
at SciVerse ScienceDirect

Quaternary Science Reviews 73 (2013) 31e47
Contents lists available
Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev
Environmental variability in the monsoonewesterlies transition zone
during the last 1200 years: lake sediment analyses from central
Mongolia and supraeregional synthesis

Fang Tian a,b,c,*, Ulrike Herzschuh a,b, Anne Dallmeyer d, Qinghai Xu c,e, Steffen Mischke b,f,
Boris K. Biskaborn a,b

aAlfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Research Unit Potsdam, Telegrafenberg A43, Potsdam 14473, Germany
b Institute of Earth and Environment Science, University of Potsdam, KarleLiebknechteStr. 24, Potsdam 14476, Germany
cCollege of Resources and Environment, Hebei Normal University, East Road of Southern 2nd Ring, Shijiazhuang 050024, China
dMax Planck Institute for Meteorology, KlimaCampus, Bundesstrasse 53, Hamburg 20146, Germany
eKey Laboratory of Western China’s Environmental System (Ministry of Education), Lanzhou University, 222 Southern Tianshui Road, Lanzhou 730000,
China
f Institute of Geological Sciences, Free University of Berlin, Malteserstasse 74e100, Berlin 12249, Germany
a r t i c l e i n f o

Article history:
Received 11 December 2012
Received in revised form
29 April 2013
Accepted 9 May 2013
Available online 9 June 2013

Keywords:
Pollen
Grain size
TOC
Asian monsoon
Westerlies
Late Holocene
Vegetation change
Mongolia
* Corresponding author. Alfred Wegener Institute fo
Research Unit Potsdam, Telegrafenberg A5, Potsdam 1
2882220.

E-mail addresses: Fang.Tian@awi.de, tfhebtu@sohu

0277-3791/$ e see front matter � 2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.quascirev.2013.05.005
a b s t r a c t

A high resolution multieproxy (pollen, grain size, total organic carbon) record from a small mountain
lake (Lake Khuisiin; 46.6�N, 101.8�E; 2270 m a.s.l.) in the southeeastern Khangai Mountains of central
Mongolia has been used to explore changes in vegetation and climate over the last 1200 years. The pollen
data indicates that the vegetation changed from dry steppe dominated by Poaceae and Artemisia (ca AD
760e950), to Larix forest steppe (ca AD 950e1170), LarixeBetula forest steppe (ca AD 1170e1380),
meadow dominated by Cyperaceae and Poaceae (ca AD 1380e1830), and LarixeBetula forest steppe
(after w AD 1830). The cold-wet period between AD 1380 and 1830 may relate to the Little Ice Age.
Environmental changes were generally subtle and climate change seems to have been the major driver of
variations in vegetation until at least the early part of the 20th century, suggesting that either the level of
human activity was generally low, or the relationship between human activity and vegetation did not
alter substantially between AD 760 and 1830. A review of centennialescale moisture records from China
and Mongolia revealed that most areas experienced major changes at ca AD 1500 and AD 1900. However,
the moisture availability since AD 1500 varied between sites, with no clear regional pattern or rela-
tionship to presenteday conditions. Both the reconstructions and the moisture levels simulation on a
millennium scale performed in the MPI Earth System Model indicate that the monsoonewesterlies
transition area shows a greater climate variability than those areas influenced by the westerlies, or by the
summer monsoon only.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The past millennium is one of the most important periods for
studying environmental changes, as it covers both naturallye
driven environmental changes and changes resulting from human
influences (Buttler et al., 1996). Investigations covering this period
therefore have the potential to differentiate between the influences
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that climate has had on ecosystems and those due to localized
human activities, thus enabling improved predictions of future
environmental responses to these various influences. Climate in-
formation covering this period has relied on modeling studies
(Bauer et al., 2003) and climate reconstructions based, for example,
on tree ring analyses (Briffa et al., 1990; D’Arrigo et al., 2000, 2001),
and on lake sediment investigations (Chen FH et al., 2010). Previous
studies have indicated that ecosystems have been affected by
recent climatic warming relative to the background pree1850
temperatures, particularly in the mountainous regions of Europe
(Granados and Toro, 2000; Leonelli et al., 2011), North America
(Hughen et al., 2000), and the northern high-latitudes (Mackay
et al., 2005; Bjune et al., 2009). In contrast, however, pollen and

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:Fang.Tian@awi.de
mailto:tfhebtu@sohu.com
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.quascirev.2013.05.005&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
http://dx.doi.org/10.1016/j.quascirev.2013.05.005
http://dx.doi.org/10.1016/j.quascirev.2013.05.005
http://dx.doi.org/10.1016/j.quascirev.2013.05.005


F. Tian et al. / Quaternary Science Reviews 73 (2013) 31e4732
diatom analyses from two lakes on the Tibetan Plateau have indi-
cated only minor environmental changes (Wischnewski et al.,
2011a, b), in agreement with studies from low latitude mountains
(Ryves et al., 2011; Wang et al., 2011). The question therefore arises
whether mountainous ecosystems in Asia are particularly resilient,
or particularly sensitive, to climatic changes on centennial to
decadal time scales.

The presenteday Mongolian climate is influenced by a number
of atmospheric circulation systems. In addition to the yeareround
influence of the westerlies, the winter climate is primarily
controlled by the intense Siberian high pressure system and the
summer climate by north part of the Asian low pressure system
(Gong et al., 2001; Tudhope et al., 2001; Wang et al., 2009). These
complex climatic systems render Mongolia a climatically sensitive
area, as has been confirmed through climateeproxy studies on
various time scales (D’Arrigo et al., 2000; Pederson et al., 2001;
Fowell et al., 2003; An et al., 2008). However, the climatic history of
Mongolia and the adjacent areas of northern China still have many
controversies and uncertainties. For example, many researchers
have assumed that the Mongolia and northern China region was
arid during the early Holocene (Grunert et al., 2000; Herzschuh
et al., 2004; Wang et al., 2004; Feng et al., 2005; Chen et al.,
2008; Liu et al., 2008; Yang and Scuderi, 2010; Yang et al., 2011;
Zhang et al., 2012), but also a wet early Holocene has been sug-
gested by some records from that region (Prokopenko et al., 2007;
Rudaya et al., 2009;Murakami et al., 2010; Xu et al., 2010). Although
some studies suggest that temperatures decreased during the Little
Ice Age (LIA), reconstructed and modeled moisture levels and hy-
drological conditions do not show consistent variations across
different parts of Mongolia and northern China (Wang et al., 2003;
Liu et al., 2004; Mayewski et al., 2004). Globalescale re-
constructions indicate that the LIA was followed by a warming
trend in the latter part of the 19th century and during the 20th
century (IPCC, 2007), but high resolution environmental records
from the Asian midelatitude region are rare and dating problems,
together with the marked variability in climate and orography, may
be responsible for inconsistencies in climate change interpretations
between the various studies. The complex spatial differences in
climatic variations during the history of the Asian mid-latitude
region on centennial to decadal time scales is thus only poorly
understood, which means that the future effects of climate change
on Mongolian ecosystems cannot be reliably projected and in-
dicates the urgent need for further research into spatial variations
in climate patterns.

