, Umbelliferae (Apiaceae)*

Abies*, Aconitum*, Allium, Alnaster, Alnus*, Artemisia*, Betula*, Caryophyllaceae*, Compositae
(Asteraceae)*, Cruciferae (Brassicaceae), Cupressaceae-type*, Epilobium*, Ericaceae*, Ericales®,
Gentiana*, Geranium*, Leguminosae (Fabaceae)*, Liliaceae*, Lysimachia*, Picea*, Pinus undift.*, Pinus
Haploxylon-type, Polygonaceae*, Polygonum undiff.*, Polygonum bistorta-type, Ranunculaceae*,
Rhododendron, Rosaceae*, Rumex*, Salix*, Sanguisorba*, Scabiosa, Scheuchzeria, Stellaria, Thalictrum?*,

Tsuga*, Umbelliferae (Apiaceae)*

Abies*, Acanthopanax, Acer*, Aconitum*, Allium, Alnaster, Alnus*, Artemisia*, Betula*, Cardamine,
Carpinus, Carpinus/Ostrya*, Caryophyllaceae*, Celastraceae*, Cercidiphyllum*, Chenopodiaceae,
Chenopodiaceae/ Amaranthaceae*, Cichorioideae*, Clematis*, Cleyera, Compositae*, Coptis*, Cornus*,
Corylus*, Cruciferae, Cryptomeria*, Cupressaceae-type*, Epilobium*, Ericaceae*, Ericales®, Euonymus,
Fagus*, Fagus crenata, Filipendula*, Fraxinus*, Gentiana*, Geranium*, Hamamelis, Humulus,
Hygrophila, Impatiens*, Juglans/Pterocarya*, Juglandaceae, Labiatae (Lamiaceae)*, Leguminosae
(Fabaceae)*, Liliaceae*, Lysimachia*, Moraceae*, Myrica*, Patrinaria, Phellodendron*, Picea*, Pinus
undiff., Pinus Diploxylon-type, Pinus Haploxylon-type, Plantago*, Polygonaceae*, Polygonum undiff.,
Polygonum bistorta-type, Prunus, Pterocarya*, Quercus (deciduous)*, Ranunculaceae*, Reynoutria*,
Rhododendron, Rhus, Rosaceae*, Rumex*, Salix*, Sanguisorba*, Scabiosa, Scheuchzeria, Sciadopitys*,
Sorbus*, Stellaria, Symplocos, Thalictrum*, Tilia*, Tsuga*, Ulmus*, Ulmus/Zelkova*, Umbelliferae

(Apiaceae)*, Urticaceae*, Viburnum?*, Vitis*, Weigela
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Temperate Abies*, Acanthopanax, Acer*, Aconitum*, Aesculus*, Allium, Alnaster, Alnus*, Araliaceae*, Artemisia*,

deciduous Betula*, Cardamine, Carpinus, Carpinus tschonoskii, Carpinus/Ostrya*, Caryophyllaceae*, Castanea,

forest/TEDE Castanea/Castanopsis*, Celastraceae*, Cercidiphyllum*, Chenopodiaceae, Chenopodi-
aceae/Amaranthaceae*, Cichorioideae*, Clematis*, Cleyera, Compositae (Asteraceae)*, Coptis*,
Cornus*, Corylus*, Cruciferae (Brassicaceae), Cryptomeria*, Cupressaceae-type*, Epilobium*,
Ericaceae*, Ericales*, Euonymus, Fagus*, Fagus crenata, Fagus japonica, Filipendula*, Fraxinus®,
Gentiana*, Geranium*, Hamamelis, Humulus, Hygrophila, Ilex*, Impatiens*, Juglans/Pterocarya*,
Juglandaceae, Labiatae (Lamiaceae)*, Leguminosae (Fabaceae)*, Liliaceae*, Lysimachia*, Moraceae*,
Myrica*, Parthenocissus, Patrinaria, Phellodendron*, Pinus undiff.*, Pinus Diploxylon-type, Pinus
Haploxylon-type, Plantago*, Polygonaceae*, Polygonum undiff.*, Polygonum bistorta-type, Prunus,
Pterocarya*, Quercus (deciduous)*, Ranunculaceae*, Reynoutria*, Rhododendron, Rhus, Rosaceae*,
Rumex*, Salix*, Sanguisorba*, Scabiosa, Scheuchzeria, Sciadopitys*, Sorbus*, Stellaria, Symplocos,
Thalictrum*, Tilia*, Tsuga*, Ulmus*, Ulmus/Zelkova*, Umbelliferae (Apiaceae)*, Urticaceae*,

Viburnum*, Viscum, Vitis*, Weigela

Temperate Abies*, Acanthopanax, Acer*, Aconitum*, Aesculus*, Allium, Alnaster, Alnus*, Araliaceae*, Artemisia*,

conifer Betula*, Cardamine, Carpinus, Carpinus tschonoskii, Carpinus/Ostrya*, Caryophyllaceae*, Castanea,

forest/TECO Castanea/Castanopsis*, Celastraceae*, Celtis, Celtis/Aphananthe*, Chenopodiaceae, Chenopodi-
aceae/Amaranthaceae*, Cichorioideae*, Clematis*, Cleyera, Compositae (Asteraceae)*, Coptis*,
Cornus*, Corylus*, Cruciferae (Brassicaceae), Cryptomeria*, Cupressaceae-type*, Diospyros, Elaeagnus,
Epilobium*, Ericaceae*, Ericales*, Euonymus, Fagus*, Fagus japonica, Filipendula*, Fraxinus®,
Gentiana*, Geranium*, Hamamelis, Humulus, Hygrophila, Ilex*, Impatiens*, Juglans/Pterocarya®,
Juglandaceae, Labiatae (Lamiaceae)*, Leguminosae (Fabaceae)*, Ligustrum*, Liliaceae*, Lysimachia*,
Mallotus, Moraceae*, Parthenocissus, Patrinaria, Pinus undiff.*, Pinus Diploxylon-type, Plantago*,
Platycarya*, Podocarpus*, Polygonaceae*, Polygonum undiff.*, Prunus, Quercus (deciduous)*,
Ranunculaceae*, Reynoutria*, Rhamnus, Rhododendron, Rhus, Rosaceae*, Salix*, Scabiosa,
Sciadopitys*, Sorbus*, Stellaria, Symplocos, Thalictrum*, Tsuga*, Ulmus*, Ulmus/Zelkova*, Umbelliferae

(Apiaceae)*, Urticaceae*, Viburnum*, Viscum, Vitis*, Weigela, Zelkova

Warm mixed Abies*, Acanthopanax, Acer*, Aconitum*, Aesculus*, Allium, Alnaster, Alnus*, Araliaceae*, Artemisia*,

forest/WAMX  Aucuba, Betula*, Camellia, Cardamine, Carpinus, Carpinus tschonoskii, Carpinus/Ostrya*,
Caryophyllaceae*, Castanea, Castanea/Castanopsis*, Castanopsis, Celastraceae*, Celtis,
Celtis/Aphananthe*, Chenopodiaceae, Chenopodiaceae/Amaranthaceae*, Cichorioideae*, Clematis*,
Cleyera, Compositae (Asteraceae)*, Coptis*, Cornus*, Corylus*, Cruciferae (Brassicaceae),
Cryptomeria*, Cupressaceae-type*, Diospyros, Elaeagnus, Epilobium*, Ericaceae*, Ericales*, Euonymus,
Euphorbiaceae, Fagus*, Fagus japonica, Filipendula*, Fraxinus*, Gentiana*, Geranium*, Hamamelis,
Humulus, Hygrophila, Ilex*, Illicium, Impatiens*, Juglans/Pterocarya*, Juglandaceae, Labiatae
(Lamiaceae)*, Leguminosae (Fabaceae)*, Ligustrum*, Liliaceae*, Lysimachia*, Mallotus, Moraceae*,
Mpyrica*, Parthenocissus, Patrinaria, Pinus undiff.*, Pinus Diploxylon-type, Plantago*, Platycarya*,
Podocarpus*, Polygonaceae*, Polygonum undiff.*, Prunus, Quercus (deciduous)*, Quercus (evergreen)*,
Ranunculaceae*, Reynoutria*, Rhamnus, Rhododendron, Rhus, Rosaceae*, Salix*, Scabiosa,
Sciadopitys*, Skimmia, Sorbus*, Stellaria, Symplocos, Thalictrum*, Tsuga*, Ulmus*, Ulmus/Zelkova*,

Umbelliferae (Apiaceae)*, Urticaceae*, Viburnum*, Viscum, Vitis*, Weigela, Zelkova

Table 4.1 Biome-taxa matrix used in the calculation of biome affinity scores (after Takahara et al.,
2000). All taxa which are present in the 78 modern pollen samples from Hokkaido compiled in this
study are indicated by an asterisk. The affinity score for each potential biome is calculated by
summation of the square roots of all attributed pollen taxa percentages (taxon percentage value
minus 0.5%). The universal threshold of 0.5% is applied to all taxa as suggested by Prentice et al.
(1996). The biome with the highest affinity score or the one defined by a smaller number of PFTs
(when scores of several biomes are equal) is treated as the dominant biome.
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Biome Pollen taxa assigned
name/Abbreviation
Taiga/TAIG Abies*, Alnus*, Betula*, Ericaceae®, Larix*, Myrica*, Picea*, Pinus*, Rhododendron, Salix*,

Taxodiaceae/Cupressaceae*

Cool conifer Abies*, Aesculus*, Alnus*, Betula*, Corylus*, Ericaceae®, Larix*, Myrica*, Picea*, Pinus*,
forest/COCO Rhododendron, Salix*, Taxodiaceae/Cupressaceae*, Tilia*, Tsuga*, Ulmus/Zelkova*, Viburnum*
Cool mixed Abies*, Acer*, Aesculus*, Alnus*, Betula*, Carpinus/Ostrya*, Corylus*, Ericaceae*, Fraxinus*,
forest/ COMX Juglans/Pterocarya*, Larix*, Myrica*, Picea*, Pinus*, Quercus (deciduous)*, Rhododendron,

Rhus*, Salix*, Symplocos, Taxodiaceae/Cupressaceae*, Tilia*, Tsuga*, Ulmus/Zelkova*,

Viburnum*

Temperate deciduous ~ Abies*, Acer*, Aesculus*, Alnus*, Betula*, Carpinus/Ostrya*, Corylus*, Cryptomeria*, Ericaceae*,
forest/TEDE Fagus*, Fraxinus*, Ilex*, Juglans/Pterocarya*, Myrica*, Pinus*, Quercus (deciduous)*,
Rhododendron, Rhus*, Salix*, Sciadopitys*, Symplocos, Taxodiaceae/Cupressaceae*, Tilia*,

Tsuga*, Ulmus/Zelkova*, Viburnum*

Temperate conifer Abies*, Acer*, Aesculus*, Alnus*, Carpinus/Ostrya*, Castanea/Castanopsis*, Corylus*,
forest/TECO Cryptomeria*, Ericaceae®, Fraxinus®, Ilex*, Juglans/Pterocarya*, Pinus*, Podocarpus*, Quercus
(deciduous)*, Rhododendron, Rhus*, Salix*, Sciadopitys*, Symplocos, Taxodi-

aceae/Cupressaceae*, Tilia*, Tsuga*, Ulmus/Zelkova*, Viburnum*

Warm mixed Acer*, Aesculus*, Alnus*, Camellia, Carpinus/Ostrya*, Castanea/Castanopsis*, Corylus*,
forest/ WAMX Cryptomeria*, Ericaceae®, Fraxinus*, Ilex*, Juglans/Pterocarya*, Myrica*, Pinus*, Podocarpus*,
Quercus (deciduous)*, Quercus (evergreen)*, Rhododendron, Rhus*, Salix*, Sciadopitys*,

Symplocos, Taxodiaceae/Cupressaceae*, Tilia*, Ulmus/Zelkova*, Viburnum*

Table 4.2 Biome-taxa matrix used in the calculation of biome affinity scores (after Gotanda et al,,
2002). All taxa which are present in the 78 modern pollen spectra from Hokkaido compiled in this
study are indicated by an asterisk. The affinity score for each potential biome is calculated by
summation of the square roots of all attributed pollen taxa percentages (taxon percentage value
minus 0.5%). The universal threshold of 0.5% is applied to all taxa as suggested by Prentice et al.
(1996). The biome with the highest affinity score or the one defined by a smaller number of PFT's
(when scores of several biomes are equal) is treated as the dominant biome.

analysed fossil sample. The modern climate parameters affiliated with the sites of modern
pollen samples serving as the closest analogues are then assigned to the analysed fossil
samples and considered as reconstructed values of the past climate. The MAT used in the
current study, including the performance statistics and reference pollen-climate dataset,
was discussed in detail in Tarasov et al. (2011). Calculation of the modern climate at the
reference pollen sampling sites used the free-access software packages Polation and

Polygon (Nakagawa et al., 2002; http://dendro.naruto-u.ac.jp/~nakagawa/) and a global

high-resolution (10’ x 10" grids) dataset of surface climate averaged over a thirty-year
(1961-1990) interval (New et al., 2002). All temperature estimates were corrected by taking
into account a standard temperature lapse rate of —0.6 C per 100 m increase in altitude
(Domros and Peng, 1988).
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As the basis for the quantitative reconstruction of past climate from the 5500-year
pollen record from the Oshima Peninsula, SW Hokkaido, modern pollen and climate
variables for 248 sites situated in the region between ~35-45.5°N and ~139-146°E (Fig. 4.1)
were extracted from the reference dataset published by Tarasov etal. (2011). This area
includes northern Honshu, Hokkaido, Kunashir and Rebun islands. It covers a
1150 x 650 km spatial window centred on the site with the fossil pollen record and

represents a wide range of modern climate variables (Fig. 4.2), which exceeds possible

climatic ~ variability —at the study site during the last 5500 years.
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Zl Rebun i s go . Hokkaido Isl. Oskia tOfk | - Cool conifer forest (COCO)
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Japan ' o g@o = - Temperate deciduous forest (TEDE)

Pacific
Ocean

B \varm mixed forest (WAMX)

Fig. 4.1 Simplified map of major
natural vegetation types (biomes)
distribution (after Yoshioka, 1973) in

the northern part of Japan. The white
dots indicate the distribution of 248
reference pollen sites from the modern
analogue dataset (Tarasov et al., 2011)
used in this study to reconstruct past
climate from the fossil pollen record
from SW Hokkaido (indicated by a

106 star). The black dots indicate 78
k_ | modern pollen sites from Hokkaido
m

| compiled in this study.

In addition to the climate reconstruction using the regional reference dataset from Tarasov
etal. (2011), reconstruction was performed using the reference dataset updated with the 78
surface pollen spectra from Hokkaido compiled in this study. For this purpose climate
variables representing the modern pollen sites were derived from the New etal. (2002)
climate database using the same approach as for the rest of the sites, as described in
Tarasov et al. (2011). The two sets of reconstruction results are presented in Fig. 4.7 and

further compared with the other climate proxies from the larger region in Fig. 4.8.
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4.4 Pollen data and modern environments

4.4.1 Surface pollen data from Hokkaido and regional environments

The number of modern pollen spectra from Hokkaido used to test the method of
biome reconstruction was 6 in Takahara et al. (2000) and 64 in Gotanda et al. (2002). The
reference dataset compiled by Tarasov etal. (2011) includes an even higher number of
modern pollen sites from northern Japan (white dots in Fig. 4.1). However, the latter study
also only considered the 32 most common arboreal pollen taxa. The current work presents
78 surface pollen spectra from Hokkaido (black dots in Fig. 4.1), which are used to test and

discuss both earlier published biome reconstruction schemes.
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Fig. 4.2 Estimated climate variables in the study region based on the climate dataset from New et al.
(2002) including (A) mean temperature of the warmest (MTWA) and (B) coldest (MTCO) month,
(C) mean annual temperature (TANN), (D) precipitation of summer (PSUM) and (E) winter
(PWIN), and (F) annual precipitation (PANN). The dotted line in each legend indicates modern
conditions at the location of the fossil pollen record (indicated by a black star). Circles show the
locations of the reference modern pollen sites.
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The spatial distribution of modern pollen data is shown in Fig. 4.1. The sampling
sites are clustered in three main regions, i.e. the northern, eastern and south-western parts
of Hokkaido, which are covered with cool mixed forest and temperate deciduous forest,
respectively (Fig. 4.1). The regional climate of Hokkaido (see Fig. 4.2 for details) is mainly
controlled by marine currents and the EAM system. The Tsushima Warm Current flows
northwards along the western margin of Hokkaido causing a sea surface temperature
gradient between the Sea of Japan and the Pacific Ocean, which is influenced by the
Opyashio Cold Current (Fig. 4.1). The west-east gradient in sea water temperature is well
pronounced. According to the Japan Oceanographical Data Center (Koizumi, 2008), along
42°N latitude modern surface water temperatures west of Hokkaido change from 19-20 °C
in summer to 6-7 °C in winter, whilst sea surface temperatures east of Hokkaido reach 15-
16 °C in summer and about 1 °C in winter. This results in higher annual temperatures on
the west coast in contrast to the east coast (Fig. 4.2).

During winter the north-west monsoon winds crossing the relatively warm Sea of
Japan collect water and bring heavy snowfalls to western Hokkaido (Fig. 4.2; Igarashi, 1994;
Kuroyanagi et al., 2006). In summer, the tropical air masses of the south-east monsoon
affect the south-western part of Hokkaido, whereas the remaining parts are subjected to the
influence of subpolar air masses throughout the year (Nakamura, 1968).

