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Abstract: A high-resolution pollen record, c. 50 yr/sample, from terminal lake sediments in the Shiyang

River drainage basin on the present margin of the summer monsoon was used to reconstruct vegetation

and climate history during the Holocene. Forest trees from mountainous areas of the drainage, including

Sabina, Picea and Pinus, dominated pollen assemblages in the early Holocene (11.6�7.1 cal. ka). In the

mid-Holocene (7.1�3.8 cal. ka) desert and steppe shrubs and herbs around the lake, including Nitraria,

Poaceae, Compositae and Artemisia, were dominant. The late Holocene (3.8�0 cal. ka) was again

dominated by alternation of Pinus�Sabina tree pollen and desert-steppe pollen. The early Holocene forest

expansion in the mountains and subsequent increase in the river transport of tree pollen corresponds with

maximum precipitation during the East Asian summer monsoon maximum. The timing of these changes in

our record from arid China is different from that of East China, where the Holocene monsoon maximum

appeared in the middle Holocene. This difference indicates that the extent and development of summer

monsoon circulation in the Holocene was complex. Changes in the pollen record appear to show pervasive

and persistent centennial- to millennial-scale oscillations throughout both wet and dry periods of the

Holocene. Our results imply the continental interior was sensitive to changing moisture conditions and

responsive to Holocene climatic events.

Key words: Arid inland China, pollen assemblages, Holocene monsoon maximum, arid events, millennial

and centennial climate variations.

Introduction

Some previous studies have suggested that climate was stable

during the Holocene (Jouzel et al., 1987; Dansgaard et al.,

1993; Von Grafenstein et al., 1999), while other research

indicates it was unstable, with periodic fluctuations (O’Brien

et al., 1995) and with rapid changes (Stager and Mayewski,

1997; Bond et al., 1997). These rapid centennial- to millennial-

scale changes have been recorded in high-latitude regions of the

Northern Hemisphere in sediments from the North Atlantic

(Bianchi and McCave, 1999) and from North American lakes

(Campbell et al., 1998), and may also exist in most parts of the

world (Mayewski et al., 2004). However, these records of

Holocene climatic instability are not numerous and are

especially lacking for the arid regions of the Eurasian

continent.

The prevalent opinion about Holocene climate change in

China is that the Holocene Optimum, defined by warm

temperatures and abundant precipitation, occurred in the

mid-Holocene (Shi et al., 1994). However, some studies have

discovered that the Holocene Optimum was asynchronous (Wu

et al., 1994; An et al., 2000; He et al., 2004) and occurred

during the early Holocene in areas of arid and semi-arid

western China influenced by the summer monsoon (Wang

et al., 1998; Yang, 2000; Liu et al., 2002; Madsen et al., 2003).

Some dry events have been found during the mid-Holocene

(Li et al., 2000; Chen, F.H., et al., 2003) along the present

summer monsoon margin, despite evidence for increased

precipitation during the mid-Holocene in the south part of
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the western Chinese Loess Plateau (An et al., 2003). More

work, therefore, is needed to assess the stability of Holocene

climates and the timing of the Holocene Optimum in the

summer monsoon margin area.

The Shiyang River drainage lies on the present margin of

the East Asian summer monsoon and arid western China

(Figure 1), an area where climate is strongly influenced both

by the East Asian Monsoon and prevailing Westerlies.

Ecosystems in the region are, thus, sensitive to climate change

(Feng et al., 2000). Pollen records from lakes in this region

are correspondingly sensitive to monsoonal variations and

have been the focus of a number of studies. Studies of pollen

transportation to the terminal lakes along the drainage,

together with vegetational reconstructions using pollen as-

semblages (Cheng, 2002; Zhu, 2002; Zhu et al., 2002, 2003;

Cheng et al., 2004), have found that the pollen record in this

drainage is indicative of climate change cycles at millennial

scales during the early Holocene (Chen et al., 2001; Zhu

et al., 2002). Holocene climatic variability was also found

at an outcrop section along the Hongshui River (Zhang

et al., 2000; Ma et al., 2004), a tributary in the Shiyang

River drainage basin. However, this outcrop section can

only reliably be used to reconstruct climatic history between

8 cal ka and 3 cal ka BP. In this study, we selected a

continuous lake sediment section from the presently dry

terminal lake (Lake Zhuyeze) of the Shiyang River drainage

in arid western China to reconstruct the entire Holocene

climate history using a high resolution (c. 50 yr/sample)

pollen record.