Mongolian steppes form one of the largest continuous pasturee
lands in the world, with approximately one third of today’s popu-
lation relying on herding as a primary source of livelihood (Chuluun
and Ojima, 2002; Asner et al., 2004). The grazing history of these
Mongolia grasslands is believed to extend back over at least 4000
years (Shinneman et al., 2009), and in particular since about 2000
years ago, starting with the Scythians and then followed by the
Huns and the Mongolian Empire (Zaitseva et al., 2004; van Geel
et al., 2004; Rösch et al., 2005). Mongolia was probably continu-
ously inhabited, but details on the herding economy and nomadic
lifeestyle of its inhabitants before the 20th century are scarce.
Between 1918 and 1990, the livestock comprised predominantly
monospecific herds of sheep, but since that time the proportion of
goats and cattle in the herds has increased. These animals are
considered to be more destructive to trees and shrubs than sheep
because of their different plant preferences (Vallentine, 2001;
Sankey et al., 2006, 2009; Wang et al., 2009). The contemporary
Mongolian vegetation is thus assumed to have been modified, at
least to some extent, by human activities (Gunin et al., 1999; Rösch
et al., 2005), and in mountain steppes grazing can lead to sub-
stantial floristic and edaphic changes (Zemmrich et al., 2010).
However, evidence from northern Mongolia suggests that the
presenteday vegetation pattern has been primarily influenced by
climate and relief (Schlütz et al., 2008). It therefore remains unclear
to what extent the Mongolian steppe ecosystem is entirely natural.

Despite the clear need for information on environmental
changes over centennial to decadal time scales, no records focusing
on these time scales have hitherto been published from Mongolia.
We therefore present herein new information on environmental
variations that have occurred over approximately the last 1200
years, based onmultieproxy analyses of sediment core from a small
lake in the Khangai Mountains of central Mongolia. Our in-
vestigations focused on the following questions: (1) How has the
vegetation changed during the last w1200 years? (2) When e if at
all e did humans become the main driver of regionalescale vege-
tation dynamics? (3) How are global climate signals from the last
millennium, such as the Medieval Warm Period (MWP), the LIA,
and the Current Warm Period (CWP), reflected in Mongolia’s
environment? (4) How did the climate history of the Asian mide
latitude region vary between the areas controlled by the different
climate systems?

2. Regional settings

The Khangai mountain system is one of the main elements of
the Inner Asian mountain belt. It was formed by the Caledonian
Orogeny during the late Silurian and early Devonian, and consists
mainly of basalt (Yarmolyuk et al., 2007). The presenteday climate
in the southern part of the Khangai Mountains is a typical
temperate continental climate, with coldedry winters dominated
by the Siberian/Mongolian high pressure system, and warmewet
summers influenced by the Asian low pressure system (Wang et al.,
2009). Moisture from the Asian summer monsoon rarely reaches
the area (Gunin et al., 1999; Sato et al., 2007) and hence the
westerlies are the dominant moisture supply for this montane area
(Chen FH et al., 2010). The region receives most of its precipitation
during the summer (Angerer et al., 2008). Precipitation increases
zonally with increasing latitude, and varies azonally with altitude
in the mountainous areas in Mongolia (Sato et al., 2007). The pre-
cipitation gradient in Mongolia is reflected in the northesouth
vegetation transition through five zones (Fig. 1a): (1) taiga, con-
sisting mainly of Larix sibirica, sometimes mixed with Pinus sibirica,
Abies, Cedrus and Picea; (2) mountain/forest steppe, characterized
by Larix sibiricaeBetula forest in combination with a Poaceaee
dominated herb layer; (3) steppe/dry steppe, in which Poaceae
grow together with Caragana and Artemisia; (4) desert steppe,
which is mainly a mixture of Poaceae, Artemisia and Chenopodia-
ceae; (5) desert, dominated by low shrubs and semieshrubs, most
of which belong to the Chenopodiaceae, Asteraceae, Polygonaceae,
Zygophyllaceae, Tamaricaeae, Fabaceae, Rosaceae and Con-
volvulaceae (Hilbig, 1995; Gunin et al., 1999). In the Khangai
Mountains, plant communities change with increasing altitude
from dry steppe to wetter mountain steppe, forest steppe, and
alpine meadow (Hilbig, 1995).

The soils beneath the forests of the Khangai Mountains have
been described as permafrosteaffected taiga soils (Sharkhuu, 2003;
Krasnoshchekov, 2010). The lower limit of continuous permafrost
on southefacing slopes ranges from altitudes of 2200e3200m, and
its average thickness ranges between 100 and 250 m. The lower
limit of sporadic permafrost is at altitudes of between 600 and
700 m (Sharkhuu, 2003), and the active layer has a thickness of
about 1.5 m (Krasnoshchekov, 2010).

Lake Khuisiin is located in the southeeastern part of the Khangai
Mountains (Fig.1a), in an area characterized by deeply-etched relief
that has been exaggerated by the action of glaciers. The lake basin is
separated from the nearby valley by a dam of lateral moraine that
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Fig. 1. Location of Lake Khuisiin and vegetation types in the surrounding areas.
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was probably formed during the last glacial period (Fig. 1b, Gunin
et al., 1999; Lehmkuhl et al., 2004). The lake is surrounded by for-
est steppe, characterized by patches of Larix sibirica or Larix sibir-
icaeBetula forest on northern slopes, and steppe vegetation
(festuceeherb, fescueesedgeeherb) on southern slopes (Fig. 1b, c,
Gunin and Vostokova, 1995; Saandar and Sugita, 2004;
Krasnoshchekov, 2010). This asymmetric vegetation distribution
can be explained by the fact that exposed southern slopes receive
greater insolation and thus retain less moisture than northefacing
slopes (Esper, 2000). The Khangai Mountains have been one of the
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most important herding districts in Mongolia, predominantly for
sheep and goats.

3. Materials and methods

3.1. Coring, dating methods, and age modeling

A 26.4 cm long sediment core (Moe13B, 46.6�N, 101.8�E) was
collected in 2005 from the center of Lake Khuisiin, at a water depth
of 7.4 m (Fig. 1b). The core was cut in the field into slices 0.4 cm
thick (4 slices were 0.6 cm thick), resulting in 68 samples for lab-
oratory analysis.

In order to achieve a reliable chronology we used two different
dating techniques on untreated original material from the core
samples. The first technique involved 210Pb/137Cs dating performed
at the Liverpool University Environmental Radioactivity Laboratory
(UK), and the second involved radiocarbon (14C) dating of five
samples at the Poznan Radiocarbon Laboratory (Poland) and a
single sample at the Leibniz Laboratory for Radiometric Dating and
Isotope Research (Christian Albrechts University of Kiel, Germany).
We established the age-depth model based on the method pro-
posed by Blaauw and Christen (2011) using “Bacon” package
(selecting the IntCal09 radiocarbon calibration curve for calibrat-
ing) in R 2.15.0 (R Development Core Team, 2012).

3.2. Pollen analyses methods and data treatment

A total of 68 samples were taken for pollen analysis giving a
mean resolution of w18 yr per sample, with 1.5 ml of original
sediment being processed for each sample. Pollen preparation
followed the modified acetolysis procedure (Faegri and Iversen,
1989), which included HCl, KOH, HF, and acetolysis treatment and
sieving to remove fine particles. A known quantity of Lycopodium
spores (approximately 27,637 grains) was initially added to each
sample for calibration of pollen concentrations (Maher, 1981).

