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Abstract Knowledge of historical changes in moisture
within semi-arid and arid regions is the basis of climatic
change predictions and strategies in response to long-term
drought. In this study, a multiproxy peat record with high-
resolution from Sichanghu in the northern Tianshan was
used to document the changes in vegetation and climate
over the past 450 years in the arid Central Asia. The pollen,
grain size, and loss on ignition (LOI) records indicate that
the productivity of local peat began to increase at ~1730
AD. The vegetation in the Sichanghu area experienced
several transitions, from temperate desert to dense desert,
marsh meadow, and steppe desert vegetation. The climate
in the study area was extremely dry during the early stages
of the Little Ice Age (LIA) (before 1730 AD) and relatively
wet during the late stages (1730-1880 AD). The inferred
changes in the moisture conditions of the Sichanghu
peatland since the LIA may have been controlled by the
extent of Arctic sea ice, the North Atlantic Oscillation, and
the Siberian High via the connections of large-scale
atmospheric circulations such as the Westerlies.

Keywords Little Ice Age, pollen, vegetation change,
moisture condition, Tianshan, arid Central Asia

1 Introduction

Modern climate in the arid Central Asia (ACA) is sensitive
to the intensity patterns of the Westerlies and the Asian
Monsoon (AM) (Shi et al., 2006; Chen et al., 2015b;
Huang et al., 2015a). The Westerlies plays an important
role in the moisture supply for the ACA, given that
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summer precipitation can be traced to the western Eurasia
including the closed Aral-Caspian Basin, the eastern
Mediterranean, and the Black Sea (Aizen et al., 2006;
Chen et al.,, 2010a; Huang et al., 2015a). The ACA’s
ecological system, agricultural yields, and local cultural
shifts have been largely influenced by decennial-centennial
hydrological fluctuations (Ferronskii et al., 2003; Buckley
et al., 2010; Davi et al., 2015). Previous studies of this
region have focused on reconstructing past changes in
climate, applications and limitations of paleoclimate
proxies, and the possible driving mechanism for
decennial-centennial wet/dry oscillations at different time
scales (Chen et al., 2008 and 2010a; Li et al., 2018).

Various proxies from peatland and lacustrine/eolian
sediments have recently been used to reveal the histories of
moisture and hydrological conditions in the ACA over the
past few thousand years (Wu et al., 2004; Liu et al., 2011;
Hong et al., 2015), including 8'3C record, lacustrine fossil
diatom assemblages (Chiba et al., 2016), n-alkanes from
peatland samples (Zhang et al., 2016), and fossil pollen
assemblages from lake sediments or peatlands (Zhang
et al., 2004 and 2015; Chen et al., 2006; Huang et al.,
2015b). However, previous paleoclimate records have
been inconsistent with respect to the moisture conditions in
the Holocene epoch (Chen et al., 2008). For example, the
variations in effective moisture in the Little Ice Age (LIA,
~1500-1850 AD, a notable cold interval), which have
received widespread attention, are still debated.

In previous studies, wetter conditions have been
reported for the ACA in the LIA (Chen et al., 2010a and
2015b), whereas relatively dry or inconspicuously humid
conditions have been reconstructed for different intervals
in the LTA (Hong et al., 2015; Zhang et al., 2016). For
instance, the positive 8'°C obtained for peat cellulose in
Chaiwobu indicated inadequate summer rainfall (Hong
et al., 2015). Numerous studies have also indicated that the
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LIA climate was unstable and represented by wet-dry
transitions (Paulsen et al., 2003; Liu et al., 2011; Tian et al.,
2013). Therefore, more high-resolution records of vegeta-
tion and climate changes are needed for a better under-
standing of the changes in moisture and hydrological
conditions during key periods, and a better prediction of
ecosystem and precipitation responses to anthropogenic
climate change (Cao et al., 2015).

