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The Shiyang River drainage basin is located in the northwest margin of the Asian monsoon region. Previous studies reached dif-
ferent conclusions about Holocene climatic changes in the basin. Some studies suggested the Holocene climatic changes were
mainly controlled by the Asian monsoon and that the climate was relatively humid during the early Holocene (11.6-7.1 cal ka BP).
Other studies found the mid-Holocene Climatic Optimum (7.0-5.0 cal ka BP), and this climate condition was similar to the Holo-
cene westerly wind pattern in arid Central Asia. The modern climate is affected by the Asian monsoon and westerly wind in the
drainage basin, and the Holocene climatic records showed two different Holocene climatic patterns—a westerly wind pattern and
monsoonal pattern. However, it remains unclear what caused the two different Holocene climatic patterns to co-exist in the region.
The palynological records are the main evidence for the Holocene climatic changes in the basin. This paper focuses on paly-
nological records for different parts of the drainage basin. Among them, QTHO02, QTL-03 and Sanjiaocheng records are located in
the terminal lake, and the Hongshuihe record is located in the middle reaches of the basin. In the terminal lake, the palynological
records of QTHO2 and QTL-03 are similar, but the Sanjiaocheng record differs. The difference is mainly affected by the variable
pollen assemblages in the different locations of the lake basin. From comparison and synthesis of the four palynological records,
we concluded that the millennial-scale Holocene climatic changes were affected by the combined effects of the Asian monsoon
and westerly wind in the drainage basin, which show the complicated Holocene climatic pattern in the northwest margin of the
Asian monsoon.
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In 2009, PAGES (Past Global Changes) released their latest
science plan and implementation strategy. One of the four
themes was regional climate dynamics, for which the Holo-
cene is one of three important periods; this suggests that
greater attention will be given to the study of the Holocene
[1]. There are many uncertainties relating to Holocene cli-
mate change in China, and the climate change processes in
China may differ from those in other regions [2]. An et al. [3]
initially suggested that Holocene climate changes were asyn-
chronous in the Asian monsoon domain. An et al. [4] found
millennial-scale arid events in arid and semiarid regions
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during the mid-Holocene, but these drought events occurred
at different times in different regions. Records for the west-
ern Loess Plateau indicate a humid climate during the
mid-Holocene [5]. The above evidence indicates that Holo-
cene climate change was complicated in arid and semiarid
China. The Asian monsoon system can be divided into two
subsystems: the East Asian monsoon and Indian monsoon
[6,7]. In a comparative study of Holocene peat taken from
the East Asian monsoon region and Indian monsoon region,
Hong et al. [8] concluded there had been anti-phase climate
change in the two subsystems. Using stalagmite records,
Yang et al. [9] challenged this viewpoint. Absolutely dated
stalagmite records studied in recent years indicate that
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Holocene climate change was synchronous in the Asian
monsoon domain, and that the Asian monsoon precipitation
peaked in the early Holocene before declining [10-12].
However, the Holocene stalagmite records are limited by
their distribution, and the synchronous evolution of the
Asian monsoon requires further confirmation. The climate
was affected by the combined effects of the Asian monsoon
and westerly wind in northwest China [13]. Li [14] sug-
gested the climate in northwest China could be divided into
a monsoon pattern and westerly wind pattern in terms of the
millennium-scale climate change; in the late Pleistocene, the
climate of the Xinjiang region was mainly controlled by a
westerly wind pattern and that of monsoonal Gansu, Qing-
hai and other regions was mainly controlled by a monsoonal
pattern. Herzschuh [15] synthesized 75 records for the
Asian continent and found that the Holocene climate pat-
terns differed between Central Asia and some parts of the
Asian monsoon domain. Chen et al. [16] analyzed the abso-
lutely dated Holocene records for the Asian monsoon do-
main and arid Central Asia and found that Holocene millen-
nium-scale climate patterns differ for the two regions. The
difference is mainly due to different evolution histories of
the Asian monsoon and westerly wind. Chen et al. [16] then
defined the monsoonal and westerly wind patterns in terms
of Holocene millennium-scale climate change. The mon-
soonal pattern is a kind of Holocene climate change; in this
pattern, the early Holocene was relatively humid and the
climate became drier from the mid-Holocene onward. The
westerly wind pattern refers to a climate change from a dry
early Holocene to a humid mid-to-late Holocene. (Note that
in this paper, the monsoonal and westerly wind patterns are
based on millennium-scale climate change and cannot be
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used to discuss inter-annual and decadal-scale interaction
between the Asian monsoon and westerly wind.) Studying
Holocene climate change in the marginal area of the Asian
monsoon further allows us to explore the mechanism of
interaction between the Asian monsoon and westerly wind.
Previous studies have found large Holocene climatic dif-
ferences in the marginal areas of the Asian monsoon
[17-20]. Understanding the differences is beneficial to
studying the mechanism of the millennium-scale climate
change of the Asian monsoon and westerly wind.

