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The Horqin desert in northeastern China is located on the climatically-sensitive margin of the East Asian
summer monsoon front and the paleosols in the desert potentially provide a record of environmental
changes in the region. During the last two decades several paleoenvironmental studies have increased
our knowledge of past shifts in the desert-grassland border in the deserts of northeastern China.
However, studies of Holocene vegetation changes with high-quality age data are scarce. Here, we present
the results of optically stimulated luminescence dating and analyses of magnetic susceptibility, total
organic carbon and the stable carbon isotope composition of organic matter, and inferred C4 biomass, of
the paleosol sequences of the Tuquan and Mutougou sections in the Horqin desert and utilize them to
document Holocene environmental changes in the region. The results reveal that the East Asian summer
monsoon precipitation gradually increased and previously unstable dunes were semi-stabilized from ~11
to 9 ka. The semiarid conditions were then replaced by the more humid environment of the Holocene
climatic optimum from ~9 to 5 ka. During the Holocene climatic optimum, the paleosols in the Tuquan
and Mutougou sections developed, and the percentage of C4 plants increased and the dunes in the
Horqin desert were extensively stabilized. Subsequently, alternation of eolian sand mobilization and
paleosol development occurred, indicating that the environment became cold and dry, with temporary
wet and warm stages. Estimates of C4 biomass from the two sections demonstrate that the favorable
growing conditions for C4 plants extended to at least 45�N in North China during the Holocene. We
conclude that Holocene environmental changes in the Horqin desert were controlled by movements of
the East Asian summer monsoon rainfall belt on a millennial time scale, and that human activity also
played a significant role in environmental change during the late Holocene.

© 2017 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The East Asian summer monsoon (EASM) is one of the major
components of the global climate system and its variability signif-
icantly influences ecological and social systems in the Asian
monsoonal area, particularly on the margin of the EASM front, via
its effects on the hydrological system (Yang et al., 2015a) and
vegetation distribution (Xiao et al., 2004; Jiang et al., 2006),
ophysics, Chinese Academy of
eijing, 100029, China.
. Guo).
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especially the position of the desert-grassland border (e.g. Li et al.,
2014; Xu et al., 2015). Thus the environment in North China, on the
margin of the EASM region, is sensitive to monsoonal changes and
is prone to extensive and dramatic ecosystem shifts (Yang et al.,
2015a). Consequently, study of the deserts in North China is
potentially important for the simulation of paleoclimatic fluctua-
tions in the boundary zone of the EASM and for global climatic
models, for improving our understanding of the relationship be-
tween past climate and changes in a dryland environment, and for
predicting future climate changes in the drylands under a global
warming scenario.

The amount of EASM precipitation exerts a major control on
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vegetation distribution and dune activity in the Horqin desert. A
steppe environment is characteristic during intervals of relatively
warm and wet climate, together with the development of paleosols
(Qiu et al., 1992; Dong et al., 1994); and conversely, desert envi-
ronments with active dunes develop during intervals of dry and
cold climate (Zhao et al., 2007). Studies of the paleosols in this
desert region are potentially able to document environmental
changes associated with movements of the EASM front.

