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a b s t r a c t

In order to identify the spatial patterns of vegetation and climate on the Chinese Loess Plateau since the
Last Glacial Maximum (LGM), pollen analysis was conducted for loess deposits from seven sites, which
constitute two northesouth and westeeast transects across the Plateau. Results show that steppe pre-
vailed both in the LGM and the Holocene Optimum. During the LGM, vegetation in the northwest mainly
consisted of Artemisia, Echinops-type, Taraxacum-type, and Chenopodiaceae, and vegetation in the
southeast was characterized by the same types but with a slight increase in Poaceae. During the Holo-
cene Optimum, vegetation was more diverse, with Poaceae, Artemisia, Echinops-type, and Chenopodia-
ceae dominant in the northwest, and Pinus, Corylus, Poaceae, Artemisia, and Selaginella sinensis dominant
in the southeast. Our records also show that from the LGM to the Holocene Optimum, the presence of
Echinops-type and Taraxacum-type pollen decreased, while Poaceae pollen became more prevalent. As it
has been found that most species of Poaceae prefer relatively humid conditions and abundances of
Echinops-type and Taraxacum-type increase in desert vegetation, a new proxy, Poaceae/(Echinops-
type þ Taraxacum-type) ratio (P/(E þ T)), was thus developed to compare the spatial differences in
climate between the LGM and the Holocene Optimum, with high P/(E þ T) values indicating relatively
warm and wet conditions. The P/(E þ T) ratio shows an overall southward and eastward increase for both
the LGM and the Holocene Optimum. Furthermore, it exhibits a prominent northesouth and westeeast
gradient during the Holocene Optimum but displays a flat one during the LGM, indicating more pro-
nounced spatial contrasts in climate during the Holocene than in the LGM. This phenomenon may be
attributed to the unique geographic location of the Loess Plateau, which was located in the marginal zone
of the East Asian summer monsoon during interglacials but was dominated by the winter monsoon
during glacials due to a southward displacement of climate zones.

� 2013 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Loess is a wind-blown, silt-sized material. It covers an area of
w440,000 km2 on the Loess Plateau in North-central China (Liu,
1985). The main body of the Plateau is found in the middle rea-
ches of the Yellow River (Fig. 1), and is characterized by an arid and
semi-arid climate. The present-day climate is mainly controlled by
the East Asian monsoon, which comprises two seasonally alter-
nating atmospheric circulations. In winter, a northwesterly drye
cold air mass from Siberia leads to a cold and dry climate, while in
summer, a southeasterly air mass transports heat and moisture
inland from the low-latitude oceans. Therefore, a strong climatic

gradient spans the Loess Plateau, with mean annual precipitation
and temperature increasing from w300 mm and w8 �C in the
northwest to w700 mm and w14 �C in the southeast (Fig. 1A).

Studies of several aspects of loess, such as colour reflectance
(Yang and Ding, 2003), grain size (Yang and Ding, 2004, 2008),
magnetic susceptibility (Hao and Guo, 2005), major element
composition (Gao and Ding, 2008), and stable isotope composition
(Liu et al., 2005; Yang et al., 2012), have shown an evident climatic
gradient across the Loess Plateau both in glacials and interglacials.
Furthermore, a steeper climatic gradient in the interglacials than in
the glacials was proposed (Yang and Ding, 2003; Gao and Ding,
2008). However, these conclusions were mainly based on indirect
palaeoclimate proxy evidence, and the mechanism for the climate
gradient changes on the Loess Plateau remains elusive. Clearly,
further definitive evidence such as vegetation record is needed, not
only because the vegetation information is crucial to an under-
standing of monsoon rainfall belt migrations and as a means of
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defining model boundary conditions (Jiang and Liu, 2007), but also
because it provides a valuable reference for ecological restoration in
the ongoing and future greening programs (Jiang et al., 2013).

Pollen analysis is a robust tool to reconstruct past vegetation
and climate of arid and semi-arid regions (Jiang et al., 2006, 2010,
2013; Y.Y. Li et al., 2006; Wang et al., 2006; Zhao et al., 2009).
Although pollen records of several loess sections have been ob-
tained in the past two decades (Sun et al., 1997; Li et al., 2003; Jiang

and Ding, 2005; Shang and Li, 2010), they mainly come from the
southern Loess Plateau (especially the Weihe River valley) and
continuous pollen records covering a complete coldewarm cycle
from the northern part remain scarce, which hinders obtaining an
overall picture of the Loess Plateau vegetation pattern. In this study,
we conduct pollen analysis of seven loess sections from the Loess
Plateau. These sites constitute two broad northesouth and weste
east transects (Fig.1B), which allow us to examine the temporal and
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Fig. 1. (A) Mean annual precipitation (mm) in mainland China (modified after Domrös and Peng, 1988). (B) Enlarged view of the inset in (A), showing the study sites (solid circles)
and the distribution of loess in the middle reaches of the Yellow River (adapted from Liu, 1964). The open and shaded arrows indicate the East Asian winter and summer monsoon
winds, respectively.
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spatial vegetation changes on the Loess Plateau since the Last
Glacial Maximum (LGM).