Pollen grains were counted under an Olympus optical micro-
scope at 400 � magnification, with pollen grain identification
based on the relevant literature (Moore et al., 1991; Wang et al.,
1997; Beug, 2004). More than 500 terrestrial pollen grains were
counted for each sample. Pollen percentages were calculated based
on the total number of pollen grains from terrestrial pollen taxa and
used to construct a pollen diagram, as well as for numerical anal-
ysis. The definition of pollen zone boundaries was based on the
results of a Constrained Incremental Sum of Squares cluster anal-
ysis (CONISS) performed with TILIA software (Grimm, 1987, 1991).

In order to detect patterns of vegetation change and identify
relationships between different taxa, ordination techniques were
performed using CANOCO software, version 4.5 (ter Braak,1988; ter
Braak and Smilauer, 2002). Principal component analysis (PCA) was
chosen for ordination, and squareeroot transformationwas applied
to the data. Eighteen pollen taxa with percentages >0.5% in at least
three samples were used for the PCA and, in addition, Artemisia to
Cyperaceae (A/Cy) ratios, the grain size endemembers, TOC values,
atomic TOC/N and atomic TOC/S ratios, were all included as sup-
plementary variables in the biplots.

3.3. Grain size analysis and endemember modeling

Approximately 2 gof sedimentwas used fromeach of 39 samples
for grain size analysis. Prior to analysis, 10 ml of H2O2 (35%) was
added to samples on alternate days until all reactions ceased, in
order to remove organic carbon, after which 100 ml of acetic acid
(CH3COOH, 10%) was added to remove calcium carbonate. Finally,
the soluble salt sodiumpyrophosphate (Na4P2O7$10H2O)was added
to ensure that clayesized particles would not aggregate. Grain size
analysis of the bulk sediment was carried out for each sample from
theupper 5.6 cmof core, the onlyexceptions being three samples for
which there was insufficient material available (from depths of 0e
0.4 cm, 0.8e1.1 cm, and 3e3.4 cm). From 5.6 to 26.4 cm alternate
samples were analyzed. A Laser Coulter LS200 particle size analyzer
was used at the AWI in Potsdam (where measurements were per-
formed between 2 and 8 times for each sample, in order to obtain an
average value), resulting in 39 samples and 76 size classes from
0.375 to 409.6 mm.We report the results as volume percentages for
clay (0e2 mm particle diameters), silt (2e62.5 mm particle di-
ameters), and sand (62.5e500 mm particle diameters).

The EndeMember Modeling Algorithm (EMMA) developed by
Weltje (1997) was applied in order to obtain robust endemembers
(EMs) from the total set of grain size measurements, and to deter-
mine the proportional contributions of these EMs to all sediments in
the lake on the basis of themeasured grain size distributions (Weltje
and Prins, 2003, 2007). The cumulative explained variance in grain
size was used to determine the minimum number of potential EMs
that can explain at least 95% of the total variance in the original data.
Themaximumvalueof themean coefficientof determination (r2) for
the number of EMswas used to determine themaximumnumber of
EMs. We tested the robustness of the EMs and then extracted the
final robust EM(s) and residual member. The variances in r2 with
grain size and age give the explained proportion of variance for each
variable and each time slice, respectively (Dietze et al., 2012). Scores
of robust and residual members for the other 29 samples that were
not analyzed were interpolated using the AnalySeries program
software (Paillard et al., 1996). The interpolated data was only
applied in the PCA plot in this study.

3.4. Elemental analysis

Freezeedried material from 39 samples (the same samples that
were used for grain size analysis) was triturated for further
elemental analysis. Total carbon (C), total nitrogen (N), total sulfur
(S), and total organic carbon (TOC) contents were measured with a
vario MAXC analyzer. The samples for TOCmeasurement were first
treated with HCl (10%) at a temperature of 80 �C to remove car-
bonate. The atomic TOC/N and atomic TOC/S ratios were calculated
using the percentages of TOC, total N, and total S, and the molar
masses of C, N and S (Meyers and LalliereVergès, 1999). TOC was
used as a variable for describing the abundance of organic matter in
the sediments, and the atomic TOC/N ratio was calculated to
examine the relative importance of autochthonous and allochtho-
nous sources of organic material.

3.5. Re-analysis of moisture records

Moisture records from 27 sites in China andMongolia, providing
evidence of environmental change on centennial time scales (lake
sediments, ice cores, stalagmites, etc., but no treeerings), have been
coded for each site using a fiveepoint moisture scale. The highest
value (2) indicates thewettest conditions and the lowest value (�2)
indicates the driest conditions, while (0) indicates moisture con-
ditions similar to today. A figure for relative wetness was assigned
to each 20-year time interval, covering approximately the last 1200
years. The index of moisture variations for each record and for each
time slice was calculated as the proportion of the number of times
the moisture codes differed from those of the present day within
that particular record or time slice.

To interpret the spatial pattern of moisture variations we
compared the reconstructions with climatemodeling results. For this
purpose, we analyzed the full forcing experiment ‘mil0010’
(Jungclaus, 2008) performedwithin the frameworkof theMillennium
project, coordinated by the Max Planck Institute for Meteorology
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(Jungclaus et al., 2010). This simulation hadbeen undertakenwith the
comprehensive Earth System Model ECHAM5/JSBACH-MPIOM-
HAMOCC by including time-dependent orbital, solar, volcanic, and
greenhouse-gas forcing as well as anthropogenic land use change.

In this study, we concentrated on the simulated spatial pattern
of effective moisture (precipitation minus evaporation) variations
from AD 850 to 1950. The simulated time-series of effective mois-
ture were filtered using a 100 yr moving average.
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Fig. 2. Bacon ageedepth model for the Moe13B core (core length: 26.4 cm), overlaying
the calibrated distributions of the individual dates (blue). Dashed lines indicate the
model’s 95% probability intervals. The round dots reflect the 210Pb dating data, indi-
cating a sedimentation rate of 0.1e0.6 mm yr�1 in the upper 2.4 cm of the core. The
cross is the Cs age at the depth of 1.1 cm; the dotted line indicates the interpolation
ages between depths of 2.4e8 cm, using linear model. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)
4. Results

4.1. Dating

Freezeedried material from the uppermost 15 samples (0e
5.6 cm depth) was analyzed for 210Pb, 226Ra and 137Cs. The 210Pb
date of 1963 was placed at a depth of about 1.1 cm, in good
agreement with the 0.9e1.3 cm depth suggested by the 137Cs
record. Detailed illustrations of fallout radionuclides are provided
in the Supplementary Material (Fig. S1), and the results of
radiometric dating are summarized in the Supplementary
Material (Fig. S2). Total 210Pb activity reached equilibrium with
that of the supporting 226Ra at a depth of around 2.6 cm
(Supplementary Material, Fig. S1a). Unsupported 210Pb concen-
trations, calculated by subtracting 226Ra activities from the total
210Pb concentrations, initially increase with depth, reaching a
maximum value in the 0.8e1.1 cm section. Below this they
decrease very rapidly and more or less exponentially with depth
(Supplementary Material, Fig. S1b). The record of 137Cs activity
versus depth in this core (Supplementary Material, Fig. S1c) has a
welleresolved peak in the 0.9e1.3 cm section that probably re-
cords the 1963 fallout maximum from the atmospheric testing of
nuclear weapons.