Environmental changes in the Horqin desert during the Holo-
cene have been extensively studied during the last two decades.
Results from more than ten sections in the western plain of
northeastern China suggest that the paleosols were formed during
the following intervals: 11e7 ka, 5.5e4.5 ka, 3.5e2.8 ka, and 1.4e1
ka, and that these intervals were linked with movements of the
EASM (Qiu et al., 1992). Dong et al. (1994) concluded that seven
episodes of dune stabilization occurred in the southern Horqin
desert during the Holocene, in response to global climate changes.
Another study in the southeastern Horqin desert (Zhao et al., 2007)
indicated that Holocene dune activity was characterized by four
stages: sand dune mobilization (before 10 ka), dune semi-
stabilization (10e7.5 ka), dune stabilization and development of
chernozem soils (7.5e2.0 ka), and partial re-mobilization of dunes
(~2.0 ka onwards). Results of investigations of an increasing num-
ber of sections, described online in Yi et al. (2013) and in Yang et al.
(2010, 2012), support the view that the Horqin desert experienced
four stages of dune evolution (Zhao et al., 2007); and that Holocene
environmental changes in the desert can be regarded as responses
to variations in Asian monsoon and effective moisture on a
millennial time scale (Mason et al., 2009; Yang et al., 2012; Yi et al.,
2013). However, the timing of the changes is poorly constrained
and the conclusions are sometimes contradictory. Consequently,
this raises the possibility of multiple causes of environmental
change in the desert, including both climate change since the
Pleistocene (Wang et al., 2008; Yang et al., 2012) and human ac-
tivity during the historical period (Ren, 1999; Hu et al., 2002; Ren
et al., 2004; Yang et al., 2012). Another important issue is that
reliable records of Holocene vegetation changes in the Horqin
desert are limited (Lu et al., 2012). The only examples are the work
of Lu et al. (2012), who used the stable carbon isotope composition
of organic matter (d13Corg) of sediments to reconstruct the late
Quaternary vegetation history, and of Yang et al. (2012) who
analyzed pollen assemblages for the interval ~4e2 ka in the ADQ
section in the Horqin desert. However, they did not discuss the
Holocene vegetation history, and thus it is clear that more work
with reliable Holocene vegetation records is needed in this area.

The work of An et al. (2005) indicated that in the drylands of
China C4 biomass increases with increasing summer precipitation
(R2¼ 0.70) (An et al., 2005); and that ofWang et al. (2013) indicated
that in North China the C4 biomass increases with increasing mean
annual temperature (MAT) (R2 ¼ 0.35) along the 400 mm isoline of
the mean annual precipitation (MAP). More recently, Yang et al.
(2015b) demonstrated that spatiotemporal changes in C4 plants in
the Chinese Loess Plateau are closely related to the movement of
the EASM rainfall belt. In general, high summer precipitation favors
the growth of C4 plants and produces strong pedogenesis (Lu et al.,
2012, 2013). Consequently, paleosols develop and dunes are
extensively fixed within desert areas. In addition, the magnetic
susceptibility (c) of loess-paleosol sequences is widely used as a
proxy of EASM strength (Xiong et al., 2002) due to the fact that
strong pedogenesis (Maher and Thompson, 1995) and decomposi-
tion of plants (Meng et al., 1997) can enhance the c of paleosols.
Based on these results, we infer that the c and C4 biomass of
paleosols in the study area can serve as two robust proxies for
reconstructing environmental changes in deserts.

The present paper is a further exploration of the Holocene
history of the Horqin desert, with the aim of improving our un-
derstanding of vegetation and climate changes. Specifically, we
present the results of optically stimulated luminescence (OSL)
dating of Holocene paleosol sequences of the Tuquan (TQ) and
Mutougou (MTG) sections (Fig. 1), together with the results of an-
alyses of c and total organic carbon (TOC) and d13Corg and changes
in C4 biomass.

2. Regional setting

The Horqin desert (42�400e45�150N, 118�300e124�300E, and
120e800 m a.s.l.), with a surface area of about 50,440 km2, is
located in the Xiliao river drainage area in northeastern China,
about 400 km northeast of Beijing (Fig. 1). Situated in the margin of
the EASM front (Fig. 1), the current climate is semi-arid, dominated
by the EASM. The Horqin desert receives about 70% of MAP during
the summer, and MAT is 3e7 �C. MAP ranges from 500 mm in the
southeast to 350 mm in the northwest (Hu, 1989), and the mean
annual potential evaporation is 1500e2500 mm (Ren et al., 2004).
The natural vegetation in this desert is temperate steppe (Ren et al.,
1985); however, it is frequently replaced by desert-steppe vegeta-
tion due to over-grazing and over-cultivation (Ren et al., 2004).