2. Sites and stratigraphy

On the Chinese Loess Plateau, complete loess sequences consist
of over 30 loess (L)esoil (S) couplets (Kukla,1987; Ding et al., 2002),
which date to w2.8 Ma (Yang and Ding, 2010). From the top to the
bottom, the loess units are labeled L1 to L34 and the interbedded
soils S0 to S33. Loess beds were deposited during coldedry glacials,
whereas soils developed under warmehumid interglacials (Liu,
1985; Kukla, 1987). The alternation of loess and soils documents
large-scale oscillations between glacial and interglacial conditions
during the Pleistocene (Kukla, 1987; Ding et al., 2002; Yang and
Ding, 2010).

Seven loess sections, located at Jingbian, Pingliang, Heshui,
Fuxian, Jixian, Xiangfen, and Lantian (Fig. 1B), were logged and
sampled at 5e10 cm intervals. Sites at Jingbian, Fuxian, and Lantian
form a northesouth transect across the Loess Plateau, while the
other four sites and Fuxian constitute awesteeast transect (Fig.1B).

All sections consist of soil unit S0 and the upper part of loess unit
L1 (Fig. 2). The Holocene soil (S0), overlain by modern topsoil, is
dark in colour because of its relatively high organic matter content.
Radiocarbon (Liu et al., 1994) and OSL (Huang et al., 2006; Lu et al.,
2007) dating has provided an age ofw11e9 ka for the base of S0 soil
unit and an age of w3 ka for the top of S0.

Loess unit L1, yellowish in colour and massive, was deposited
during the last glacial period. L1 can generally be divided into five
sub-units, termed L1e1, L1e2, L1e3, L1e4, and L1e5 (Yang and Ding,
2008). L1e2 and L1e4 are weakly developed soils, and the other
sub-units are typical loess horizons. Previous studies have shown
that L1e1 was deposited in MIS 2, S0 developed in the Holocene
Optimum, and L1e2 developed in late MIS 3 (Kukla,1987; Ding et al.,
2002; Lu et al., 2007). To ensure that we used a complete colde
warm cycle for vegetation and climate reconstruction, all the sec-
tions were sampled down to loess unit L1e2, and a total of 564
samples were collected.

3. Methods

For stratigraphic correlation and pollen sample selection, grain
size was first measured for all samples using a SALD-3001 laser
diffraction particle analyzer. Ultrasonic pretreatment with addition
of a 20% solution of (NaPO3)6 was used to disperse the samples
prior to particle size determination (for details see Ding et al.
(1999)). Results showed that soil unit S0 and the weakly

developed soil L1e2 are consistently finer grained than loess unit
L1e1 (Fig. 2). The correlation of the lithostratigraphy and grain size
curves between sections indicates the continuity of the loess
deposits.

A total of 122 samples were selected for pollen analysis (Fig. 2).
Samples from the coarse-grained unit L1e1 represent deposition
during a cold and dry glacial period, while those from the fine-
grained soil units (S0 and L1e2) represent deposition during rela-
tively warm and humid interglacial intervals. Pollen grains were
extracted using the heavy liquid method (X.Q. Li et al., 2006) and
identified at �400 magnification using a Nikon ECLIPSE 50i mi-
croscope. For each sample, 80e400 land pollen grains were coun-
ted. Percentages of pollen, spores, and algae were calculated
relative to the sum of all land pollen counted.

4. Results

A total of 58 pollen types were identified in the seven loess
sections. It is notable that Artemisia pollen dominates all the
spectra. The major pollen assemblages found in each loess section
are detailed below.

4.1. Jingbian section

L1e2 and L1e1: Arboreal pollen (AP), with percentages of <20%,
mainly includes Pinus and Quercus. Herbaceous pollen (HP) is
dominant (>80%) andmainly consists of Taraxacum-type, Artemisia,
and Chenopodiaceae (Fig. 3a). From the depth of 4.0 to 3.0 m,
Taraxacum-type shows a reverse variation trendwith Artemisia. The
content of Taraxacum-type gradually decreases, while Artemisia
gradually increases. From the depth of 3.0 to 1.5 m, the AP increases
slightly, mainly due to a rise of Quercus (up to 6.9%), and the HP
decreases, with a decrease in Artemisia and increases in Chenopo-
diaceae and Caryophyllaceae.