Study region and site

The Shiyang River drainage, 300 km long with an area of

41 163 km2, is located on the northern margin of the Tibetan

Plateau. The river originates from the northern side of the

Qilian Mountains, flows northward through fluvial/alluvial fan

plain and Gobi, and forms Lake Zhuyeze in its lower reaches

between the Tengger and Badain Jaran deserts, two of the

major sand deserts in northwest China (Figure 1). During the

late Pleistocene and early Holocene there was an extensive lake

at the end of the drainage (Pachur et al., 1995; Shi et al., 2002),

but by the 1950s, the palaeolake was completely dry as a result

of human activity (Chen et al., 1999). Annual precipitation in

the drainage, of which about 80% falls from June to September,

varies from less than 100 mm in the lowlands to over 500 mm

in the mountains, with two-thirds of the river’s runoff

originating in the mountainous region. The average meltwater

from glaciers and snow is a negligible 3.8% of the total river

runoff in the Shiyang River drainage (Chen and Qu, 1992). The

distribution of vegetation in the drainage is strongly related

to elevation (Figure 1): Zone 1, a perennial snow and glacial

zone (�/4500 m); Zone 2, an alpine cushion-like vegetation

zone (4500�3800 m); Zone 3, an alpine meadow zone (3800�
3500 m); Zone 4, an alpine shrub zone (3500�3100 m); Zone 5,

a Picea and Sabina forest zone (3100�2500 m); Zone 6, a

mountainous grassland zone (2500�2350 m); and Zone 7, a

desert grass (2350�2000 m) and a Gobi/sand desert (B/2000 m)

zone (Huang, 1997).

The section we studied, a 700-cm deep excavation at an

elevation of 1320 m near Sanjiaocheng (SJC) at latitude

39800?38??N, longitude 103820?25??E, is located on the western

part of the lake (Figure 1). Because of recent desertification,

the present land surface is covered by eolian sand. Samples

were taken every 2 cm at the section for analyses of various

environmental proxies. The upper 232 samples were used

for pollen analysis, with a time resolution of about 50 yr/

sample. Twelve samples were taken for radiocarbon age

estimates at lithological boundaries and from organic-rich

layers. Eight of these samples date to the Holocene period

(Figure 2).

Pollen analysis method

Standard techniques were employed for pollen extraction and

analysis with some modifications (Li et al., 1995). For silty clay,

60�80 g samples were taken for laboratory analysis, while for

silt and sand, 100�120 g samples were taken. The procedure

included sample washes in HCl and HF and filtering through

6 mm mesh. Two or three tablets of Lycopodium spores (about

12 524 spores/tablet) were added to each sample in order to

Figure 1 Map showing the geographical location of the study area (inset) and the northern limit of the Asian summer monsoon (dotted line;
Gao et al., 1962) in China and the SJC section in the Shiyang River drainage. The spatial distribution of vegetation types is marked by
numbers 1�7, and the altitude distribution of vegetation types is shown in the inset triangle
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estimate the pollen concentration. Over 300 pollen grains and

spores per sample were counted, except for very low concen-

tration samples in the mid-section. For these, only about 150

pollen grains and spores of terrestrial vegetation were identi-

fied and counted.

Results

Lithology
The section is composed of continuous deposits consisting of

silty clay, silt, and sand with 2�5 cm thick black layers with

high organic matter content. Based on the lithological varia-

tions evident in the Loss-On-Ignition (LOI) curve (Figure 2;

Chen et al., 2001), the entire section can be divided from top to

bottom as follows:

. 0�21 cm: reddish yellow sand containing gravel, lacustrine

and fluvial deposits covered by aeolian sand at the surface.

. 21�168 cm: green-grey silt and silty clay of lacustrine

sediment with two interbedded fine sand layers at 36�
76 cm and 90�140 cm depths which have low LOI content

(Figure 2).

. 168�280 cm: grey fine sand and silt layer with 3�5 cm thick

dark clay silt layers.

. 280�460 cm: dark grey silt and silty clay of lacustrine

deposition. The radiocarbon age at the lower limit of the

unit is 98409/260 BP (LZU00-28), and marks the beginning

of the Holocene at the section.

. 460�532 cm: light grey silt and fine sand.