3. Material and methods

3.1. Stratigraphy and sampling

The TQ (45�11.0700N, 121�33.7600E) and MTG (42�31.4020N,
118�51.843E0) sections, exposed in outcrops and situated on a river
terrace (Fig. S1), are located in the northern and southwestern parts
of the Horqin desert (Fig. 1), respectively. The lithology of the TQ
section (Fig. 2) consists of two main units: eolian sands (5.0e5.2 m,
3.7e3.9 m and 2.8e2.9 m) and sandy paleosols (3.9e5.0 m,
2.9e3.7 m, 1.3e2.8 m and 0e1.3 m). The shallowest sandy paleosol
layer is mixed with modern soil. The lithology of the MTG section
(Fig. 3) can be divided into three units: the lowermost unit
(5.4e5.0 m) consists of a coarse loess layer; the middle unit
(5.0e0.3 m) is a paleosol layer with white carbonate precipitates
from 2.0 to 0.3 m and root channels from 5.0 to 2.0 m; and the
uppermost unit (0e0.3 m) consists of grey-yellow sand.

Eleven samples for OSL dating (Figs. 2 and 3) were collected
from the two freshly dug sections, the outer 0.5 m of which was
removed, by hammering aluminum tubes into the cleaned vertical
sections. After removal they were sealed in black plastic bags to
minimize light exposure and moisture loss (Zhao et al., 2007). In
addition, a total of 106 samples were taken at 10e20 cm intervals
from the two sections for carbon isotope analysis of bulk organic
matter and magnetic susceptibility measurements.

3.2. OSL dating

The OSL samples were prepared andmeasured at the Institute of
Earth Environments, Chinese Academy of Sciences. Samples for
dating were taken from the central 5 cm interval of the sediment
core in the sample tubes and were then prepared under subdued
red light conditions using the procedure of Kang et al. (2015).

The sample used to determine the equivalent dose was first
treated with 30% H2O2 to remove organic material and then with
30% HCl to remove inorganic carbonate, followed by settling and
sieving to isolate the 4e11 and 90e125 mm grain-size fractions for
MTG and TQ sections, respectively (Guo et al., 2016). The applica-
bility of the fractions for OSL dating was assessed on the basis of
particle size and the natural alpha, beta, gamma and cosmic
radioactivity (Aitken, 1998). Subsequently, the coarse-grained
(90e125 mm) quartz was separated by heavy liquid flotation



Fig. 1. Location of various sites in North China used to infer the timing (shown in ka) of maximum Holocene EASM precipitation along the margin of the East Asian Summer
Monsoon front (green dashed line). The distribution of deserts is also shown (This data set is provided by Environmental and Ecological Science Data Center for West China, National
Natural Science Foundation of China, http://westdc.westgis.ac.cn). Paleosol sites include the TQ and MTG sections (3 solid red circles; this work) in the Horqin desert; the results
from other sites in the Horqin desert are described in 4e6 and 16 (exact locations of the sites are also shown); Hulun Buir desert (1); Otindag desert (8, 13 and 16); Mu Us desert (12
and 13); Hobq desert (12); and Jiangbian (14). Lake sites include Hulun Lake (2); Dali Lake (7); Bayanchagan Lake (9); Daihai Lake (10); Gonghai Lake (11); and Qinghai Lake (15).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(sodium polytungstate), and the fine-grained (4e11 mm) quartz was
extracted by treatment with 30% HF for about one week. The
coarse-grained quartz was rinsed, and then etched with 40% HF for
60 mins to remove feldspar minerals and the alpha-irradiated
surface layer of the quartz grains, followed by HCl rinsing to
remove insoluble fluorides. Finally, the purified quartz was dried at
45 �C and mounted on steel discs using ethanol and silicon-based
adhesive for fine-grained and coarse-grained quartz, respectively.
The purity of quartz extracts was tested by infrared stimulated
luminescence.

OSL measurements were performed using an automated
Daybreak 2200 OSL reader system. Equivalent doses of each sample
were measured using the single-aliquot regenerative-dose (SAR)
protocol (Wintle and Murray, 2006). The environmental dose rate
was measured using the methods described in Kang et al. (2015).
An average water content of 10 ± 5% is the average wetness during
the entire burial time on the basis of works in similar environ-
mental settings (Zhao et al., 2007). The cosmic dose rates were also
taken into account (Prescott and Hutton, 1994).