Major distribution patterns of natural vegetation of Hokkaido (Fig. 4.1) reflect features of
regional climate, but can be complicated by local microenvironments due to complex
topography and volcanic activities. Three major biomes are well distinguished (e.g.
Tatewaki, 1958). Temperate deciduous forest (also called “beech zone”) is dominated by
Fagus crenata, accompanied by Quercus crispula (=Quercus mongolica), Acer japonica,
Aesculus turbinata, Juglans mandshurica var. sachalinensis, Pterocarya rhoifolia, with a
dense understory of Sasa senanensis and Sasa kurilensis. Cool mixed forest is a variably
mixed forest of deciduous trees and conifers (Abies sachalinensis and Picea jezoensis). Most
of the forest is composed only of deciduous trees dominated by Q. crispula, Tilia japonica,
Acer mono with a dense understory of Sasa species. The forest is often considered as the
temperate deciduous forest without F. crenata. Most broadleaved trees of the forest are
common to those of temperate deciduous forest, but some thermophilous species, such as
P. rhoifolia, A. turbinata, are absent. The forest also has Carpinus cordata, Kalopanax
pictus, Magnolia obovata, Magnolia kobus var. borealis, Prunus sergentii, Cornus
controversa, Populus maximowiczii, Ulmus davidiana var. japonica, Fraxinus mandshurica
var. japonica, Cercidiphyllum japonicum, Alnus japonica, Alnus hirsuta, etc. Cool conifer
forest occupies mountain areas in the most continental central part of the island and is
mainly composed of P. jezoensis, Picea glehnii, A. sachalinensis, accompanied by Betula
platyphylla var. japonica, Betula ermanii, Sorbus commixta, etc. with a dense understory of

Sasa.
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Fig 4.3 Percentage pollen diagram representing 78 modern pollen spectra from Hokkaido. Percentages of individual taxa

are calculated upon the total sum of all arboreal and nonarboreal pollen taxa listed in Tables 1 and 2 and used for the

biome reconstruction (Takahara et al., 2000; Gotanda et al., 2002).
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Pollen taxa percentages in all 78 modern spectra were recalculated for the purpose of
biome climate reconstructions based upon the sum of all arboreal and non-arboreal pollen
taxa (Table4.1) and upon the sum of 32 arboreal pollen taxa (Table 4.2). The pollen
diagrams showing percentage variations of taxa considered for environmental reconstruc-
tions in this study are presented in Fig. 4.3. The pollen diagrams were created using the
Tilia/Tilia-Graph/TGView software package (Grimm, 2004). Determination of the local
pollen zone boundaries (Fig.4.3) was supported by cluster analysis performed using
CONISS (Grimm, 1987).

4.4.2 Fossil pollen record and environments around the coring site

This study utilised 38 fossil pollen spectra from a 280 cm long sediment core
(42°17'03"N, 140°15'34"E) recovered from a peat bog located on the coastal plain, 3 km
north of the town of Yakumo on the Oshima Peninsula in the south-western part of
Hokkaido (Fig. 4.1). The results of pollen analysis were first published in Japanese with an
English abstract (see Kito and Takimoto (1999) for original pollen diagram and details of
pollen extraction and identification). The age model is based on four radiocarbon dates
(Kito and Takimoto, 1999), which were converted to calendar years before present (cal BP)
using Calib 3.0 (Stuiver and Reimer, 1993), as well as on the two prominent tephra layers of
known age (Katsui et al., 1975; Hayakawa and Koyama, 1998) found in the upper part of
the peat section.

As was done for the modern surface dataset, taxa percentages for all 38 fossil spectra
were recalculated for the purpose of biome climate reconstructions based upon the sum of
all arboreal and non-arboreal pollen taxa (Table 4.1) and upon the sum of 32 arboreal
pollen taxa (Table4.2). The pollen diagrams showing percentage variations of taxa
considered for environmental reconstructions in this study are presented in Fig. 4.4.

The coring site is located south of the Kuromatsunai line (Fig. 4.1), which according
to Itoh (1987) separates the temperate deciduous forest (to the south) from the cool mixed
forest biome (to the north) and marks the northern distribution limit of Fagus (F. crenata:
Japanese beech). The vegetation of the study area is described in Kito and Takimoto (1999).
The plains and lowlands around the coring site are dried and cultivated, whilst slopes and
mountains (reaching up to 500-1300 m) are covered by secondary forest typically
characterised by temperate deciduous broadleaf trees, including Q. crispula (Japanese oak),
F. crenata, U. davidiana var. japonica (Japanese elm), Fraxinus lanuginosa (Japanese ash),
Acer japonicum (Downy Japanese maple) and Castanea crenata (Japanese chestnut).
Evergreen broadleaf elements, i.e. Ilex crenata var. paludosa (Japanese holly), can also be

found at lower elevations. It has been suggested that in northern Japan chestnut trees were
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planted for food and timber by the Jomon people from about 6000 to 5000 cal BP (Tanaka
etal.,, 2005). Cryptomeria (Japanese cedar) is also counted as a human-introduced tree
species which is present in the study region. A. sachalinensis (Sakhalin fir), native but rare
in nature, is widely planted in the region (Kito and Takimoto, 1999).

Modern climate variables around the study site derived from a global climate dataset
(New et al., 2002) demonstrate a seasonally warm and all-year-round wet climate, which
supports natural growth of the temperate deciduous forest biome, as defined in the
BIOMEI global vegetation model (Prentice etal., 1992). The estimated mean annual
temperature (TANN) is 7.9 °C, the mean temperature of the warmest month (MTWA) is
21.1 °C, and the coldest month mean temperature (MTCO) drops to —3.7 °C. Mean annual
precipitation (PANN) is 1252 mm in total, of which ca. 670 mm falls between April and
September (PSUM) and the rest between October and March (PWIN). For comparison, the
meteorological data from the nearest station averaged for 1981-2010 provide very similar
values: 7.9 °C (TANN), 20.9 °C (MTWA), —-3.5°C (MTCO), 1279 mm (PANN), 709.7 mm
(PSUM), and 569.3 mm (PWIN).
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4.5 Results

4.5.1 Surface pollen data and pollen-derived biomes

The results of the microscopic analysis of the 78 modern pollen spectra are presented
in a percentage pollen diagram (Fig. 4.3). Among the 72 terrestrial pollen taxa identified in
the surface pollen dataset, 41 taxa represent trees and shrubs and the remaining 31 taxa
represent herbaceous plants. In total 16 taxa show percentage values that do not exceed the
universal threshold of 0.5% and, thus, could not influence the biome reconstruction. This
list includes both arboreal and non-arboreal taxa, such as Aconitum, Aesculus,
Celtis/Aphananthe, Cercidiphyllum, Epilobium, Geranium, Impatiens, Labiatae (Lamiaceae),
Leguminosae (Fabaceae), Ligustrum, Lysimachia, Platycarya, Podocarpus, Pterocarya,
Ranunculaceae and Sciadopitys.

The analysed pollen spectra are arranged along a latitudinal profile in north-south
direction. The diagram is subdivided into three pollen zones (PZ), which represent the
three main sampling areas (Fig. 4.1) and reflect the most pronounced changes in pollen
composition. PZ I (samples 1-20) represents the northern part of the study area north of
45°N and west of 142°E. This zone reveals the highest percentages of cold-tolerant Betula
and moderately abundant pollen of temperate deciduous tree taxa, including Quercus
(deciduous) and Ulmus. Ilex, which is a cool-temperate broadleaved evergreen taxon,
commonly appears in the pollen spectra, although in low abundances. PZ II (samples 21-
62) represents the easternmost part of Hokkaido between 43° and 43.5°N (Fig. 4.1). This
zone reveals the highest percentages of Ericaceae (heath family) pollen, moderately high
percentages of Betula pollen, relatively low percentages of Quercus pollen, and an absence
of Ilex. PZ III (samples 63-78) represents the south-western part of the study area south of
43°N (Fig. 4.1). This zone reveals the highest percentages and variety of temperate
deciduous tree and shrub taxa, including Fagus and Fraxinus. In all three pollen zones,
percentages of herbaceous taxa (mainly Poaceae and Cyperaceae) are relatively high,
reaching 78% in PZ II, partly reflecting the natural openness of the landscape and partly
human disturbances. Artemisia reaches its highest percentages in PZ III, which is the most
densely populated part of the island.

The results of the pollen-based biome reconstruction are shown in Fig. 4.4. The
assignment of all terrestrial pollen taxa to biomes (Table 4.1) following Takahara et al.
(2000) reveals some differences from the results obtained with the short list of 32 arboreal
taxa (Table 4.2) applied by Gotanda et al. (2002). Comparison of both tests with the natural
forest biomes distinguished in the botanical maps (Fig. 4.1) demonstrates better results
obtained with the biome-taxa matrix presented in Takahara et al. (2000), i.e. 56 correct

reconstructions (71.8%), than with the biome-taxa matrix presented in Gotanda et al.
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(2002), ie. 34 (43.5%) correct reconstructions (Fig.4.4A-C). In particular, the latter
reconstruction (Fig. 4.4C) frequently shows the TEDE biome scores have the highest values
in PZ I and PZ II, where COMX biome predominates in the natural vegetation. In general,
the biome reconstruction obtained with the longer list of taxa (Fig.4.4B) reflects the
natural biome distribution in the study regions (Fig. 4.4A) better (by ca. 28%) than the
results obtained with the short list of taxa (Fig. 4.4C). However, in 11 cases (ca. 14%) it
demonstrates the tundra biome (Fig.4.4B) being reconstructed in place of TEDE and
COMX forest (Fig. 4.4A).

4.5.2 Fossil pollen record and pollen-based vegetation reconstruction

The percentage pollen diagram (Fig.4.5) demonstrates the local and regional
changes in the fossil pollen assemblages. Visual inspection and quantitative CONISS-based
analysis allow subdivision of the pollen diagram into three major pollen zones (PZ A to C)
representing extra-local and regional vegetation and six subzones (PsZ Hn-I to Hn-VI),
which represent local vegetation communities (as defined in Kito and Takimoto, 1999).
The main changes in the pollen assemblages can be summarised as follows.

The lowermost PZ Hn-A (~160-280 cm; ~3.6-5.5 cal ka BP) shows the highest pol-
len percentages of Alnus and Rhus, relatively high percentages of Quercus (deciduous) and
almost no pollen of Fagus. Pollen percentages of taxa representing local vegetation
communities (e.g. Alnus, Rhus and various herbs) are highest in this zone. PZ Hn-B (~59-
160 cm; ~1.2-3.6 cal ka BP) reveals decreasing percentages of Alnus and increasing
percentages of Fagus pollen and the virtual disappearance of Rhus from the pollen spectra.
The highest values of locally growing Ilex are noticeable in PsZ Hn-IV (~134-160 cm;
~3.3-3.6 cal ka BP). Pollen assemblages of PZ Hn-C (~0-59 cm; 0-1.2 cal ka BP) are co-
dominated by Alnus, Betula, Quercus and Fagus. The latter reaches its maximum
throughout the whole record in this zone. Qualitative interpretation of the Yakumo record
demonstrates the middle to late Holocene spread of F. crenata in the south-western part of
Hokkaido. Beech invaded an oak-dominated forest around 3.4 cal ka BP and its population
grew progressively until approximately 1.7 cal ka BP and slightly declined after that. Results
of the pollen-based biome reconstruction obtained with the two different biome-taxa
matrices (Fig.4.6) are in line with the qualitative interpretation of the pollen diagram
(Fig. 4.5), suggesting that the regional vegetation was predominantly cool mixed and
temperate deciduous forest prior to 3.6 cal ka BP and Fagus-dominated communities

spread in the study area after that time.
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Fig. 4.5 Percentage pollen diagram representing 38 fossil pollen spectra from the Yakumo site, SW Hokkaido (modified from Kito and

Takimoto, 1999). Percentages of individual taxa are calculated upon the total sum of all arboreal and non-arboreal pollen taxa listed in

Tables 1 and 2 and used for the biome reconstruction (Takahara et al., 2000; Gotanda et al., 2002).
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4.5.3 Pollen-based climate reconstruction

Results of the quantitative reconstruction of six climate parameters representing
thermal and hydrological conditions of the Yakumo area during the last ca. 5500 years are
shown in Fig. 4.7. The results obtained with a smaller (248 sites from Tarasov et al., 2011)
and a larger (326 sites, including 78 additional spectra from Hokkaido) dataset show very
similar features and the differences in the absolute values are within the uncertainty range
of the reconstruction method (Fig. 4.7). All temperatures reconstructed from the topmost
core sample using the larger reference dataset are very close to modern climate observa-
tions at the study site, while the reconstructions with the smaller dataset overestimate
modern temperatures by 1.1-1.6 C (Fig. 4.7A-C). Two sets of precipitation reconstructions
derived from the core top sample provide very similar values, which closely resemble
modern meteorological observations (Fig. 4.7D-F). As the reconstruction obtained with
the larger analogue dataset generally reproduces the modern climate better, it is considered

as more robust and therefore is used in further discussion.
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The temperature reconstructions (Fig. 4.7A-C) demonstrate small variations around
modern values (within ~2-3 C range), indicating slightly colder than present environments
in the lower part of the record (PZ Hn-A, prior to 3.6 cal ka BP), slightly warmer in the
middle part (PZ Hn-B) and similar to present in the upper part of the record (PZ Hn-1,
during the last millennium). MTWA (Fig. 4.7A) fluctuates between 19.6 and 22.0 °C and
MTCO between —6 and -3 °C. The reconstructed changes in hydrological variables
(Fig. 4.7D-F) show lower than present precipitation values prior to 3.6 cal ka BP and
similar to present environments after this date, suggesting an increase in annual

precipitation (Fig. 4.7F) of about 300 mm between the middle and late Holocene.

A B C D E F G
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Fig. 4.7 Charts A-F show the results of the reconstruction of six climate parameters (see Fig. 4.2
caption for abbreviations) based on the modern analogue technique (adapted from Nakagawa et al,,
2002; Tarasov et al., 2011) and the fossil pollen record from the Yakumo site, SW Hokkaido (Kito
and Takimoto, 1999; this study). The results obtained with the set of 248 reference pollen sites from
Tarasov et al. (2011) are shown in blue (large dots and thick lines) and the reconstructions obtained
with the set of 326 reference pollen sites (Tarasov et al., 2011 plus 78 sites compiled in this study)
are shown in red (small dots and thin lines). Dots indicate weighted averages of reconstructed
variables calculated from a range of 8 closest analogues determined by the squared Euclidean
distance applying a threshold of 0.4 (after Nakagawa et al., 2002; Tarasov et al., 2011). Horizontal
bars indicate the analogue uncertainty range defined by the minimum and maximum value of best
modern analogues assigned to each analysed fossil sample and vertical curve lines show the 3-point
running averages of the reconstructed climate variables. The triangles mark modern conditions
inferred from the climate dataset of New et al. (2002). Main pollen zones (G) are adopted from Kito
and Takimoto (1999).
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4.6 Discussion

4.6.1 Quantitative vegetation reconstructions with the pollen data from Hokkaido

Tests of the biome reconstruction method using two published matrices assigning
Japanese pollen taxa to biomes were performed for the set of 78 surface pollen spectra from
northern, eastern and southern Hokkaido, where natural vegetation is represented by cool
mixed and temperate deciduous forests. The results of these tests suggest that both
proposed schemes have their limitations in reconstructing natural vegetation. In particular,
the approach (Gotanda et al., 2002) considering the short list of 32 arboreal taxa (Table 4.2)
correctly assigns pollen spectra from the TEDE vegetation zone (14 of 16 cases; 88%), but
fails in reconstructing the COMX biome (20 of 62 cases; 32%). Another approach
(Takahara etal., 2000), which applies more arboreal and non-arboreal taxa (Table 4.1),
provides seemingly better reconstruction results for COMX (47 of 62 cases; 76%) but is less
reliable for TEDE (9 of 16 cases; 56%). A key difference between the two approaches
causing the major discrepancies in the reconstruction results is the assignment of
Cryptomeria to both TEDE and COMX by Takahara et al. (2000), while Gotanda et al.
(2002) only assign this taxon to TEDE. Although not native to Hokkaido, Cryptomeria
grows well in its southern and middle part, as far as Tsukigata (43°20.63'N, 141°39.70'E), i.e.
in the distribution area of TEDE and (partly) of COMX. Following the concept of
biomization summarised in Prentice et al. (1996) the individual taxa which occupy part of
the bioclimatic space of the respective biome should be assigned to it. Indeed assignment of
Cryptomeria to COMX in the biome-taxa matrix (Table 4.2) helps to improve the accuracy
of the Gotanda et al. (2002) approach, i.e. 13 of 16 correct assignments for TEDE (81%)
and 54 of 62 correct assignments for COMX (87%).

Another problem indicated by the tests with the surface pollen data and the long
taxa list (Table 4.1) is the reconstruction of the tundra biome where botanical maps show a
predominance of temperate deciduous (1 case) or cool mixed forest (10 cases). As tundra is
not among the modern natural vegetation types of Hokkaido, the problem requires more
careful investigation. The appearance of TUND in the reconstruction may reflect incorrect
assignment of the taxa to biomes or/and some features of the vegetation at and around
sampling sites, i.e. disturbed or azonal vegetation communities. For example, large swamps
in the boreal and temperate zones very much resemble the environments and vegetation
composition of the tundra. The distribution patterns of modern tree cover (expressed in %
per 1 x1km pixel) can be checked using the satellite-based Advanced Very High
Resolution Radiometer (AVHRR) dataset (DeFries et al., 1999, 2000a, 2000b). The AVHRR
data demonstrate that tree cover percentages are very low (i.e. ~10-11%) within a

21 x 21 km window placed around the three pollen sampling sites from the northern
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region, on which TUND has been reconstructed (Fig. 4.4B). Although the remaining 8 sites
demonstrate higher tree cover percentages (i.e. ~23-46%), these are still low enough to
explain high percentages of non-arboreal (mainly Poaceae and Cyperaceae) pollen
(Fig. 4.3) and pollen-based reconstruction of the non-forest biome (Fig. 4.4B). In all 11
cases, however, the biome with the second highest score is COMX (Fig. 4.4B), suggesting
that the reconstruction of TUND does not reflect regional climate but is caused by the local

environments at and around the pollen sampling sites.