S0: There are small amounts of the AP, mainly Pinus and Quercus.
Artemisia is predominant (80e90%). Chenopodiaceae decreases and
Fabaceae increases slightly.

Modern topsoil: The AP increases up to 28%, mainly due to rises
of Pinus, Quercus, and Oleaceae. Artemisia and Chenopodiaceae
show large variations, ranging from 44% to 86% and from 0.6% to
14%, respectively. The content of Fagopyrum reaches 12%.

4.2. Pingliang section

L1e1: From the depth of 3.4 to 2.85 m, the AP is <5%, including
Pinus, Betula, Quercus, and Oleaceae. Artemisia is dominant (>60%)
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Fig. 3. Pollen percentage diagrams and stratigraphic columns at Jingbian (a), Pingliang (b), Heshui (c), Fuxian (d), Jixian (e), Xiangfen (f), and Lantian (g).

W. Jiang et al. / Quaternary International 334-335 (2014) 52e60 55



Author's personal copy

(Fig. 3b). The contents of Echinops-type and Taraxacum-type are
more than 10% and 20%, respectively. From the depth of 2.85e
1.85 m, although arboreal pollen types increase, such as Pinus,
Ephedra, Betula, Corylus, Quercus, Juglans, Oleaceae, Ulmus, and
Nitraria, its incidence is still very low. Artemisia is also dominant, as
high as w80%. Both Echinops-type and Taraxacum-type reduce to
less than 10%. Small amounts of Selaginella sinensis and Zygnema are
also observed.

S0: Artemisia is dominant and AP is rare. Both Echinops-type and
Taraxacum-type continue to decrease (<5%). Poaceae and Zygnema
increase slightly.

4.3. Heshui section

L1e1: There are few arboreal pollen types. Artemisia is dominant
(Fig. 3c). From the depth of 2.5e2.3 m, contents of Taraxacum-type
and Echinops-type are 22% and 10%, respectively. Chenopodiaceae,
Plantaginaceae, and Poaceae are also observed in very small
amounts. From the depth of 2.3 m, both Taraxacum-type and
Echinops-type decrease. Chenopodiaceae increases sharply, and
then decreases gradually. Artemisia shows a reverse variation trend
with Chenopodiaceae.

S0: Corylus content rises up to 17%, making a large contribution
to the AP. Artemisia shows an inverse variationwith Corylus. A small
proportion of Zygnema is observed.

4.4. Fuxian section

L1e2 and L1e1: The arboreal pollen, made up of Pinus, Ephedra,
Betula, Corylus, Caprifoliaceae, Nitraria, and Ulmus, is <2% (Fig. 3d).
Herbaceous pollen is predominant, mainly including Artemisia,
Echinops-type, Taraxacum-type, Chenopodiaceae, and Poaceae.

S0: This zone shows the highest number of pollen types. The AP
increases to 14.5%, mainly due to a rise in Corylus (up to 13.8%).
Other arboreal pollen types also appear, such as Ephedra, Pinus,
Betula, Carpinus, Caprifoliaceae, Elaeagnaceae, Quercus, Nitraria,

and Ulmus. Artemisia content is up to 80%. Echinops-type, Tarax-
acum-type, and Chenopodiaceae decrease. Other herbaceous pollen
types include Brassicaceae, Convolvulaceae, Fabaceae, Geranium,
Labiatae, Menispermaceae, Poaceae, Fagopyrum, Ranunculaceae,
Sanguisorba, and Solanaceae. Ferns and algae also occur, such as
Polypodiaceae, S. sinensis, and Zygnema.

Modern topsoil: The AP drops due to a reduction of Corylus.
Artemisia is still dominant, but gradually decreases. A slight in-
crease in Echinops-type, Taraxacum-type, Chenopodiaceae, Labi-
atae, Poaceae, Fagopyrum, Solanaceae, and S. sinensis is observed.

4.5. Jixian section

L1e2: The AP is as high as 55%, mainly derived from Cotoneaster
(Fig. 3e). The HP consists mainly of Artemisia, Echinops-type, Tar-
axacum-type, Chenopodiaceae, and Labiatae. Caryophyllaceae,
Geranium, Poaceae, and S. sinensis are rare.