Six AMS 14C samples have been dated along the Mo-13B core
(Table 1). The age-depth model was established on the basis of
these six ages and the Pb age of AD 1950 at a depth of approxi-
mately 1.3 cm using the “Bacon” package in R (Fig. 2). In our data
analysis we applied the dates inferred from 210Pb for the upper
2.4 cm of the core (Supplementary Material, Figs. S1, S2), the
interpolated dates between 2.4 and 8 cm (based on the sedimen-
tation rate calculated using the Pb date of AD 1841 at 2.4 cm and the
14C date of AD 1391 at 8 cm), and the dates inferred from the
“Bacon” model for the depths between 8 and 26.4 cm (Fig. 2;
Table 1).
4.2. Pollen data and results from multivariate analyses

Fifty two pollen taxa were identified in the sediment core.
Artemisia (range: 29e57%), Poaceae (range: 13e41%), Cyperaceae
(range: 1e15%) and Chenopodiaceae (range: 4e12%) were the most
common taxa throughout the core. The arboreal pollen content
ranged between 2.5 and 10.3% of the total pollen (median: 5.6%),
mainly comprising Larix, Betula, Pinus, Alnus, Quercus and Salix. The
A/Cy ratios varied from 2.9 to 35.7. The percentage diagram
Table 1
Detailed information on radiocarbon dating.

Lab. No. Sample no. Center depth (cm) Age 14C years

Poz-49536 Mo-13B-22 8 555 � 30 BP
Poz-49537 Mo-13B-38 14.2 645 � 30 BP
Poz-49539 Mo-13B-46 17.7 850 � 35 BP
Poz-49540 Mo-13B-62 23.6 1080 � 30 BP
Poz-49541 Mo-13B-64 24.7 1075 � 30 BP
Kia-44751 Mo-13B-66 25.5 1168 � 17 BP
spanning the approximate period between AD 760 and 2005 was
divided into five pollen zones, as suggested by depth constrained
cluster analyses (Fig. 3).

PCA ordination of 18 terrestrial pollen taxa and sixty eight
samples reflects the main features of the pollen diagram and the
pattern of vegetation development. The first component, capturing
20.7% of the pollen data variance (Supplementary Material, Fig. S3),
divides the dataset into dry steppe taxa such as Artemisia and
Chenopodiaceae, or meadow taxa such as Poaceae, Cyperaceae,
Caryophyllaceae and Thalictrum. The second component accounts
for 13.7% of the total variance of species data and distinguishes
coniferous arboreal types such as Pinus and Larix, from broade
leaved arboreal taxa such as Betula and Alnus. It is noticeable that
the A/Cy ratio is gathered together with samples from Zone 5
(Supplementary Material, Fig. S3).
4.3. Grain size data and results from endemember modeling

The grain size spectra were dominated by silt fractions (62.1e
81.9%), with the clay (13.4e25.8%) and sand (0e24.0%) fractions
only accounting for a smaller part of the total. The inversion al-
gorithm for endemember modeling of compositional data sug-
gested the minimum number of EMs considering all weight
transformations to be 3 (Fig. 4a), and the maximum number to be
7 (Fig. 4b). We therefore used the models with different weight
transformations (with percentile ranges of P1eP99, P2eP98, P3e
P97, P4eP96) and EMs ranging from 3 to 7 to extract final robust
EMs and the residual endemember. One robust member and
residual member (describing the remaining noise) were finally
identified and are presented in the loadings plot (Fig. 4c). The
robust member represents 64.5% of the total variance within the
original data and corresponds to the finer fraction (1e7 mm),
while the residual member corresponds to a mixture of the
coarser fractions (7e300 mm, Fig. 4c). The explained proportion
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of the finer grain size classes (1.5e73 mm, median r2: 0.84) is far
higher than that of the other size classes (median r2: 0.18); the
explained proportion of the lower core (26.4e9.8 cm, AD 760e
1380, median r2: 0.79) is far higher than that of the upper core
(median r2: 0.1, Fig. 4c, d, e). The variances in scores for the
robust and residual members clearly divide the core into two
parts, with the period before ca AD 1380 being dominated by the
robust member and the period since AD 1380 by the residual
member (Fig. 5).

4.4. TOC, atomic TOC/N and atomic TOC/S results

TOC contents in the lower section of the core (26.4e4.5 cm, ca
AD 760e1670) are slightly higher (median: 15.5%) than in the upper
section (4.5e0 cm, after ca AD 1670, median: 13.7%, Fig. 5). The
atomic TOC/N ratio was relatively constant throughout, varying
between 9.3 and 10.7 (median: 9.9), whilst the atomic TOC/S ratio
(median: 61) decreased steadily upwards from 77 at the bottom of
the core to 47 at the top. In the PCA plot (Supplementary Material,
Fig. S3), the TOC and atomic TOC/S (added as supplementary vari-
ables) is related to coniferous pollen taxa, while the atomic TOC/N
ratio correlated with meadow taxa.

4.5. Temporal and spatial analysis of moisture changes

The moisture codes on the combined pollen and nonepollen
data sets for China and Mongolia (Table 2) over the last 1200 years
are shown in Fig. 6, indicating that around 70% of the total records
had higher moisture levels between AD 1650 and 1800 than during
other periods. The index of moisture variation is relatively stable
until AD 1200, followed by rapid increases at ca AD 1500 and AD
1900 (Fig. 6b). Records from the monsoon boundary area have
higher moisture variation indexes than those fromwithin the areas
of either the westerlies or the monsoon (Fig. 6a). The simulated
difference in effective moisture (precipitation minus evaporation)
of each grid-box from that of the present-day is shown in Fig. 7a. As
in the reconstructions, the climate model reveals greater variability
in the effective moisture in the monsoon boundary area than in the
core area of the Asian monsoon or in the area dominated by the
westerly wind circulation (Fig. 7a). The detrended time series
averaged over the western monsoon-westerly transition area
(yellow) and averaged over the eastern monsoon-westerly transi-
tion area (green) are shown in Fig. 7b, d, indicating four persistent
wet phases on the western monsoon margin and seven wet phases
on the eastern monsoon margin (indicated by more than one
standard deviation difference from average) over the last millen-
nium, with only partial coincidence. The model suggests relatively
wet conditions in the entire monsoon-westerly transition area
around AD 1200e1300 and around AD 1700e1800, followed by a
marked decrease in effective moisture with relatively dry condi-
tions at around AD 1400 and from around AD 1900 to the present-
day (Fig. 7a, b, d).