4.6.2 Middle and late Holocene climate dynamics

Among all reconstructed climate parameters (Fig. 4.8A-F), the precipitation curves
show the most pronounced changes. Thus, PSUM (Fig.4.8D) and PWIN (Fig. 4.8E)
demonstrate relatively low values during the early part of the Yakumo record, followed by a
gradual increase until reaching near modern values about 3.6 cal ka BP, suggesting a
possible change in the EAM characteristics. The past climate reconstructions derived from
various climatic and environmental archives from continental East Asia revealed a
substantial weakening of the East Asian Monsoon during the middle and late Holocene
(Yu et al., 1998, 2000; Xiao et al., 2004; Dykoski et al., 2005; Peng et al., 2005; Wang et al.,
2005b; Tarasov et al., 2006; Hu et al., 2008; Steinke et al., 2011) related to a gradual decrease
in solar insolation anomalies (Fig.4.8M), particularly pronounced during the Northern
Hemisphere summer (Berger and Loutre, 1991). Other studies (Yancheva et al., 2007; Yang
and Ding, 2008) reported evidence of stronger winter monsoon winds during the Younger
Dryas episode and during the middle and late Holocene, when Chinese cave stalagmites
(Fig. 4.8G) suggest a weaker summer monsoon. This anti-correlation explained by
migrations in the intertropical convergence zone (ITCZ) (Yancheva etal., 2007) found
some support in the Chinese loess records (Fig. 4.8L) but is not accepted universally (see
Steinke et al., 2011 for discussion and references).

Pollen and diatom studies on lake sediments from the western part of Japan suggest
that the phases of weak summer and strong winter monsoon (for example, the Younger
Dryas) revealed heavier snowfalls and the expansion of beech forests along the western
coast of Honshu (Nakagawa et al., 2005, 2006; Kossler et al., 2011). Strengthening of the
north-westerly winds crossing the relatively warm Sea of Japan would cause an increase in
winter precipitation in SW Hokkaido, and support the spread of beech trees in the local
forests during the late Holocene, as reconstructed from the Yakumo pollen record.

High resolution stalagmite 8'®O records from south-western China (Fig. 4.8G) show
decreasing summer monsoon intensity, which is not reproduced in the PSUM reconstruc-
tion (Fig. 4.8D). Progressively drier conditions reconstructed from the middle and late

Holocene pollen and isotope records from northern China (e.g. Tarasov et al., 2006; Hu
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etal., 2008) are possibly connected to a more southerly position of the summer monsoon
front, which also controls summer precipitation in Japan. Haug et al. (2001) and Wang
etal. (2004), who reported decreasing trends in Holocene precipitation for Central
America and northern South America respectively, were the first who partly linked this to a
general southward movement of the ITCZ. This southward shift of the ITCZ, possibly
driven by decreasing summer insolation in the Northern Hemisphere, could also cause a
progressive cooling of the western Pacific warm pool (Stott et al., 2004) in line with the
80 record from Greenland (Fig. 4.81), reflecting hemispheric change in air temperature.
The cooling trend (from ~20 to ~18 °C) is also visible in the sea surface temperature (SST)
reconstruction (Koizumi, 2008) derived from the diatom record of the MDO01-2421
sediment core representing the NW Pacific region east of central Honshu (Fig. 4.8]).
However, the reconstruction obtained for the MD01-2409 core (Koizumi, 2008) located in
the Tsugaru Strait, where SST is controlled by the Tsugaru branch of the Tsushima Current
(Fig. 4.1), does not reproduce this trend, but shows colder than average conditions prior to
4.5 cal ka BP, warm oscillation around 3.5 cal ka BP and generally warmer conditions
during the last 2000 years (Fig. 4.8]). These differences suggest that the climate of the
Yakumo area and SW Hokkaido during the last 5500 years might be influenced by another
factor, which is not directly related to the hemispheric-scale changes in solar insolation and
temperatures and the EAM variations.

The modern climate of the study area is strongly influenced by the Tsushima Warm
Current and by the winter monsoon-associated snow precipitation, whilst the rainy season
associated with the summer monsoon is not pronounced, as it is in the southern and
central regions of Japan. The reconstruction of the Holocene influx of the Tsushima
Current into the Sea of Japan signalled by spatial and temporal changes in the planktic
foraminifer Neogloboquadrina incompta (Domitsu and Oda, 2008) suggest that the warm
current started to influence the sea prior to the deposition of the K-Ah tephra (7.3 cal ka
BP) and that a northern cold water mass strongly affected the south-western part of the Sea
of Japan until 6.9 cal ka BP, which may have been a result of the weaker influence of the
Tsushima Current during a time of lower sea level. The percentages of N. incompta in the
cores from the southern part of the Sea of Japan (Domitsu and Oda, 2008) demonstrate
progressive increase (Fig. 4.8K), most likely indicating the weakening impact of the cold
water masses in the Sea of Japan during the last 6.9 cal ka BP, in line with the diatom
record from the Tsugaru Strait (Fig. 4.8]) and with trends towards higher temperatures and

precipitation derived from the Yakumo pollen record (Fig. 4.8A-F).
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Fig. 4.8 Six climate variables derived from the Yakumo fossil pollen record using the set of 326
modern reference samples (A-F) along with the other climate proxies from the North Atlantic and
North Pacific regions discussed in the text: (G) the 8"*O speleothem records from China including
HS4 stalagmite (thin green line) from Heshang Cave (30°27'N, 110°25'E; after Hu et al., 2008) and
D4 stalagmite (thick blue line) from Dongge cave (25°17'N, 108°5'E; after Yuan et al., 2004)
showing East Asian summer monsoon intensity; (H) the GISP2 temperature reconstruction for
central Greenland (after Alley, 2000); (I) the NGRIP §"O record from Greenland as an indicator of
the Northern Hemisphere air temperature (after Svensson et al., 2008); (J) the diatom-inferred
annual sea surface temperature (SST) for the MD01-2421 sediment core of central Japan (36.02°N,
141.78°E) from the NW Pacific east of Honshu controlled by the Kuroshio Warm Current (thin
orange line) and for the MDO01-2409 core (41.56°N, 141.87°E) from the Tsugaru Strait (thick blue
line) controlled by the Tsugaru branch of the Tsushima Warm Current (after Koizumi, 2008); (K)
relative abundance of planktic foraminifer Neogloboquadrina incompta in the core KT98-17 P-1
(35°50.6'N, 131°05.2'E) (thin green line) and in the core GH87-2 K-B (36°4.92'N, 134°59.97'E)
(thick blue line) indicating the warming trend in the southern Sea of Japan (after Domitsu and Oda,
2008); (L) the grain-size variations (ratio >31 mm:16-4 mm) in the Beiguoyuan (36°3721.3"N,
107°17'12.3"E) section (thin violet line) and Xifeng (35°32'09.4"N, 107°43'13.5"E) section (thick
black line) from the Chinese Loess Plateau (after Stevens et al., 2007) indicating the strength of the
East Asian winter monsoon winds; and (M) the June (dashed line) and December (dotted line)
solar insolation relative to present conditions (continuous line) at 60°N (after Berger and Loutre,
1991).

4.7 Conclusions

The current study reconstructs middle and late Holocene vegetation and climate
dynamics in the south-western part of Hokkaido using the method of biome reconstruc-
tion and modern analogue technique applied to the published and newly compiled surface
and fossil pollen data from northern Japan.

The ability of the biomization method to predict distribution of temperate decidu-
ous and cool mixed forest biomes on Hokkaido was tested using two previously published
biome-taxa matrices applied for reconstruction of the late Quaternary vegetation in Japan
and a newly compiled dataset of 78 modern surface spectra representing northern, eastern
and southern Hokkaido. The results of the tests compared with the natural forest biome
distribution shown in the botanical maps demonstrate better agreement obtained with the
longer biome-taxa matrix presented in Takahara etal. (2000), i.e. 71.8% correct
assignments, than with the shorter biome-taxa matrix presented in Gotanda et al. (2002),
i.e. 43.5% correct assignments. In particular, the latter approach frequently assigns pollen
spectra collected from the cool mixed forest dominated area to temperate deciduous forest.
A key difference between the two approaches causing the major discrepancies is the
treatment of Cryptomeria, which (although not native to Hokkaido) grows well in its
southern and middle part and therefore should be assigned to both COMX and TEDE
biomes. The assignment of Cryptomeria to COMX in the biome-taxa matrix (Table 4.2)
helps to improve the total accuracy of the Gotanda et al. (2002) approach to 86%. This

problem, however, should not influence vegetation reconstructions based on the Holocene
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pollen records from Hokkaido, as Cryptomeria pollen contribution is minor and represents
distant air transport.

The method for reconstructing cool conifer forest, which occupies relatively small
areas in the mountains of central Hokkaido, could not be tested due to the lack of surface
pollen samples. This gap needs to be filled, as COCO probably played a more important
role on Hokkaido during the late glacial and early Holocene. The current study also
demonstrates the need to use the whole list of identified terrestrial pollen taxa for
constructing a biome-taxa matrix capable of providing robust vegetation reconstructions
from the fossil pollen records from Hokkaido and Rebun, particularly during the
colder/drier intervals of the late Quaternary when forests occupied a smaller area in
comparison to the warmer/wetter Holocene climatic optimum.

The middle and late Holocene climate dynamics in the south-western part of Hok-
kaido were reconstructed using the modern analogue technique applied to the terrestrial
pollen record from Yakumo and updated dataset of 326 reference pollen samples
representing Hokkaido and northern Honshu. The reconstruction suggests a climate
slightly cooler and drier than present between 5.5 and 3.6 cal ka BP and similar to present
or warmer/wetter conditions after 3.6 cal ka BP when temperate deciduous forest replaced
cool mixed forest in the study region. This general trend in vegetation and climate
development of the Yakumo area, however, conflicts with the wide-scale features of the
Northern Hemisphere climate, such as the gradual decrease in summer insolation and
temperature and the weakening of the East Asian Summer Monsoon, meaning that another
mechanism controlling regional environments needs to be sought. The changes in the
water circulation of the Sea of Japan could provide a reasonable explanation of the
reconstructed vegetation and climate changes. In particular, the expansion of the warm
Tsushima Current in the Sea of Japan during the middle and late Holocene supported by
the studies on diatoms and foraminifera in the marine core sediments most likely caused
an increase in sea surface and air temperatures around SW Hokkaido and favoured
moisture uptake leading to an increase in precipitation and snow accumulation during the
late Holocene. High resolution pollen and SST records with better age control from

Hokkaido and surrounding seas are necessary in order to test this hypothesis.
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5.1 Abstract

A last glacial-Holocene pollen record from northern Sakhalin (51.34°N, 142.14°E,
15m a.s.l) spanning the last ca. 44 ka was used to infer dynamics in regional climate
conditions and vegetation distribution by means of the modern analogue technique (MAT)
and the biome reconstruction method. The long-term trends of the reconstructed mean
annual temperature (TANN) and precipitation (PANN), total tree cover and dominant
biome distribution are generally in line with key palaeoclimate records from the North
Atlantic region and the Asian monsoon domain. TANN largely follows the fluctuations in
solar summer output, and was mainly controlled by winter thermal conditions. During
Marine Isotope Stage (MIS) 3, TANN and PANN were on average 0.2 °C and 700 mm,
respectively, thus very similar to late Holocene/modern conditions. Full glacial climate
deterioration with TANN of -3.3°C and PANN of 550 mm was relatively weak as
suggested by the MAT-inferred average climate parameters, which is supported by the
calculated biome scores. However, error ranges of the climate reconstructions during this
interval are rather large and suggest potentially much colder and drier environments in
northern Sakhalin. An anti-phase relationship between mean temperature of the coldest
and warmest month is documented during the last glacial, which we interpret as changes in
the degree of continentality due to variations in the global sea level and glaciation cycles.

Warmest and wettest climate conditions have prevailed since the end of the last
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deglaciation with an optimum (TANN = 1.5 °C, PANN = 800 mm) in the middle Holocene
interval (ca. 8.7-5.2 cal ka BP), which lags behind the solar insolation peak during the early
Holocene. We propose that this is due to continuous Holocene sea level transgression and
regional forcing factors like the Tsushima Warm Current, which reached maximum
intensity during the middle Holocene. Several short-term climate oscillations are imprinted
in our reconstruction results and correspond to Northern Hemisphere last glacial
millennial-scale (Heinrich and Dansgaard-Oeschger events, Belling-Allerod, Younger
Dryas) and Holocene centennial-scale (Bond cycles) events. The most prominent
fluctuation is registered during Heinrich event 4, which is marked by noticeably colder and
drier conditions and the spread (decrease) of herbaceous (arboreal) taxa. An equivalent is
not clearly traceable in the available palacoclimate proxy records from the Asian monsoon
domain and neighbouring regions. In addition, Holocene millennial-scale cold spells
synchronous with Bond events are only partly registered in our biome and climate
reconstruction. Although this might be due to an insufficient resolution of the presented
pollen record, it appears more likely that effects of Northern Hemisphere short-term
(centennial- and millennial-scale) climate oscillations on Sakhalin are partly amplified or

weakened by feedbacks on regional forcing factors.

5.2 Introduction

The Asian monsoon, comprising the Indian and East Asian subsystem, is a major
global atmospheric circulation system which principally controls the climate of a vast
continental area stretching from the western Arabian Sea to the southern Russian Far East
(RFE) including the most densely populated regions of the world (Alpat'ev etal., 1976;
Wang, 2006). Numerous palaeoclimate studies from both monsoon subdomains have
outlined that climate conditions have varied significantly on different time-scales during
the Holocene (e.g. Leipe et al., 2014; Hu et al., 2008) and last glacial period (e.g. Wang et al.,
2001b; Govil and Naidu, 2010). For predicting future climate changes model simulations
have been identified to provide useful estimations (IPCC, 2001, 2007). Since the Asian
monsoon system affects weather and climate in various regions of the world, precise
simulation of its future development is of particular importance (Wang, 2006; Turner and
Annamalai, 2012). Although numerous approaches have been proposed (IPCC, 2007),
modelling the Asian monsoon and its teleconnections on short- and long-term scales (i.e.
intraseasonal to orbital time scales) and to estimating future trends remains a challenging
task (e.g. Turner etal.,, 2011; Sperber et al., 2012; Zhao and Harrison, 2012). To evaluate
and further improve existing projections of both global and regional climate trends

relevant for the development of human societies, it is essential to compare model outputs
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with palaeoclimate data (e.g. Otto-Bliesner et al., 2009; Dallmeyer et al., 2010; Braconnot
etal., 2012).

Concerning glacial-interglacial timescales, the spatiotemporal patterns and the
magnitude of past variations in Asian monsoon activity and its relation with other
components of the global climate system as well as extraterrestrial forcing factors remain
poorly understood (e.g. Nakagawa etal., 2008; Leipe et al, 2014). To enhance our
perception, additional climate reconstructions based on continuous long-term records
from different regions of the Asian monsoon domain are required (e.g. Ju etal., 2007;
Tarasov etal., 2011; Chabangborn etal.,, 2013; Jin etal., 2014). Today, numerous late
Quaternary marine and terrestrial palaeoclimate proxy records are available from both the
Indian Summer Monsoon (ISM) and East Asian Summer Monsoon (EASM) subdomains
but are mostly derived from the core monsoon zone and seldom exceed the Holocene
interval (e.g. Morrill et al., 2003; Wang et al., 2005a; Herzschuh, 2006; Fleitmann et al.,
2007; Wang et al., 2010; Ran and Feng, 2013 and references therein).

Especially from the terrestrial northernmost EASM domain (ca. 45-55°N), including
parts of the northeast Asian mainland (i.e. north-easternmost China and the continental
southern RFE) and parts of the north-western Pacific archipelago (i.e. Hokkaido, the Kuril
Islands and Sakhalin), the number of palaeoclimate studies is very scarce (e.g. Mokhova
et al., 2009). In summer the area represents the transitional zone between cold air masses
from high latitude polar regions and the warm and moist EASM air masses originating
from the north-western Pacific. EASM influence here is strongest between June and July
(Ding and Chan, 2005) when the monsoon front reaches its northernmost position at ca.
55°N (Geograficheski Atlas SSSR, 1990). In winter, the climate is generally controlled by
the East Asian Winter Monsoon (EAWM) (Alpat'ev et al., 1976). During this season, the
region is situated on the boundary which separates the area to the south and to the north of
ca. 50°N where surface air temperature is significantly influenced by the Siberian High and
the Arctic Oscillation, respectively (Wu and Wang, 2002). Thus, robust reconstructions of
past thermal and hydrological conditions from this climatically sensitive region are of
particular significance to enhance our understanding of past climate dynamics in the whole
northeast Asian region.

Regional palaeoclimate studies available to the international community are based
on a limited number of proxy records from sites in the southern RFE including the Amur
river valley (e.g. Bazarova et al., 2008, 2011; Mokhova et al., 2009), Sakhalin (e.g. Igarashi
etal., 2002; Takahara et al., 2010; Igarashi and Zharov, 2011) and the Kuril Islands (e.g.
Razjigaeva et al., 2013 and references therein) and the Japanese island of Hokkaido (e.g.
Igarashi, 2013 and references therein). The majority of these works employed fossil pollen
assemblages to qualify palaeoclimate conditions and vegetation distribution. Such pollen

records have also proved to be an excellent tool to quantify past variations in climate
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(Jackson and Williams et al., 2004 and references therein) and vegetation cover (Williams
etal., 2011 and references therein) in different parts of the world. In addition, they allow
the reconstruction of changes in dominant vegetation (biome) distribution (e.g. Prentice
et al.,, 2000), which may also be interpreted in climatic terms via vegetation models (e.g.
Prentice etal., 1992; Kaplan, 2001). Therefore, they are extremely valuable for assessing
climate model performances (e.g. Kaplan et al., 2003; Bartlein et al., 2011; Braconnot et al,,
2012).