3.3. d13C analysis of bulk organic matter and magnetic
susceptibility measurements

The samples (~3 g), which were screened for modern rootlets,
were digested in 1 M HCl at ~25 �C for 24 h to remove inorganic
carbonate and were then washed to a near-neutral pH condition
(the pH ranged from 5 to 7) with distilled water and oven-dried at
50 �C. The dried samples (~20mg) were combusted for 4 h at 850 �C
in evacuated sealed quartz tubes in the presence of silver foil and
cupric oxide. The carbon isotopic composition of CO2 wasmeasured
using a MAT-253 gas mass spectrometer with a dual inlet system at
the Institute of Geology and Geophysics, Chinese Academy of Sci-
ences; the total organic carbon content (TOC) of the samples was
determined simultaneously. The TOC is exclusively derived from
terrestrial higher plants because hydrophytes would not be able to
survive given the high mean annual potential evaporation
(1500e2500 mm) in the desert. Thus the d13Corg values obtained
relate mainly to the C4 biomass (Rao et al., 2008; Lu et al., 2012).
Magnetic susceptibility (c) measurements were made on air-dried
samples using a Bartington Instruments MS3 magnetic suscepti-
bility meter at a frequency of 0.47 kHz.

3.4. Vegetation reconstruction

A previous study (Wang et al., 2013) demonstrated that along
the 400 mm isoline of MAP in North China, the d13C values of C3
plants (d13CC3) range from �24.32‰ to �31.26‰, with a mean
of �27.80‰; and those of C4 plants (d13CC4) range from �10.46‰

http://westdc.westgis.ac.cn


Fig. 2. Stratigraphy, sampling position (white circles), OSL ages and changes in paleoenvironmental proxies for the TQ section. Eolian sand is shown by the light grey shading.
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to �22.31‰, with a mean of �13.48‰. Considering the major ef-
fects of the carbon isotopic composition of atmospheric CO2
together with organic matter degradation, but assuming that the
climatic conditions during the Holocene changed only slightly and
thus ignoring corrections for precipitation and temperature, the
transformation from d13Corg to C4 biomass in the TQ and MTG
sections is based on the method described in Yang et al. (2015b) by
applying the measured d13Corg values to an isotope mass-balance
equation: C4 (%) ¼ [(d13Corged13CC3)/(d13CC4ed13CC3)] � 100. We
ignored the slight effect of changes in atmospheric CO2 concen-
tration during the Holocene (Wang and Feng, 2012). Thus, the
ignorable uncertainty of the vegetation reconstruction has a faint
effect on the interpretation of the C4 biomass.
4. Results

4.1. Chronology

The OSL ages for the TQ and MTG sections are presented in
Table 1 and illustrated in Fig. S2. The equivalent dose determination
of the fine-grained (4e11 mm) and coarse-grained (90e125 mm)
quartz show similar luminescence characteristics (Fig. S2). OSL in-
tensity decays during the first few seconds, and the growth curve
can be well fitted using a single saturating exponential plus con-
stant function; in addition, the equivalent dose distribution ex-
hibits a tight normal distribution. These characteristics suggest that
the samples werewell bleached prior to deposition and can be used
to determinate the equivalent dose.

Interpretation of the OSL ages of paleosols is complex (Lu et al.,
2011; Yang et al., 2012) because of the effects of eolian erosion and
bioturbation. However, the weaker dune mobility on the perimeter
of the Horqin desert, evidenced by the presence of only two thin
layers of eolian sand in the TQ section, implies that the stratigraphic
sequences from the two sites are only slightly affected by eolian
erosion. Thus, we infer that paleosol formation began at ~10 ka and
ended at ~1 ka, and the eolian sands accumulated and/or soil for-
mation was limited during two intervals, from ~5.5 to 5 ka and
~3.5e3.3 ka.
4.2. Changes in paleoenvironmental proxies during the Holocene