Peatlands in western China are valuable archives for the
study of past hydrological changes (Hong et al., 2015;
Zhang et al., 2015 and 2016). The initiation of basal peats
in the ACA (e.g., Altai and Sichanghu) and on the Tibetan
Plateau can be traced to the early Holocene (Zhang et al.,
2009 and 2016; Hong et al., 2015; Zhao et al., 2014).
Pollen records of peat profiles were widely applied to
recover the high-resolution vegetation successions and
climatic changes (Chen et al., 2006; Zhang et al., 2009 and
2015; Zhao et al., 2011; Huang et al., 2015b). However,
there is a lack of high-resolution pollen records for ACA,
which limits our knowledge of climatic changes in the
region and the related responses of the ecological system
during the LIA.

The northern Tianshan (a.k.a., the Tian Mountains) is
located in the core area of the Westerlies-dominated
climate regime (Chen et al., 2019). A previous study of an
eolian sedimentary profile from the Sichanghu area in the
northern Tianshan showed that the local vegetation
underwent significant turnover from desert to marsh
meadow and then to desert in the last millennium (Zhang
et al., 2009). However, the low resolution of the pollen
record and poor age control in this region have limited our
knowledge about how the vegetation would respond to the
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past climate changes. Here, we present an integrated record
of pollen, charcoal, sediment grain size, and the loss on
ignition (LOI) from a peat profile (SCH) from the
Sichanghu peatland. In our study, we aimed to recover
the changes in vegetation and climate over the past 450
years in the northern Tianshan and to explore the
mechanisms underlying climatic changes during the LIA
in the ACA.

2 Materials and methods

2.1 Regional setting

The Sichanghu peatland is located in the northern
Tianshan, where the regional precipitation is currently
controlled by the Westerlies (Fig. 1). The peatland formed
in an ancient marsh, which covered an area of ~20 km?
before the lake dried up (Yan et al., 2003; Zhang et al.,
2009). The mean annual temperature (MAT) is ~5.3°C,
and the mean annual precipitation (MAP) is as low as
~129 mm. More than 43% of the rainfall occurs during
summer (Fig. 2). Moisture is the dominant factor
controlling the successions and distributions of different
vegetation in the region. Temperate desert vegetation
occupies the Sichanghu area and primarily contains
members of the Chenopodiaceae (Salsola, Suaeda physo-
phora, and Haloxylon ammodendron), Cyperaceae sedges,
the Poaceae (Festuca), Artemisia, and the Ephedraceae
(Luo et al.,, 2009; Yang et al., 2016). An altitudinal
vegetation belt developed in the highlands and on the
slopes of the surrounding mountains, including a temperate
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Fig. 1 Location of the SCH profile in the arid Central Asia. The tree rings from the Central Tianshan (Chen et al., 2015a; black dot) and

the June-July-August (JJA) streamline of the mean 850 hPa (reanalysis data during 1979-2010, data from the National Centers for
Environmental Prediction/National Center for Atmospheric Research) were exhibited. EASM = East Asian Summer Monsoon; ISM =

Indian Summer Monsoon.
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Fig. 2 Modern climate conditions recorded by the Qitai Meteorological Station (from 1961 to 2015) in the vicinity of Sichanghu area.

desert (mainly consisting of Artemisia), spruce forest
(primarily containing Picea schrenkiana), subalpine mea-
dow (consisting of Festuca and other Poaceae) and alpine
cushion meadows (mainly composed of Thylacospermum
caespitosum and Potentilla biflora) (Yang et al., 2016).

2.2 Sediment samples

During our field survey in August of 2011, a 92-cm profile
(labeled as SCH, 44°06'29.2"N, 89°12'07.5"E, 616+3 m a.
s.l.), composed of well-preserved peat layers overlain by
silty loam sediments, was retrieved from the Sichanghu
peatland (Fig. 4(a)). The top 52-cm of the profile consisted
of a peat deposit, with the remainder, at depths of 53 to
92 cm consisting of a marsh deposit with dark silt. The
SCH profile was subsampled at an interval of 1 cm for the
analyses of grain size, LOI, and pollen assemblages, while
the charcoal analysis used a 2 cm interval.