L1e1: The AP drops due to the disappearance of Cotoneaster.
Contents of Pinus, Corylus, and Forsythia increase. The HP content
increases due to rises in Artemisia, Echinops-types, and Chenopo-
diaceae. Contents of Taraxacum-type and Labiatae decrease. Zyg-
nema is rare.

S0: The AP increases, due to rises in Pinus, Corylus, Quercus, and
Pterocarya. Forsythia disappears. Poaceae increases to 13%. Echi-
nops-types and Chenopodiaceae decrease. Humulus, Geranium,
Labiatae, and Fagopyrum are present in small amounts. Both S.
sinensis and Zygnema increase rapidly.

4.6. Xiangfen section

L1-2: AP (<5%) includes Pinus and Oleaceae (Fig. 3f). Pollen of
Artemisia and Echinops-type dominates the spectrum.

L1e1: The AP slightly increases, including Pinus, Betula, Quercus,
Oleaceae, Forsythia, and Sorbaria. Herbaceous pollen types are
characterized by high percentages of Artemisia (50e60%) and

3.5

3.0

2.5

2.0

1.5

D
ep

th
 (

m
)

0 15 30

Pin
us

0 0.5 1

Tsu
ga

0 1 2
Eph

ed
ra

0 1 2

Alnu
s

0 1 2
Betu

la

0 2 4
Cor

ylu
s

0 1 2
Ebe

na
ce

ae

0 1 2
Cas

tan
ea

0 2 4
Que

rcu
s

0 3 6
Olea

ce
ae

0 3 6
For

sy
thi

a

0 0.5 1
Sor

ba
ria

0 1.5 3
Ulm

us

0 20 40

AP

50 100

HP

40 80
Arte

misi
a

0 20 40
Ech

ino
ps

-ty
pe

0 4 8
Tara

xa
cu

m-ty
pe

0 0.5 1
Hum

ulu
s

0 4 8
Che

no
po

dia
ce

ae

0 0.5 1
Fab

ac
ea

e

S

L

L

0 1.5 3
Gen

tia
na

ce
ae

0 3 6
Gera

ni
um

0 10 20
Poa

ce
ae

0 0.5 1
Ran

un
cu

lac
ea

e

0 0.5 1
Ros

ac
ea

e

0 0.5 1
Sola

na
ce

ae

90 180

Poll
en

gr
ain

s

0 2 4
Polyp

od
iac

ea
e

0 1 2
Pter

is

0 25 50
Sela

gi
ne

lla
 si

ne
ns

is

0 3 6
Zyg

ne
m

a

0 1 2
Unk

no
wn

(f) Xiangfen

3.0

2.5

2.0

1.5

1.0

0.5

D
ep

th
 (

m
)

0 3 6

Pice
a

0 8 16

Pinu
s

0 0.4

Tsu
ga

0 3 6
Eph

ed
ra

0 2 4
Betu

la

0 0.5 1
Cor

ylu
s

0 0.4
Cas

tan
ea

0 0.5 1
Que

rcu
s

0 0.5 1

Ju
gla

ns

0 2 4
Nitr

ari
a

0 3 6
Olea

ce
ae

0 1 2

Rha
mna

ce
ae

0 15 30

AP

50 100

HP

0 0.5 1
Apia

ce
ae

50 100
Arte

misi
a

0 2 4

Aste
r

0 20 40
Ech

ino
ps

-ty
pe

0 2 4
Tara

xa
cu

m-ty
pe

0 1 2
Cary

op
hy

lla
ce

ae

0 4 8
Che

no
po

dia
ce

ae

S

L

L

0 0.4
Con

vo
lv

ula
ce

ae

0 0.4
Bras

sic
ac

ea
e

0 0.5 1
Gera

ni
um

0 4 8
Poa

ce
ae

0 1 2
Poly

go
na

ce
ae

0 0.5 1
Ran

un
cu

lac
ea

e

0 0.5 1
San

gu
iso

rb
a

0 0.5 1
Sola

na
ce

ae

200

Poll
en

gr
ain

s

0 1 2
Aqu

ati
c p

ol
len

0 1 2
Glei

ch
en

iac
ea

e

0 3 6
Pol

yp
od

iac
ea

e

0 6 12
Sela

gi
ne

lla
 si

ne
ns

is

0 45 90
Con

ce
nt

ric
ys

tes

0 0.5 1
Zyg

ne
m

a
(g) Lantian

Fig. 3. (continued).

W. Jiang et al. / Quaternary International 334-335 (2014) 52e6056



Author's personal copy

Echinops-type (20e40%), and low amounts of Taraxacum-type,
Chenopodiaceae, Gentianaceae, and Poaceae. S. sinensis is rare.