In arid and semiarid regions of China, Holocene paly-
nological records are mainly used to reconstruct vegetation
and ecology [21-24], while the paleo-ecological condition
is mainly controlled by climatic conditions; therefore, the
palynological records can be used to reconstruct climate
changes. The Shiyang River basin is located in the north-
west margin of the Asian monsoon (Figure 1); the basin is
near the region controlled by westerly winds. According to
previous studies [14—16], Holocene millennial-scale climate
change differs between the Asian monsoon region and arid
Central Asia. From comparison of the pollen-reconstructed
climate of the Shiyang River basin and Holocene records
for arid Central Asia and the Asian monsoon region, we can
determine the effects of the monsoonal pattern and westerly
wind pattern in the basin. For Zhuye Lake, the terminal lake of
the basin, Li et al. [21,22] reported the Holocene optimal pe-
riod was 7.4-4.7 cal ka BP in a palynological study. In addi-
tion, at the terminal lake, Zhao et al. [23] suggested the Holo-
cene Climatic Optimum was 7.2-5.2 cal ka BP. These two
studies show the Holocene climate is similar to the westerly
wind pattern in arid Central Asia. However, for the western
part of Zhuye Lake, Chen et al. [24,25] used palynological
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Figure 1 Map showing the study area. The dotted line shows the modern limit of the Asian summer monsoon, and the arrows indicate the climate systems
affecting China, including the East Asian monsoon, Indian monsoon, Asian winter monsoon, and westerly winds [13,26].
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records to determine that the basin was mainly controlled by
the Asian monsoon, and that the early Holocene of 11.0-7.0
cal ka BP was the Holocene Climatic Optimum, during
which there was relatively high precipitation. These studies
suggest different Holocene climate patterns for the same
lake. To determine the source of the discrepancies, we
compared four pollen records for the basin to explore the
pattern of Holocene climate change.

1 Study area

The Shiyang River drainage basin is located within the
eastern Qilian Mountains region, roughly at geographical
coordinates of 100°57'-104°57'E, 37°02'-39°17'N. The basin
length is about 300 km and the total area is 4.16x10* km*
(Figure 2). Based on the geographical divisions in China,
the Shiyang River drainage basin is in the transition zone of
monsoonal and arid regions, and the modern climate of the
region is affected by the Asian monsoon and westerly wind
[26]. According to modern climate research, the westerly
wind comprises a prevailing westerly wind and a westerly
jet, both of which make a large contribution to water vapor
transportation in the basin [27,28]. In East Asia, the
high-altitude westerly jet strongly affects the summer rain
belt [29], the spatial distribution of the rainy season [30]
and the winter monsoon [31]. Prevailing westerlies and the
westerly jet stream affect the climate system via different
mechanisms. This paper focuses on millennial-scale climate
change, instead of inter-annual and decadal-scale changes;
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therefore, it is difficult to distinguish the prevailing westerly
wind and westerly jet, both of which are recognized as
westerly winds in this paper.

The Shiyang River basin can be divided into three cli-
matic zones from south to north. (1) The alpine semiarid
area of the southern Qilian Mountains has an altitude of
2000-5000 m, annual rainfall of 300-600 mm, and annual
evaporation of 700-1200 mm. The vegetation zones can be
divided into the alpine cushion zone (representative plants:
Androsace tapete and Ceratoides compacta), alpine mead-
ow zone (representative plant: Kobresia), alpine shrub zone
(representative plants: Rhododendron and Potentilla fruti-
cosa), forest zone (representative plants: Picea, Sabina,
Populus and Betula), and piedmont meadow steppe zone
(representative plants: Stipa breviflora and Achnatherum
splendens). (2) The cool and arid central plains have an al-
titude of 1500-2000 m, annual rainfall of 150-300 mm, and
annual evaporation of 1300-2000 mm. The vegetation zone
is a desert steppe zone. Poaceae is the dominant vegetation
and is accompanied by xerophytic shrubs. (3) The northern
warm and dry area has an altitude of 1300-1500 m, annual
rainfall less than 150 mm, and annual evaporation of
2000-2600 mm. Desert vegetation, such as Haloxylon am-
modendron, Nitraria and Ephedra przewalskii, is widely
distributed in this area [32,33]. Zhuye Lake is the terminal
lake of the Shiyang River basin. The lake level was rela-
tively high during the historical period [34,35], but the lake
is now completely dried up. Pachur et al. [36], Zhang et al.
[37,38] and Long et al. [39] have studied the history of the
lake evolution since the late Pleistocene, by dating the
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Figure 2 Map showing the topography around Zhuye Lake and the Shiyang River drainage basin. The black circle indicates the Hongshui River section in