The so far longest terrestrial fossil pollen record from the northernmost East Asian
Monsoon domain (ca. 45-55°N) was recovered from a peat bog on the north-western coast
of Sakhalin (Fig. 5.1B) and spans the last ca. 44 ka. Results of the conventional pollen and
spore analysis are presented and discussed in a palaeoclimatological context by Igarashi et
al. (2000) and Igarashi et al. (2002). Later, the results were employed by Takahara et al.
(2010) to evaluate vegetation variability in response to Dansgaard-Oeschger (DO) and
Heinrich events and by Igarashi and Zharov (2011) to compare and review the climate and
vegetation dynamics on Hokkaido and Sakhalin during the late last glacial. In this study we
utilise the fossil pollen record from northern Sakhalin for (semi-)quantitative reconstruc-
tion of past dynamics in (i) climate conditions and tree cover based on the modern
analogue technique and (ii) dominant vegetation communities based on the biome
reconstruction method, which is (iii) tested with a dataset of surface pollen spectra. The
results of the vegetation and environmental reconstructions are discussed in the context of

other published regional and extra-regional palaeoclimate proxy records.

5.3 Environmental setting of Sakhalin

Sakhalin is an island in the western Okhotsk Sea (Fig. 5.1A). It is narrow in shape
with no location further away from the coast than 67 km (Reuter et al., 2007; Jarvis et al.,
2008; ESRI, 2012) and stretches ~950 km from north to south (ca. 54.5-46°N). The island is
separated from the Eurasian mainland by the Tatar Strait (~8 km at the narrowest point) in
the northwest and from Hokkaido by the Soya Strait (~43 km at the narrowest point) in the
south. Topographically, Ivanov (2002) roughly subdivides Sakhalin into a mostly flat
region, i.e. the North Sakhalin Plain, in the north (ca. 51.5-54°N) and a mountainous
region in the south (ca. 46-51.5°N). The latter is dominated by the Eastern and Western
Sakhalin Range, which are separated by a graben structure in the central part of the island
(Fig. 5.1B). Both mountain ranges are characterised by medium elevations up to ~1600 m
above sea level (a.s.l.), deep intermontane depressions and steep incised river valleys
(Zhulidov et al., 1997; Kuzmin and Glascock, 2007).
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5.3.1 Climate conditions

The climate of Sakhalin is mainly determined by a typical summer and winter mon-
soon circulation (Alpat'ev et al., 1976; Martyn, 1992). The summer monsoon is driven by
low air pressure over Siberia (Asiatic Low) and high air pressure (Hawaiian High) over the
northern Pacific Ocean. The development of both pressure systems results in the
continuous northward migration of the East Asian polar front (Fig. 5.1A). This movement
culminates in middle to late summer when the front stretches roughly from the northern
tip of Sakhalin, over Mongolia, to the eastern end of Lake Balkhash. During this time,
Sakhalin is affected by predominant flow of moist air masses from southern to south-
eastern directions, which creates humid and thermally mild conditions (Fig. 5.1A). Due to
the formation of the Aleutian Low and the Siberian High during autumn, the pressure
gradient reverses and leads to the continuous southward migration of the East Asian polar
front (Fig.5.1A). In winter, when the pressure gradient is most pronounced, weather
conditions on Sakhalin are predominated by south-eastward flow of continental cold and
dry air masses. Simultaneously to the development of the Siberian High, the northern RFE
is marked by enhanced cooling, which results in the southward shift of the Arctic front. In
January it is approximately situated along the northern shore line of the Okhotsk Sea
(Alpat'ev et al., 1976; Geograficheski Atlas SSSR, 1990; Ivanov, 2002; Dando, 2005).

A second factor which affects the climate on Sakhalin are the different thermal con-
ditions of the surrounding seas driven by ocean currents (Fig. 5.1B). On the eastern coast
of the island the East Sakhalin Cold Current (ESCC) flows southward. In the southwest and
south of Sakhalin mean surface water temperatures are higher under the influence of the
Tsushima Warm Current (TWC), which flows as a sub-branch of the Kuroshio Warm
Current (KWC) northwards along the eastern margin of the Sea of Japan, and the Soya
Warm Current (SWC), which flows as a TWC sub-branch between Sakhalin and Hokkaido
towards the Okhotsk Sea. While the TWC gradually cools when progressing further north
into the Tatar Strait, parts of the water current turn and flow southwards along the shore of
the Eurasian mainland as the Liman Cold Current (LCC).

Mean temperatures and precipitation generally follow a latitudinal gradient with
highest values in the southern part of the island. The mean annual temperature (TANN) is
2.1 °C at Yuzhno-Sakhalinsk (46.97°N, 142.73°E, Fig. 5.1B) in the south, drops to 0.0 °C in
Poronaysk (49.22°N, 143.1°E, Fig.5.1B) and reaches only -2.4°C in Okha (53.52°N,
142.91°E, Fig.5.1B) located in northern Sakhalin (Krestov, 2003). Mainly due to the
maritime conditions and the influence of the TWC, winters are particularly mild in the
narrow southern part of Sakhalin. The mean temperature of the coldest month (MTCO) in
Yuzhno-Sakhalinsk is with -13.8 °C about six degrees higher than at Nogliki (51.81°N,
143.16°E, Fig.5.1B) and Okha in the island’s north-eastern part. A noticeable winter
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temperature gradient is also recognised between southern Sakhalin and the coastal
mainland areas across the Sea of Japan. In Uglegorsk (49.08°N, 142.06°E, Fig. 5.1B) the
MTCO is -14.8 °C but only reaches -19.4 °C in Sovetskaya Gavan (48.97°N, 140.29°E,
Fig. 5.1B), which is situated only ~130 km westwards on the same latitude (Krestov, 2003).
According to the global database of average modern surface climate (1961-1990) from
New et al. (2002), the main amount of the annual precipitation (PANN) on Sakhalin, ~60%
on average, is received during summer (April-September). While the PANN in Okha is
~550 mm, it is almost double (~960 mm) at Cape Krilion (Krestov, 2003). Like the western
coastal areas of Honshu and Hokkaido (Japan), the southern part of Sakhalin receives
enhanced snow falls promoted by the predominance of winter monsoon winds which

transport significant amounts of moisture absorbed over the relatively warm Sea of Japan.
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Fig. 5.1 (A) Overview map of the study region showing the mean July position of the East Asian
polar front and the mean January position of the Arctic front together with the prevailing surface
winds during summer (continuous arrows) and winter (dotted arrows) and (B) map of Sakhalin
and adjacent regions illustrating the location of the Khoe sediment profile marked by a star;
geographic features mentioned in the text; and schematic ocean currents including the East
Sakhalin Cold Current (ESCC), the Liman Cold Current (LCC), the Tsushima Warm Current
(TWC) and the Soya Warm Current (SWC). The boundary of the mean maximum extent of sea ice
cover in the Okhotsk Sea and the Tatar Strait is indicated in both maps by a broken line (after
Geograficheski Atlas SSSR, 1990).

107



5. Manuscript IV

5.3.2 Vegetation

A simplified classification of the vegetation (Bukhteeva and Reimers, 1967) and satellite-
derived tree cover (DeFries et al., 2000a, 2000b) on Sakhalin is provided in Figures 5.2 and
5.3, respectively. The cool and humid climate on Sakhalin promotes the predominant
growth of boreal and temperate forests, which cover most of the island (Figs. 5.2, 5.3A).
The northern part (north of ca. 51.5°N) is dominated by thin larch (Larix gmelinii) taiga
(Figs. 5.2, 5.3B) associated with Siberian dwarf pine (Pinus pumila). The area to the south is
mainly covered by denser evergreen forests with spruce (Picea ajanensis) and fir (Abies
sachalinensis) as the main components (Figs. 5.2, 5.3C). As far as ca. 48°N these dark
conifer forests are dominated by P. ajanensis and further south by A. sachalinensis. An
exception is the northernmost part of Sakhalin (i.e. the Schmidt Peninsula, Fig. 5.1B),
where P. ajanensis forms pure stands. The south-westernmost end of Sakhalin is
characterised by mixed forests comprising dark conifers (mostly A. sachalinensis) and cool
temperate broadleaf trees like Acer mono, Fraxinus mandshurica, Juglans ailantifolia,
Juglans mandshurica, Kalopanax septemlobus, Phellodendron sachalinense, Quercus
mongolica, Quercus crispula, Tilia japonica, Ulmus japonica (Bukhteeva and Reimers, 1967;
Alexandrova, 1982; Krestov, 2003; Nakamura and Krestov, 2005; Figs. 5.2, 3B). However,
the distribution range of arboreal cool temperate broadleaf taxa is not exclusively limited to
this region. Trees like Q. mongolica (Fig.5.2), Ulmus laciniata and U. japonica grow
sporadically in climatically favourable locations within the boreal zone of dark conifer
forest as far north as ca. 51.5°N (e.g. Sokolov et al., 1977). Higher elevations south of ca.
51.5°N are characterised by mountain woodland with open Betula ermanii forest and
shrubland with P. pumila and shrubby Ericaceae like Empetrum nigrum and Rhododendron
spp. Wetlands are a common feature of the coastal and fluvial landscapes of Sakhalin
(Fig. 5.2). The most widespread types are Sphagnum peat bogs of up to 7 m thickness with
Larix, Salix, Alnus and Mpyrica growing on the ridges (Bukhteeva and Reimers, 1967;
Zhulidov et al., 1997).
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5.4 Data and methods

5.4.1 Study site and fossil pollen record

The sediment profile presented in this study was obtained from a coastal cliff, which
is located ~3 km north of the settlement of Khoe on the western coast of Sakhalin facing
the Tatar Strait (51.34°N, 142.14°E, 15 m a.s.l,, Fig. 5.1B). The vegetation of the surround-
ing area is mainly characterised by boreal evergreen conifers (i.e. Picea ajanensis and Abies
sachalinensis) with an admixture of Larix gmelinii and species of Betula and Alnus.
However, cool temperate broadleaf trees like Quercus mongolica may also infrequently
grow in the region (Fig. 5.2). There is no permanent climate station in the vicinity of Khoe.
In order to get an overview of the modern climate conditions around the sampling site, we
utilised the interpolated climate parameters from the New etal. (2002) dataset for the
10' x 10" grid surrounding the sampling site. The mean temperature of the coldest month
(MTCO), which is January, falls to -18.5°C, reaches 16.4 °C in the warmest month
(MTWA), which is August, and is 0.2 °C on annual scale (TANN). Regarding the mean
annual precipitation (PANN =625 mm), 62% falls during the warm season months
between April and September (PSUM =386 mm). The abrasional coastal cliff north of
Khoe exhibits a succession of Miocene-Quaternary sediments with a thickness of 15-20 m.
In several places, the exposed bedrock Cape Uandi Formation (Miocene) is interrupted by
tectonic depressions filled with Pliocene-Quaternary sediments. The sampled sediment
profile is situated in the largest depression in the area, which has a maximum extent of
200 m in width and 13 m in depth. Samples were taken along a vertical transect spanning
from the surface to a depth of 620 cm. The sediment profile is mainly composed of peat
deposits (620-590 cm and 385-0 cm), which are interrupted by layers of largely silty (590-
555 cm), sandy (555-455 cm) and gravelly (455-385 cm) material (Fig. 5.4). Altogether,
113 samples were collected and microscopically analysed for pollen and spore assemblages
by Igarashi et al. (2000). A total of 42 arboreal (AP) and non-arboreal (NAP) terrestrial
pollen types, three aquatic pollen types and six types of ferns and fern allies spore were
identified. Percentages of individual pollen taxa were calculated upon the total sum of all
terrestrial AP and NAP taxa. For spores, percentages were calculated using the total
terrestrial pollen sum plus the sum of spores. A simplified pollen and spore diagram is

illustrated in Fig. 5.4.

5.4.2 Radiocarbon dates

A total number of eight radiocarbon dates were obtained from the sediment profile
from Khoe (Table5.1). The four '“C ages determined by Igarashi etal. (2002) were
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supplemented by an additional four AMS dates by Igarashi and Zharov (2011). For the
present study, we converted these '*C ages into calendar (cal) ages (Table 5.1) using the
online version of the CalPal radiocarbon calibration program (Danzeglocke et al., 2013)
and the software-based CalPal-2007 program (Weninger and Joris, 2008; Weninger et al.,
2013). The obtained radiocarbon dates suggest that the Khoe sediment profile represents at
least the last ca. 40 ka. For the Holocene part of the core, there are five '*C dates (samples
a—e, Table 5.1) available. Taking into account the overall pattern of these dates in relation
to depth, the "*C age of sample ¢ (9420 + 50 He yr BP at 302.5 cm depth) appears to be
somewhat displaced. We regard this date as too old and consequently excluded it from the
age—depth model. The chronology for the Holocene part was defined by linear interpola-
tion based on the calibrated ages of the remaining four '*C dates.

In contrast, the middle and late last glacial part of the profile, which covers a time
period of approximately 30 ka, are represented by only three radiocarbon dates (samples f-
h, Table 5.1). Previous studies have shown that late Pleistocene-Holocene temperature
records from the North Atlantic region are consistent with reconstructions from the Asian
monsoon domain (e.g. Porter and An, 1995; Wang et al., 2001b; Zhao et al., 2003; Dykoski
et al., 2005; Nakagawa et al., 2005). Pronounced climate fluctuations (i.e. DO and Heinrich
events) reported from the North Atlantic region were also identified by variations in the
relative abundances of Larix and Picea type pollen in the fossil pollen record from Khoe by
Takahara etal. (2010). This encouraged us to use the well-dated mean annual surface
temperature reconstruction curve (Alley, 2000) derived from the 8'%0 record of the GISP2
ice core from central Greenland (72.58°N, 38.48°W, 3208 m a.s.l.) for correlation with the
mean annual temperature reconstruction (TANN) curve based on the Khoe fossil pollen
record by means of stadial and interstadial temperature oscillations to further confine the

chronology for this part of the sediment profile.
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Sample Laboratory  Depth Dated Radiocarbon Reference Calibrated Error range
ID 1D (cm, mid  material date, “C BP age, yr BP (95% conf. interval)
point)

Upper age Lower age
limit, yr BP limit, yr BP

a TAAA 62612 157.5 Plant 6330 + 40 Igarashi and 7255% 7160 7360
fragment Zharov, 2011

b KIA 9557 252.5 Plant 8251 £ 62 Igarashi et al., 9246* 9020 9460
fragment 2002

[ TAAA 72344 302.5 Plant 9420 + 50 Igarashi and 10653 10520 10800
fragment Zharov, 2011

d TAAA 72345 3425 Bulk 9520 + 50 Igarashi and 10887* 10580 11180
TOC Zharov, 2011

e IAAA 72346 357.5 Plant 10020 £ 50 Igarashi and 11535* 11250 11810
fragment Zharov, 2011

f KIA 9558 387.5 Plant 12000 + 101 Igarashi et al., 13989* 13610 14330
fragment 2002

g KIA 9559 4325 Organic 20050 £ 230 Igarashietal., 23974* 23400 24600
mud 2002

h Beta 122027  607.5 Organic 37270 £ 750 Igarashietal., 42007 41090 42970%
debris 2002

Table 5.1 Radiocarbon dates for samples from the Khoe sediment profile (Igarashi et al., 2002;
Igarashi and Zharov 2011). Calibrations were performed using CALPAL-2007 (Weninger et al.,
2013; Weninger and Joris, 2008) and the online version of the CalPal radiocarbon calibration
program (Danzeglocke et al., 2013). Ages marked by an asterisk were used in the age-depth model
(Fig. 5.11).

5.4.3 Modern pollen data

In this study we compiled a total of 236 modern pollen spectra from existing refer-
ence datasets from Eurasia (Tarasov et al., 1998, 2005) and the southern (Mokhova et al.,
2009) and northern (Edwards et al., 2000) RFE that have already been used in previous
studies for quantitative vegetation and climate reconstructions (e.g. Bigelow et al., 2003;
Andreev et al.,, 2004; Tarasov et al., 2011; Williams et al., 2011; Melles et al., 2012). The sites
of the pollen samples are distributed over a large area of the RFE (Fig. 5.5) extending from
ca. 46-63°N to 130-152°E including four major regions, i.e. the south-eastern Sakha
Republic, the southern Magadan Oblast, the southern Khabarovsk Krai and Sakhalin, and
thus cover a broad range of vegetation and climate conditions. Calculation of relative
pollen abundances for each spectrum was based upon the total sum of terrestrial pollen.
For plotting the pollen percentage diagrams, we employed the Tilia/Tilia-Graph/TGView
software package (Grimm, 1993, 2004).
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Fig. 5.5 Site distribution of 236 reference pollen spectra (indicated by white dots) from the south-
eastern Sakha Republic, the southern Magadan Oblast, the southern Khabarovsk Krai and
Sakhalin compiled from existing modern analogue datasets (Tarasov et al., 1998, 2005; Edwards
et al., 2000; Mokhova et al., 2009) and used to reconstruct past climate and tree cover from the
fossil pollen record from Khoe.

5.4.4 Biome reconstruction

The biome reconstruction method or biomisation method, which is described in
detail by Prentice et al. (1996), allows the quantitative reconstruction of biomes, i.e. major
vegetation types, from pollen or plant macrofossil assemblages. Basically, the approach
requires (i) assignment of pollen/macrofossil taxa to plant functional types (PFTs), which
are plant groups with similar characteristics in stature, leaf form, phenology and
bioclimatic tolerance defined in the global BIOME1 vegetation model (Prentice etal.,
1992); (ii) assignment of PFT's to one or more biome(s) in which they may occur; and (iii)
determination of the affinity scores for each biome by summation of square roots of the
attributed pollen/microfossil abundance. The biome with the highest affinity score, or the
one defined by a smaller number of PFTs (in case several biome scores are equal), is
considered as the dominant biome and assigned to the given taxa assemblage. Since the

different PFTs and biomes are associated with bioclimatic ranges via vegetation models,
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they allow climatic interpretation of biome reconstruction results which, in turn, may be
used for comparison with climate model outputs (Kleinen et al., 2011, 2014).