Changes in c, TOC, d13Corg and C4 biomass are plotted in Figs. 2
and 3. There are significant differences between the values of c,
TOC and C4 biomass in the two sections. The c and TOC values for
the TQ section are much lower than those for the MTG section,
presumably because of much weaker pedogenesis (Maher and
Thompson, 1995) and a lower organic content (Meng et al., 1997).
The values of C4 biomass in the MTG section are higher than those
of the TQ section. The TOC values of the TQ section average around
0.4%; however, they exhibit an overall increasing trend in both
sections. In the TQ section, c, d13Corg and C4 biomass exhibit rela-
tively high values from ~9 to 5 ka. From ~5 to 1 ka and ~11e9 ka, the
values of c, d13Corg and C4 biomass are low and fluctuating. How-
ever, the values of c, d13Corg and C4 biomass from the MTG section
increase gradually from ~11 to 5 ka, reach their maxima at ~6 ka,
and tend to decrease with fluctuations from ~5 to 1 ka. Conse-
quently, the c and d13Corg and C4 biomass records can be divided
into three stages, from ~11 to 9 ka, from ~9 to 5 ka and from ~5 to 1
ka. During the interval ~11e9 ka, c, d13Corg and C4 biomass exhibit
relatively low values overall; however, they increase slightly within



Fig. 3. Stratigraphy, sampling position (white circles), OSL ages and changes in paleoenvironmental proxies for the MTG section. Eolian sand and loess are shown by the light grey
shading.

Table 1
Results of OSL dating of samples from the TQ and MTG sections in the Horqin desert.

Sample code Depth (m) U (ppm) Th (ppm) K (%) Equivalent doses (Gy) Dose rate (Gy/ka) Water content (%) OSL age (ka)

TQeOSLe02 1.30 0.55 2.51 1.73 0.36 ± 0.03 1.99 ± 0.10 10 ± 5 0.18 ± 0.02
TQeOSLe03 2.20 0.69 3.32 2.09 5.43 ± 0.16 2.37 ± 0.13 10 ± 5 2.29 ± 0.14
TQeOSLe05 3.80 0.54 2.39 1.84 11.34 ± 0.68 2.02 ± 0.11 10 ± 5 5.60 ± 0.46
TQeOSLe06 4.50 0.84 3.98 2.14 19.62 ± 0.63 2.45 ± 0.13 10 ± 5 8.01 ± 0.50
TQeOSLe07 5.10 0.62 2.74 2.03 25.16 ± 0.97 2.21 ± 0.12 10 ± 5 11.37 ± 0.76

MTGeOSLe01 0.20 1.85 9.54 2.26 4.32 ± 0.10 3.74 ± 0.20 10 ± 5 1.15 ± 0.07
MTGeOSLe02 0.50 1.73 10.60 2.21 6.34 ± 0.16 3.23 ± 0.17 10 ± 5 1.96 ± 0.12
MTGeOSLe04 2.00 1.83 10.60 2.23 15.87 ± 0.12 3.73 ± 0.20 10 ± 5 4.25 ± 0.23
MTGeOSLe06 4.50 1.74 10.33 2.32 30.77 ± 0.19 3.72 ± 0.20 10 ± 5 8.28 ± 0.46
MTGeOSLe07 5.00 1.75 10.10 2.30 35.80 ± 0.65 3.67 ± 0.20 10 ± 5 9.75 ± 0.56
MTGeOSLe08 5.30 1.83 10.46 2.32 40.45 ± 1.48 3.75 ± 0.21 10 ± 5 10.80 ± 0.71
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a narrow range. c, d13Corg and C4 biomass exhibit high values from
~9 ka to ~5 ka, and reach a maximum from ~8 to 5.5 ka. Subse-
quently, the records exhibit lower values but with fluctuations from
~5 to 1 ka.
5. Discussion

5.1. Inferred environmental changes in the Horqin desert during the
Holocene

Intervals of paleosol formation in the Horqin desert and adja-
cent deserts (Fig. 4) indicate that at these intervals active dunes
were stabilized and the vegetation coverage increased significantly
(Qiu et al., 1992; Dong et al., 1994). In the MTG and TQ sections,
prior to ~9 ka, the values of c and C4 biomass were low but
increasing, and paleosol formation began at ~10 ka. The records
imply that the active dunes were semi-stabilized with EASM pre-
cipitation gradually increasing from ~11 to 9 ka.