5. Discussion

5.1. Assessment of proxy values

5.1.1. Indicator value of pollen taxa and ordination axes for
vegetation and climate change

Lake Khuisiin (radius w80 m) should have a relative small
pollen source radius, with the majority of grains originating within
600e800 m from the lake (Sugita, 1993). The pollen spectrum from
theMoe13B core should therefore reflect vegetation changes in the
immediate vicinity of the lake. The conifer Larix sibirica is today the
most common and widely distributed tree in Mongolia, with a
distribution that extends much further south and east than any
other conifer (Gunin et al., 1999). Although Larix sibirica has a
greater tolerance of drought than Pinus (Dulamsuren et al., 2009a),
increased precipitation and uniform summer temperatures have
been shown to result in its improved growth (Gunin et al., 1999;
Dulamsuren et al., 2009b, 2010a,b; 2011). Larix is generally
considered to be an undererepresented taxon owing to its low
pollen productivity (0.7 relative to Picea, and 0.16 relative to Pinus in
the Swiss Alps; Sjögren et al., 2008) combined with poor pollen
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preservation and dispersal (Gunin et al., 1999; Tarasov et al., 2000;
Ma et al., 2008). Although it forms the most important component
of the presenteday vegetation around the lake, Larix pollen
comprised only 3% of the total in the uppermost part of our core
(Fig. 3). The low but consistent presence of Larix in the pollen
spectrum therefore indicates the presence of Larix trees in the Lake
Khuisiin surroundings over the last millennium, although the areas
that they covered may have varied during that time.
Betula is a common sub-dominant element in the Larix forests of
mountainous areas in Mongolia (Hilbig, 1995). It is usually regarded
as being overerepresented in Asian pollen assemblages because of
its high pollen productivity and good pollen preservation (Xu et al.,
2007; Ma et al., 2008). Nevertheless, increased Betula pollen per-
centages during two periods, AD 1170e1380 and AD 1830e2005,
indicate variations in the abundance of Betulawithin the vicinity of
the lake.
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Pinus pollen is well dispersed and greatly overerepresented in
pollen rain in China and Mongolia (Li, 1993; Li and Yao, 1993; Cao
et al., 2007; Ma et al., 2008), and Pinus may not be present in the
vicinity of sites where Pinus pollen forms less than 30% of the total
pollen assemblage (Li and Yao, 1990; Xu et al., 2007). The Pinus
percentages in our study varied between 0.7% and 4.2% over the last
1200 years, suggesting that the Pinus pollen grains were probably
transported from the northern or northewestern mountainous
taiga, a distance of about 350 km. This deduction is supported by
the absence of Pinus in the presenteday vegetation surrounding the
lake.

Poaceae plants are today more abundant than Artemisia and
Chenopodiaceae in relatively moist meadow steppe and forest
steppe communities, while Cyperaceae plants are common species
in the vegetation of cold-wet tundra, forest steppes, and wetlands,
in contemporary Mongolia (Gunin and Vostokova, 1995; Hilbig,
1995; Gunin et al., 1999). Both Poaceae and Cyperaceae are un-
dererepresented taxa as a result of their low pollen productivities
(Sugita et al., 1999; Räsänen et al., 2007; Ma et al., 2008). The
presence of more than 10% Poaceae pollen indicates that this family
is dominant in a vegetation community (Li et al., 2005). In this
study, Poaceae varied between 13.4 and 41.1% (median: 23.4%),
indicating that Poaceae plants were the dominant herbaceous
component around the lake over the last 1200 years. The Cyper-
aceae percentages increased (from around 6%) significantly during
two periods (median: 10% AD 950e1170 and median: 9% AD 1380e
1830), indicating that they may therefore have been the dominant
herbaceous species during these two periods.

Artemisia and Chenopodiaceae are important components of
today’s dry steppe vegetation in Mongolia (Gunin and Vostokova,
1995; Hilbig, 1995; Gunin et al., 1999). Both pollen taxa are
commonly overerepresented in pollen assemblages due to their
high productivities and good transportability (Liu et al., 1999; Li
et al., 2011; Poska et al., 2011; Wang and Herzschuh, 2011). Only
at those sites where their pollen percentages are >50% (for Arte-
misia) or >30% (for Chenopodiaceae), they can be regarded as
dominant species in the local vegetation (Xu et al., 2007; Ma et al.,
2008). In our core, Artemisia pollen percentages exceeded 50%
during the two periods from AD 760e950 and AD 1830e2005,
while Chenopodiaceae pollen percentages varied between 4.4 and
11.8% (median: 8.16%) throughout the whole period investigated,
indicating that Artemisia was important during the two periods
with high pollen counts, but that Chenopodiaceae never achieved
high levels of abundance in the vegetation surrounding the lake
during the last millennium.

In contrast to Artemisia, which prefers warmedry conditions,
Cyperaceae is a common element of coldewet alpine tundra and
subalpine forest steppe (Gunin and Vostokova, 1995; Hilbig, 1995;
Gunin et al., 1999). In our core, Artemisia and Cyperaceae are the
twomost important taxa and show greater variation than the other
taxa present. A previous study from Lake Telmen, which is 400 km
northewest of Lake Kuisiin (Fowell et al., 2003), revealed high
Cyperaceae counts during the middle to late Holocene indicating a
coldewet climate signal. Increasing Artemisia to Cyperaceae ratios
(A/Cy) may therefore be closely associated with an increase in
temperature and a decrease in effective moisture, so that this ratio
(originally introduced by Herzschuh, 2007; for the Kobresiaerich
Tibetan Plateau) can be used as an indicator of temperature and
moisture levels in the mountain areas of central Mongolia. High A/
Cy ratios are therefore taken to indicate high temperatures with
low moisture levels, and low ratios to indicate low temperatures
with high moisture levels.

The first PCA component (PCAe1) distinguishes dry steppe taxa
such as Artemisia and Chenopodiaceae from meadow taxa such as
Poaceae, Cyperaceae, Caryophyllaceae and Thalictrum. The second
PCA component (PCAe2) distinguishes coniferous arboreal types
such as Pinus and Larix, from broadeleaved arboreal taxa such as
Betula and Alnus.We therefore consider that the PCAe1 scores have
a positive correlation with variations in effective moisture, while
the PCAe2 scores have a positive correlation with temperature
(Fig. 5, Supplementary Material, Fig. S3). The A/Cy ratio appears in
the area of the PCA plot with negative PCAe1 scores and positive



Table 2
Palaeoclimatic records arranged according to the controlling climate system (westerlies or Asian monsoon).

No. Sites N(�) E(�) Elev. (m a.s.l) Archive Proxies Reference

1 Lake Telmen 48.8 97.3 1789 Lake Pollen Fowell et al., 2003
2 Lake Khuisiin 46.6 101.8 2270 Lake Pollen This paper
3 Lake Balikun 43.7 92.8 1583 Lake Pollen Zhong, 1997
4 Lake Bosten 42.1 87.1 1048 Lake Pollen Chen et al., 2006
5 Tarim River 39.8 88.4 1434 River d13C Liu et al., 2011
6 Badain Jaran desert 40.1 101.5 1260 Core Pore water analysis Ma et al., 2003
7 Lake Sugan 38.9 93.9 2793 Lake Chironomid Chen et al., 2009
8 Dunde ice core 38.0 96.4 5325 Ice core d18O Thompson et al., 2003
9 Lake Hurleg 37.3 96.9 2817 Lake Pollen Zhao et al., 2010
10 Lake Toson 37.1 97.0 1808 Lake Pollen Zhao et al., 2010
11 Lake Qinghai 36.9 100.2 3198 Lake d18O Zhang et al., 2003
12 Guliya ice core 35.3 81.5 6200 Ice core d18O Yang et al., 2009
13 Lake Kusai 35.8 92.9 4470 Lake TOC content Wang et al., 2008
14 Lake Goulucuo 34.6 92.5 4666 Lake Carbonate content Li et al., 2004
15 Lake Chen Co 28.9 90.5 4420 Lake Elements, grain size Wang and Zhu, 2008
16 Huanglong Cave 32.7 103.8 3588 Stalagmite d18O Yang, 2007
17 Huangye Cave 33.6 105.1 1650 Stalagmite d18O Tan et al., 2010
18 Wanxiang Cave 33.3 105.0 1200 Stalagmite d18O Zhang et al., 2008
19 Lake Daihai 40.6 112.7 1225 Lake Carbonate content Jin et al., 2001
20 Lake Gonghai 38.9 112.2 1860 Lake Magnetism Liu et al., 2011
21 Shihua Cave 39.8 115.9 200 Stalagmite d18O Ku and Li, 1998
22 Buddha Cave 33.7 109.1 500 Stalagmite d13C Paulsen et al., 2003
23 Lake Dajiu 31.5 110.0 1796 Lake Pollen He et al., 2003
24 Heshang Cave 30.5 110.4 294 Stalagmite d18O Hu et al., 2008
25 Dongge Cave 25.3 108.1 680 Stalagmite d18O Wang et al., 2005
26 Lake Xiaolongwan 42.3 126.4 655 Lake Clastic content Chu et al., 2009
27 North China History record Drought/flood index Man, 2009
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PCAe2 scores, providing further indication that this ratio can be
taken as a useful index for investigating variations in both tem-
perature and moisture levels within the study area.