the middle reaches of the basin.
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northeast paleoshorelines of the lake. During the Holocene
epoch, the studies showed that the lake level was high in the
early and middle Holocene and relatively low during the
late Holocene. The Zhuye basin comprises sub-basins, such
as the lakes of Baijian, Dongxiao, Xixiao Lake, Yema and
Qingtu (Figure 3). According to a field investigation and
analysis of topographic maps, the sub-basins are connected
by channels; therefore, the lake level is consistent among
the sub- basins.

2 Materials and dates

QTHO1 and QTHO2 sections were excavated in the central
part of Zhuye Lake. The two sections are separated by 8 m
at an elevation of 1309 m above sea level. The geographic
coordinates are 39°03'00""N, 103°40'08"E (Figure 3). From
the lithology and grain size, the dates for the two sections
can be mutually extrapolated [21,22]. Pollen samples were
collected from the QTHO2 section [23]. QTL-03 has geo-
graphic coordinates of 39°04'15""N, 103°36'43"E and an alti-
tude of 1302 m (Figure 3). The Sanjiaocheng section [24,25]
has geographic coordinates of 39°00'38"N, 103°2025"E at
an altitude of 1320 m (Figure 3). The Hongshuihe section
[40,41] is located on a terrace of the Hongshui River, which
is a tributary of the Shiyang River, in the middle reaches of
the Shiyang River, at the altitude 1460 m (Figure 2). The
Hongshuihe section in fact comprises two sections 1 km apart
at geographic coordinates of 38°10'46"N, 102°45'53"E.
Joining the two sections, we obtain a continuous Holocene
record for the middle reaches of the Shiyang River. The
sedimentary facies of the Hongshuihe section are mostly
controlled by the environmental conditions in the middle
and upper reaches of the basin. Lacustrine sediments and
103°40'0"
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1 1
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peat formed during the humid period and sediments were
dominated by sand and aeolian sediments during the arid
period [40,41]. Figure 4 shows the lithology and dates for
the QTHO1, QTHO2, QTL-03, Sanjiaocheng and Hong-
shuihe sections. In the Shiyang River basin, the Holocene
sediments are mainly dated employing the '*C dating
method; however, e dating of lake sediments is easily
affected by hard water. Wang et al. [42] have reported the
2500-year hardwater effects for the middle part of the Hexi
Corridor. To understand the hardwater effects of Zhuye
Lake sediments, Li et al. [21] surveyed two sets of dating
samples taken at depths of 315 and 425 cm. At the depth of
315 cm, the bulk organic matter indicated an age of 4130 +
110 a, and the AMS '“C age of shells indicated an age of
4160 + 40 a. At the depth of 425 cm, the bulk carbonate
indicated an age of 5960 + 65 a, and the AMS "“C age of
shells indicated an age of 5920 + 40 a. There is little differ-
ence between the dates derived from the organic matter and
shells; therefore, we consider that the hardwater effects are
weak. Meanwhile, Chen et al. [43] studied the hardwater
effects for the Sanjiaocheng section. The result only pre-
sented hardwater effects for a period of 550 years, but again
indicated weak hardwater effects. Zhang et al. [40] reported
'C dating for terrestrial plant debris (tree branches and root
debris) in the Hongshuihe section, and compared these dates
with the dates obtained for upper and deeper parts. The re-
sults again indicate that the hardwater effects were relatively
small in the Hongshuihe section. The above studies show
that the QTHO1, QTHO02, QTL-03, Sanjiaocheng and Hong-
shuihe sections are less affected by hard water in the Shi-
yang River basin; therefore, dating errors have less effect on
the discussion of the millennium-scale Holocene climate
pattern.
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Figure 3 Map showing the latitude, longitude and elevation of the Zhuye Lake basin. Baijian Lake, Yema Lake, Qingtu Lake, Xixiao Lake and Dongxiao
Lake are the sub-basins of Zhuye Lake. The white circles indicate the QTHO2, QTL-03 and Sanjiaocheng sections. The elevation data are based on the
ASTER-GDEM dataset with 30 m resolution, downloaded from https://wist.echo.nasa.gov/wist-bin/api/ims.cgi?mode=MAINSRCH&JS=1.
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Figure 4 Lithology and dates obtained from the QTHO1 [21,22], QTHO2 [21,22], QTL-03 [23], Sanjiaocheng [24], and Hongshuihe [40,41] sections. There
are two Hongshuihe sections: one is for the Holocene and the other is for the Late Glacial. Using Calib5.01 software, all "*C dates are calibrated to the cal-

endar year.