S0: The AP increases in both diversity and abundance. Its content
increases to 28%, mainly due to a rise in Pinus. Many other arboreal
pollen types are present, such as Tsuga, Ephedra, Alnus, Betula,
Corylus, Castanea, Quercus, Oleaceae, Forsythia, Sorbaria, and Ulmus.
Artemisia, Poaceae, and S. sinensis increase to 72%, 20%, and 41%,
respectively. Echinops-type pollen drops to 4%. Small amounts of
Geranium, Humulus, Ranunculaceae, Solanaceae, and Zygnema are
also present.

4.7. Lantian section

L1-2: AP (<2%) consists of Picea, Pinus, Tsuga, Betula, Corylus,
Quercus, and Oleaceae (Fig. 3g). HP predominates, mainly including
Artemisia and Echinops-type.

L1-1: AP (<1%) decreases in both abundance and diversity. Pollen
of Ephedra and Juglans emerges, while other AP disappears. Arte-
misia pollen increases, and pollen of Echinops-type decreases.

S0: AP (<5%) increases in both abundance and diversity. In total,
nine AP types are seen. Pollen of Artemisia predominates. Pollen of
Echinops-type continues to decrease. Concentricystes spores in-
crease significantly.

Modern topsoil: AP increases, mainly due to increases in Picea,
Pinus, and Oleaceae. Artemisia pollen and Concentricystes spores
decrease. Pollen of Echinops-type, Chenopodiaceae, and Poaceae
increases, as well as spores of S. sinensis, Gleicheniaceae, and
Polypodium.

5. Vegetation and climate since the LGM

5.1. Vegetation and climate during the LGM (L1e1)

All sections from the Loess Plateau show a similar pollen
assemblage during the LGM, characterized mainly by Artemisia,
together with other significant pollen types including Taraxacum-
type, Echinops-type, and Chenopodiaceae. However, spatial differ-
ences in pollen assemblages can also be observed. First, the content
of Chenopodiaceae generally decreases from 20 to 30% in the
northwest (Jingbian and Heshui) (Fig. 3a, c) to 5e12% in the
southeast (Fuxian, Xiangfen, and Lantian) (Fig. 3d, f, g). Second, the
Poaceae content increases and Taraxacum-type content decreases
significantly in a southeasterly direction.

At present in northern China, Poaceae are dominant in steppe,
and Chenopodiaceae species predominates in desert shrub
(Editorial Committee of Vegetation Map of China, Chinese Academy
of Sciences, 2007). It is therefore inferred that during the LGM,
there was a desert steppe in the northwestern Loess Plateau and
dry steppe in the southeastern part.

5.2. Vegetation and climate during the Holocene Optimum (S0)

Pollen types are much more diverse during the Holocene Opti-
mum than during the LGM. In general, there was a greater inci-
dence of AP, and less HP, while Artemisia was still dominant in
pollen assemblages. The incidence of Taraxacum-type, Echinops-
type and Chenopodiaceae pollen decreased, while Poaceae pollen
became more prevalent. In addition, the percentages of S. sinensis,
Zygnema, and Concentricystes increased.

The spatial differences in pollen assemblages are prominent.
The AP content increases to the southeast, and HP decreases
accordingly. In the Jingbian and Pingliang sections in the northwest,
although the AP consists of about ten pollen types (Pinus, Betula,
Quercus, etc.), its incidence is very low (<10%) (Fig. 3a, b). In the
middle part (Heshui and Fuxian), AP (mainly Corylus) has a

percentage of w15% (Fig. 3c, d), but this increases to 18e30%
(mainly Pinus) in the southeast (Jixian and Xiangfen) (Fig. 3e, f).
Also, hygrophilous ferns and algae, such as S. sinensis, Zygnema, and
Concentricystes are rare in the northwest (Jingbian, Pingliang, and
Heshui) (Fig. 3aec), but their incidence increases to as high as 10e
80% in the southeast (Fuxian, Jixian, Xiangfen, and Lantian)
(Fig. 3deg). It is therefore clear that during the Holocene Optimum,
meadow-steppe vegetation dominated the southeastern Plateau,
while dry steppe prevailed in the northwest.

Concentricystes and Zygnema are of an algal family, Zygnema-
taceae, which inhabit a great variety of freshwater habitats
including cold swift flowing streams; warm, stagnant pools; and
moist soils and peats (Wang et al., 1982; Grenfell, 1995). Corylus, a
genus of deciduous trees or shrubs, is mainly distributed in rela-
tively warm and humid regions. Currently, it is only present in the
southern Loess Plateau (Fu et al., 2000). Fuxian and Heshui, with
significant Corylus content in the Holocene pollen assemblages, are
located in the middle of the Plateau. Therefore, the growth of
Corylus pollen at these two sites, together with the emergence of
plenty of Zygnema and Concentricystes confirms warmer and wetter
conditions during the Holocene Optimum than in the LGM.