. 532�600 cm: two silty clay layers interbedded with a layer of

yellowish aeolian sand at 544�562 cm.

. 600�700 cm: yellowish aeolian sand with clear cross-stra-

tified structure.

High measures of LOI, a proxy of organic carbon matter, and

CaCO3 generally coincide with fine grain-size layers such as

clay or silty clay layers.

14C dates and chronoloy
Radiocarbon dating was conducted by conventional 14C

method on five bulk organic matter samples at LZU radio-

carbon laboratory of Lanzhou University, China, and by

accelerator mass spectrometer (AMS) on picked charcoal

samples at the Beta radiocarbon laboratory of the USA and

the Gif radiocarbon laboratory of France. The radiocarbon

ages measured in LZU are adjusted to use a 5568-yr half-life

of radiocarbon. All 14C ages were carbon-13 isotope adjusted.

One sample at a depth of 1.3 m was dated using both bulk

organic matter and charcoal. The radiocarbon age from

charcoal material is about 3100 yr BP, while that from

organic matter is about 3640 yr BP. We consider this age

difference of about 540 years to be the carbon reservoir effect

present in the lake because the charcoal radiocarbon age

likely represents the true age of deposition. Therefore, we

subtracted 540 years from all the measured radiocarbon dates

from organic matter samples. The corrected radiocarbon

dates, as marked in Figure 2, were then calibrated into

calendar years following Stuiver and Reimer (1993). These

calibrated ages have a nearly linear relationship with depth

(Figure 2). A detailed age model is reported in Zhu (2002)

and Chen et al. (2001). In this study, we focus only on the

Holocene period at the section and adopt Zhu’s age model to

establish our Holocene age sequence. As a result, all ages in

the following text are calendar years (BP) or thousand

calendar years (ka).

Pollen diagram
Over 50 plant taxa were identified in the samples, but only the

main taxa are shown in Figure 3. To show the local and

regional vegetational variation more clearly, Figure 4 is a

pollen diagram without pollen from montane vegetation and

aquatic plants. Based on the relationship between pollen

assemblages and the distribution of modern vegetation in the

drainage (Zhu et al., 2003; Cheng et al., 2004), all pollen taxa

can be divided into three broad ecological groups as shown on

Figure 5. There are: (1) pollen taxa representing high-elevation

vegetation, especially that from forest zones, include Sabina,

Picea, Pinus, Betula, Corylus, Ulmus, Quercus and Selaginella;

(2) regional vegetation taxa, derived from steppe vegetation

common across the whole drainage basin, are represented

by Rosaceae, Leguminosae, Rhamnaceae, Poaceae, Composi-

tae, Chenopodiaceae, Cyperaceae, Artemisia and Polygonum;

(3) pollen taxa from the lower reaches of the drainage,

primarily xerophytes from the desert vegetation zones and

marsh vegetation from the lake margin, include taxa such as

Nitraria, Calligonum, Ephedra, Zygoghyllaceae, Plumbagina-

ceae, Elaeagnaceae and Typha.

The pollen assemblages of the SJC section can be divided

into three zones.

Zone I: (460� 282 cm; 11.6� 7.1 ka)
Conifer taxa dominate the pollen assemblages, and Sabina,

Picea and Pinus contribute 50�90% of the pollen sum (Figure

3). The peak values of Sabina and Picea alternate. In the high-

elevation pollen group, broadleaf tree pollen has values of

1�11%, and the fern spores reach 4%. Shrub plant pollen

and steppe taxa constitute 1�12% and 2�18%, respectively.

Nitraria pollen is the primary local taxon, making up 0.2�9%

of the total. Typha pollen is the main component of aquatic

pollen, but with a low percentage value, lower than 1%. This

zone is characterized by relatively high pollen concentrations,

with a peak value of 2000�3000 grains/g and a mean value of

400�1500 grains/g. The concentration values are also highly

variable. The percentages and concentration values of Picea

Figure 2 Stratigraphy and chronology of the SJC section. The
carbon reservoir corrected radiocarbon dates are marked beside
the lithological bar (solid squares, 14C age for bulk organic matter;
solid triangles, 14C age for charcoal). The relationship of calibrated
ages with depth is nearly linear during the Holocene. Loss-on-
ignition (LOI) with depth (Chen et al., 2001) is also shown
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and Pinus pollen and fern spores change in concert, while the

concentrations of Sabina, regional vegetation and xerophyte

pollen taxa show either little change or even decrease despite

an increase in their percentages (Figure 3).