From ~9 to 5 ka, the high c and d13Corg and C4 biomass values
indicate a relatively wet climate with intensified monsoonal pre-
cipitation, withmaximumprecipitation occurring from ~8 to 5.5 ka.
These findings demonstrate that within the study region the Ho-
locene climatic optimum occurred from ~9 to 5 ka and culminated
from ~8 to 5.5 ka; and thus that the maximum EASM precipitation
during the Holocene significantly lagged the summer insolation
peak which occurred at ~11 ka (Laskar et al., 2004).

During the interval from ~5.5 to 5 ka, an eolian sand layer in the
TQ section occurs (Fig. 2), parallel decreases in c and d13Corg and C4



Fig. 4. Synthesis of intervals of paleosol formation based on OSL chronologies in the
Horqin desert and adjacent deserts during the Holocene (see Fig. 1 for the location of
each desert). The dating uncertainty of the plotted profiles is below 10% and has slight
effect on the conclusion.
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biomass in both sections (Figs. 2 and 3) indicate the remobilization
of dunes and decreases in vegetation coverage and thus the
termination of the Holocene climatic optimum. In eastern Inner
Mongolia, a decrease in C4 biomass (Huang et al., 2005) andminima
in precipitation and temperature (Jiang et al., 2006) occurred at ~5
ka. The shift to a colder climate was ascribed to decreased Northern
Hemisphere summer insolation. In the Chinese Loess Plateau, a
rapid increase in the accumulation rate of loess occurred at ~5 ka
(Wang et al., 2014) and was ascribed to a ~5 ka weak EASM event
(Wang et al., 2005). These findings suggest that at ~5 ka, a short-
lived cold and dry event marked the termination of the Holocene
climatic optimum.

Starting at ~5 ka and continuing to ~1 ka, a cold and dry climate
is indicated by lower values of c and d13Corg and C4 biomass in the
TQ and MTG sections, and by the alternation of paleosol formation
and eolian sand accumulation in the TQ section (Fig. 2). In the TQ
section, the uppermost OSL date, with an age of ~0 ka, occurs at a
depth of about 1.3 m. If this is correct, there has been a very rapid
accumulation of sandy paleosols or blown sand in the recent past.
However, there is no field evidence for such a rapid accumulation of
sandy paleosols or blown sand in recent centuries. In fact, the
shallowest sandy paleosol layer in the TQ section, mixed with
modern soil, is the product of local human activity.
5.2. Regional comparison of climatic records

Studies carried out during the last two decades have improved
our knowledge of paleoenvironmental changes in China, specif-
ically of past shifts in the desert-grassland border in the deserts of
the northeast (Fig. 1). Although this work does not fully constrain
the timing of the changes, because of possible dating errors and
discontinuous stratigraphic sequences in different geomorphic
units (Lu et al., 2011), overall its findings are in good agreement
with our conclusions regarding the nature of environmental
changes in the Horqin desert on a millennial time scale.

During the Holocene, paleosol records from the southeastern
part (Fig. 4a), from the perimeter (Fig. 4b) and from the interior
(Fig. 4c) of the Horqin desert, and from adjacent deserts (Fig. 4d and
f), suggest that dune semi-stabilization occurred during the early
Holocene; dune stabilization and paleosol development during the
mid-Holocene; and the alternation of dune stabilization and
mobilization during the late Holocene. This pattern was ascribed to
changes in the insolation-driven strength of the EASM (Li and Sun,
2006; Sun et al., 2006; Zhao et al., 2007; Yang et al., 2010, 2013,
2012; Yi et al., 2013), while both climate and human land use
played a role during the late Holocene (Zhao et al., 2007; Yang et al.,
2012; Sun et al., 2006; Wang et al., 2008). The paleosol records
described herein are in accordance with the findings of these
studies and this similarity clearly demonstrates common forcing
factors of environmental changes in these deserts during the
Holocene.