The pollen-based biomisation method was verified by means of comprehensive
surface pollen datasets and used to reconstruct Quaternary vegetation dynamics in the
wider study region and adjacent areas including the former Soviet Union and Mongolia
(Tarasov etal., 1998, 1999, 2000), the northern (Edwards etal.,, 2000) and southern
(Mokhova et al., 2009) RFE and China (e.g. Yu et al., 1998). For the Japanese archipelago,
two significantly different pollen-based biomisation approaches have been proposed.
Takahara et al. (2000) considered both terrestrial AP and NAP types in the defined taxa-
PFT-biome scheme. Since the entire East Asian island arc including Taiwan, the Japanese
islands and Sakhalin is characterised by humid climate conditions which promote the
dominance of forest biomes, Gotanda etal. (2002) suggested a different approach.
Following earlier successfully applied biomisation schemes (Prentice et al., 1996; Tarasov
etal., 1998; Yu et al., 1998; Williams et al., 1998), which do not attribute NAP taxa to forest
biomes, Gotanda et al. (2002) proposed a taxa-PFT-biome matrix considering only 32 AP
taxa. More recently, Leipe etal. (2013) tested the applicability of both approaches for
reconstructing past vegetation dynamics for northern Japan using a dataset of surface
pollen spectra from Hokkaido. The study revealed that assignment of both terrestrial AP
and NAP pollen taxa is needed in order to provide robust vegetation reconstructions in
particular for the colder/drier intervals of the late Quaternary when northern Japan was
likely marked by more open landscapes in which forest generally occupied smaller areas.
Therefore, the whole list of terrestrial pollen taxa is included in the taxa-PFT-biome matrix
applied to the late Quaternary fossil pollen record from Sakhalin.

The defined matrix is based on previously published biomisation schemes from
studies in northern Eurasia (Tarasov et al., 1998, 1999b, 2000; Miller et al., 2010) and the
southern RFE (Mokhova et al., 2009). A simplified scheme showing the applied taxa-biome
assignment is presented in Table 5.2. Biome scores were calculated using the percentage
abundances of each attributed pollen taxon, which are based on the total sum of all
terrestrial pollen grains. To minimise the noise of long-distance transported or redeposited
exotic pollen grains, we excluded the pollen taxa with an abundance of less than 0.5%
(Prentice et al., 1996). Biome score calculation was supported by PPPBase software (Guiot
and Goeury, 1996). We tested the applicability of the proposed biomisation approaches for

Sakhalin based on a set of 104 surface pollen spectra collected all across the island.
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Biome name (Abbreviation) Assigned pollen taxa

Tundra (TUND) Alnus>*?, Betula>*, Cyperaceae', Dryas', Ericales'!, Poaceae' !4, Polemoniaceae’,
Polygonaceae® ', Rubus chamaemorus®, Rumex" ', Salix"*°, Saxifragaceae’,
Scrophulariaceae® *

Cold deciduous forest (CLDE) Alnus"*?, Betula"*, Ericales", Juniperus/Cupressaceae’, Larix*, Myrica*'°, Pinus’,
Populus*®, Rubus chamaemorus?, Salix"**

Taiga (TAIG) Abies*, Alnus"*?, Betula"*, Ericales', Juniperus/Cupressaceae’, Larix*, Myrica* ",
Picea®, Pinus’, Populus®®, Rubus chamaemorus?®, Salix"*°

Cold mixed forest (CLMX) Abies**, Alnus"*?, Betula"*, Corylus®, Ericales'!, Juniperus/Cupressaceae’, Larix*,
Myrica*'°, Pinus’, Populus*®, Rubus chamaemorus?, Salix"*°, Tilia®, Ulmus®

Cool conifer forest (COCO) Abies>®, Alnus-*?, Betula"*, Corylus®, Ericales"!, Juniperus/Cupressaceae’, Larix*,
Myrica* ", Picea®, Pinus’, Populus*®, Rubus chamaemorus?, Salix"*?, Tilia®, Ulmus®

Temperate deciduous forest (TEDE) Abies**, Acer’, Alnus>*°, Araliaceae'’, Betula*, Castanea'®, Corylus®, Ericales'!,
Fraxinus excelsior-type’, Juglans'®, Juniperus/Cupressaceae’, Larix*, Myrica* ',
Pinus’, Populus*®, Pterocarpus/Celtis', Quercus (deciduous)’, Salix"*?, Syringa®,
Tilia®, Ulmus®

Cool mixed forest (COMX) Abies>*, Acer’, Alnus"*°, Betula"*, Corylus®, Ericales", Fraxinus excelsior-type®,
Juniperus/Cupressaceae’, Larix*, Myrica* ', Picea®, Pinus’, Populus*®, Quercus
(deciduous)?, Salix*?, Syringa®, Tilia®, Ulmus®

Steppe (STEP) Apiaceae', Artemisia", Asteraceae', Boraginaceae', Brassicaceae'?,
Campanulaceae', Caryophylaceae'*, Chenopodiaceae', Fabaceae', Iridaceae',
Lamiaceae', Liliaceae'*, Onagraceae'®, Papaveraceae'?, Plantaginaceae', Poaceae'>
', Polygonaceae® %, Primulaceae', Ranunculaceae'®, Rosaceae', Rubiaceae'®,
Rumex"'*, Scrophulariaceae® ', Stellera/Thymelaeaceae', Thalictrum™, Urticaceae'*

Plant functional types (Abbreviation)

! Arctic/alpine dwarf shrub/forbs (aa) ¢ Cool-temperate conifer (ctc) 'Heath (h)

2 Arctic/boreal dwarf shrub (ab) 7Eurythermic conifer (ec) 12Grass (p)
*Boreal evergreen conifer (bec) 8 Cool-temperate summergreen (ts1) 13 Sedge (s)
4Boreal summergreen (bs) ° Temperate summergreen (ts) 14 Steppe forb (sf)
>Boreal-temperate summergreen (bts) "Warm-temperate summergreen (ts2)

Table 5.2 Biome-taxa matrix used in the calculation of biome affinity scores (adopted from Tarasov
et al., 1998, 1999b, 2000; Miiller et al., 2010; Mokhova et al., 2009). All pollen taxa (n = 53) which
are present in the compiled 236 modern pollen spectra from the study region, whose abundances
exceed the universal threshold of 0.5% are assigned to one or more plant functional types (indicated
by superscript numbers) and biomes. The affinity score for each potential biome is calculated by
summation of the square roots of all attributed pollen taxa percentages (taxon percentage value
minus 0.5%) as suggested by Prentice et al. (1996). The biome with the highest affinity score or the
one defined by a smaller number of PFTs (when scores of several biomes are equal) is treated as the
dominant biome.

5.4.5 Pollen-based climate and tree cover reconstruction

The modern analogue technique (MAT; Overpeck et al., 1985; Guiot, 1990) is one of
the most powerful quantitative tools to reconstruct past climate and environmental

conditions from fossil pollen spectra (Jackson and Williams, 2004) and has been widely

116



5. Manuscript IV

used in Quaternary palaeoenvironmental studies (e.g. Tarasov et al., 2005, 2007; Bartlein
etal, 2011; Melles etal.,, 2012). The method is underpinned by the assumption that
contemporary pollen spectra reflect the distribution of the regional vegetation from which
they originate and that this vegetation distribution is in turn controlled by the character of
determinant environmental factors. Moreover, two random surface pollen assemblages,
which resemble each other in taxa composition and abundance, are also alike in respect to
the environmental conditions under which they were deposited. Based on the concept of
uniformitarianism, this may be transferred to fossil pollen assemblages. In other words, the
environmental conditions which are associated with a given fossil pollen spectrum and
determinant for the sample’s assemblage composition may be inferred from one or more
statistically “matching” modern pollen spectra (i.e. modern analogues). In palacoenviron-
mental studies, the level of analogy between multivariate pollen spectra is commonly
determined by means of similarity coefficients (Jackson and Williams, 2004).

In this study, we aim at reconstructing four main climate variables including MTCO,
MTWA, TANN and PANN and percentage total tree cover as a property of vegetation
cover, which may be easily compared with results from other proxy studies and/or model
simulations. Performance tests (cross-validation) on modern reference datasets from the
wider study region revealed a reasonably high correlation between pollen-inferred and
observed climate variables including MTCO, MTWA, TANN, and PANN (Nakagawa et al,,
2002; Li etal., 2007; Tarasov et al., 2011) and percentage total tree cover (Tarasov et al.,
2007; Zheng et al., 2010), which suggests high potential for reliable reconstruction of these
environmental parameters from fossil pollen assemblages. The climate variables were
attributed to the reference pollen sampling sites by interpolation (Inverse Distance
Weighting) from the global high-resolution (10" x 10' grid size) dataset of surface climate
averaged over a thirty-year (1961-1990) period from New et al. (2002) using free-access

Polation software (Nakagawa et al., 2002, http://dendro.naruto-u.ac.jp/~nakagawa/). For

estimating the thermal variables, we accounted for a standard temperature lapse rate of —
0.6 °C per 100 m difference in altitude (Domrds and Peng, 1988).

To reconstruct past changes in total tree cover, we utilised the satellite-based Ad-
vanced Very High Resolution Radiometer (AVHRR) dataset with a spatial resolution of
0.5' x 0.5' providing the estimated percent area covered by woody vegetation, herbs and
bare ground (DeFries et al., 2000a, 2000b). Surface coverage values in the dataset range
between 0-80% with the value of 80% corresponding to a coverage of 280%. Williams and
Jackson (2003) have demonstrated that results of pollen-based reconstructions correspond
best to satellite-based estimates of woody cover within a window size ranging from 20 x 20
to 150 x 150 km. Later, Tarasov et al. (2007) obtained highest correlations for northern
Eurasia using a search window of 21 x 21 km (~441 km®), which was recently confirmed

for China by Zheng et al. (2010). Therefore, we first defined a “geodesic” (equal area) buffer
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with a radius of 11.85 km (~441 km?) around each reference pollen sampling site using the
ArcGIS v10.0 software package (ESRI, 2012). In a second step, the AVHRR total tree cover
estimates of all grid cells situated within each buffer were arithmetically averaged and
assigned to the appropriate reference pollen spectrum.

Prior to method application, all pollen abundances were square root transformed in
order to enhance minor taxa. The similarity between each assemblage of the Khoe fossil
pollen record and each of the 236 spectra in the modern reference dataset was numerically
measured by the squared cord distance (SCD) (Overpeck etal., 1985; Guiot, 1990). As
frequently done (Nakagawa etal., 2002; Tarasov etal., 2007, 2011), we considered a
maximum number of eight spectra with the smallest SCD and below a threshold (T = 0.15,
Overpeck et al., 1985) as best modern analogues from which weighted average climate
variables and percentage tree cover were determined. Calculation of the SCD was

performed with the aid of the computer program C2 v1.6.8 (Juggins, 2007).

5.5 Results and interpretation

5.5.1 Modern pollen data and pollen-derived biomes

The results of the pollen analysis, the estimated values of the six climate parameters
and percent tree cover, and the pollen-inferred (actual) dominant biomes of the 236 surface
pollen spectra are plotted in Fig. 5.6A, B and C, respectively. Among the 64 terrestrial
pollen types identified in the surface pollen dataset, eleven taxa (i.e. Caprifoliaceae,
Carpinus, Cornus, Fagus, Gentianaceae, Geraniaceae, Moraceae, Phellodendron, Rutaceae,
Valerianaceae, and Viburnum) have percentage values below the universal threshold of
0.5%. Thus, only 53 taxa were considered for the biomisation method (Table 5.2). In view
of the modern climate conditions at the site of the Khoe fossil pollen record, the reference
pollen dataset represents a wide range of climates covering significantly warmer/colder
(Fig. 5.7A-C) and wetter/drier (Fig. 5.7D-F) environments. Regarding total tree cover, the
dataset represents environments ranging from open vegetation to densely forested areas
(Fig. 5.7G). The results of the analysed pollen spectra, which are subdivided into four
groups according to source area (Fig. 5.5), are presented in the following paragraphs.

Region I (Sakha Republic) represents the Lena/Aldan river basin, which is mainly
delineated by stands of boreal summergreen trees (i.e. Larix and Betula) and Pinus. The
relatively high abundance of herb and grass taxa like Artemisia, Asteraceae and Poaceae
suggests a more open landscape, which is also reflected by satellite-derived tree cover
estimations. The biome reconstruction results show the dominance of cold deciduous
forest (CLDE) and taiga (TAIG) in this region. The latter is derived at sites where Picea is a

substantial element of the surrounding vegetation. The spectra from two sites contain a
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significantly high amount of herbaceous taxa which are representative of the steppe (STEP)
biome.

Region II (Magadan Oblast) is characterised by low percentages of Larix and high
assemblages of Pinus, Alnus and Betula pollen. Like in region I, NAP taxa including heath,
sedges and grasses are constantly registered. The estimated low total tree cover with values
not exceeding 10% demonstrates that the pollen types of Pinus, Alnus and Betula belong to
species with a shrubby stature. However, for most spectra from this region the biome
reconstruction suggests CLDE as the dominant vegetation type. This may be explained by
the assignment of Alnus and Betula to both tundra (TUND) and CLDE.

Region III (Southern Khabarovsk Krai) extends over a large latitudinal distance
between ca. 54-47.5°N. The spectra are in general clearly dominated by AP. The
northernmost parts (ca. 54-51°N) exhibit high abundances of cold-tolerant boreal taxa like
Abies, Larix, Picea, Alnus, and Betula. The decrease of Abies, Larix and Picea towards the
south (ca. 51-47.5°N), is accompanied by increasing abundances of Pinus pollen. South of
51°N, pollen of temperate deciduous broadleaf trees like Corylus, Juglans, Quercus, Tilia,
and Ulmus are frequently recorded. The pollen-based biome reconstruction demonstrates
that the northern part of the region is distinctively dominated by TAIG. South of 51°N,
TAIG scores decrease and cool mixed forest (COMX) is reconstructed as the dominant
vegetation type. Cool conifer forest (COCO) and temperate deciduous forest (TEDE) are
reconstructed at four sites and one site, respectively. These biomes likely reflect local rather
than regional environmental conditions, in the southern part of this source area.

Region IV (Sakhalin) has the largest latitudinal extension (ca. 54-46°N). The pollen
assemblages from the northernmost part (ca. 54-52.5°N) differ considerably from the rest
of the island. Here, pollen of the Pinus, Alnus, Betula, Ericales, Cyperaceae, and Poaceae
type dominate the spectra. Cool temperate and temperate deciduous broadleaf tree pollen
types are only identified in a few samples and do not exceed the biomisation threshold
value of 0.5%. Towards 51.5°N, pollen abundances of Abies and Picea increase, whereas
Pinus type pollen decrease. This section is also characterised by high percentage values of
Ericales and the highest abundances of Larix type pollen in the surface spectra from
Sakhalin. Between ca. 51.5-49°N, Picea type pollen predominate. Percentages of Pinus,
Larix, Ericales as well as herbs and grasses are low. In this zone, pollen of cool temperate
(i.e. Acer, Corylus and Ulmus) and temperate (i.e. Quercus) summergreen taxa are more
frequently observed. South of 49°N, percentages of Pinus and Larix type pollen persist on
low levels. While the content of Picea type pollen decreases, Abies abundances remain
unchanged. This section also reveals the highest and most frequently observed abundances
of Acer, Corylus, Ulmus, and Quercus. Although concentrations are mostly below the

threshold value of 0.5%, Juglans, as a warm temperate summergreen taxon, regularly
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Fig. 5.6 Summary chart showing (A) the simplified percentage pollen diagram including 236
continuously numbered modern pollen spectra from the study area grouped by sample source
area (I - Sakha Republic, IT - Magadan Oblast, III - southern Khabarovsk Krai, IV - Sakhalin, see
Fig. 5.5 for spatial distribution) and sorted within each group by latitudinal position (north to
south) along with (B) the main climate variables (see Fig. 5.7 caption for abbreviations) inferred
from the modern climate dataset from New et al. (2002) and percentage modern tree cover based
on the AVHRR-derived dataset from DeFries et al. (2000a, 2000b) calculated for the location of
each modern pollen spectrum using the free-access Polation software (Nakagawa et al., 2002,
http://dendro.naruto-u.ac.jp/~nakagawa/) including modern conditions (triangles) at the site of
the Khoe fossil pollen record (Fig. 5.1B) and (C) the results of the pollen-based (actual) biome
reconstruction (Mokhova et al., 2009).

appears in the pollen assemblages from the southernmost part of Sakhalin. Another feature
of this region is the significantly higher portion of Poaceae and Artemisia type pollen,
which is a response to enhanced agricultural activities in this area. According to the results
of the biomisation method, Sakhalin is dominated by TAIG and COMX. The prevalence of
TAIG in the northern part (between 54.5-50.3°N) is only interrupted between 52-51.3°N,
where COMX is reconstructed from a considerable number of surface spectra. The latter
biome is most frequently reconstructed in the southern part (i.e. south of 49.2°N) of the
island. Though less frequently, COCO sites are mainly distributed in Sakhalin’s south with
a minor agglomeration of sampling sites between 50.3-46.6°N. Non-forest biomes are
reconstructed at six sampling sites. The spectra of these samples contain high pollen
concentrations of grasses and steppe forbs (e.g. Ranunculaceae and Asteraceae) as well as
grasses and sedges, which are under natural conditions representatives of the STEP and

TUND biome, respectively.

5.5.2 Reconstruction of vegetation and climate conditions

The pollen-based biome score calculation (Fig. 5.8A) and dominant biome recon-

structions (Fig. 5.8B) along with the results of the MAT-based temperature, precipitation
and tree cover reconstructions (Fig.5.9A-E) allow for the interpretation of past
environmental conditions in the region of northern Sakhalin. Based on these results, the
pollen profile from the Khoe site may be generally subdivided into seven sections.
The earliest period (620-590 cm) is marked by relatively high average values for annual
precipitation and temperature ranging between 675 and 705 mm -0.3 and 0.3 °C,
respectively. The error ranges are small and, regarding the upper and lower limits, similar
to those of the upper half (360-0 cm) of the record. Reconstructed total tree cover ranges
between 44 and 52%. The regional vegetation is dominated by forest (i.e. COCO and
TAIG) composed of boreal and temperate tree taxa with low but rising scores for STEP and
TUND.
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Fig. 5.7 Ranges of main climate variables including mean temperature of (A) the coldest (MTCO)
and (B) warmest (MTWA) month, (C) mean annual temperature (TANN), (D) winter (PWIN,
October-March) and (E) summer (PSUM, April-September) precipitation, (F) annual
precipitation (PANN) and (G) percentage total tree cover represented by the set of 236 modern
pollen spectra (dots) compiled in this study. Climate variables derived from the modern climate
dataset from New et al. (2002) and percentage total tree cover from the AVHRR-based dataset
from DeFries etal. (2000a, 2000b) were calculated for the location of each modern pollen
spectrum using the free-access Polation software (Nakagawa et al.,, 2002, http://dendro.naruto-
u.ac.jp/~nakagawa/). The triangles in each diagram indicate modern conditions at the position of
the Khoe fossil pollen record (see Fig. 5.1B for spatial location).