3 Palynological records of the Shiyang River
drainage basin

3.1 Holocene palynological records of the QTHO02 section

The QTHO2 section is located in the middle of Zhuye Lake
(Figure 3); dating and pollen analysis were completed by
the authors of this paper. Through sampling of the section at
10 cm intervals, 74 pollen samples were analyzed. The cal-
culations for all the samples were for more than 100 grains,
and the calculations for most of the samples were for more
than 500 grains. For the Holocene epoch, the section can be
divided in to A, B and C phases (Figure 5). During phase A
(11.0-7.4 cal ka BP), herb pollen accounts for 43%-97%
ofthe grains (72% on average), with Artemisia accounting
for the largest proportion. The percentages of tree pollen
reach their highest levels during the Holocene, averaging
14%, with the needle trees Pinus and Picea being dominant.
The total pollen concentration is between 80 and 209 grains/
g. During phase B (7.4—4.7 cal ka BP), the total pollen con-

centration increases significantly, averaging 38634 grains/g.
The average contributions of Artemisia and Chenopodiaceae
are 76% and 13%. The contribution of tree pollen is rela-
tively low; however, the tree pollen concentration reaches a
maximum of 1232 grains/g during the Holocene. The Picea
pollen concentration also reaches the highest Holocene level
of 382 grains/g. During phase C (4.7-0 cal ka BP), the pol-
len assemblages are dominated by herbs, and the average
contribution by herbs is 90%. The total pollen concentration
decreases, averaging 2242 grains/g. The tree pollen per-
centages and concentrations are low, with the tree pollen
concentration averaging 58 grains/g. The Artemisia pollen
percentage declines, while the Chenopodiaceae pollen per-
centage increases to an average of 50%. The Compositae,
Nitraria, and Ephedra pollen percentages increase to aver-
ages of 2.8%, 3% and 2.5%. During the late Holocene, after
1.6 cal ka BP, the Chenopodiaceae pollen percentage in-
creases to an average of 30%; the average Ephedra pollen
percentage increases to 5%, reaching the maximum value in
the Holocene.
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Figure 5 Pollen percentage and concentration diagram for the QTHO2 section plotted against age, which can be divided into A, B and C phases. The pollen

data are from [21,22].

3.2 Holocene palynological records for the QTL-03
section

The QTL-03 section is also located in the middle of Zhuye
Lake (Figure 3); the dating and pollen analysis were com-
pleted by Zhao et al. [23]. A total of 88 pollen samples were
collected from the section, and 50 pollen types are identi-
fied. The section can be divided into A, B, C and D phases
(Figure 6). During phase A (7.2-5.2 cal ka BP), the Ar-
temisia, Chenopodiaceae, Gramineae pollen are dominant.
The Artemisia pollen percentages are between 60% and
70%; the average Chenopodiaceae and Gramineae pollen
percentages are 25% and 15%. The average total pollen
concentration is 30000—40000 grains/g. During phase B
(5.2-4.3 cal ka BP), the Chenopodiaceae pollen content is
high, making an average contribution of 50%; the Artemisia
pollen percentages are 20%—40%. The Compositae pollen is
as high as 80%. The percentages of Ranunculaceae and
Ephedra pollen reach the highest level during the Holocene.
The average total pollen concentration is 1000 grains/g.
During phase C (4.3-3.5 cal ka BP), the pollen percentage
of Artemisia increases, averaging 87%. The pollen percent-
ages of Chenopodiaceae and Gramineae are 15% and 10%.
The total pollen concentration is 1000-5000 grains/g. Dur-
ing phase D (3.5-0 cal ka BP), the pollen percentage of Ar-
temisia is lower, mostly in the range of 10%-20%. The
percentage of Nitraria pollen is higher, averaging 32%.
According to the pollen percentages of Chenopodiaceae and
Compositae, this phase can be divided into two parts. Dur-
ing 3.5-3.0 cal ka BP, the pollen percentage of Compositae
is high, averaging 95%, and the total pollen concentration is
500-3000 grains/g. During 3000-0 cal a BP, the pollen
percentage of Chenopodiaceae is high, averaging 70%, and

the total pollen concentration is less than 600 grains/g.