5.1.2. Value of grain size distributions as indicators of vegetation
cover

Previous studies of lacustrine sediment records from large lakes
with inflowing rivers have shown that an abundance of coarser
grains reflects a shorter distance between the sampling location
and a river mouth, often as a result of lower lake levels, while an
abundance of finer grains suggests higher lake levels (Dearing,
1997; Digerfeldt et al., 2000; Wang et al., 2001; Chen et al.,
2004). However, in small lakes such as Lake Khuisiin, which has
no inflows and is characterized by a low sedimentation rate
(0.2 mm yr�1), aeolian input is likely to make up most of the none
organic sediment portion. Previous studies in semi-arid areas of
China also reached the conclusion that aeolian input makes up
most of the lake sediment in lakes that have similar grain size
distributions to Lake Khuisiin, due to the strong north-westerly
prevailing winds and small amount of surface runoff (Jiang et al.,
2004; Zhai et al., 2006; Chen and Zhao, 2009; Yin et al., 2011).
We therefore propose that changes in the grain size distribution in
sediments from Lake Khuisiin reflect the changes in the vegetation
cover in the area surrounding the lake, rather than variations in the
lake’s water level. The fine particles are more easily transported by
wind from afar, while coarser particles are only likely to be moved
by strong winds, through erosion from the lake’s surroundings and
saltation following degradation of the vegetation. In our core, finer
particles dominated in the period fromAD 760e1380, while coarser
particles have been dominant since AD 1380 (Fig. 6). From AD
1380e1830 the increase in the coarser, poorly sorted fraction may
have been a result of forest shrinkage due to the lower tempera-
tures, while the further increase in the coarse fraction since AD
1830may be related to additional vegetation degradation caused by
increased human activity in the catchment area, in combination
with a drier climate.
5.1.3. Value of TOC, atomic TOC/N and atomic TOC/S as indicators of
environmental change

TOC is a summary proxy for autochthonous productivity and for
allochthonous organic input and preservation, but may also be
affected by changes in the inorganic component (dilution effect)
(Talbot and Livingstone, 1989; Beuning et al., 1997; Wang et al.,
2001). Terrestrial plants usually have atomic TOC/N values greater
than 20, whereas plankton have values lower than 10 (Meyers and
Ishiwatari, 1993; Meyers, 1994; Hassan et al., 1997). Variations in
atomic TOC/N ratios can therefore be used to assess the relative
proportions of terrestrial and aquatic plant input (Finney and
Johnson, 1991; Conroy et al., 2008; Mahapatra et al., 2011).

The atomic TOC/N ratios from our core are almost all below 10,
indicating that any variations in TOC are likely to relate to variations
in either productivity or dilution or preservation. The lowest TOC
values occurred during the late LIA (LIA: AD 1380e1830, Fig. 6),
probably indicating decreased algal productivity due to the cold
climate. This period is also characterized by lower Larix and Betula
cover and extensive ruderal vegetation (high Rosaceae p.p. values,
Fig. 3), with an associated increase in erosion that may have further
contributed to the reduction in TOC due to increased mineral input.

5.2. Environmental changes in the Khangai Mountains during the
last w1200 years in comparison with other records from China and
Mongolia

In the sections below the environmental changes that have
taken place in China and Mongolia over the last w1200 years are
discussed for five distinct periods of time that were determined on
the basis of the pollen assemblages from our core:

(1) AD 760e950: During this period the area around Lake Khuisiin
was covered by dry steppe vegetation, with Poaceae and
Artemisia as the dominant taxa and patches of Larix. Both the
pollen data (i.e. high Artemisia percentages, high A/Cy ratios,
high PCAe2 scores, and low PCAe1 scores) and the grain size
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data (high contributions from the finer fractions) reflect a
warmedry climate in this area. This correlates with the dry
conditions recorded in pollen spectra from Lake East Juyanhai
in western Inner Mongolia (Chen HF et al., 2010), the Guliya ice
core from the western Kunlun Mountains (Yang et al., 2009),
Lake Gonghai in north China (Liu et al., 2011), and from Lake
Dajiu (He et al., 2003), Wanxiang Cave (Zhang et al., 2008), and
Heshang Cave (Hu et al., 2008) in central China (Fig. 6). It also
correlates with the large-scale droughts that occurred after AD
840 in ancient China (the late Tang Dynasty, and the Five Dy-
nasties and Ten Kingdoms period), as documented in historical
records (Wang XM et al., 2010). However, during this period,
most records (including our core) from China and Mongolia
recorded wetter conditions than today (Fig. 6).
(2) AD 950e1170: Cyperaceae became more abundant during this
period and Larix patches expanded (Betula was only a minor
component in these forest patches), suggesting improved
growing conditions for forest steppe. Our results are consistent
with a moremoist steppe vegetation than that of the preceding
dry steppe, as it is also reflected by an increase in the ratio
between Artemisia and Chenopodiaceae from Lake Hurleg in
the Qaidam Basin, on the northeeastern Tibetan Plateau (Zhao
et al., 2010). A relatively cool and moist climate during this
period, indicated by relatively low A/Cy ratios and PCAe2
scores, is in agreement with historical documents indicating
that the Mongolian Plateau experienced a significant reversal
of desertification from ca AD 920 until AD 1050 (Wang XM
et al., 2010). This period corresponds temporally with the
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Medieval Warm Period (MWP) in China (AD 900e1300: Wang
et al., 2002; Gao et al., 2006), but no clear timing and also no
clear pattern of warmer and more moist conditions (e.g., a
moist MWP) have been recorded from Lake Telmen in north-
central Mongolia (AD 1000e1300: Fowell et al., 2003), from
Lake Kusai (AD 1160e1380: Wang et al., 2008) or Lake Chen Co
(AD 820e1350: Wang and Zhu, 2008) on the Tibetan Plateau,
from Lake Gonghai in northern China (AD 910e1220: Liu et al.,
2011), or from northern Taiwan (AD 950e1450: Wang et al.,
2011). However, variable moisture levels were recorded at
the Buddha Cave in central China during the MWP (AD 965e
1475: Paulsen et al., 2003), and a dry MWP was recorded from
Lake East Juyanhai (AD 800e1100: Chen HF et al., 2010), Lake
Dajiu (AD 550e1300: He et al., 2003), and the Dunde ice core
(ca AD 1200e1370: Thompson et al., 2003, Fig. 6). Our own
results, however, did not indicate warming during this period,
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which is consistent with the records from northewestern
Mongolia (D’Arrigo et al., 2001), southern Xinjiang (Zhong
et al., 2004), and Lake Ximencuo on the Tibetan Plateau
(Yang, 1996). Thus variations clearly existed during this period
between different parts of central Asia, in both the occurrence
and the extent of moist conditions. The period from AD 960 to
1100 had a relatively high proportion of dry records compared
to other time slices, but most records show similar moisture
condition between AD 950 and 1170 to those that existed from
AD 760 to 950, both of which were wetter than presenteday
conditions (Fig. 6).