In summary, the pollen records show that steppe was dominant
on the Loess Plateau in both the LGM and the Holocene Optimum,
which is generally consistent with pollen data from other loess
sections (Sun et al., 1997; Li et al., 2003; Jiang and Ding, 2005;
Shang and Li, 2010).

6. Spatial changes in vegetation and climate along the northe
south and westeeast transects

6.1. A new proxy for the climate of the Chinese Loess Plateau

At present, both temperature and precipitation gradually
decrease from the southeast to the northwest of the Loess Plateau,
leading to a zonal distribution of vegetation type varying from
temperate meadow-steppe, to temperate arid steppe, to temperate
desert steppe, and to temperate semi-shrubby and shrubby desert
(Editorial Committee of VegetationMap of China, Chinese Academy
of Sciences, 2007). Our pollen results show that during the LGM, a
desert steppe prevailed in the northwest of the Loess Plateau and
dry steppe dominated in the southeast, while during the Holocene
Optimum, there was a dry steppe in the northwest and meadow-
steppe in the southeast.

To further examine the spatial patterns of climate changes, AP/
NAP ratio and algae abundance, widely used climate proxies
(Whitlock and Bartlein, 1997; Jiang and Ding, 2005), were first
calculated for each sample and then were averaged for the LGM
loess unit and Holocene soil in each section (Fig. 4). In addition, we
developed a new proxy, Poaceae/(Echinop-type þ Taraxacum-type)
ratio (P/(E þ T)), based on the following two reasons. First, all the
sections are characterized by significant incidence of Poaceae,
Echinops, and Taraxacum pollen. Second, most species of Poaceae
prefer relatively humid environments (Campo et al., 1996), while
abundance of Echinops-type and Taraxacum-type increases in
desert vegetation (Editorial Committee of Vegetation Map of China,
Chinese Academy of Sciences, 2007). Thus an increase in Poaceae
and decreases in Echinops-type and Taraxacum-type in steppe
pollen assemblages indicate warmer and wetter conditions. As
shown in Fig. 4, the three proxies all show lower values during the
LGM than in the Holocene at all sites, except in the case of the AP/
NAP values at Jingbian, indicating warmer and wetter conditions
during the Holocene Optimum than in the LGM.

During the Holocene Optimum, the algae abundances and P/
(E þ T) values were much higher in the south/east than in the
north/west, while the AP/NAP values generally increased fromwest
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to east but showed no regular pattern in the northesouth direction.
During the LGM, the algae abundances and P/(E þ T) values were
generally higher in the south/east than in the north/west, and the
AP/NAP values increased from west to east but decreased from
north to south.

In general, the spatial changes in algae abundance and P/
(E þ T) values indicate warmer and wetter conditions in the
south/east than in the north/west during both the LGM and the
Holocene Optimum. A striking feature of the algae and P/(E þ T)
proxies lies in the fact that they all show a prominent northe
south and westeeast gradient during the Holocene Optimum but
display a flat one during the LGM, indicating more pronounced
spatial contrasts in climate during the Holocene than in the LGM.
Although the westeeast patterns of AP/NAP values during the
LGM and the Holocene Optimum are similar to those of the algae
and P/(E þ T) values, its northesouth patterns are different. It is
surprising that high AP/NAP values were observed during the
LGM at Jingbian, which is located in the northernmost Loess
Plateau and near the Mu Us desert margin. This phenomenon
may be resulted from the northerly AP input by wind from the
lakeside areas of the ancient Lake Sala Us, which was located
adjacent to Jingbian and was present during the MIS 3e2 (Ke
et al., 1992; Sun et al., 1996). Since the Loess Plateau was domi-
nated by steppe in both warm and cold conditions, the AP per-
centage at a specific site was susceptible to local environment
(niche), especially during glacials. On the other hand, Pinus pol-
len, a significant component of the AP in our pollen records
(Fig. 3), is subject to long-distance transport. The algae content
seems to be a good proxy, but it is readily influenced by geo-
morphologic conditions. For example, the algae content may be
low or absent at a site with good drainage despite the warm and
humid conditions. In this context, we propose that the P/(E þ T)
ratio is an efficient proxy for the climate of the Loess Plateau. It
thus follows that greater spatial climate contrasts occurred in the
Holocene than in the LGM, which are consistent well with the

pattern of much stepper spatial gradients of loess weathering
intensity (Yang and Ding, 2003; Gao and Ding, 2008) and C3/C4
plant biomass (Liu et al., 2005) during interglacials than in gla-
cials over the Loess Plateau.