2.3 Dating and laboratory analyses

Five samples of sedge-leaves and seeds from different
layers of the SCH profile were sent to Beta Analytic Inc.
(Miami, USA) for accelerator mass spectrometry (AMS)
“C dating. The results were calibrated using Calib v. 7.0
and IntCall3 data sets (Reimer et al., 2013). The age-depth
model was established using the Bacon model (mL =1 for
WinBacon2.2) (Blaauw and Christen, 2011; R Code Team,
2012).

A total of 88 samples (0.5-3.0 g each) were used for LOI
analyses. The samples were first dehydrated in an oven at
105°C for 12 h. Subsequently, the organic matter and
carbonate contents were calculated using sequential

combustion at 500°C and 1000°C and a muffle furnace
(Dean, 1974; Heiri et al., 2001).

Samples for grain size analysis (~0.2 g each) were
pretreated with 10 mL of 10% HCI, and then with 10 ml of
30% H,0, to remove soluble salts and organic matters.
They were placed together with 10 mL of Na(POj)e
(0.05 mol/L)) for 10 min to facilitate dispersion in an
ultrasonic vibrator. After rinsing and the removal of
suspended matter, the grain sizes of the samples were
measured using a Mastersizer2000 analyzer (Malvern
Panalytical Ltd., UK).

Eighty-eight samples (0.5-1.6 g each) were used for
pollen analyses following the standard procedures of Faegri
and Iversen (1989). One tablet with a known-number of
Lycopodium spores was added to each sample to estimate
pollen concentration. Identification of the pollen taxon was
performed by consulting the published literature (Wang,
1995). The mean number of counted pollen for each
sample was 450 grains. The pollen percentage was
estimated based on the total number of terrestrial pollen
grains. The pollen zonation was determined with the help
of stratigraphically constrained cluster analyses of the
CONISS program (Grimm, 1987). Principal component
analysis (PCA) was then applied to the pollen data ( > 2%
in at least one sample) to extract the main variations in the
vegetation using CANOCO 4.5 (Ter Braak and Smilauer,
2002). Pollen-based biomization was utilized to quantita-
tively reconstruct the vegetation occupying the landscape
of our studied area (Prentice et al., 1996), which includes
the assignment of modern pollen taxa to pollen functional
types (PFTs), and the PFTs to different biomes according to
the description on the modern pollen database of China
(Chen et al., 2010b). The pollen-based biomization
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analysis was conducted with software 3Pbase (Guiot and
Goeury, 1996).

3 Results

3.1 Stratigraphy and chronology

The stratigraphy of the SCH profile is summarized in
Fig. 4. The top 52 cm consisted of peat deposits, while the
bottom was composed of dark gray silty clay (at depths
from 52 to 92 cm). The development of the age-depth
model was based on five AMS '“C dates (Table 1). The
surface sample had a calibrated age of 2011 AD,
corresponding to the time of sampling. The dating results
showed that the SCH profile covers the past 450 years. The
sedimentation process was relatively stable with a rate of
~0.20 mm/yr (Fig. 3).
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3.2 Results of grain size and LOI analyses

Results of grain size analyses revealed that significant
variations have occurred since 1560 AD (Figs. 4(b) and
4(c)). The mean grain size was much finer after 1740 AD,
with the finest interval observed between 1740 and 1880
AD. Fluctuations in the mean grain size were correlated
with the lithological transition from marsh sediments to
peat deposits at ~1740 AD.