Between 590-540 cm, reconstructions for PANN, MTCO and TANN reach mini-
mum values of 410 mm, -36 and -8 °C, respectively. This is paralleled by maximum
MTWA of 18 °C, which likely indicates more continental conditions around the Khoe site.
With minimum values of approximately 30%, total tree cover reconstructions suggest a
more open landscape. This is in agreement with the calculated biome scores of non-forest
biomes (i.e. TUND and STEP), which reach highest values during this section. Simultane-
ously, scores for forest biomes broadly decrease but continue to dominate the regional
vegetation. The STEP biome scores exceed the forest biome scores only at 560 cm.

The subsequent section (540-420 cm) is marked by higher average temperatures,

precipitation with slight fluctuations. However, the reconstructions are partly characterised
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by relatively large error ranges especially in the upper part (467.5-420 cm), which suggest
at least several excursions towards generally colder and drier conditions. Similarly, total
tree cover shows a relatively high density, but decreases above 460 cm. While STEP scores
remain on relatively high levels during the lower part of this section (540-505 cm), they are
significantly lower in the upper part (505-540 cm) when the record is clearly dominated by
forest biomes. The dominance of COCO and TAIG is interrupted by TUND in the lower
partat 525 cm.

The MAT results indicate a phases of significant climate deterioration between 420-
362.5 cm with lower TANN (between -5.5 and -0.5 °C) and reduced PANN (between 470
and 640 mm). While the MTCO is lowest in the lower part (MTCOpi, = -30 °C), it rises
towards the top of this section. With average values of 14.7 °C, MTWA is lowest in the
upper part of this segment. Total tree cover persists on relatively low levels of 35%. Forest
(i.e. COCO and TAIG) remains the dominant vegetation type around the study site. A

trend towards a more open landscape is suggested by the decline in forest and increase in
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STEP biome scores in the lower part (410-390 cm), which is in line with the MAT-derived

reduced precipitation and colder winter conditions.
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Fig. 5.9 Charts A-E show the results of the reconstruction of four climate variables (see Fig. 5.7
caption for abbreviations) and percentage total tree cover based on the MAT, the compiled set of
236 reference pollen spectra and the Khoe fossil pollen record. The curves represent the weighted
averages of the five reconstructed parameters inferred from a range of eight closest analogues
determined by the squared chord distance (T < 1.5). The horizontal bars indicate the analogue
uncertainty range defined by the minimum and maximum value of the best modern analogues
assigned to each analysed fossil sample. The traingles mark modern conditions at the site of the
Khoe fossil pollen record (see Fig. 5.1B for spatial location) derived from the modern climate
dataset from New et al. (2002).

The lower third (362.5-227.5 cm) of the upper half of the record shows relatively
stable climate conditions, which are wetter and warmer compared to the previous core
section. Reconstructions for MTCO, MTWA, TANN, and PANN range between -21 and -
17 °C, 14.5 and 17 °C, -1.5 and 0.5 °C, and 620-720 mm, respectively. For this section, the
highest average tree density of ca 60% (range between ca. 50 and 70%) is suggested. TAIG
predominates around the sampling site until 322.5 cm. In the subsequent section (322.5-
262.5 cm), COCO dominates the regional landscape, which is reflected by the increased
concentration of cool temperate summergreen pollen in the spectra. Above 262.5 cm, the
COMX has the highest scores, thus dominating the vegetation around Khoe, which is due
to the spread of temperate summergreen taxa (e.g. Quercus).

Most favourable climate conditions are reconstructed between 227.5-112.5 cm.
Compared to the previous part of the record, average MTCO, MTWA, TANN, and PANN
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are higher by about 2.5°C, 0.5°C, 1.5°C, and 70 mm, respectively. With around 50%,
average total tree cover is slightly lower than in the previous period. STEP scores display
very low levels. Scores for TUND decrease continuously; COMX, which reaches the highest
affinity scores during this phase, generally dominates the regional vegetation. However,
boreal tree and shrub taxa remain important elements of the landscape.

In the top part of the profile (112.5-0 cm), the reconstructed climate conditions are
very similar to the ones registered in the lower third (362.5-227.5 cm) of the upper half of
the record. The same applies to the total tree cover concentration, which is slightly higher
than in the section below. The dominant vegetation type fluctuates between COMX,
COCO and TAIG, thus also suggesting a trend towards climate deterioration. This is
supported by the slight increase in TUND scores, which mirror enhanced growth of boreal

and/or arctic herb and shrub communities in the study region.

5.5.3 Chronological framework

Figure 5.10 shows the calibrated radiocarbon dates together with the comparison
between the TANN reconstruction results based on the Khoe fossil pollen record
(Fig. 5.9C) and the mean annual temperature reconstruction (Alley, 2000) based on the
"0 record of the GISP2 ice core. During the Holocene, the variability in both tempera-
ture reconstruction curves (Fig. 5.10A) is low and therefore difficult to correlate. The age-
depth model for this period is based on linear interpolation using four available
radiocarbon dates (samples a, b, d and e, Table 5.1). For the last glacial part, we correlated
the two temperature records based on the 15 most prominent levels (tie points), which
were identified by visual comparison (Fig. 5.10B). The calendar ages associated with theses
selected levels in the GISP2 record were allocated to the corresponding tie points of the
Khoe record. In addition to these tie point ages, we employed the three available '*C
datings including two calibrated ages (samples f and g, Table 5.1) and one lower error
range limit (sample h, Table 5.1) for a 95% confidence interval to define the age-depth
model based on linear interpolation for the last glacial section of the Khoe sediment profile.
The resulting chronology together with the lithological properties for the Khoe profile is
outlined in Fig.5.11. The chronology illustrates a shift to significantly increased
sedimentation rates at the late-glacial-Holocene transition. Synchronously, there is a
change in lithological composition from mainly clastic components to organic-rich peat
bog sediments at ca. 380 cm depth. If we assume that the establishment of the bog is a
response to enhanced precipitation in combination with more favourable conditions for
vegetation growth during the late-glacial climate amelioration, the recognised lithological

change supports the defined chronology at least for this specific time interval.
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Fig. 5.10 Combined charts showing the 95% confidence intervals of the calibrated radiocarbon
dates (a-h, see Table 5.1 for further details) from the Khoe sediment profile for (A) the Holocene
and (B) the last glacial interval together with the correlations (tie points no. 1-15) between the
MAT-based TANN reconstruction results for the Khoe fossil pollen record (this study) and the
TANN reconstruction based on the 6'®0O record from the GISP2 ice core from central Greenland
(72.58°N, 38.48°W, 3208 m a.s.l; after Alley, 2000) used to constrain the age-depth model for (B)
Heinrich (after Heinrich, 1988) and Dansgaard-Oeschger (after
Dansgaard et al., 1993) events and the Younger Dryas are indicated for better orientation and

the last glacial interval (Fig. 5.11).

denoted by “H”, “DO” and “YD”, respectively.

126



5. Manuscript IV

Age (cal ka BP) Lithology
0 10 20 30 40
0 ! | ! | ! | I | I
100 —
| a
200 Peat
. ] b
S
o
300
= cf
()
©
o . d
S e\ 1
23
400 f 4 i
5 5 i Gravel
| g 79
9
10
500 11 Silt
12
7 13
14
15
600
h

Fig.5.11 Age-depth model and lithology for the Khoe sediment profile based on linear
interpolation between seven calibrated radiocarbon dates (a, b, d-h; see Table 5.1 for further
details) and 15 tie points (Fig. 5.10) identified by correlating the TANN reconstruction results
based on the MAT and the Khoe fossil pollen record (this study) and the TANN reconstructions
derived from the GISP2 ice core §'°0 record from central Greenland (after Alley, 2000).

5.6 Discussion

5.6.1 Comparison of pollen-derived biome distribution and actual vegetation on Sakhalin

The pollen-based biome reconstruction method has been successfully tested in large
parts of the wider study area including the RFE and Beringia (e.g. Tarasov etal., 1998;
Edwards et al. 2000; Mokhova et al., 2009). However, such a test has not been performed in
detail for Sakhalin, which is characterised by a wetter and milder climate than the

continental parts of the study area. The actual natural biomes allocated from the observed
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regional vegetation distribution (Bukhteeva and Reimers, 1967, Fig. 5.2) and the results of
the pollen-based biome reconstruction from Sakhalin are compared in Fig. 5.12A and
5.12B-F, respectively. Generally, the reconstructed dominant biomes match well with the
actual vegetation distribution. The overall dominance of forest biomes is well reproduced
by the biomisation method. TUND is reconstructed at four sites (Fig. 5.12B). The two
samples in the north contain significant amounts of sedge and grass as well as alder and
birch type pollen, which may be explained by their location in swampy riverine environ-
ments close to the shoreline. In the other two samples collected from the floodplains
between two mountain ranges in the south of the island, grass type pollen account for more
than half of the total pollen assemblage. This is likely due to the enhanced agricultural
activities in this populated valley region.

TAIG is mainly reconstructed in the region between ca. 54-49.5°N (Fig. 5.12C). In
the northern part of this area (ca. 54-53°N), the reconstructions agree with the actual
dominant biome. Since the vegetation distribution of this region is mainly dominated by
Larix and Pinus pumila (Fig.5.2) intermingled with Picea ajanensis (Bukhteeva and
Reimers, 1967), we allocated this region to TAIG (Fig. 5.12A). Towards the south, the
spectra distribution extends into the zone of COCO (Fig. 5.12A), which is often referred to
as southern taiga. On Sakhalin, this biome is characterised by minor presence of cool
temperate broadleaf trees which are patchily distributed over this zone. TAIG is
reconstructed in places where these trees are absent or so sparsely distributed that their
pollen only insignificantly contribute to the overall assemblages. COCO is mainly
reconstructed in the central part of Sakhalin but also for some samples collected in the
northern- and southernmost parts of the island (Fig.5.12D). At these sites, typical
vegetation elements of COMX (i.e. temperate broadleaf trees including Acer, Fraxinus and
Quercus) are lacking in the pollen spectra or have abundances which fall below the applied
universal threshold of 0.5%. Where pollen concentrations of temperate broadleaf trees
(mainly Quercus) influence the biome affinity scores, COMX is reconstructed (Fig. 5.12E).
In contrast to the observed vegetation distribution, according to which COMX is restricted
to the island’s south-westernmost part (Bukhteeva and Reimers, 1967; Fig. 5.12A), the
results of the pollen-based reconstructions indicate a distribution which stretches much
further north. In fact, the spread of Quercus mongolica is not limited to this south-
westernmost part of Sakhalin. Its habitat extents as far north as ca. 52°N (Sokolov et al.,
1977, Fig.5.2) and thus is well in agreement with the distribution of the COMX
reconstructions.

STEP is reconstructed at only two locations. Like TUND, it is not a dominant biome
on Sakhalin at present. Both spectra contain high pollen abundances of herbaceous taxa
including Ranunculaceae, Poaceae, Asteraceae, and Artemisia with low concentrations of

AP taxa, which probably reflects local human disturbance.
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Fig. 5.12 Distribution maps of (A) the actual natural biomes on Sakhalin allocated from the
observed vegetation distribution (after Bukhteeva and Reimers, 1967) and (B-F) the pollen-
derived biomes at 236 surface pollen sample sites.

5.6.2 Late Quaternary vegetation and climate dynamics in northern Sakhalin

For chronological comparison, the results of the quantitative climate and tree cover
reconstructions (Fig. 5.9) together with selected palaeoclimate records and insolation
parameters are plotted along the age axis in Fig. 5.13. According to the defined age-depth
model (Fig. 5.11), the fossil pollen record from Khoe spans the last ca. 44 cal ka BP, thus
partly covering the last glacial cycle (i.e. the late Pleistocene) and the current interglacial
(i.e. the Holocene). Regarding the long-term climate evolution, the derived error ranges of
the climate reconstructions allow a rough subdivision of the record into two potentially
milder and moister periods ca. 43.7-29.3 cal ka BP (620-467.5 cm) and ca. 11.7-0 cal ka BP
(362.5-0 cm) and a cooler and drier period ca. 29.3-11.7 cal ka BP (467.5-362.5 cm), which,
according to Martinson et al. 1987, largely correspond to the upper Marine Isotope Stage
(MIS) 3 (ca. 59-29 cal ka BP) and MIS1 (ca. 12-0 cal ka BP) interstadials and the MIS2
stadial (ca. 29-12 cal ka BP), respectively (Fig. 5.13L).

The MAT-based climate reconstructions show that during the late Pleistocene,
TANN is mainly controlled by winter temperatures, which are represented by MTCO. This
corresponds with climate reconstructions from other regions of the Northern Hemisphere
(NH) including North America and Northern Eurasia (e.g. Tarasov et al., 1999b; Bartlein

etal.,, 2011; Helmens, 2014). Annual-scale trends towards cooler (warmer) conditions are
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generally characterised by decreasing (increasing) MTCO and increasing (decreasing)
MTWA. We assume that these cooler (warmer) intervals are linked to enhanced (reduced)
continentality as a consequence of falling (rising) sea levels. This is also well reflected in the
level of thermal seasonality, which is higher during cooler intervals than during warmer
intervals. In our reconstructions, PANN is paralleled by MTCO, thus is negatively
correlated with thermal seasonality. This matches the long-term relationship between the
reconstructed TANN and PANN variation over the last ca. 450 ka in central Japan, which
was determined by Nakagawa etal. (2008). Another interesting feature of the late
Pleistocene climate reconstructions are the relatively high average MTWA values during
cold phases. Nevertheless, they should not be overestimated since the error ranges are
rather large at these levels especially during MIS2, where they suggest a potential for much
colder summer temperatures. Given the biomisation results (Fig. 5.8), average values of
MTCO, which are in contrast to MTWA a main controlling factor for forest biomes,
appear to be more reliably reconstructed.

The climate and tree cover reconstructions of the Holocene interval are marked by
comparably small error ranges, thus suggesting more robust average values. The
relationship between MTCO and MTWA follows a different pattern. Unlike the late
Pleistocene period, variations in both parameters appear to be in phase. This is probably a
response to the complex interplay of regional interglacial climate forcings, which likely
involve changes in the summer/winter solar insolation, a reduced influence of glaciation,
sea ice cover and permafrost, a reduced continentality and a specific pattern of ocean
currents.

The following sections provide a more detailed discussion on the pollen-inferred
changes in vegetation and climate in view of the previously published regional and extra-
regional palaeoclimate and palaecoenvironmental proxy records in chronostratigraphical
order. Emphasis is put on long-term as well as on millennial- and centennial-scale climate
oscillations. Last glacial short-term warming events, which match well with DO events
identified in ice core records from Greenland (Alley, 2000, Fig. 5.13G) and Antarctica
(Jouzel et al., 2007, Fig. 5.13F), are not further discussed.

5.6.2.1 The MIS3 interstadial (ca. 43.7-29.3 cal ka BP)

Given the long-term average temperature and precipitation reconstructions with
relatively small error ranges, the oldest (i.e. MIS3) interval of the Khoe record represents
relatively moist and thermally mild climate conditions (Fig. 5.13A-D). Average values of
TANN (0 °C), MTCO (-18 °C) and PANN (690 mm) reflect favourable conditions for tree
growth (Fig. 5.13E), although NAP taxa played a more important role in the regional

vegetation in comparison to modern conditions (Fig. 5.8). Interestingly, the derived mean
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climate conditions during the MIS3 interstadial were very close to the modern ones
(Fig. 5.13A-D). Similarly, the Hulu Cave MIS3 8'*0 ratios (Wang et al., 2001b, MSD in
Fig. 5.13H) are more or less identical with the modern and slightly higher than the early to
middle Holocene optimum 8'®O from Dongge Cave (Yuan et al., 2004, D4 in Fig. 5.13H).
In their study, Yuan et al. (2004) argue that the §'°O stalagmite records from both caves,
which are located ca. 1200 km apart from each other, largely replicate, thus are comparable
in terms of absolute 8'*O variations. However, these oxygen isotope records do not provide
information on absolute climate variations. Moreover, climate conditions during MIS3,
which were similar to today or even warmer and wetter, are reported from several
palaeoclimate proxy studies from the Asian monsoon domain including the Chinese Loess
and Tibetan plateau, south-western China, and the South China Sea (see Herzschuh, 2006
and references therein). Disregarding the stadials, mild climate conditions during MIS3,
which led to the extensive shrinking of the Fennoscandian Ice Sheet, are also reconstructed
in Europe (Helmens, 2014). Although generally cooler than during the late MIS3 (Helmens,
2014), it is interesting to note that Bos et al. (2009) inferred similar to today’s climate
conditions in northern Scandinavia during the early MIS3 warming phase. As indicated by
Overpeck etal. (1996) and Hodell etal. (1999), such favourable climate conditions as
inferred from the Khoe pollen record and the above mentioned studies probably reflect the
interplay between solar forcing and glacial climate boundary conditions during MIS3.
While the summer insolation exceeded the present-day conditions (Laskar etal., 2004,
Fig. 5.13K), its positive effect on the Asian summer monsoon intensity was suppressed by
the NH continental ice sheets, low North Atlantic sea surface temperature (SST) and large-
scale Asian snow cover. This is supported by Nakagawa et al. (2008), who postulate that
during periods of minimum eccentricity - when solar forcing (mainly driven by the
precession cycle; 19-23 ka) falls below a threshold level, which happened in Japan during
MIS3, 2 and 1 - the control of solar forcing over the monsoon decreased relative to glacial
forcing.