6.2. Mechanism

For a global view, the latitudinal environmental gradient is
much steeper in glacials than in interglacials (CLIMAP Project
Members, 1981). For example, the mean annual cooling is below
5 �C at low-latitudes and up to 25 �C at high latitudes during the
LGM compared to the present, as shown by geological data and
model simulations (Ganopolski et al., 1998; Severinghaus and
Brook, 1999; Naidu and Malmgren, 2005). However, our results
show that the Chinese Loess Plateau was characterized by a greater
spatial climate gradient in the Holocene Optimum than in the LGM.
The reason for this may lie in the fact that the Plateau was situated
in the northern marginal zone of the summer monsoon during
interglacials, leading to a steeper climatic gradient similar to the
case of the present (Fig. 1A; Domrös and Peng, 1988).

During the LGM, the Siberian high and/or Aleutian low inten-
sified in winter, leading to a strong East Asian winter monsoon (Ju
et al., 2007; Yanase and Abe-Ouchi, 2007), while in summer, the
weakened Pacific high resulted in a weak summer monsoon (Zhao
et al., 2003; Zhou and Zhao, 2009, 2013). As a result, the winter
monsoon-dominated areas expanded southward and the summer
monsoon-dominated regions shrank, leading to a southward
displacement of climate zones. Thus the marginal zone of the
summer monsoon, which presently locates over the Loess Plateau,
may retreat to the areas southeast of the Plateau. In this context, the
Loess Plateau was generally taken over by the winter monsoon
during the LGM and thus a regionally gentle climatic gradient was
observed. Obviously, the Loess Plateau is very sensitive to the East
Asian monsoon changes, and high-resolution quantitative palae-
oclimate reconstructions andmodel simulations are thus needed to
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better understand the processes and mechanisms of the monsoon
evolution.

7. Conclusions

Vegetation on the Chinese Loess Plateau since the LGM was
reconstructed on the basis of seven pollen records from two northe
south and westeeast transects. During the LGM, there was a desert
steppe in the northwest of the Plateau and dry steppe in the
southeast. During the Holocene Optimum, dry steppe prevailed in
the northwest, while meadow-steppe vegetation dominated in the
southeast.

A new proxy, Poaceae/(Echinops-type þ Taraxacum-type) ratio
(P/(E þ T)), was developed to show spatial differences in climate on
the Loess Plateau, with high values indicating relatively warm and
wet conditions, and vice versa. Results showed an overall increase
in P/(E þ T) values from north/west to south/east over the Loess
Plateau in both the LGM and the Holocene Optimum, indicating
warmer and wetter conditions in the south/east than in the north/
west. However, the spatial gradient of P/(E þ T) values is much
steeper in the Holocene Optimum than in the LGM, indicating a
large spatial difference in vegetation and climate during the Ho-
locene Optimum. This phenomenon may be attributed to the
unique geographic location of the Loess Plateau. It is located in the
marginal zone of the East Asian summer monsoon during in-
terglacials, showing a relatively large spatial climate gradient
similar to the case of the present. During glacials, the Plateau was
generally dominated by the winter monsoon due to a southward
displacement of climate zones and displayed a gentle spatial cli-
matic gradient, which resulted from an enhanced winter monsoon
and a weakened summer monsoon.

Acknowledgments

This study was supported by the Chinese Academy of Sciences
(CAS) Strategic Priority Research Program (XDA05120203), the
National Basic Research Program of China (973 Program)
(2010CB950204) and the National Natural Science Foundation of
China (41172157). We thank Shiling Yang, Zuoling Chen, Shaohua
Feng, Chenxi Xu, and Shujun Zhao for their assistance with field-
work, and Profs. Norm Catto and Slobodan Markovi�c and two
anonymous reviewers for their valuable comments.

References

Campo, E.V., Cour, P., Sixuan, H., 1996. Holocene environmental changes in Bangong
Co basin (Western Tibet). Part 2: the pollen record. Palaeogeography, Palae-
oclimatology, Palaeoecology 120, 49e63.

CLIMAP Project Members, 1981. Seasonal Reconstructions of the Earth’s Surface at
the Last Glacial Maximum, 36. Geological Society of America. Map and Chart
Series.