The results of the LOI analyses revealed that the SCH
profile was dominated by organic matter (3%—72%) and
silicates (32%—-92%) (Figs. 4(d) and 4(f)), while the
carbonate content was very low (1%—10%) throughout the
entire profile (Fig. 4(e)). The well-preserved peat in the top
52 cm (1740-2011 AD) had a high organic matter content
(~40%) but low silicate content ( < 50%), while the marsh
sediments in the bottom (1520-1740 AD) of the profile
exhibited a high abundance of silicates (~89%), but little
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Fig. 3 Chronology result for the SCH profile based on the Bacon model. The shaded region shows the error ranges (90%) of the model
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Table 1 Accelerator mass spectrometry (AMS) #C dates and calibration of the SCH profile

ample Code Depth/cm Materia 0 PDB age-+tstandard deviation/yr BP alibrated age igma, cal. year CE) Probabili
Sample Cod pth/ ial  8"3C/A% ) Cag dard deviation/y Calibrated age (2 Sig 1. year CE) bability
Beta-383641 24 Sedge leaves -26.5 110£30 1802-1938 0.694
Beta-417756 54 Sedge seeds - 120+£30 1679-1939 1
Beta-383643 72 Sedge leaves -26.9 230430 1636-1805 0.909
Beta-389554 72 Sedge seeds -24.5 220430 1642-1805 0.889
Beta-383644 91 Sedge leaves -27.3 300+30 1490-1602 0.729
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Fig. 4 Lithology and records of grain size and LOI indices of the SCH profile. (a) Lithology; (b) Grain size distribution (as the grain size
of sand > 64 pm), that of silt within 4-64 um, and that of clay <4 pm); (c) Mean grain size (um); (d) Content of organic matter (%); (e)

Content of carbonate (%); (f) Content of silicates (%).

organic matter (< 10%). The organic matter content
reached a maximum at a depth of 8-22 cm (~1880-1970
AD).

3.3 Pollen record

In total, 49 pollen types were distinguished in the SCH
profile at a temporal resolution of ~5yr. The pollen
assemblages were dominated by the Chenopodiaceae
(~209%—80%), Cyperaceae (mean= 9%), Artemisia (8%),
and Poaceae (6%). These assemblages could be divided

into four pollen zones (Fig. 5). Two major biomes,
including desert vegetation (H) and steppe vegetation (G)
exhibited higher affinity scores than those of other biomes.
Desert vegetation was the dominant type throughout the
past 450 years, while steppe vegetation dominated the
SCH-3 zone.

3.3.1 Zone SCH-1 (depth of 92-84 cm, 1561-1600 AD)

Zone SCH-1 is characteristic with high percentages of
Chenopodiaceae pollen (mean 75%) and low Artemisia/
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Chenopodiaceae (A/C) ratios (~0.03). Typha pollen are
absent in this pollen zone. The pollen concentrations
fluctuate between 2000 and 22000 grains/g.

3.3.2 Zone SCH-2 (8456 cm, 1600-1730 AD)

The pollen assemblages of Zone SCH-2 are characterized
by abundant Chenopodiaceae (~60%), Cyperaceae (up to
16%), and Artemisia (~7.3%). The A/C ratios are constant
(~0.1). The pollen concentrations increase relative to Zone
SCH-1 to 22000-65000 grains/g.

3.3.3 Zone SCH-3 (5625 cm, 1730-1880 AD)

Zone SCH-3 features a sharp decrease in Chenopodiaceae
pollen (34.6%), while Typha (up to 53%) and Poaceae taxa
(reaching a maximum of 40%) show significant increases.
The Artemisia content gradually increases (~9.9%), while
that of Cyperaceae decreases to 7%. Consequently, the A/C
ratios increase to ~0.25. The pollen concentrations
fluctuate, but generally increase to 6000-70000 grains/g.

3.3.4 Zone SCH-4 (25-0 cm, 1880-2011 AD)

The pollen assemblages of Zone SCH-4 are dominated by
high contents of Chenopodiaceae (57%), Cyperaceae
(~15%), and Artemisia (~10%). The Poaceae concentration
decreases to 3%. The A/C ratios are higher (~0.27) and
reach a maximum of 0.56 in this zone. The pollen
concentrations typically fluctuate around ~15000 grains/g.