Zone II: (282� 152 cm; 7.1� 3.8 ka)
This zone is characterized by high percentages of desert and

steppe shrub and herb pollen (Figures 3�5). Regional

vegetation and xerophyte pollen (Figure 4) are the main

components, while conifer pollen is much lower than in Zone

I (Figure 5). The percentages of regional pollen types are

higher than in Zone I and Zone III. Shrub pollen has values

up to 10%, but reaches 70% in some layers (such as the

224�218 cm layer, around 5.5 ka); Steppe taxa are consis-

tently about 20% of the total pollen sum. Nitraria pollen

increases markedly with the highest value reaching 90%.

Aquatic pollen disappears almost completely (Figure 3).

Pollen concentrations reach their lowest values in this section,

except for very high values in two periods (Figures 3�5).

These remarkably high pollen concentrations, with values

reaching 5000 grains/g, are due to xerophyte pollen such as

Nitraria (Figure 4).

Figure 3 Pollen percentage diagram, pollen concentrations and pollen zones at the SJC section plotted with calibrated age

Figure 4 Pollen percentage diagram and pollen concentrations minus high-elevation and aquatic taxa
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Zone III: (152� 0 cm; 3.8� 0 ka)
Pollen concentrations are quite variable in this zone, ranging

from 100 to 6000 grains/g (Figure 3). This zone can be divided

into two main types of pollen assemblages. One is similar in

character to Zone I, while the other type is similar to Zone II.

In layers at 96�76 cm (2.4�1.9 ka) and 46�21 cm (1.1�0.5 ka),

where the pollen concentrations are high, the pollen assem-

blages are similar to that of Zone I (ie, conifer pollen ranges

from 38% to 80%, aquatic pollen, mainly typha, is relatively

high, and there are corresponding reductions in lowland

regional and xerophyte pollen percentages). In the layers at

152�96 cm, 76�46 cm and 21�0 cm, where the pollen

concentrations are low, the pollen assemblages are similar to

that of Zone II. Steppe pollen and xerophyte pollen increase

and there is a corresponding decrease in aquatic pollen.

Although conifer pollen ranges from 11�70%, it is mainly

composed of Sabina, which prefers a drier climate than Picea

(Zhu et al., 2002).

Pollen concentration and Picea�Pinus content
variations
The total pollen concentration, a proxy of vegetation density in

the drainage basin as a whole, can be divided into two main

stages (Figure 6). It is generally high with relatively small-range

variations before 7.1 ka, but is markedly variable during the

middle and late Holocene. There are four periods of low

concentration, 7.1�5.0 ka, 3.4�2.4 ka, 1.9�1.2 ka and after

0.5 ka, separated by relatively high pollen concentration

periods. The lowest pollen concentration occurred from

7.1 ka to 5.0 ka. Two obvious peaks in the pollen concentration

curve, each lasting about 100 years, were around 5.5 ka and

3.8 ka, with both peaks resulting from increases in pollen of

regional and local vegetation (Figure 4). Pollen in the first peak

is mainly Nitraria, while that in the second is primarily

Rosaceae, Leguminosae and Nitraria. A high-elevation pollen

concentration, calculated from pollen of mountain vegetation

in the drainage basin, varies in concert with the total pollen

concentration (Figures 5 and 6) except during the middle

Holocene. A pollen concentration calculated from local and

regional vegetation has four obvious peaks during the middle

and late Holocene (Figure 4). The two obvious peaks around

5.5 ka and 3.8 ka in the total pollen concentration curve are

not present in the high-elevation pollen concentration curve

(Figure 5). Picea�Pinus percentages, a proxy for high-elevation

forest variation (Zhu, 2002; Zhu et al., 2002), is summed from

Picea and Pinus pollen in each sample. This proxy has clear

variations except for a period from 7.1 ka to about 4.0 ka.

Pollen concentrations and Picea�Pinus percentages show quite

apparent millennial-scale variations (Figure 6).

Discussion

Holocene vegetation changes in the Shiyang River
drainage basin

Early Holocene (11.6� 7.1 ka)
At the beginning of the Holocene, conditions were favourable

for pollen preservation, as evidenced by the fact that the pollen

concentrations of most vegetation types, including forest,

steppe and desert, are the highest for the entire Holocene.