3.3 Holocene palynological records for the Sanjiao-
cheng section

The Sanjiaocheng section is located in the western part of
Zhuye Lake (Figure 3). The dating and pollen analysis were
completed by Chen et al. [24]. A total of 232 pollen samples
were collected from the Sanjiaocheng section, and more
than 50 pollen types are identified. The section can be di-
vided into A, B and C phases (Figure 7). During phase A
(11.6-7.1 cal ka BP), the percentages of coniferous pollen
are high, with Sabina, Picea and Pinus accounting for 50%—
90% of the total. The pollen percentages of broad-leaved
trees are 1%—11%, and fern spores account for an average
of 4%. Shrub and herb pollen percentages are 1%—12% and
2%-18%. The total pollen concentration is high, peaking at
2000-3000 grains/g and averaging 400—1500 grains/g. Dur-
ing phase B (7.1-3.8 cal ka BP), the pollen assemblages are
dominated by herbs and desert plants, and there is only a
small fraction of coniferous pollen. The average percentage
of shrub pollen is 10%, but it is as high as 70% in some layers
(at 5.5 cal ka BP). The average percentage of herbs is 20%.
The amount of Nitraria pollen increases significantly, and is
as high as 90% in some layers. The total pollen concentration
reaches the lowest level during the Holocene. During phase
C (3.8-0 cal ka BP), the total pollen concentration ranges
from 100 to 6000 grains/g. Pollen assemblages can be di-
vided into two types. During 2.4-1.9 and 1.1-0.5 cal ka BP,
the total pollen concentration is relatively high, and the
percentages of coniferous pollen are 38%—80%. The pollen
content of the aquatic plant Typha is also relatively high. In
other layers, the total pollen concentration is relatively low,
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pollen data are from [23].

the herb and shrub pollen contents are relatively high, and
the percentage of aquatic pollen is low. The coniferous pol-
len content is 11%-70%, and is mainly contributed by Sa-
bina.

3.4 Holocene palynological records for the Hongshuihe
section

The Hongshuihe section is composed of a Late Glacial sec-
tion and Holocene section, 1 km apart. The dating and pol-
len analysis were completed by Zhang et al. [40] and Ma et
al. [41]. The Late Glacial section can be divided into A, B
and C phases (Figure 8). During phase A (13.6-12.2 cal ka
BP), the pollen assemblages are dominated by herbaceous
plants, Artemisia, Chenopodiaceae and Gramineae. The tree
pollen contents are relatively high, with Picea and Pinus
being dominant. During phase B (12.2-11.6 cal ka BP), the
concentration of tree pollen decreases significantly, and the
herbs are still dominant in the pollen assemblages, in which
the average pollen percentages of Artemisia, Compositae
and Chenopodiaceae are 27.8%, 21% and 14.6%. During
phase C (11.6-9.7 cal ka BP), the pollen contents of Ar-
temisia, Chenopodiaceae and Gramineae are still high;
however, the contents of Picea and Pinus pollen increase.
The Holocene section can be divided into nine phases
(Figure 8). During phase D (8450-7950 cal a BP), the total
pollen concentration is low, with there being a high per-

centage content of herbaceous pollen. On average, there is
62.52% Artemisia pollen and 6.92% Chenopodiaceae pol-
len. During phase E (7950-7500 cal a BP), the total pollen
concentration and Typha pollen percentage increase; how-
ever, the pollen content of herbs decreases. During phase F
(7500-6490 cal a BP), the total pollen concentration reaches
a maximum for this section. The pollen types are abundant
in this phase. The average percentages of Pinus, Ephedra,
Picea, Gramineae and Chenopodiaceae are 8.36%, 5.73%,
19.18%, 15.27% and 15.27% respectively. The average
percentage of coniferous pollen increases from 18.00%
(phase E) to 31.09%. During phase G (6490-6290 cal a
BP), the total pollen concentration is relatively high, and the
coniferous pollen represented by Picea increases from
19.18% (phase F) to 49.50%. During phase H (6290-5670
cal a BP), the total pollen concentration is low, and the pol-
len percentages of Artemisia and Chenopodiaceae are high,
averaging 53.16% and 10.77%. During phase I (5670-5010
cal a BP), the total pollen concentration is low, and the av-
erage pollen percentages of Pinus and Picea are 35.17% and
17.33%. During phase J (5010-4470 cal a BP), the total
pollen concentration is low, and the average pollen per-
centages of Artemisia and Chenopodiaceae are 25.55% and
20.14%. The average pollen percentages of Pines and Picea
are 29.14% and 14.86%. During phase K (4470-3510 cal a
BP), the total pollen concentration is low, and the content of
coniferous pollen is high, averaging 68.07%. During phase
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Figure 7 Pollen percentage and concentration diagram for the Sanjiaocheng section plotted against age, which can be divided into A, B, C and D phases.