As indicated by both mean climate reconstructions and error bars, the broad MIS3
interstadial conditions are interrupted by a phase of distinctive climate deterioration
between ca. 40.6-38.6 cal ka BP (572.5-540 cm). Regarding the pollen-inferred average
thermal (TANN = 0 °C) and moisture (PANN = 690 mm) conditions prior to and after this
phase, the values decrease by up to 8 °C and 300 mm, respectively. A synchronous trend
towards less favourable conditions for tree growth is also evident in increasing scores for
the STEP and TUND biomes and decreasing scores for forest biomes (Fig. 5.8). Although,
the onset of this strong vegetation and climate shift occurs somewhat earlier, it appears to
be coincident with Heinrich event 4 (H4). This time lead might depict a certain
insufficiency in our age control. H4 is described as the largest of the six North Atlantic cold

climate (i.e. Heinrich) events during the last glacial period (Hemming, 2004). There is
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strong evidence that millennial-scale last glacial aridification trends in the NH are a
response to North Atlantic temperature variations (Deplazes et al., 2014). As denoted by
the MTCO and MTWA reconstructions, the massive temperature decline is attributed to
the winter season. Concordant seasonal temperature patterns are reported for MIS3 cold
events in the North Atlantic region and related to widespread winter sea-ice expansion
across the North Atlantic Ocean (Denton et al., 2005). Such significant shifts towards drier
conditions during Heinrich events are also reported from e.g. the Indian Monsoon domain
by elemental and grain size records from the Indus submarine slope in the northern
Arabian Sea (Deplazes et al., 2014) reflecting ISM strength and other regions within the
East Asian Monsoon domain by stalagmite §'°O records from Hulu (Wang et al., 2001b,
Fig. 5.13H) and Sanbao (Wang et al., 2008) Cave in China used as a proxy for meteoric
precipitation and cave temperature. Moreover, there is correspondence between the TANN
reconstructions (T. Nakagawa, personal communication 2013) based on the SG06 high-
resolution pollen record from Lake Suigetsu (Nakagawa et al., 2012) in central Japan and
our results during H4. Although smaller in magnitude, the recognised phase of cooler
conditions in central Japan is similarly pronounced in relation to MIS3 climate fluctuations
and nearly identical in timing. Given the robust chronology of the annually laminated
sediment record SG06 (Bronk Ramsey etal., 2012), these correlations would in turn
enhance the confidence for the age-depth model of the Khoe sediment profile (Fig. 5.11).
The more sensitive climate reaction denoted in our MAT results may be due to the location
of the Khoe site at the northern limit of the EASM, which would lead to a stronger
influence of cold Siberian air masses during phases of weak EASM circulation. Comparable
relations between the position of palaeoclimate archives (ranging from core to outer
monsoon zone) and the magnitude of precipitation variations over the Holocene interval
are also identified for the ISM domain (Fleitmann et al., 2007; Leipe etal., 2014). The
decrease in average TANN and PANN in combination with a rather low error limit at the
end of MIS3 we associate (ca. 29.7 cal ka BP, 470 cm) with Heinrich event 3 (H3). In
contrast to H4, the climate deterioration of this stadial appears less pronounced. This
might be a result of the lower resolution in this part of the core section and/or shorter
duration of a regional H3-related climate change. Above this, it also has to be assumed that
the North Atlantic cooling had a much weaker impact on the climate of the study region
than during H4.

5.6.2.2 The MIS2 stadial (ca. 29.3-11.7 cal ka BP)

The section of the Khoe record (ca. 29.3-11.7 cal ka BP, 467.5-362.5 cm), which
largely represents MIS2, is generally characterised by MAT-inferred climate values

showing a noticeably lower error limit (Fig. 5.13A-D), thus suggesting cooler and drier
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conditions in the study region. After a phase of climate fluctuations (ca. 29.3-21.8 cal ka BP,
467.5-420 cm), including several short pulses towards climate amelioration, temperature
and precipitation decrease. During the following full glacial stage (ca. 21.8-15.3 cal ka BP,
420-392.5 cm), average TANN (-3.3°C) and PANN (550 mm) reconstructions are,
compared to present-day conditions, reduced by 3.3°C and 150 mm, respectively.
Climatically more severe growing conditions are underpinned by contemporary minimum
tree cover concentration levels of ca. 35%. Another indication for unfavourable growing
conditions are the minimum sedimentation rates inferred from the age-depth model
(Fig. 5.11), which is likely the response to lowered biomass production levels in and around
the sampled tectonic depression. This trend is accompanied by reconstructed (Waelbroeck
etal., 2002, Fig. 5.13I) and simulated (Peltier and Fairbanks, 2006, Fig. 5.13]) minimum
global sea levels linked to the global maximum extent of ice sheets.

The coldest and driest stage during this interval, conventionally related to the last
glacial maximum (LGM), is observed around 20.3 cal ka BP (410 cm). This pulse is
determined by harsh winter temperatures (MTCO = -30.5 °C) and lowered precipitation
(PANN =470 mm) which coincide with the simulated absolute minimum global sea level
(Peltier and Fairbanks, 2006, Fig. 5.13]) lagging the NH summer insolation minimum
(Laskar etal., 2004, Fig.5.13K) by ca. 3 ka. There is no doubt about a major global
glaciation, which occurred during MIS2 (Clark et al., 2009), but still debate about the
timing of this event (Hughes etal., 2013). While some authors consider that the LGM
spanned the period ca. 24/23-19/18 cal ka BP with ca. 21 cal ka BP as its centre (Mix et al.,
2001; MARGO Project Members, 2009), others place the event between ca. 26-21 cal ka BP
(Peltier and Fairbanks, 2006) or even between 27.2-23.5 cal ka BP (Svensson et al., 2008).
The most unfavourable climate conditions observed in our reconstructions are temporally
in agreement with reconstructed minimum mean effective moisture (ca. 23-19 cal ka BP)
based on a set of 75 palaeoclimate records from monsoonal Central Asia (Herzschuh, 2006).
Although not representing maximum values, the increased 8'°O ratios of the MSD Hulu
Cave stalagmite also suggest generally drier and cooler LGM climate conditions between
ca. 23-19 cal ka BP than during MIS3 (Wang et al., 2001b, Fig. 5.13H). This might be due
to LGM boundary conditions (e.g. increased distance to the moisture source and reduced
humidity over southern China), which, despite colder and drier conditions, would result in
more negative 5'"%0 values (Cai etal., 2010). Further confirmation for LGM climate
conditions around ca. 20 cal ka BP in the wider study region comes from a fossil pollen
record from the Kenbuchi Basin located in northern Hokkaido (Igarashi etal., 1993;
Igarashi, 1996). After conversion of the available radiocarbon dates to calendar ages using
the online version of the CalPal radiocarbon calibration program (Danzeglocke et al., 2013),
the record indicates coldest and driest conditions by increasing concentration of NAP and

pollen of cold-tolerant boreal trees (i.e. Larix and Pinus) around 23-20 cal ka BP.
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Fig. 5.13 Comparison of the pollen-based (A-D) climate and (E) tree cover reconstructions from
Khoe, Sakhalin (this study) and other palaeoclimate records including (F) the mean annual surface
temperature reconstruction from the EPICA Dome C Ice Core (75.1°S, 123.35°E, 3270 m a.s.l.)
deuterium record from Antarctica (after Jouzel etal.,, 2007); (G) the mean annual surface
temperature derived from the Greenland GISP2 ice core (72.58°N, 38.48°W, 3208 m a.s.l.) 880
record (after Alley, 2000) with Dansgaard-Oeschger (DO) events (after Dansgaard et al., 1993);
(H) the stalagmite 880 records PD and MSD from Hulu cave (23.50°N, 119.17°E, 100 m a.s.L.,
after Wang et al., 2001b) and D4 from Dongge cave (25.28°N, 108.08°E, 680 m a.s.l., after Yuan
etal., 2004) in China; (I) the oxygen isotope ratio-based reconstructed (after Waelbroeck et al.,
2002) and (J) ICE-5G(VM2) model simulated changes in relative global sea-level (after Peltier and
Fairbanks, 2006); and (K) the computed mean summer (June-August) and winter (December-
February) insolation at 55°N (after Laskar et al., 2004). Heinrich (H) events (after Heinrich, 1988)
and the Younger Dryas (YD) are indicated by grey bars.

Like H3 (MIS3), Heinrich event 2 (H2) and 1 (H1) are much less distinct in our
climate and tree cover reconstructions in comparison with H4. Accordingly, it might be
considered that the climate signals of the fossil pollen assemblages in the Khoe record
during both events are obscured by low sedimentation rates (ca. 30-15 cal ka BP, 472.5-
392.5 cm, Fig. 5.11) and low resolution. However, H1 is suggested to be the longest stadial
of the last glacial (Denton et al., 2010) with a duration of over 4 ka (ca. 19-14.6 cal ka BP;
Stanford et al., 2011). It also appears to be well reflected in the stalagmite 8'°O records
from China (Wang et al.,, 2001b, Fig. 5.13H; Yuan et al., 2004, Fig. 5.13H). Therefore, it is
more likely that H1 is well registered in the Khoe pollen record. Compared to previous (i.e.
full glacial) conditions, our reconstructions show a weak decrease in TANN of ca. 2 °C
(Fig. 5.13C), which is, however, well in accord with the faint cooling trend (ca. 5 °C) in the
GISP2 annual temperature record from Greenland (Alley et al., 2000, Fig. 5.13G).

The Hl-related cooling trend, which was caused by warming-induced ice-sheet
melting and is widely recognised in NH palaeoclimate proxy records, marks the onset of
the last deglaciation (Denton et al., 2010). The subsequent climate amelioration towards
the Holocene with a stepwise increase of PANN and TANN between ca. 15.3-13.2 cal ka
BP (392.5-377.5 cm) is interrupted by a climate reversion between ca. 13.2-11.7 cal ka BP
(377.5-362.5 cm). Both short-term trends are well in agreement with the key palaeoclimate
records from the North Atlantic region (e.g. Alley, 2000, Fig. 5.13G) and Antarctica (Jouzel
etal.,, 2007, Fig. 5.13F), thus corresponding to the late-glacial Bolling—Allered interstadial
and the Younger Dryas stadial, respectively, which are widely recognised within the Asian
monsoon domain including coastal China (e.g. Wang et al., 2001b, Fig. 5.13H; Yuan et al,,
2004, Fig. 5.13H; Stebich et al., 2009) and central Japan (Nakagawa et al., 2005, 2006). A
North Atlantic region-like pattern of deglacial warmer/moister and cooler/drier climate
conditions is also evident in different fossil pollen records from northern Japan (Hokkaido),
but less distinct due to low resolution and less robust chronologies (Igarashi et al., 1993;

Igarashi, 1996). According to the error bars, MTWA are suggested to be lowest during the
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late-glacial period (ca. 15.3-11.7 cal ka BP, 392.5-362.5 cm). As for the previous intervals,
the trend towards slightly cooler summers may represent enhanced continentality resulting
in higher seasonality. We presume that this late-glacial MTWA decrease is related to the
continuous rise in global sea level in response to large-scale deglaciation (Waelbroeck et al.,
2002, Fig. 5.131; Peltier and Fairbanks, 2006, Fig. 5.13]). Further explanation for lowered
summer temperatures might be provided by the late-Pleistocene East Siberian Ice sheet
hypothesis raised by Grosswald and Hughes, according to which large parts of the northern
Okhotsk Sea were occupied by an extensive marine ice sheet that was supplied by glaciation
of the north-bounding mountain ranges during the LGM (see Grosswald and Hughes, 2002
and references therein). Thawing of these ice masses would have led to the discharge of
large amounts of cold water into the adjacent seas (Okhotsk Sea and Sea of Japan) of late-
Pleistocene peninsular Sakhalin, which, in turn, would have induced a cooling effect there
during summer. On the other hand, during winters such a cooling effect would have been
outbalanced by greater maritimity. However, the existence of an East Siberian Ice sheet
during the LGM-late-glacial period is strongly called into question by contrary findings of
different authors (see Brigham-Grette, 2001 and references therein). Moreover, extensive
glaciation in the Okhotsk Sea region is in disagreement with several studies based on
marine palaeoclimate proxy records from the Okhotsk Sea floor. While some authors
postulate that the sea was not influenced by larger ice sheets but non-perennial sea ice
cover (e.g. Okazaki etal., 2005; Sakamoto et al., 2005; Gorbarenko et al., 2014), others
argue that perennial sea ice cover was limited to the LGM (Shiga and Koizumi, 1999) or
restricted to the northern sector of the Okhotsk Sea during Pleistocene full glacial stages
(Yamazaki, et al., 2013).

5.6.2.3 The Holocene (ca. 11.7 cal ka BP - present)

The early Holocene (ca. 11.7-8.7 cal ka BP, 362.5-227.5 cm) is characterised by
considerably warmer and wetter conditions compared to the late-glacial period, with
winters slightly cooler than today but precipitation levels comparable to modern
conditions. The remarkable climate amelioration is supported by tighter error bars and
higher upper and lower limits in contrast to the last glacial. Although summer insolation
peaked, Holocene climate optimum conditions did not occur in the study region before ca.
8.7 cal ka BP, which, at first glance, seems to be in agreement with review studies arguing
for a middle Holocene climate optimum in the northern (Zhao and Yu, 2012; Ran and
Feng, 2013) or entire (Herzschuh et al., 2006; Wang et al., 2010) domain of the EASM. In
contrast, asynchrony with the ISM domain, where Holocene climate optimum conditions
are identified during the early Holocene (see Leipe et al., 2014 and references therein), has

been questioned by the works of different authors (e.g. Rudaya et al., 2009; Zhang et al.,
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2011; Li et al.,, 2014) and thus remains controversial. Different palynological studies from
Hokkaido provide further evidence for a Holocene climate optimum not having occurred
before ca. 8 cal ka BP (Sakaguchi, 1992; Igarashi et al., 2002, 2011), when pollen of the cold-
tolerant Larix disappeared from the records and pollen of the temperate broadleaved taxon
Quercus started to strongly increase. Broadly corresponding results are also documented by
the calculation of dominant biome scores (Fig.5.8). Although climate gradually
ameliorated during the early Holocene stage, taiga and cool conifer forest prevailed until ca.
10.5 and 9.4 cal ka BP, respectively, before cool mixed forest was established around the
study site. In terms of climatic interpretation based on the BIOMEI vegetation model
(Prentice et al., 1992), this means that MTCO did not exceed -19 °C before ca. 10.5 cal ka
BP, which is in agreement with the error ranges of the MAT-derived values. In contrast,
MTCO of not below -15 °C as indicated by the spread of cool mixed forest is reached ca.
0.5 ka earlier than suggested by the MAT (ca. 8.9 cal ka BP).

Holocene optimum climate with slightly increased precipitation and improved
thermal conditions is reconstructed for the period ca. 8.7-5.2 cal ka BP (227.5-112.5 cm),
which is well in line with maximum biome scores for cool mixed forest owing to higher
concentrations of temperate deciduous tree type pollen (i.e. Quercus, Fraxinus and Acer).
Although remaining on high levels, summer insolation had started to decrease, which
indicates a mainly regional rather than orbital forcing of the early to middle Holocene
climate conditions in northern Sakhalin. An important factor for the regional climate was
probably the influence of the surrounding seas and ocean currents. By this time, the Sea of
Japan had transgressed further north towards the modern Tatar Strait with its shoreline
located fairly close to the Khoe sampling site. After its initial inflow to the Sea of Japan at
the onset of the Holocene interval (e.g. Oba et al., 1991, 1995), the TWC, which today still
flows along Sakhalin’s south-western coast (Fig. 5.1B), is suggested to have reached a phase
of highest intensity between ca. 9/8-7 cal ka BP (Oba et al., 1991, 1995; Itaki et al., 2004;
Takada et al., 2006). The TWC intensity probably culminated at around 8 cal ka BP when
according to Sawada and Handa (1998) the subtropical heat transport to northern latitudes
of the Pacific Ocean reached a maximum. Furthermore, evidence for cool early Holocene
conditions is found in the north-western and southern Okhotsk Sea. Records of ice rafted
debris and marine diatom assemblages (Gorbarenko et al., 2014) and alkenones (Ternois
etal.,, 2000) suggest that SSTs were low until ca. 9-8 cal ka BP due to persistent sea ice
influence and, according to Gorbarenko etal. (2014), reached a maximum in the late
middle Holocene (ca. 4-5 cal ka BP).

Interestingly, climate optimum conditions are paralleled by a slight reduction in
total tree cover compared to the previous Holocene interval. A possible reason for this is
that tree growth is not necessarily directly related to precipitation, but rather depends on

the annual moisture availability often expressed with a (Priestley-Taylor coefficient) as the
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ratio of actual evapotranspiration over potential evapotranspiration (Prentice et al., 1992),
which also accounts for thermal conditions (Prentice et al., 1992). Hence, tree growth may
be constrained by temperature-induced high evapotranspiration (i.e. low a) even when
precipitation is on high levels. Similar findings are reported in a study of a fossil pollen
record from the EASM domain in north-eastern China, where the Holocene peak period of
tree pollen percentages is not in phase with warmest and wettest conditions but with the
peak in MAT-based a reconstructions (Guiot et al., 2008). On the contrary, it might be also
considered that higher precipitation levels were paralleled by increased moisture
availability, which led to a large-scale expansion of bog conditions. This is indicated by the
spread of typical bog taxa like Sphagnum and Myrica gale traced in the fossil pollen and
spore assemblages (Fig. 5.4), which would in turn explain more unfavourable conditions
for tree growth. However, whether bog growth was restricted to a rather small area within
and/or around the sampled depression or more widespread cannot be clarified in this study.
An alternative explanation for the reduced presence of trees around the study site might be
anthropogenic influence. In deed, the development of sedentism is documented by several
early Neolithic sites discovered in both the northern and southern part of Sakhalin, of
which the ages (own calibrations of the original '“C dates using CalPal online by
Danzeglocke et al., 2013) of the oldest sites range between ca. 9.8-8.3 cal ka BP (Kuzmin
et al., 2004; Zhushchikhovskaya and Shubina, 2006). A substantial impact on the vegetation
by deforestation may yet be ruled out as the early sedentary communities of Sakhalin are
reported to have subsisted on hunting, fishing and gathering (Lutaenko etal., 2007;
Kuzmin and Rakov, 2011) and were likely rather dispersed.