Recently, however, the timing of the mid-Holocene interval of
wettest climate along the marge of the EASM front has been
disputed (Fig. 1). Palynological and ostracod data from Hulun Lake,
spanning the interval from 8.3 to 6.2 ka, indicate that monsoon
precipitation increased at this time (Wen et al., 2010; Zhai et al.,
2011), in agreement with paleosol records from the Mu Us and
Hobq deserts (Sun et al., 2006). To the west, in Inner Mongolia, the
level of Daili Lake maintained a high stand from ~7.6 to 3.5 ka (Xiao
et al., 2008); and in addition, a proxy MAP record from Bayancha-
gan Lake indicates that precipitationwas up to 30e60% higher than
today during the interval from ~10 to 6.5 ka, with a maximum in
EASM precipitation of about 500 mm from ~7.9 to 6.9 ka. To the
southwest, pollen assemblages and concentrations from Daihai
Lake suggest a warm and humid climate from ~7.9 to 4.5 ka (Xiao
et al., 2004), and grain-size records indicate intensified and high-
ly variable monsoonal precipitation from ~7.9 to 3.1 ka in this re-
gion (Peng et al., 2005). In addition, pollen records from Gonghai
Lake indicate that the wettest climate and strongest summer
monsoon occurred from ~7.8 to 5.3 ka (Chen et al., 2015). In a more
western location, at Qinghai Lake, an interval of warm and wet
climate occurred from ~10 to 4 ka, with a maximum at ~6.5 ka
(Shen et al., 2005). Further evidence for a strong EASM during the
mid-Holocene is provided by a significant increase in the frequency
of paleosol development from ~8.8 to 3.4 ka in the Chinese Loess
Plateau (Wang et al., 2014). Furthermore, it is noteworthy that the
Yangshao Culture attained its maximum development from ~7 to 5
ka in semiarid North China (IACASS, 2010). These results all support
our finding that maximum EASM precipitation and paleosol
development in the Horqin desert occurred during the mid-
Holocene.

A significant conclusion from the foregoing is that maximum
EASM precipitation exhibited a lagged response of about 5e2 ka to
the peak in Northern Hemisphere summer insolation. There is an
increasing amount of discussion of this issue (e.g. Imbrie and
Imbrie, 1980; Xiao et al., 2004, 2008; Peng et al., 2005; Wen
et al., 2010; Zhai et al., 2011; Chen et al., 2015). A possible expla-
nation for this phenomenon (e.g. work of Xiao et al., 2004, 2008) is
that the presence of remnant ice sheets in the Northern Hemi-
sphere obstructed the northward retreat of the polar front in the
North Pacific Ocean, and hampered the northward penetration of
the summer monsoonal front, thereby suppressing monsoon pre-
cipitation over northern China. And a result, suggested by Chen
et al. (2015), is that the remnant melting Laurentide ice sheet
delivered continuous freshwater input to the North Atlantic and
weakened the Atlantic Meridional Overturning Circulation (AMOC)
(McManus et al., 2004), strongly offsetting the land-sea



Fig. 5. Results of d13Corg analyses and estimated C4 biomass for Holocene sediments from three deserts in northeastern China. Modern MAT and MAP in these deserts are also
shown.
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thermodynamic contrast and depressing the insolation-driven
EASM. For this reason, we assume that the melting Laurentide ice
sheet and the existence of other decaying ice sheets in the Northern
Hemisphere jointly reduced EASM precipitation over northern
China during the early Holocene and were responsible for the ~5e2
ka lagged response to the peak in Northern Hemisphere summer
insolation. This conclusion is supported by evidence for cata-
strophic iceberg discharge associated with the transient 8.2 ka
climatic event (Alley and �Agústsd�ottir, 2005) which is recorded by
stalagmite records in south China (Wang et al., 2005). However, it is
important to note that dating uncertainties and discontinuous
stratigraphic sequences in different geomorphic units may also be
partially responsible for the inferred lag of EASM precipitation to
Northern Hemisphere summer insolation. In addition, a global
interpretation considered both northern and southern hemisphere
influences during the last glacial cycle (Rohling et al., 2009).