The high values of conifer pollen in the early Holocene

(Figure 5) indicate the montane forest zone expanded on the

north slope of the Qilian Mountains, with greater runoff

causing greater transport of tree pollen (Zhu et al., 2002, 2003).

Since meltwater from glaciers and snow was very low

in the total runoff, the high runoff in the early Holocene

unlikely resulted from a warm climate, but from high pre-

cipitation under strong summer monsoon conditions. This

scenario is supported by the fact that the terminal lake was

larger during the early Holocene than afterward (Pachur et al.,

1995; Shi et al., 2002).

Figure 5 Pollen diagram presented as the summary of ecological groups. Pollen concentrations and pollen zones are also shown
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The pollen assemblages are also indicative of an unstable

climate during the early Holocene, however, with five relatively

dry periods within a generally humid background. Alternate

expansion of Picea and Sabina are, respectively, indicative of

a humid or a dry period (Zhu et al., 2002). For the early

Holocene there are five periods of high Picea percentages

at 11.6�11.1 ka, 10.4�9.7 ka, 9.3�8.8 ka, 8.2�7.9 ka and

7.8�7.3 ka (Figure 3), indicating five humid periods. During

these periods, the Picea forest expanded in the Qilian

Mountains, and Pinus, broadleaf trees, shrubs, herbs and ferns

in the forest understorey were also better represented. Pollen

concentrations are also relatively high during these periods,

suggesting generally greater vegetation density in the drainage

basin. The climate became relatively dry at 11.1�10.4 ka,

9.7�9.3 ka, 8.8�8.2 ka and 7.9�7.8 ka, with high Sabina

percentages. Picea, Pinus and broadleaf forest decreased, and

the forest zone at higher elevations was mainly composed of

Sabina. Lower pollen concentrations suggest vegetation den-

sity was reduced. The low LOI content at the section during

these periods (Figure 2; Chen et al., 2001) supports an

interpretation of a low vegetation cover in the drainage and

low lake production.

Mid-Holocene (7.1� 3.8 ka)
During this period, desert and steppe shrubs and herbs were

dominant. Low pollen concentrations suggest open vegetation

and forest were reduced, with the forest belt shifting to higher

elevations. The lowlands were covered primarily by steppe

desert and desert vegetation. The lake area was markedly

reduced between 5.6 and 5.4 ka, as suggested by very high

Nitraria representation and a near lack of other pollen

types. Two corresponding pollen concentration peaks resulted

primarily from local xerophytes (Figures 4 and 5). The driest

interval was from 7.0 ka, to about 5.0 ka, as evidenced by

very low pollen concentrations, especially for high-elevation

taxa, and low LOI content (Figure 2). There were several

smaller wet oscillations during the long arid period, such as

that at 4.0�3.8 ka. During these brief wet periods, vegetation

cover may have increased, and there was a possible azonal

desert meadow growing on the lowlands, possibly surrounding

the lake.

Late Holocene (3.8� 0 ka)
A Pinus and Sabina dominated forest expanded again dur-

ing the late Holocene. The environment was relatively wet

Figure 6 Correlation of total pollen concentration, high-elevation vegetation pollen concentrations, and Picea�Pinus percentages
at the SJC section with percentages of hematite-stained grains in Core VM29-191 in the Northern Atlantic, an ice-raft and tempe-
rature proxy record (Bond et al., 2001), and potassium ion content in the GISP2 ice core, a proxy of the Siberian High (Mayewski
et al., 1997). The episodes of high hematite-stained grain content are marked in sequence from #0�8 based on Bond et al. (2001). The
black arrows point to the dust flux peaks in the Greenland ice core that are related to continental dry events (O’Brien et al., 1995).
Shaded areas indicate periods of weak summer monsoon and, thus, dry climate events in the study area, and principle periods of a strong
Siberian High
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compared with the mid-Holocene, but variations in pollen,

sediment types and LOI content (Figure 2) indicate an

alternation of dry and humid climates. However, human

impacts on the environment have to be considered because of

the diversion of river water for irrigation that took place

during the last 2000 years (Chen et al., 1999).

During relatively wet periods, such as 2.4�2.0 ka and

1.2�0.5 ka, vegetation was similar to that of the early

Holocene, and vegetation cover increased in both the uplands

and lowlands. Vegetation cover during these two periods may

be even higher than during the early Holocene, because pollen

concentration values were high for both lowland (Figure 4)

and high-elevation (mountain) vegetation types (Figure 5).