3.4 Principal component analysis

The PCA results for pollen samples and major taxa could
reveal their ordinations and characteristics along an
ecological/environmental gradient (Fig. 6). The first two
principal components (PC-1 and PC-2) capture 40.28%
and 26.54% of the total variance in the pollen data,
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Fig. 6 Results of principal component analysis of samples and
major pollen taxa for SCH profile.



Weihe REN et al. Vegetation and moisture in the Tianshan of China over the past 450 years 485

respectively. The drought-tolerant taxa, such as the typical
desert taxa of Chenopodiaceae, Ephedra and Nitraria, are
distributed in the negative direction of PC-1 (Fig. 6), while
moisture-favoring steppe taxa, like Artemisia and Poaceae,
in the positive direction. This suggests that PC-1 might
represent the gradient in the moisture conditions. Further-
more, the PCA plots of the samples support the CONISS-
based zonation of the pollen zones: SCH-1 (1561-1600
AD), SCH-2 (1600-1730 AD), SCH-3 (1730-1880 AD),
and SCH-4 (18802011 AD) (Fig. 5).

4 Discussion
4.1 A/C ratio as an index of moisture

The pollen assemblages of the SCH profile are dominated
by Chenopodiaceae (20%—80%) and Artemisia (2%—15%).
In arid and semi-arid China, the pollen ratio of A/C is
typically used as an indicator of steppe-desert vegetation
transitions and effective moisture, either in investigations
of the relationship between modern pollen assemblage and
the contemporary vegetation (Herzschuh, 2007; Luo et al.,
2009; Li, 2012; Zhao et al., 2012a and 2012b; Wei and
Zhao, 2016; Ma et al., 2017) ,or in the paleo-environment
reconstructions (Zhang et al., 2009; Zhao et al., 2010; An
et al., 2012). Comparisons among the MAP data recorded
by the nearby Qitai Meteorological Station, PC-1 scores,
and A/C ratios of our study, exhibited similar variations
over the past 50 years. A stable stage before the 1970s, a
gradual increase before 2000, and a slight decrease within
the last ten years were observed (Fig. 7). Therefore, A/C
ratio can be used as a reliable indicator of effective

3001

150

NN
NN

Precipitation/mm

PCA-1

0.4
0.8

0.4

A/C ratio

0.2

LA I R B R R B B L R B L
1990 1980 1970 1960

Year/AD

e
2010 2000

Fig. 7 Comparisons among the A/C ratio, PCA-1 scores from
the SCH profile, and the MAP data from the adjacent Qitai
Meteorological Station (available at CMA website). Arrows
indicate the overall trends toward the present.

moisture in the Sichanghu region (Herzschuh, 2007),
wherein lower A/C ratios can reflect desert-like vegetation
and less effective moisture/precipitation, and vice versa
(Herzschuh, 2007; Yang et al., 2016).

4.2 Pollen-inferred vegetation and climate history

Based on the variations of pollen assemblages and A/C
ratios, the environment in the northern Tianshan, over the
past 450 years could be subdivided into four stages (Figs. 5
and 8).

From 1561 to 1600 AD (Stage 1), temperate desert
vegetation and a drought conditions prevailed in the
Sichanghu area, as indicated by the predominance of
Chenopodiaceae pollen, low A/C ratios, low pollen
concentrations, and very coarse sediments.

From 1600 to 1730 AD (Stage 2), steppe vegetation
consisting of Artemisia and Cyperaceae increased in the
representation of both the pollen assemblage and regional
vegetation, although Chenopodiaceae was dominant. The
desert vegetation in the vicinity of the Sichanghu peatland
increased in density, as suggested by the increasing pollen
concentration. During this stage, there was an increase in
humidity.