The pollen data are from [24].

L (3510-3230 cal a BP), the percentages of Typha and Po-
tamogeton pollen are high, indicating an aquatic environ-
ment.

4 Pattern of Holocene climate change in the
northwest margin of the Asian monsoon revealed
by basin-wide palynological records

In this paper, the study area is an arid and semiarid region,
and the fluvial-lacustrine sedimentary facies change as the
water cycle changes in the basin. The lake sediments are
often interrupted by aeolian sediments, and this has a large
effect on the pollen assemblages. Li et al. [22] encountered
this problem while studying pollen assemblages in the
QTHO2 section. This article examines the relationship
among Holocene pollen assemblages in different sections;
to account for the effects of interruption, the Picea pollen
content is used as the criterion. According to modern pollen
transportation studies of the Shiyang River basin [44], Picea
pollen is mainly transported by rivers in the middle and
lower reaches of the basin, and little Picea pollen is trans-
ported by wind to the middle and lower regions. Accord-
ingly, Picea pollen is abundant in the fluvial-lacustrine
sediments; however, there is little in the aeolian sediments.

If the lake sediments are interrupted by aeolian sediments,
the Picea pollen content must change on a large scale;
therefore, from the variations in Picea pollen content,
changes in sedimentary facies can be detected. According to
the pollen assemblages in the three sections of Zhuye Lake,
the QTL-03 section is similar to the QTHO2 section. In the
QTL-03 section, the mid-Holocene (7.2-5.2 cal ka BP) is
characterized by a high total pollen concentration
(30000—40000 grains/g) and is dominated by Artemisia,
Chenopodiaceae and Gramineae pollen. Zhao et al. [23]
recognized the mid-Holocene as the Holocene Climatic Op-
timum. In the QTHO2 section, the average total pollen con-
centration is 38634 grains/g during the mid-Holocene
(7.4-4.7 cal ka BP), reaching the highest level of the Holo-
cene, and the pollen assemblages are dominated by Ar-
temisia and Chenopodiaceae. From the mid-Holocene (~5.0
cal ka BP) onward, there is a decrease in the total pollen
concentration in both sections, along with the increases in
the pollen concentrations of Chenopodiaceae, Nitraria,
Ephedra and other xerophytic plants, showing the tendency
of a dry climate. In the Sanjiaocheng section during the
early Holocene (11.6-7.1 cal ka BP), the total pollen con-
centration is high, as represented by Picea, Pinus and Sa-
bina pollen concentrations. During the mid-Holocene
(7.1-3.8 cal ka BP), the total pollen concentration is low,
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Figure 8 Pollen percentage diagram for the Hongshuihe section plotted against age, which can be divided into A, B, C, D, E, F, G, H, I, J, K and L phases.
The pollen data are from [40,41]. There are two Hongshuihe sections: one is for the Holocene and the other is for the Late Glacial. The pollen percentage
diagram is drawn by combining pollen data obtained for the two sections. In the two sections, there is no sediment between 9.5 and 8.5 cal ka BP; therefore,

there are no values at that time in the diagram.

and shrubs and herbs are abundant. During the late Holo-
cene, the pollen assemblages change greatly, showing the
instability of climate change. Chen et al. [24] recognized
that the early Holocene was characterized by a humid cli-
mate and the spread of trees in the upper region. In the
QTHO2 section during the early Holocene (11.0-7.4 cal ka
BP), the percentages of arboreal pollen represented by
Picea and Pinus reach the highest level during the Holo-
cene. According to the arboreal pollen percentages, the
QTHO2 section is similar to the Sanjiaocheng section. Zhu
et al. [44] studied the pollen assemblages in the air, surface
soil, river water and alluvial sediments of the Shiyang River
basin; the results show that the river played a more impor-
tant role than wind in pollen transportation. Pollen in the
alluvial sediments was mostly transported by the river, and
Picea pollen in the terminal lake was also transported by the
river. Lii et al. [45] studied Picea and Abies pollen distribu-
tions on the Tibetan Plateau and in adjacent areas; the re-
sults show both pollen types were mainly distributed at an
altitude of 25004000 m, where the average annual tem-