After ~5 ka, the alternation of dune stabilization and mobiliza-
tion in the Horqin desert indicates significant fluctuations in EASM
precipitation, presumably reflecting episodes of weakened EASM
(Wang et al., 2005, 2010), as well as possible human activity (Sun
et al., 2006; Wang et al., 2008). During the late Holocene,
orbitally-induced insolation (Laskar et al., 2004) triggered the
weakening of the EASM and decreases in sea surface temperatures
in the low-latitude western tropical Pacific (Stott et al., 2004). This
ocean-atmosphere thermodynamical effect reduced the moisture
transported via the monsoon circulation from the western tropical
Pacific into the interior of Asia and thus weakened the EASM (Xiao
et al., 2002, 2004, 2008; Peng et al., 2005; Wen et al., 2010; Zhai
et al., 2011). In addition, it is noteworthy that historical docu-
ments indicate that after 916 CE (the Liao dynasty to the present;
Hu et al., 2002), people from Central China migrated to the Xiliao
River drainage area and the resulting agricultural activity resulted
in environmental deterioration and accelerated desertification. In
addition, records of an anthropogenic influence on dune evolution
in the Horqin desert during the last 3 ka come from a comparison of
possible dune activation and evidence for human activity (Yang
et al., 2012).

From the foregoing, it can be concluded that multiple factors
were responsible for the observed environmental changes in the
Horqin desert during the Holocene. Based on our findings and
previous studies, we conclude that the changes were strongly
related to movement of the EASM rainfall belt during the Holocene,
in response to changes in Northern Hemisphere summer insolation
and low latitude ocean-atmosphere thermodynamical effects and
Northern Hemisphere ice sheet effects, and that human land use
also played a role during the late Holocene.
5.3. Significance of variations of C4 biomass in the Horqin desert
during the Holocene

An important question is why the values of C4 biomass in the
MTG section are higher than those of the TQ section (Fig. 5). One
possibility is that the effective moisture, an important limiting
factor for the growth and distribution of plants (Mason et al., 2009),
had a significant effect on the C4 biomass, since within the Horqin
desert MAP ranges from 500mm in the southeast to 350mm in the
northwest. Comparison of d13Corg records from three deserts in
northeastern China (Fig. 5) reveals that the C4 plant distribution
was controlled by temperature and EASM precipitation (Lu et al.,
2012).

Modern surveys have revealed that temperature and moisture
conditions within the latitudinal range between 31�N and 40�N in
eastern China favor the growth of C4 plants (Rao et al., 2008).
However, phytolith records from eastern Inner Mongolia (Huang
et al., 2005) reveal that between ~10 ka and ~5 ka C4 plants were
dominant in a Stipa grandis steppe, in accordance with our C4
biomass records. Our vegetation records thus indicate that favor-
able growing conditions for C4 plants extended at least to the TQ
section (45�N) during the early and middle Holocene. Conse-
quently, it is possible to speculate that the ongoing global warming
and the resulting northward movement of the EASM rainfall belt
may, in the absence of any intensification of human land use, cause
a regional reversal of the late Holocene aridification trend in the
Horqin desert.
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6. Conclusions

Paleosols in the Horqin desert on the margin of the EASM front
have great potential for reconstructing past vegetation and climate
changes during the Holocene. Our results reveal that the dunes in
the region were semi-stabilized from ~11 to 9 ka, in response to
gradually increasing EASM precipitation. From ~9 to 5 ka, extensive
paleosol development occurred and C4 biomass exhibited high
values, indicating that formerly active dunes were largely fixed in
response to intensified monsoonal precipitation. After ~5 ka,
alternating eolian sand accumulation and paleosol development
occurred. The C4 biomass record clearly reveals that favorable
growing conditions for C4 plants extended to at least 45�N in North
China during the early and middle Holocene.

Comparison of lake and paleosols record from the margin of the
EASM reveals that Holocene environmental changes in the Horqin
desert were controlled by the movement of the EASM rainfall belt
in response to changes in Northern Hemisphere summer insola-
tion. However, the maximum in EASM precipitation lagged the
early Holocene maximum in Northern Hemisphere summer inso-
lation by some 5e2 ka, possibly because of the thermodynamical
effects of decaying Northern Hemisphere ice sheets in modulating
EASM precipitation. During the late Holocene, intensive human
land use, as well as the low latitude ocean-atmosphere system,may
have had a significant influence on the environment of the Horqin
desert. Nonetheless, it is clear that, overall, low latitude ocean-
atmosphere thermodynamical effects and Northern Hemisphere
ice sheet effects were the dominant influences on EASM precipi-
tation over northern China during the Holocene, and ultimately
modulated the Holocene environmental changes in the Horqin
desert.
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