The uppermost interval (ca. 5.2-0 cal ka BP, 112.5-0 cm) is initiated by a swing
towards a drier and on average cooler environment that culminated ca. 4.4 cal ka BP with a
coeval interruption in the overall dominance of the cool mixed forest by taiga. Subse-
quently, TANN and PANN remained on a level that was lower than during the middle
Holocene but still stable. This is broadly in agreement with palaeoclimate proxy studies
from the entire Asian monsoon domain (e.g. Herzschuh, 2006; Fleitmann et al., 2007;
Rudaya etal., 2009; Wang etal.,, 2010; Ran and Feng, 2013; Li etal.,, 2014) and well
paralleled by annual insolation decline (Laskar et al., 2004, Fig. 5.13K). Correspondingly,
the tundra biome scores illustrate the continuous expansion of herbaceous and shrubby
taxa to the detriment of arboreal taxa and more unstable climate conditions expressed by
the fluctuation in dominant biome distribution (i.e. among cool mixed forest, cool conifer
forest by taiga). Analogous late Holocene climate trends are inferred on the basis of
palynological investigations from the wider study region including the lower Amur River
basin (Mokhova et al., 2009; Bazarova et al., 2011) and the Kuril Islands (Razjigaeva et al.,
2013). However, as reviewed by Igarashi (2013), late Holocene climate deterioration is not

documented in the fossil pollen records from Hokkaido. In a recent study, Leipe et al.
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(2013) applied the biomisation method and MAT to a ca. 5500-year-old pollen record from
south-western Hokkaido. They concluded that between ca. 3.6 cal ka BP and today, climate
was even wetter and warmer than the previous interval, which is likely caused by
strengthening of the TWC. It seems well conceivable that a re-intensified TWC may have
positively influenced or even outbalanced the overall solar forced development towards
cooler and drier climate conditions during the late Holocene. However, the lack of
additional well-dated marine records from the northern Sea of Japan and terrestrial proxy
records from Sakhalin and/or northern Japan prevents us from conducting a more robust
and detailed interpretation.

Several Holocene short-term pulses towards climate deterioration are imprinted in
the MAT reconstructions. The four most prominent cold/dry relapses are found at around
10.3 (310 cm), 7.4 (165 cm), 4.4 (95 cm) and 0.5-0.9 (20-10 cm) cal ka BP, and thus match
well with cold cycles (i.e. Bond cycles) determined in ice-rafted sediment records from the
North Atlantic (Bond et al., 1997, 2001) and Greenland ice cores (Mayewski et al., 1997,
2004). Such cold events are also reconstructed for other regions within the Asian monsoon
domain (Hong etal., 2003; Wang et al., 2005b; Leipe etal., 2014) and the Okhotsk Sea
(Gorbarenko et al., 2014). The driving mechanisms for these NH cold climate oscillations,
which show no clear cyclicity but rather a fairly complex spatiotemporal pattern, are still
insufficiently understood. While some events appear to be linked to a downturn of the
thermohaline circulation in the North Atlantic linked to phases of weak solar activity or
enhanced meltwater influence, others seem to be additionally combined with increased
volcanic activity (Wanner et al., 2008, 2011). In order to clarify whether the short-term
cold spells registered in the Khoe fossil pollen record represent a direct teleconnection with
one or several of the identified processes, or primarily reflect internal forcing factor
variability driven by feedback effects (Bengtsson et al., 2006), further palacoclimate proxy

studies are required in the study region.

5.7 Conclusions

Covering the last ca. 44 ka, the fossil pollen assemblages from Khoe in northern
Sakhalin represent the longest terrestrial record of vegetation and environmental
development from the north-western corner of the Pacific region. Successful tests with a
combination of previously approved biome-taxon matrices and a set of modern pollen
spectra suggest that the biome reconstruction method may be reliably applied to fossil
pollen records from Sakhalin. In addition to the biomisation method, we have applied the
modern analogue technique to the Khoe pollen record to objectively quantify variations in

temperature, precipitation and percentage tree cover in the study region. The overall
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results of both methods are well in agreement and illustrate the long-term trends as well as
millennial- and centennial-scale variations in vegetation and climate conditions.

The last glacial is characterised by mean average temperature (TANN =0 °C) and
precipitation (PANN =690 mm) reconstructions, which are generally similar to late
Holocene averages (TANN = 0.2 °C, PANN =700 mm) during MIS3 (ca. 43.7-29.3 cal ka
BP) and weakly reduced during the full glacial interval (ca. 21.8-15.3 cal ka BP). While the
error bars of the MIS3 reconstructions are relatively small, they are larger particularly
during the full glacial. Especially the low error range limits during MIS2 show the potential
for lower temperature and precipitation levels. A more comprehensive pollen-climate
dataset may help to provide more robust reconstructions.

Another interesting feature is the anti-phase relationship between MTCO and
MTWA during the last glacial, which we relate to changes in the degree of continentality
due to variations in the global sea level and glaciation cycles. However, the average MTWA
reconstructions should not be overinterpreted since the error ranges are rather large and
the influence of MTWA on the forest vegetation distribution is negligible. To evaluate the
relatively high reconstructed last glacial MTWA averaged from the eight best modern
analogues, additional fossil records of Chironomidae, Ostracoda and/or plant macro
remains may be also helpful.

During the last glacial, several millennial-scale climate oscillations towards
warmer/wetter and cooler/drier climate are indicated by the MAT reconstructions, which
are coeval with respective warming (i.e. Dansgaard-Oeschger) and cooling (i.e. Heinrich)
events registered in the North Atlantic region and Antarctica. The most prominent one is
H4, which is marked by noticeably drier and cooler conditions and the spread (decrease) of
herbaceous (arboreal) taxa. Although H4 was the largest cooling event during the last
glacial, an equivalent is not clearly traceable in the available palaeoclimate proxy records
from the Asian monsoon domain and neighbouring regions. Therefore, it might be
assumed that H4 climate deterioration in northern Sakhalin was amplified by a regional
driving force.

The last deglaciation is marked by a stepwise increase of TANN and PANN, which
broadly coincides with the Belling-Allerod and the Younger Dryas. Synchronously,
MTWA reconstructions suggest that summer temperatures were slightly decreased, which
we relate to enhanced maritimity in response to rising global sea levels.

Compared to MIS2, the climate during the Holocene interval is warmer and wetter
with highest levels of tree cover in the study region and accompanied by a successive
development of cool mixed forest. Reconstructed maximum tree cover indicates that
annual moisture availability (a) was highest during the early Holocene (ca. 11.7-8.7 cal ka
BP) when, despite peak summer insolation, a rise in annual temperatures was suppressed

by the influence of low SST's of the surrounding seas. Middle Holocene climate optimum
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conditions with TANN of 1.0 °C and PANN of 750 mm (ca. 8.7-5.2 cal ka BP) are likely
caused by the effect of high-level solar output, which was distinctly amplified by the rising
global sea level (i.e. maritimity) and intensified flow of the Tsushima Warm Current in the
Sea of Japan.

In order to disentangle the influence of global- and/or hemispherical-scale climate
system processes and regional forcing factors on different time-scales in the insular north-
western Pacific, additional well-dated, high-resolution palaeoclimate proxy records are

needed from the region.
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6. Conclusions and future perspectives

This thesis exhibits a compilation of four palacoenvironmental proxy studies (Chap-
ters 2-5) based on different fossil palynomorph records originating from different regions
within the ASM domain and representing different time ranges. Numerical pollen-based
vegetation and climate reconstructions, which are partly combined with NPP analyses,
yield implications for past variations of the ISM and EASM system as well as for past
human impact in the western Trans-Himalaya and the evolution of the Harappan
Civilisation. This chapter briefly highlights the most significant insights from the previous

chapters grouped by subject area followed by an outline of perspectives for future research.

The Indian Summer Monsoon (ISM):

e The pollen record from the high-altitude lake Tso Moriri (western Trans-Himalaya)
covering the last ca. 12 ka, reveals that the onset of the Holocene ISM indicated by a
rapid increase in moisture availability, occurred at the termination of the Younger
Dryas. ISM intensity was strongest between ca. 11-9.6 cal ka BP, thus suggesting an

early Holocene moisture optimum.

e The Holocene moisture evolution in the western Trans-Himalaya is marked by a
gradual decline, which parallels the southward migration of the mean summer position
of the ITCZ in response to orbitally induced reduction of summer insolation. This
confirms the existing hypothesis that the long-term ISM strength is primarily governed

by the mean summer ITCZ position.

e The results of the quantitative reconstruction indicate considerable fluctuations in
annual precipitation, which during the wettest interval (early Holocene) was ca. 430 mm
higher and during the driest interval (late Holocene) ca. 35 mm lower compared to

modern conditions (ca. 250 mm).

e Correlation with other palaeoclimate proxy records suggests that the decrease in
precipitation in the regions at the northern limit of the ISM (i.e. the north-western
Himalaya) was greater than in the southern parts (i.e. the western Arabian Sea region) of
the ISM domain.

The East Asian Summer Monsoon (EASM):

e The climate conditions in the northern-most part of the EASM domain (Sakhalin)
during late MIS3 (ca. 44-29 cal ka BP) DO cycles were similar to modern conditions.

During late MIS3 Heinrich events and the entire MIS2, climate conditions were
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potentially much drier and colder than today. Relatively large error ranges of the MAT
results for the last glacial hamper a more precise climate interpretation for this time

interval and call for an extension of the available modern reference pollen datasets.

e While cold and dry climate cycles, coeval with North Atlantic millennial-scale Heinrich
events (H4-H1), are traced during the represented interval of the last glacial in the MAT
reconstructions from Sakhalin, H4 exhibits by far the most extensive phase of climate
deterioration. Since an equivalent event is not clearly recognisable in existing palaeocli-
mate proxy records from the ASM domain, it may be only presumed that H4 climate

deterioration on Sakhalin was amplified by a regional driving force.

e Reconstructions of vegetation, climate and total tree cover indicate that climate
ameliorated remarkably at the Younger Dryas/Holocene transition. Furthermore,
annual moisture availability (a) was highest during the early Holocene (ca. 11.7-8.7 cal
ka BP) accounting for the Holocene hydrological optimum. In contrast, the thermal
optimum and maximum in precipitation occurred during the middle Holocene (ca. 8.7-
5.2 cal ka BP). The middle Holocene climate optimum on Sakhalin is likely explained by
the effect of enhanced solar insolation at high NH latitudes, which was distinctly
amplified by the rising global sea level (i.e. maritimity) and intensified flow of the

Tsushima Warm Current in the Sea of Japan.

e The results derived from the compiled set of modern pollen reference samples revealed
that the biomisation approach which considers the whole list of terrestrial pollen taxa
(including herbaceous taxa) (Takahara et al., 2000) is more suitable for reconstructing
late Quaternary vegetation and climate dynamics in northern Japan than the approach
which only considers AP taxa (Gotanda et al., 2002).

e MAT and biomisation method results based on the south-western Hokkaido (Yakumo)
late Holocene fossil pollen record demonstrate warmer/wetter conditions initiated at ca.
3.6 cal ka BP and persisting until present compared to the previous interval (ca. 5.5-3.6
cal ka BP). As this conflicts with the broad-scale climate trends in the EASM domain
and other regions of the NH, the reconstructed warming trend is probably linked to the
expansion of the Tsushima Warm Current documented in previous studies on diatom

and foraminifera assemblages from sediment cores from the Sea of Japan.

Influence of westerly disturbances:

e The climate reconstructions from the ISM domain (Tso Moriri) clearly illustrate several
prominent centennial-scale intervals of enhanced aridification during the Holocene,

which are closely synchronous with North Atlantic cold climate (i.e. Bond) events.
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These dry intervals probably indicate reduced winter westerly airflow, which led to

decreased winter precipitation in the north-western Himalayas.

There is also evidence from this study and other Holocene palaeoclimate proxy records
that early Holocene climate conditions are more strongly linked to North Atlantic cold
events in the southern ISM domain (i.e. the western Arabian Sea region) than in the
northern domain (i.e. north-western Himalayas). This may reflect a higher portion of
westerly-derived moisture in the annual precipitation sum in the former region. A
plausible explanation for this is the persistence of large parts of the Fennoscandian ice
sheet during the early Holocene, which prevented the belt of summer westerly distur-
bances from migrating as far north as today. This would have led to enhanced moisture

transport especially to the southern/south-western ISM domain.

The slight increase in annual precipitation in the north-western Trans-Himalaya during

the late Holocene likely reflects an intensification of the winter westerly disturbances.

The Asian Summer Monsoon (ASM):

The results of the studies contained in this thesis suggest that the ITCZ was the common
driving force of the ASM, which led to the synchronous post-glacial strengthening of
both the ISM and EASM at the onset of the Holocene interval.

Holocene climate optimum conditions show a different (i.e. asynchronous) timing in
the ISM (early Holocene) and EASM (middle Holocene). However, it has to be noted
that the derived climate signals from the EASM (i.e. Sakhalin) are mainly driven or
overprinted by regional forcing factors such as the influence of ocean currents or

changing degrees of continentality.

Human activities in the western Trans-Himalaya:

There is no clear evidence for human impact in the Tso Moriri region prior to ca. 3.7 cal
ka BP. Clear indications for an occupation by humans likely subsisting on agro-

pastoralism is indicated by the pollen and NPP record no earlier than ca. 2.7 cal ka BP.

Evolution of the Harappan Civilisation:

The results of the quantitative mean annual precipitation reconstruction, NPP analysis
from Tso Moriri and geomorphologic analysis of its basin lead to the hypothesis that the
evolution of the Harappan Civilisation of the greater Indus Valley was linked to climate
change. First, the gradual decrease in precipitation may have caused crop yields to fall,
which promoted the establishment of urban centres of the mature phase to provide an

infrastructure for storage, protection, administration, and redistribution of staple crops.
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Later, additional pronounced dry spells at ca. 4 and 3.2 cal ka BP in combination with
enhanced ENSO-related interannual monsoon oscillations probably further hampered
sufficient food supply that may have caused the protracted deurbanisation after ca. 4 cal
ka BP and the eventual demise of the sophisticated Harappan Civilisation between ca.
3.5-3 cal ka BP.

Numerous studies using both palaeoclimate proxies and simulations have deepened
our knowledge about spatiotemporal patterns of Asian monsoon activity during the late
Quaternary and the underlying internal and external driving forces. However, to
completely understand the complex mechanisms which control this major component of
the global climate system remains a great challenge. Further palaeoclimate proxy records
are needed from the ISM and EASM domain to better understand the mechanisms of
differences and similarities in the past evolution of both subsystems.

One current issue which is frequently discussed is whether the Holocene pattern of
climate development of both subsystems was synchronous or asynchronous. This study
indicates that palaeoclimate proxy records from the East Asian island arc as representative
for the EASM may not be sufficient to clarify this question. The EASM signal in these
records may be difficult to capture since the region’s climate is additionally influenced by
ocean currents of the surrounding seas. Proxy records from regions which are less
dominated by other atmospheric circulation systems or regional forces may provide a
better understanding of past EASM variations.

A similar situation is encountered within the westernmost areas of the ISM domain.
Here, the influence of westerly-derived precipitation may complicate the interpretation of
proxy records of past ISM moisture evolution. A promising tool to solve this problem are
e.g. O and "°C ratios of aragonitic shells of the aquatic gastropod Radix, which have been
recently established as a proxy for climate and hydrological conditions on the Tibetan
Plateau and adjacent regions on a sub-seasonal level (Taft et al., 2012, 2013, 2014).

Fossil and modern pollen assemblages are among those palaeoclimate proxies which
have great potential to enhance our knowledge about the magnitude of late Quaternary
climate change within the Asian monsoon domain. To improve the reliability of
quantitative analogue-based climate and environmental reconstructions and to verify the
biomisation method in different regions, modern reference datasets need to be further
extended. This is especially crucial for the ISM domain where modern pollen spectra are
especially limited and for regions of northern Japan, where cool conifer forest is the actual
dominant biome at present.

This study has shown that the analysis of fossil NPP assemblages may serve as a

valuable tool to supplement fossil pollen records and to strengthen the significance of their
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palaeoclimatic interpretation. However, further research is required to deepen our
understanding of the interpretation of NPP assemblages in future studies. Similarly, fossil
Poaceae pollen assemblages from the north-western Himalayas have great potential in the
study of the impact of sedentary communities. Yet a certain differentiation of regional
cereal and wild grass type pollen is not feasible, due to a poor knowledge of their
morphology.

Most chronologies of palaeoclimate proxy records are based on radiocarbon dating.
Especially in the Himalayas and on the Tibetan Plateau, '*C reservoir effects are a
particular problem, which makes finding suitable palacoclimate archives a challenging
future task. This thesis also highlights the general importance of adjusting the radiocarbon-
based chronologies of different palaeoclimate records when correlated with each other.
Assuming that different studies from different times used different radiocarbon calibration
models, chronologies have to be aligned by recalibration of '*C ages to allow a reliable

intercorrelation and thus interpretation.
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the Holocene part of the TMD composite core from lake Tso
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e Results of the non-pollen palynomorph (NPP) analysis of 16 doi:10.1594/PANGAEA.829752
surface samples from the Tso Moriri area.
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IV/5. Supplementary data will be provided as soon as the manuscript

is submitted for publication.

Table 8.1 Overview of the supplementary material associated with the four article manuscripts
incorporated in the present doctoral thesis.
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