perature was —1°C to 10°C and the average annual rainfall
was 450-850 mm. The climate conditions are clearly dif-
ferent from the characteristics of Zhuye Lake; this also
suggests the river transportation of Picea pollen. Picea lives
in cold-wet environments [46], and numerical analysis of
the climate response of Picea pollen showed the abundance
of the pollen was controlled by the humidity [47]; thus,
Picea pollen in Zhuye Lake can be controlled by the humid-
ity conditions in the upper region of the basin. During a
period of high precipitation, Picea trees became more
dominant, and the greater flow of river water would trans-
port more Picea pollen to the terminal lake. In the QTHO2
and Sanjiaocheng sections during the early Holocene, the
high percentages of Picea pollen indicate a relatively humid
climate in the upper region. However, what caused the large
differences in pollen assemblages between the three sec-
tions during the mid-Holocene? Figure 3 shows that the
QTHO2 and QTL-03 sections are located in the central part
of Zhuye Lake, while the Sanjiaocheng section is located in
the western part, far from the other sections. Xu et al. [48]



544 LiY, et al

Humid mid-to-late Holocene
Westerly wind pattern

Chinese Sci Bull

February (2011) Vol.56 No.6

I Humid early Holocene
| Asian monsoon pattern

| F3 2 1=
£ E
MM l e ™ 3
-1 55
10 -1 23
o - 853
_8 | r—10 T E
_7 | L9 28
I -8 (k) <
| -
| 6
_________________________ - S _____
| _—4 g
: 3 - £E
4- ! r2 0 =3
3] 1 82 .
. | Lo 5's Humid
(i) 24 . o A
! rHigh o >
11 I [ 55
0 ! L (hy <@
N 8¢
(9)
] L
8000, I 20 \
6000 : Lo Arid
(e) 4000
2000
o |
! 160000 =
| F120000 . = &
| 80000 ( ) £ °
30 | F »
20 | F40000 BE
© | 0 88
10 | t3s
0. - 3¢
I 800 S
: F ° o
| 400 (b) 5§
80000, | Lo CE
60000 ! @
(@) 400001 I
20000] |
O_
r T T T T T T 1
0 2000 4000 6000 8000 10000 12000
(Cal aBP)

Figure 9 Compilation of typical palynological records for the Shiyang River drainage basin, the Holocene stalagmite records for the Asian monsoon do-
main, and the Holocene lake records for arid Central Asia. The typical pollen records for the Shiyang River drainage basin show (a) total pollen concentra-
tion (grains/g), (b) Picea pollen concentration (grains/g) and (c) Picea pollen percentages (%) in the QTHO2 section [21,22], (d) total pollen concentration
(grains/g) in the QTL-03 section [23], (e) total pollen concentration (grains/g) and (f) Picea pollen percentages (%) in the Sanjiaocheng section [24], and (g)
Picea pollen percentages (%) in the Hongshuihe Section [40,41]. The lake records for arid Central Asia show (h) lake level changes for Wulungu Lake [51],
(i) the average humidity index for 11 lakes (Lake Van, Aral Sea, Issyk-Kul, Wulun Lake, Bosten Lake, Bayan Nuur, Telmen Lake, Hovsgol Nuur, Juyan
Lake, Gun Nuur, Hulun Nuur) in arid Central Asia[16] and (j) humidity index of Bosten Lake[16]. The Holocene stalagmite records for the Asian monsoon
domain show (k) Dongge Cave 8'°0 (%o) [10], (1) Heshang Cave §'*0 (%o) [11] and (m) Qunf Cave 60 (%o) [12].

studied pollen assemblages taken from the surface sedi-
ments of Daihai Lake; the results show very different
assemblages in different locations. The differences are
mainly due to vegetation near lakeshores. Huang et al. [49]
studied the pollen assemblages from lake surface sediments
of Bosten Lake; the results show the total pollen concentra-
tion was much higher in the central part. The Picea pollen
percentages were higher near the estuary because Picea
pollen is mainly transported by river. These studies show
that the pollen assemblages differ at different locations of the