From 1730 to 1880 AD (Stage 3), Artemisia, Poaceae,
and Cyperaceae accounted for the majority of the pollen
assemblages and vegetation composition, while the
Chenopodiaceae content suddenly reduced to the lowest
of the profile. Poaceae pollen of this stage was a typical
taxon of wetland vegetation and temperate steppe in the
Qaidam Basin and the northern Tianshan (Zhao et al.,
2010), rather than an index of cultivated crops (Qin et al.,
2011). The Typha pollen and A/C ratio showed sharp
increases during this period. Steppe vegetation was
indicated by the abundant Poaceae, Artemisia, and
Cyperaceae pollen and the high affinity score of steppe
in this stage (Fig. 5). It is suggested that regional
vegetation of steppe and marsh meadow patches began
to develop in the mid-1700s (Fig. 5), as indicated by high
proportions of Poaceae, the lithological transition from
lacustrine sediments to peat deposit, and an increase in
organic matter content (Fig. 4), as well as the lowest range
of grain size (Fig. 8). The initial SCH peatland (lowland at
616 m a.s.l.) was developed later than most other peatlands
in the ACA (e.g., Chaiwobu peat at ~1000 m a.s.l., Hong
et al., 2015; Tielishahan peat at 1770 m a.s.l., Zhang et al.,
2016). This could be attributed to the precipitation effect
along an altitudinal gradient (Zhao et al., 2010; Rao et al.,
2019). The cold climatic interval in the 1800s was
confirmed by previous studies (Mann et al., 2009), which
could be coincident with the LIA in most regions of China
(Wang et al.,, 1998; Yang et al, 2002). Overall, the
Sichanghu area experienced a cold-wet climate in this
period, during which a local marsh meadow occupied the
landscape leading to high peat productivity.

From 1880 to 2011 AD (Stage 4), the vegetation type
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Fig. 8 Correlations among the SCH records and other paleoclimate records in the vicinity. (a) A/C ratio; (b) Mean grain size; (c)
Charcoal concentration in this study; (d) Palmer Drought Severity Index (PDSI) in central Tianshan (Chen et al., 2015a); (e) Synthesized

effective moisture changes in ACA (Chen et al., 2010a).

changed to that of a steppe desert, as indicated by the
dominance of Chenopodiaceae, Cyperaceae, and Artemisia
pollen, in addition to the sudden decrease of Poaceae
pollen. The high Typha content, A/C ratio, and organic
matter content indicate that the climate remained humid
during this period. The vegetation and climate began to
degrade in the 2000s as reflected by our records and the
observed meteorological data (Figs. 4-7).

The temperature in the early LIA was higher than during
the late LIA, which could have induced more negative
precipitation/evaporation (P/E) ratios (Chen et al., 2019),
and thus relatively dry conditions for the terrestrial
environment which was indicated by low A/C pollen
ratios (Fig. 8). However, the water level may also have
been higher during the early LIA, even though the lake was
drying up. Therefore, the lacustrine sediments were
deposited during the early LIA. After the extinction of

the lacustrine environment, the more positive P/E ratios of
the late LIA led to an increase in effective moisture
(indicated by high A/C ratios) for the terrestrial vegetation
(Fig. 8(a)). Low temperatures could also have enhanced
the preservation of plant litter to form abundant peat
deposits.

Overall, based on the pollen records and biome
reconstructions, the vegetation in the Sichanghu area
experienced several transition, first from a temperate desert
to a dense desert, then to a marsh meadow, and finally to a
steppe desert. The climate sharply transitioned from
extremely dry to relatively wet conditions at ~1730 AD,
resulting in an increase in peat productivity.

4.3 Inferred climatic changes and possible mechanisms

The moisture conditions during the LIA varied spatially
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across the ACA (Chen et al., 2010a and 2015b). The wet
climate of the LIA was reported in numerous previous
studies, including the ice accumulation record of Guliya
(Yao et al., 1996a), the lacustrine records of carbonate
content in Lake Bosten (Chen et al., 2006), the sediment
salinity record in Lake Sugan (Chen et al., 2009), the §"*C
record from the Tarim Basin (Liu et al., 2011), and the
lacustrine biomarker record in Lake Manas (Song et al.,
2015). Our multiproxy data of the SCH profile revealed
two major stages of the LIA climate: 1) an extremely dry
climate before ~1730 AD (early LIA), and 2) a relatively
wet climate from 1730 to 1880 AD (late LIA).