(3) AD 1170e1380: Forest steppe covered the area during this
period, with Poaceae continuing as the major herbaceous
component but with a decreased contribution from Cyper-
aceae, and with an increase in Betula compared to the previous
period. During this time the vegetation in western China was
dominated by desert plants, as recorded in the pollen spectra
from Lake Bosten (Chen et al., 2006). The pollen spectra, A/Cy
ratios, and PCAe2 scores in this study suggest a return to
warmedry conditions between AD 1170 and 1380, which is in
agreement with the dry period from AD 1250 to 1370 docu-
mented for the Mongolian Plateau (Wang XM et al., 2010).
During this period, most lake records from western China
(Chen et al., 2006, 2009), the northern Tibetan Plateau (Zhang
et al., 2003) and north-central China (Liu et al., 2011), as well as
an ice core from thewestern Tibetan Plateau (Yang et al., 2009),
record a decrease in moisture levels, as also do most caves in
western and central China (Paulsen et al., 2003; Thompson
et al., 2003; Zhang et al., 2008, Fig. 6). However, in the Qai-
dam Basin dry phases alternated with wet phases (Zhao et al.,
2010), and historical sources recorded moist conditions on the
northeeastern margin of the Tibetan Plateau (Tan et al., 2011).

(4) AD 1380e1830: A marked increase in both Cyperaceae and
Poaceae pollen percentages occurred between AD 1380 and
1830, suggesting that the vegetation transformed from forest
steppe into alpinemeadow. For Larix sibirica and Betula trees at,
or very close to, the timbereline (above w2200 m elevation),
temperature rather than drought stress appears to have been
the limiting factor for growth (D’Arrigo et al., 2000; Sjögren
et al., 2008). The forest reduction during this period was
most likely associated with lower temperatures, while the
expansion of meadow and the reduction of steppe are likely to
have occurred as a result of increased effective moisture. This
indicates a reduction in the vegetation cover, which is also
supported by a sharp increase in the coarse grained fraction of
the core, possibly reflecting vegetation degradation due to the
lowering of temperatures. Our results are consistent with the
vegetation transformations interpreted for the Lake Bosten
area in western China, i.e. the reduction in desert and expan-
sion of desert steppe (Chen et al., 2006).

The highest Cyperaceae and Poaceae pollen percentages, the
lowest A/Cy ratios, and the lowest arboreal pollen percentages in
the entire record imply that this core section represents the coldest
period in the last millennium. Lower temperatures would generally
lead to reduced evaporation and thus enhance the effective mois-
ture. Moist conditions may also be related to regional topographic
features such as the mountains of the Mongolian Plateau
(Herzschuh, 2006; Zhao et al., 2009; Zhang et al., 2010). Most re-
cords from China and Mongolia show increasing moisture levels
andwetter conditions than at present during this phase (Fig. 6). The
relatively moist Little Ice Age (LIA) corresponds well temporally
with many records from China and Mongolia, but with regional
differences in the timing and moisture levels. Most records from
northern Mongolia (Lake Telmen: Fowell et al., 2003), western
China (Lake Balikun: Yuan and Han, 1991; Keriya River: Yang et al.,
2002; Lake Bosten: Chen FH et al., 2006, 2010; Lake Sugan: Chen
et al., 2009; the Tarim Basin: Yang et al., 2006; Liu et al., 2010),
and some records from the Tibetan Plateau (Lake Qinghai: Zhang
et al., 2003; the Guliya ice core: Yang et al., 2009), indicate a
moist LIA between ca AD 1500 and 1900. While records from the
Dunde ice core (Thompson et al., 2003), Shihua Cave (Ku and Li,
1998), and Lake Chen Co (Wang and Zhu, 2008) record a moist
LIA between ca AD 1600 and 1910, Lake Dajiu (He et al., 2003) and
Lake Goulucuo (Li et al., 2004) indicate an earlier onset for the LIA
than the other records, starting from AD 1300 and AD 1140,
respectively. Records from Buddha Cave indicate a wetetoedry
trend during the LIA, from AD 1475 to 1845 (Paulsen et al., 2003).
However, a dry LIA has been reported from sites in Asian
monsoonal areas such as at Wanxiang Cave (ca AD 1340e1870:
Zhang et al., 2008), Huangye Cave (AD 1530e1860: Tan et al., 2010),
Heshang Cave (AD 1250e1750: Hu et al., 2008), and Lake Gonghai
(AD 1220e1850: Liu et al., 2011), as well as in monsoonewesterlies
boundary areas such as Lake East Juyanhai (AD 1100e1550: Chen
HF et al., 2010), on the Tibetan Plateau such as at Lake Kusai (ca
AD 1380e1900: Wang et al., 2008), and in eastern China, as
recorded in historical documents (Zhang, 2004). Despite apparent
inconsistencies during this period between the climatic in-
terpretations from the different records, most of these records
indicate awetter climate than today, and wetter than the first three
periods (Figs. 6 and 7).

(5) AD 1830e2005: The period since 1830 has been marked by
forest regeneration, by steppe recovery that includes a major
component of Artemisia, and by a marked reduction in alpine
meadow components. The lower pollen concentrations and
TOC values, together with high contributions of coarse min-
erogenic fractions, indicate low vegetation cover and strong
surface soil erosion. Our results are consistent with the vege-
tation transformation from moist desert steppe to desert re-
ported from Lake Bosten (Chen et al., 2006). In the Qaidam
Basin, the decreasing Artemisia to Chenopodiaceae (A/C) ratio
suggests a transformation from “steppeelike” to “desertelike”
vegetation over the last three centuries, which is also indicated
by a trend toward reduced vegetation cover (Zhao et al., 2010).

Animal husbandry in Mongolia has intensified over the last ca
100 years (Sankey et al., 2006; Na, 2008), and archaeobotanical
research has suggested that landeuse has made a considerable
contribution to the present spatial pattern of vegetation types in
areas surrounding the former and current Mongolian capitals of
Karakorum and Ulaanbaatar (Rösch et al., 2005). Some researchers
have concluded that grazing may have resulted in an increased
proportion of Artemisia in the vegetation and a decrease in vege-
tation cover, resulting in increased soil erosion (Hilbig, 1995; Chen
et al., 2006). The increase in Artemisia pollen and the coarsening of
grain size since AD 1950 noted in our study may be a reflection of a
grazingerelated vegetation degradation. Pastoral pressure mainly
leads to a reduction in Poaceae grasses such as Festuca lenensis, Poa
attenuate, and Koeleria altaica (Gunin et al., 1999), and thus the
sharp decrease in Poaceae over the last ca 50 years was possibly
associated with overegrazing, in combination with the effects of a
drying climate. Historical documents record that major human
activities in this area started in the 13th century, when the Mon-
golian Empire was founded by Chingis Khan (Rösch et al., 2005).
However, Schlütz et al. (2008) did not find evidence of human
impact in the presenteday vegetation patterns of northern
Mongolia on the basis of pollen and charcoal records, and pollen
data from northern Kyrgyzstan suggest that intensive human ac-
tivity in this area only started 200 years ago (Beer and Tinner,
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2008). This may indicate either that pollen records from this region
are not sensitive enough to reflect the more subtle human impacts,
or that human impact in early history might not have been strong
enough to cause changes in the vegetation and pollen assemblages
(Tarasov et al., 2005). However, we assume that the significant in-
crease in the A/Cy ratio, the decrease in Poaceae, and the coarsening
of grain size in our core since about the 1950s, which have no an-
alogues in the preceding 1200 years are, at least to some extent,
associated with increased human activity, although these features
may have also been enhanced by contemporaneous warming. We
therefore assume that our record was mainly driven by climate
changes, at least until AD 1950.