lake basin; therefore, the pollen assemblages in the San-
jiaocheng section are quite different from those in the other two
sections. In addition, studies of the lake geomorphology show
that the lake level never exceeded 1308 m during the Holocene
epoch; the lake level during the mid-Holocene was
1306-1308 m above sea level [38,39]. The QTHO2 section
is at 1309 m and the QTL-03 section is at 1302 m; the
mid-Holocene sediments in these two sections are mainly 3
m from the top; therefore, the two sections are at 1306 and
1299 m above sea level during the mid-Holocene. The
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Sanjiaocheng section is at an elevation of 1320 m, and the
mid-Holocene sediments are 3—4 m from the top; thus, the
section is 1316-1317 m above sea level during the
mid-Holocene, which is far higher than the mid-Holocene
lake level. Therefore, the pollen assemblages may be af-
fected by the local topography, hydrology and vegetation
conditions. In the QTHO2 and QTL-03 sections, during the
mid-Holocene (~7.0 to ~5.0 cal ka BP), the high total pollen
concentration and Picea pollen concentration indicate a
high level of vegetation cover in the basin; the low tree pol-
len percentages may be due to the flourishing of herbs.

The Hongshuihe section is located in the middle reaches
of the Shiyang River basin. During 12.2—-11.6 cal ka BP, the
Picea pollen content significantly declined, indicating a dry
climate in the upper mountains, which corresponds to a
weaker Asian monsoon during the Younger Dryas event
[50]. During 11.6-9.7 cal ka BP, the quantities of Picea and
Pines pollen increase significantly, indicating a relatively
humid climate in the upper region, which may be correlated
to the enhanced Asian monsoon. During 8.5-3.0 cal ka BP,
the Hongshuihe section can be divided into nine phases ac-
cording to the pollen assemblages. During 7.5-3.5 cal ka
BP, most of the layers are characterized by a high content of
arboreal pollen represented by Picea, indicating high pre-
cipitation and humid conditions in the upper mountains.
However, during the mid-Holocene, there are a variety of
significant fluctuations in the pollen assemblages, which
might represent millennium-scale climate fluctuations.
From 3.5 cal a BP onward, Typha and Potamogeton pollen
contents are relatively high, indicating an environment of
still water.

The Shiyang River basin is located in the northwest mar-
gin of the Asian monsoon. Comparing the basin-wide paly-
nological records with Holocene records for the Asian
monsoon domain and westerly wind region, the Holocene
climate mechanism can be explored. In the Asian monsoon
domain, three absolutely dated Holocene stalagmite records
for different locations are selected (Dongge Cave [10],
Heshang Cave [11] and Qunf Cave [12]). In the westerly
wind domain, two typical Holocene lake records are chosen
(Bosten Lake [16] and Wulungu Lake [51]), and the average
humidity index of 11 lakes in arid Central Asia is used [16].
In Figure 9, the comparison among the Picea pollen per-
centages at the QTHO2, Sanjiaocheng and Hongshuihe sec-
tions shows high Picea pollen percentages during the early
Holocene, which indicates a relatively humid climate in the
upper mountains of the Shiyang River basin. The result is
consistent with the strong Asian monsoon during the early
Holocene. During the mid-Holocene, the QTHO02 and
QTL-03 sections are characterized by a high total pollen
concentration and a high Picea pollen concentration, which
indicate a high level of vegetation cover and a humid cli-
mate in the basin. In the middle reaches of the basin, the
relatively high Picea pollen percentages also suggest a hu-
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mid climate during 7.5-3.5 cal ka BP. The mid-Holocene
humid climate indicated by the basin-wide palynological
records is consistent with the humid mid-Holocene condi-
tions in arid Central Asia, where the Holocene westerly
wind pattern prevails. From ~5.0 cal ka BP onward, the
pollen assemblages in the QTHO2 and QTL-03 sections
show the climate to have a dry tendency. The still-water
conditions indicated by the Hongshuihe section in the mid-
dle reaches of the basin may be related to reduced water
flow from the upper mountains, which can be considered a
result of the weakened late-Holocene Asian monsoon.
Overall, the Holocene climate changes in the basin reflect
and can be controlled by the combined effects of the Asian
monsoon and westerly wind. This study presents the com-
plicated process of Holocene climate change. For further
exploration of the climate change mechanism in the north-
west margin of the Asian monsoon, high-resolution records
and climate models are needed.

It is seen that pollen assemblages are quite different at
four locations in the basin. Only using the pollen assem-
blages from one location to discuss past climate change is
insufficient and limited. In this study, we did not use the
Artemisia and Chenopodiaceae ratios as an indicator of pa-
leoclimate because the sedimentary facies of the four sec-
tions differ significantly, meaning that environmental ef-
fects would not be obvious.
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