High aquatic plant pollen percentages, particularly Typha,

suggest the SJC section was either submerged by shallow

water or was a marshland environment. During dry periods,

the vegetation cover was reduced much as during the middle

Holocene, with relatively high Sabina, Chenopodiaceae and

Nitraria pollen, and low LOI content suggesting relatively

dry conditions. The lower reaches of the drainage basin became

very dry and vegetation was dominated by Chenopodiaceae

and Nitraria. Around 3.0 ka the lake was shallow or even dry

near the section because ash and pottery of this age were found

at an archaeological site 1 km away from the section.

Additionally, glaciers expanded at this time and conditions

were generally dry in western China (Zhou et al., 1991; Huang

et al., 2002).

In summary, the environment of the Shiyang River drainage

basin was generally wet during the early Holocene, dry during

the middle Holocene, and wet but with large variations during

the late Holocene. There were corresponding shifts of the

montane vegetation zone along the north slope of the Qilian

Mountains. The pollen concentration values also suggest

millennial�centennial scale oscillations in humid climate pulses

(Figures 5 and 6). During the early Holocene, vegetation

density in the drainage basin increased and vegetation in high-

elevation areas expanded. During the mid-Holocene, the

vegetation cover was reduced, and the high forest shifted

upslope. During the late Holocene, upland vegetation ex-

panded again, but never recovered to the level of the early

Holocene. The local vegetation, however, remained desert

plants around the lake, consisting mainly of Nitraria, Plumba-

ginaceae, Zygophyllaceae, Calligonum. Desert steppe in the

fluvial plain and along the banks of the river consisted of taxa

such as Poaceae, Compositae, Artemisia, Chenopodiaceae and

Rosaceae.

Monsoon evolution of the summer monsoon margin
during the Holocene
In arid and semi-arid regions, precipitation and effective

humidity are the main factors influencing vegetational

distribution (Horowitz, 1992). In northwest China, vegetation

cover is also sensitive to monsoon precipitation (Wu et al.,

1994; Song et al., 1997; Zhu et al., 2002). Because the

Shiyang River drainage is situated at the maximum extent of

the modern monsoon front, the variation of the summer

monsoon during the Holocene can be reconstructed. Based

on the pollen assemblage zones, the period 11.6�7.1 ka was

marked by a relatively strong summer monsoon that brought

enough precipitation to expand the terminal lake. Based on

our reconstruction, the summer monsoon was weakest during

the mid-Holocene (7.1�3.8 ka). The limited precipitation led

to the shrinkage of the terminal lake in the drainage basin

and dried other lakes in the southern Mongolian Plateau

(Pachur et al., 1995; Chen, F.H., et al., 2003; Madsen et al.,

2003). In the late Holocene (3.8�0 ka), the summer monsoon

strengthened, but it appears to have been weaker than during

the early Holocene. Our data, therefore, suggest there were

two main stages of the Holocene summer monsoon in the

monsoon margin regions of China, a strong summer

monsoon in the early Holocene and a generally weak

summer monsoon afterward. A strong East Asian summer

monsoon in the early Holocene is also evidenced by a high-

resolution record of peat organic carbon isotope in northeast

China (Hong et al., 2005). This also indicates that the

Holocene Optimum, if it even existed in China and if it is

associated with the maximum strength of summer monsoon

in the drainage basin, occurred much earlier than in eastern

China.

Our results neither support a proposed Holocene climate

optimum in the mid-Holocene, first suggested in China by Shi

et al. (1994), nor an asynchronous Holocene Optimum of the

East Asian Monsoon across China (Wu et al., 1994; An et al.,

2000). Shi et al. (1994) published a synthesis of Holocene data

for China, and suggested that a Holocene Optimum existed

during the mid-Holocene from 8.5 to 3.0 C-14 ka BP. Since

then numerous studies, including ones for the desert margin

and desert-loess (Gao et al., 1993), desert (Yang, 2000), lake

sediments (Chen, C.T.A., et al., 2003; Chen, F.H., et al., 2003),

and a Holocene palaeosol in the central loess plateau (Huang

et al., 2000), also indicate the summer monsoon was relatively

strong in the early Holocene prior to c. 7000 cal. BP, and that a

dry climate existed during the mid-Holocene in northwest

China. Pollen reconstruction also suggests precipitation in

semi-arid central Inner Mongolia decreased during the mid-

Holocene and recovered afterwards (Wang et al., 1998). More

recent evidence even suggests the southern China summer

monsoon was much reduced during the mid-Holocene (Zhou

et al., 2004). Modelling studies also predict that the southeast

China monsoon would have strengthened and that west China

would have become more arid during the mid-Holocene

(Kutzbach and Guetter, 1986). These results, together with

our data, do not support a generalized mid-Holocene climatic

optimum in China.