Although we are unable to accurately differentiate between the
influence of climate andman on the vegetation, we assume that the
second half of the 20th century was the warmest and driest period
of the entire record, which is in agreement with observations and
reconstructions from central Mongolia (Natsagdorj, 2000; Batima
et al., 2005). Furthermore, reconstructions of snow accumulation
on the basis of diatom data from Lake Baikal have shown that the
warming trend started in ca AD 1750 (Mackay et al., 2005) and tree
ring data have also indicated a persistent warming trend over the
last 100 years in Mongolia (Jacoby et al., 1996; D’Arrigo et al., 2000,
2001; Pederson et al., 2001), and over recent decades in northe
eastern China (Zhang et al., 2011) and on the Tibetan Plateau (Liu
et al., 2009). Historical documents have also recorded a warming
trend over the last 100 years in western China (Chen et al., 2011).
The drying trend since AD 1830 corresponds with most of the re-
cords from China and Mongolia (Fig. 6), with the record from Lake
Beloye in western Siberia (Krivonogov et al., 2012), and with
climate observations from northern China (Ma and Fu, 2006). It can
therefore be reasonably concluded that the trend toward drier
climatic conditions in China and Mongolia occurred as a response
to global warming, as has also been previously suggested by other
researchers (Chen et al., 2009; Wang YB et al., 2010). Most proxy
studies, as well as the modeling results, indicate that the last
hundred years has had the lowest moisture levels of the last mil-
lennium in China and Mongolia (Figs. 6 and 7).

5.3. Moisture variability in China and Mongolia over the last 1200
years

The density of the reviewed records is too low to allow a
detailed identification of spatial moisture patterns, and these re-
cords are mostly only semi-quantitative. General patterns of
moisture change can however be identified, despite their spatial
complexity. The index of moisture variations for China and
Mongolia clearly changes at around AD 1500, and again (evenmore
markedly) at about AD 1900, which is in good agreement with our
own results.

Both our proxy-synthesis and our climate modeling results
indicate that the monsoon-westerly transition area has higher
moisture variability than the areas dominated by either the west-
erlies or the Asian summer monsoon. This may be because the
transition zone is sensitive to changes in both circulation systems,
with variations in both the westerly winds and the monsoonal
circulation having an effect on the regional climate. These two
circulation systems are very different in character producing sub-
stantial changes in dynamics within the transition zone when the
dominant atmospheric regime changes.

The East Asian summer monsoon is a continuous south-easterly
flow transporting moist air from the Pacific to the East Asian con-
tinental areas. It is controlled by the position of the Western Pacific
subtropical high and the strength of the pressure gradient between
this high and the continental monsoonal trough (Webster et al.,
1998). As with all monsoonal systems, the East Asian monsoon is
characterized by marked temporal variability that ranges over
multi-millennial to intra-seasonal timescales (Ding, 2007). Varia-
tions on centennial to decadal time-scales are mainly related to
changes in ocean-surface temperatures, which are affected by
variations in major climatic modes such as the El Niño Southern
Oscillation or the Pacific Decadal Oscillation (Wang et al., 2000).

The westerly wind circulation in the mid-latitudes prevails over
the entire year but is most pronounced during winter. It is char-
acterized by a strong, permanent, westerly wind belt in the upper
troposphere that includes the subtropical and polar jet streams,
standing waves, and short term tropospheric pressure disturbances
embedded in the general flow (Peixoto and Oort, 1992). Variations
in the westerlies are mainly related to changes in the North Atlantic
Oscillation and the Arctic Oscillation (Hurrell et al., 2003).

A shift from monsoonal influence to prevailing westerlies also
implies a shift from summer-dominated precipitation to winter-
dominated precipitation, which may have a marked effect on, for
example, evaporation.

However, the climate model results suggest that the timing and
the origin of variations differ between the eastern and western
parts of the monsoonewesterlies transition area. We have inves-
tigated the mechanisms producing moisture variability in the two
parts of the transition area by performing a composite analysis of
particularly wet and dry periods. The wet periods in the eastern
part of the monsoonewesterlies transition area (particularly in
north-eastern China) are related to an intensification of the pres-
sure gradient between the western Pacific and Asia accompanied
by an enhancement of the East Asian summer monsoon (Fig. 7d, e).
This results in an increased summer monsoonal precipitation. Ac-
cording to the model, moisture variations in this part of the tran-
sition zone may be directly related to variability in the East Asian
monsoonal system.

In contrast, the wet periods in the western part of the
monsoonal boundary area (inwestern China) are characterized by a
weak East Asian monsoon and a strengthened westerly wind cir-
culation (Fig. 7b, c). Compared to the wet phases in the eastern part
of the transition area, these periods are characterized by a cooler
summer climate in the mid-latitudes and a warmer summer
climate in the tropics, leading to a southward shift and strength-
ening of the subtropical westerly jet stream. The substantial
changes that occur in the westerly wind system suggest that
moisture variations in the western part of the transition zone are
largely due to variability in thewesterly winds, which probably also
exert a strong influence on the processes operating during the
winter and spring seasons.

6. Conclusions

(1) Pollen and geochemical analyses of sediments from Lake
Khuisiin have yielded a detailed vegetation history for this area
in the southeeastern Khangai Mountains of central Mongolia,
documenting changes from dry steppe (ca AD 760e950), to
Larix forest steppe (ca AD 950e1170), LarixeBetula forest
steppe (ca AD 1170e1380), meadow (ca AD 1380e1830), and
back to LarixeBetula forest steppe (ca AD 1830e2005).

(2) Although increased grazing over the last century may have
reduced the proportion of Poaceae in the vegetation and trig-
gered an increase in Artemisia, the general forest regeneration
over the last millennium probably resulted from climate
change rather than from human activity. We infer that, at least
between AD 760 and 1950, climate has been the dominant
driver of vegetation changewithin the study area. This does not
exclude the possibility that the unique Mongolian forest steppe
vegetation represents an ancient anthropogenic ecosystem
that developed as a result of humanevegetation coeevolution,
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but it does suggest that any such naturaleanthropogenic
transition did not occur during the last millennium.

(3) Ordination of 27 moisture records reflecting centennialescale
changes in moisture levels reveals that many records indicate
two distinct turnovers in moisture conditions at about AD 1500
and AD 1900, which is in agreement with our Mongolian re-
cord. The climatic conditions at most of these sites were wetter
during the MWP and LIA than they are today, and for most sites
the wettest period during the last 1200 years was the LIA.
However, we found many inconsistencies with no clear spatial
pattern within the moisture records. The records from
monsoonewesterlies transition area mostly show a greater
moisture variability than those from areas dominated by either
the westerlies or the summer monsoon, which may indicate
that they are more sensitive to large-scale climate change. This
result is corroborated by the simulated effective moisture
variability from the millennium run performed in the MPI
Earth System Model. However, the origin of variability in the
monsoonewesterlies transition area differs between east
(monsoon-driven) and west (westerlies-driven). Our results
indicate that strong spatial differences can be expected in
future moisture changes during the course of climate warming,
but that the relative amplitude of such changes maybe greatest
in the monsoonewesterlies transition area.
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