4.3.1 Extremely dry climate in the early LIA

The climate in the Sichanghu area was extremely dry
before ~1730 AD, as inferred from the lowest A/C ratios
(Fig. 8(a)). This is also supported by other records from the
nearby regions. Data obtained from the Belukha ice core
from Southern Siberia indicated exceptionally dry condi-
tions during the 1600s and 1700s, as reflected by a high
dust concentration, widespread forest diebacks, and
frequent fire events (Eichler et al., 2011). During the
early LIA, the dry conditions were considered to be closely
related to the positive mode of the Pacific Decadal
Oscillation (PDO) (Eichler et al.,, 2011). A dry stage
during the 1600s was also indicated by low glacial
accumulation (Yao et al., 1996a) and high Mg>" contents
found in the Guliya ice core (Yang et al., 2006).
Furthermore, the negative Palmer Drought Severity
Index (PDSI) reflected by tree rings from the central
Tianshan also revealed a drought interval during the early
LIA, which was probably linked to El Nifio-Southern
Oscillation (ENSO) and North Atlantic Oscillation (NAO)
(Fig. 8(d)) (Chen et al., 2015a). Other records, such as the
low sea levels reconstructed in the Caspian Sea (Beni et al.,
2013) and low lake level in the Lake Manas from ~1550—
1700 AD (Song et al.,, 2015), were attributed to an
increasing solar irradiance and the related humidity
decrease during the LIA.

4.3.2 Wet climate in the late LIA

The high A/C ratios, high organic matter content in the peat
deposits (Figs. 4(d) and 8(a)), and abundant hydrophytic
pollen from Typha observed from 1730 to 1880 AD (Figs.
4(c) and 5), as well as the occupation of a marsh meadow
(Fig. 5), indicate a relatively wet climate for the late LIA.
Furthermore, the moisture proxy of the A/C ratio was
slightly opposite to the temperature on the centennial scale
during the LIA (Fig. 9). However, dating uncertainties
might exist in these hydroclimatic records in arid areas of
China (Chen et al., 2015b).

According to most studies, a relatively wet climate in the
late LIA was reported in the ACA (Fig. 8(e)). These studies
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included data from a set of tree rings indicating a humid
late LIA in the central Tianshan (Fig. 8(d)); (Chen et al.,
2015a), and an increasing ice accumulation rate after 1700
AD, recorded by Dunde and Guliya ice cores (Yao et al.,
1996b; Wang et al., 2007). However, other hydro-climatic
records had shown an inconspicuously humid climate in
the late LIA (Zhang et al., 2009; Hong et al., 2015).
Overall, the amplitude and timing of the moisture
conditions during the LIA in the ACA remain debated.

4.3.3 Climatic change after the LIA

The effective moisture recorded in the Sichanghu area
from 1880 to 2011 AD (Stage 4) is generally consistent
with previous climate records from other sites in the ACA.
Compared to Stage 3, the lower A/C ratio and higher
content of charcoal fragments in Stage 4 suggest a
relatively dry climate. This period of climatic deterioration
was also recorded by a tree ring record in the Tianshan
(Fig. 8(d)) (Chen et al., 2015a). It has been suggested that
dry climatic conditions prevailed in most areas of the ACA
after the LIA (Fig. 8(e)) (Chen et al., 2010a).