A time-transgressive hypothesis is that China experienced a

Holocene Optimum in north and northwest China before 7000

years ago, but later in south China before about 3000 years ago

(Wu et al., 1994; An et al., 2000). That is, the East Asian

summer monsoon would have decreased in intensity from the

early Holocene to the present time as the monsoon front

moved from north to south China (An et al., 2000). However,

our data suggest the Holocene in the monsoon margin region

experienced two stages of strong summer monsoon with a

weaker summer monsoon during the mid-Holocene. This result

is very similar to lake records from south China, which

indicates the Holocene experienced a dry climate and a

shrinking summer monsoon from c. 6000 BP to 4000 BP

(Zhou et al., 2004). The widespread evidence for a mid-

Holocene dry climate in China may indicate that the East

Asian monsoon may have had a complex evolution.

Climatic events and vegetational response to
millennial climatic changes during the Holocene
Relatively low pollen concentrations and low percentages of

Picea�Pinus pollen indicate a dry climate during a weak

summer monsoon, while high values indicate a wetter climate.

There are seven main dry climatic periods at 0�0.5 ka, 1.2�
1.9 ka, 2.4�3.4 ka, 5.0�7.1 ka, 8.3�8.8 ka, 9.2�9.7 ka and

10.4�11.2 ka (Figure 6). The primary dry climatic events are

also shown in the carbonate and LOI contents (Chen et al.,

2001). The very high pollen concentration peaks around 5.5 ka

and 3.8 ka may be due to local factors since they are
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dominated by xerophytes such as Compositae and Nitraria as

discussed above. The seven identified dry periods correlate with

high percentages of the hematite-stained grains in Core VM29-

19 that indicate high ice-rafted debris in the Atlantic Ocean

and an association with cold climate (Bond et al., 2001), and

with high points in the GISP2 potassium ion proxy associated

with a strong Siberian High (Mayewski et al., 1997, 2004). The

low pollen concentrations and Picea�Pinus percentages at

the top of the section over the last 500 years may reflect the

‘Little Ice Age’, also evident in peaks in hematite-stained

grains in Core VM29-19 and in the GISP2 potassium ion

proxy (Figure 6). The very obvious peak (#4) of hematite-

stained grains and GISP2 K� content (Figure 6) correlates

with the strong mid-Holocene drought discussed above. There

were five periods of strong Siberian High indicated by

potassium ion changes during the Holocene (Figure 6;

Mayewski et al., 2004), and high dust flux recorded in the

Greenland ice core (arrows in Figure 6; O’Brien et al., 1995).

Considering the chronological uncertainty of the age model

and the resolution differences in the records, the five periods of

strong Siberian High and dust flux events coincide remarkably

well with the strong dry periods in our pollen record (Figure 6).