4.3.4 Possible forcing mechanism for climate change in
Sichanghu

In this study, the moisture changes in the Sichanghu area
over the past 450 years, NAO (Cook et al., 2002; Trouet
et al., 2009), climate factors of the high northern latitudes
(i.e., Siberian High SLP proxy and Barents-Kara Sea ice
extent) (Meeker and Mayewski, 2002; Zhang et al., 2018),
and reconstructed temperature variations (PAGES 2k
Consortium, 2013) were correlated in order to explore
the possible driving forces responsible for the LIA climate
changes in the ACA (Fig. (9)). The changes in moisture
condition in the Sichanghu peatland showed a negative
correlation with that in the NAO (Cook et al., 2002; Trouet
et al., 2009) (Fig. 9(d)), but a positive correlation with the
Barents-Kara sea ice extent in autumn (Fig. 9(b)) (Zhang et
al., 2018). However, dating uncertainty might exist among
different records.

Previous studies suggest that negative phase of the NAO
and increased Barents-Kara sea ice extent may have
triggered an increase in precipitation during the LIA in
Westerlies-dominated Asia (Hurrell, 1995; Chen et al.,
2006, 2010a and 2015b). Increased snow cover in the
Arctic Ocean is positively correlated with enhanced
precipitation over Asia (Cohen et al., 2014), while the
intensity of the winter Siberian High showed a significant
negative correlation with the Barents-Kara sea ice
anomalies from autumn to winter (Wu et al., 2011)
(Figs. 9(c) and 9(b)). In fact, some observations have
confirmed a negative correlation between the Barents-Kara
sea ice extent and the phase of the NAO (Cohen et al.,
2014). Complex driving forces were responsible for the
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Fig. 9 Correlations among the SCH records and other worldwide paleoclimate records. (a) Temperature reconstruction for Asia (PAGES
2k Consortium, 2013); (b) observed (dark green curve) and reconstructed changes in sea ice extent during autumn in the Barents-Kara Sea
(blue curve) (Zhang et al., 2018); (c) Siberian High sea level pressure (SLP) proxy (Meeker and Mayewski, 2002); (d) reconstructed North
Atlantic Oscillation (NAO, light blue curve following Trouet et al., 2009; black curve following Cook et al., 2002); (¢) A/C ratio variations
in the SCH profile (this study). The gray shaded bars indicate the relatively wet intervals since the 1550s.

changes in moisture conditions during the late LIA. For
example, the relatively wet conditions were attributable to
the low solar irradiance at the Maunder (16501710 AD)
and Dalton minima (1790-1830 AD) (Lean, 2000). The
low temperatures during the LIA could result in less
evaporation and thus more effective moisture in the region
(Chen et al., 2010a).

In summary, the Arctic sea ice extent, NAO phase, and
Siberian High, closely correlated through the connection of
atmospheric circulation (Raible et al., 2007; Chen et al.,
2010a, 2015a, 2015b, and 2019), could be responsible for
the changes in moisture conditions in the ACA during the
LIA. The low Siberian High and the peak ice extent of
Barents-Kara sea in the late LIA could have caused the wet
climate during the late LIA in the northern Tianshan (Fig.
9, Stage 3). However, more detailed investigations and

high-resolution climate records are still needed for a better
understanding of the interactions among the different
climate drivers responsible for the moisture variations in
the ACA.

5 Conclusions

In this study, a multiproxy record of vegetation and climate
changes in Sichanghu peatland over the past 450 years was
developed. The pollen assemblages, grain sizes, and LOI
records indicated that the peat deposit was initially formed
at ~1730 AD. Based on biomization results, the vegetation
in the Sichanghu area underwent transitions from tempe-
rate desert (1561-1600 AD) to dense desert (1600—1730
AD), steppe (1730-1880 AD), and steppe desert vegeta-
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tion (18802011 AD).

According to the variations of the A/C pollen ratio, the
climate in the Sichanghu area was extremely dry before
1730 (early LIA), and relatively wet from 1730 to 1880
AD (late LIA). The inferred changes in moisture condi-
tions may have been controlled by the ice extent of the
Arctic sea, NAO phase, and Siberian High through the
connections of large-scale atmospheric circulation, such as
the Westerlies. The mechanisms underlying the long-
distance transport of moisture in the ACA and the key role
of the atmospheric circulation between northern and high
latitudes and the ACA should be further investigated.
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