Because dust in the Greenland ice comes mainly from arid

central Asia, especially the arid lands of northwestern China

(Biscaye et al., 1997), and because a strong Siberian High

eventually results in a strong winter monsoon and a dry, dusty

climate, the five high dust-influx and Siberian High events

should also indicate five periods of marked dry climate in arid

and semi-arid China during the Holocene. During the Holo-

cene, the hematite-stained grain proxy indicates nine episodes

of strong cold climate (#0�8 beside the hematite-stained grain

curve in Figure 6). Although the #3 event is not well

documented in our pollen record, and there are slight

chronological differences in cold events recorded in the early

Holocene, all of the cold climatic events in the North Atlantic

are well represented as dry climate events in this continental

interior terminal lake. However, it should also be noted that

although the climatic events documented by the hematite-

stained grain proxy from the North Atlantic core, the GISP2

K� content and our pollen proxy at the SJC section correlate

well, there are also obvious differences. The #1 hematite-

stained grain cold event peak is not reflected in the GISP2 K�

Siberian High proxy, although a dry climate is documented in

our SJC section at the time. The #3 hematite-stained grain

peak is recorded in neither the GISP2 K� proxy nor our pollen

assemblage. Our pollen assemblage records a longer dry period

in the mid-Holocene than either of the GISP2 K� and the

hematite-stained grain records. The pollen assemblage at the

SJC section documents a humid, but variable, early Holocene

climate with three marked dry episodes (Figure 6), a record

that is similar to the hematite-stained grain proxy but different

from the GISP2 K� proxy. The differences among the records

may indicate complex responses of the East Asian Monsoon,

the Siberian-Mongolian High, and ice-drift intensity in the

North Atlantic to temperature changes possibly induced by

solar variations (Bond et al., 2001). The different time-

resolutions and chronological accuracies of the three geological

records may also make correlation difficult. Although differ-

ences exist among the three records, the climatic changes in

high latitude records and Eurasian continental interior are

more similar than different. Therefore, our pollen data from

the SJC section supports at least hemispheric, if not global,

climatic event correlations at multicentennial to millennial

timescales during the Holocene.

Conclusions

(1) Our high-resolution pollen record from the Eurasian

continental interior of arid China is characterized by three

major pollen assemblage zones during the Holocene: from a

mountain forest zone dominated by Sabina, Picea, and Pinus

11.6�7.1 ka, to a mixed desert and steppe lowland zone

dominated by Nitraria, Poaceae, Compositae, Artemisia and

Chenopodiaceae 7.1�3.8 ka, to a forest-steppe zone dominated

by Sabina, Pinus, Poaceae, Artemisia and Chenopodiaceae

3.8�0 ka. These shifts in pollen assemblages likely reflect both

elevation shifts in vegetation belts along the north slope of the

Qilian Mountains and change in the amount of vegetation

cover in the drainage basin.

(2) The vegetation shifts were in response to change in effective

moisture. The wet climate in the early Holocene corresponds

with a Holocene monsoon maximum for the region. The

Holocene Optimum in the drainage was in the early Holocene,

and differs from East China where the Holocene Optimum

may have been in the middle Holocene, if it existed at all.

Our results show that the East Asian summer monsoon was

weak in the mid-Holocene, resulting in a very dry climate

from 7.1 ka to 5.0 ka, but recovered in the late Holocene after

about 5 ka.

(3) The pollen record at the SJC section reflects millennial- and

centennial-scale climatic changes. This regularity appears to be

persistent during the moist and dry phases of the Holocene,

suggesting pervasive and sensitive moisture responses to

climate changes in the continental interior during the Holo-

cene. Our record supports indications of high latitude and

middle latitude correlations for climatic events at multicenten-

nial and millennial timescales.
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Zhang, H.C., Ma, Y.Z., Wünnemann, B. and Pachur, H.J. 2000:
A Holocene climatic record from arid northwestern China.
Palaeogeography Palaeoclimatology Palaeoecology 162, 389�
401.
Zhou, S.Z., Chen, F.H., Pan, B.T., Cao, J.X. and Li, J.J. 1991:
Environmental changes during the Holocene in the Western China
on Millennial time scale. The Holocene 1, 151�56.
Zhou, W.J., Yu, X.F., Jull, A.J.T., Burr, G., Xiao, J.Y., Lu, X.F. and
Xian, F. 2004: High-resolution evidence from southern China of an

early Holocene optimum and a mid-Holocene dry event during the
past 18 000 years. Quaternary Research 62, 39�48.
Zhu, Y. 2002: The Holocene pollen from the lake sediments and
environmental changes in the Shiyang River drainage, arid China.
Ph.D. Thesis, Lanzhou University, Lanzhou, China.
Zhu, Y., Chen, F.H. and Madsen, D. 2002: The environmental
signal of an early Holocene pollen record from the Shiyang River
basin lake sediments, NW China. Chinese Science Bulletin 47,
267�73.
Zhu, Y., Xie, Y.W., Cheng, B., Chen, F.H. and Zhang, J.W. 2003:
Pollen transport in the Shiyang River drainage, arid China.
Chinese Science Bulletin 48, 1499�506.

684 The Holocene 16 (2006)

 at FRESNO PACIFIC UNIV on January 7, 2015hol.sagepub.comDownloaded from 

http://hol.sagepub.com/