Ding, Z.L., Derbyshire, E., Yang, S.L., Yu, Z.W., Xiong, S.F., Liu, T.S., 2002. Stacked 2.6-
Ma grain size record from the Chinese loess based on five sections and corre-
lation with the deep-sea d18O record. Paleoceanography 17, 1e21.

Ding, Z.L., Ren, J.Z., Yang, S.L., Liu, T.S., 1999. Climate instability during the penul-
timate glaciation: evidence from two high-resolution loess records, China.
Journal of Geophysical Research 104, 20123e20132.

Domrös, M., Peng, G., 1988. The Climate of China. Springer-Verlag, Berlin.
Editorial Committee of Vegetation Map of China, Chinese Academy of Sciences,

2007. Vegetation of China and Its Geographic PatterndIllustration of the
Vegetation Map of the People’s Republic of China (1:1,000,000). Geological
Publishing House, Beijing (in Chinese).

Fu, L.G., Chen, T.Q., Lang, K.Y., Hong, T., Lin, Q., 2000. Higher Plants of China, vol. 4.
Qingdao Publishing House, Qingdao (in Chinese).

Ganopolski, A., Rahmstorf, S., Petoukhov, V., Claussen, M., 1998. Simulation of
modern and glacial climates with a coupled global model of intermediate
complexity. Nature 391, 351e356.

Gao, L., Ding, Z.L., 2008. Spatial changes of chemical weathering recorded by loess
deposits in the Chinese Loess Plateau during the past 130000 years. Quaternary
Sciences 28, 162e168 (in Chinese with English abstract).

Grenfell, H.R., 1995. Probable fossil zygnematacean algal spore genera. Review of
Palaeobotany and Palynology 84, 201e220.

Hao, Q.Z., Guo, Z.T., 2005. Spatial variations of magnetic susceptibility of Chinese
loess for the last 600 kyr: implications for monsoon evolution. Journal of
Geophysical Research 110, B12101. http://dx.doi.org/10.1029/2005JB003765.

Huang, C.C., Pang, J., Chen, S., Su, H., Han, J., Cao, Y., Zhao, W., Tan, Z., 2006. Charcoal
records of fire history in the Holocene loessesoil sequences over the southern
Loess Plateau of China. Palaeogeography, Palaeoclimatology, Palaeoecology 239,
28e44.

Jiang, H.C., Ding, Z.L., 2005. Temporal and spatial changes of vegetation cover on the
Chinese Loess Plateau through the last glacial cycle: evidence from spore-pollen
records. Review of Palaeobotany and Palynology 133, 23e37.

Jiang, W.Y., Chen, Y.F., Yang, X.X., Yang, S.L., 2013. Chinese Loess Plateau vegetation
since the Last Glacial Maximum and its implications for vegetation restoration.
Journal of Applied Ecology 50, 440e448.

Jiang, W.Y., Guiot, J., Chu, G.Q., Wu, H.B., Yuan, B.Y., Hatté, C., Guo, Z.T., 2010. An
improved methodology of the modern analogues technique for palaeoclimate
reconstruction in arid and semi-arid regions. Boreas 39, 145e153.

Jiang, W.Y., Guo, Z.T., Sun, X.J., Wu, H.B., Chu, G.Q., Yuan, B.Y., Hatté, C., Guiot, J.,
2006. Reconstruction of climate and vegetation changes of Lake Bayanchagan
(Inner Mongolia): Holocene variability of the East Asian monsoon. Quaternary
Research 65, 411e420.

Jiang, W.Y., Liu, T.S., 2007. Timing and spatial distribution of Mid-Holocene drying
over northern China: response to a southeeastward retreat of the East Asian
monsoon. Journal of Geophysical Research 112, D24111. http://dx.doi.org/
10.1029/2007JD009050.

Ju, L.X., Wang, H.J., Jiang, D.B., 2007. Simulation of the Last Glacial Maximum
climate over East Asia with a regional climate model nested in a general cir-
culation model. Palaeogeography, Palaeoclimatology, Palaeoecology 248, 376e
390.

Ke, M.H., Sun, J.Z., Wei, M.J., 1992. Palaeoclimate and palaeoenvironment of the last
glacial stage in Salawusu area of Inner Mongolia, China. Acta Botanica Sinica 34,
717e719 (in Chinese with English abstract).

Kukla, G., 1987. Loess stratigraphy in central China. Quaternary Science Reviews 6,
191e219.

Li, X.Q., Shang, X., Zhou, X.Y., Zhang, H.B., 2006. Integrative method of sieving and
heavy liquid in pollen analysis of loess. Arid Land Geography 295, 663e666 (in
Chinese with English abstract).

Li, X.Q., Zhou, J., Dodson, J., 2003. The vegetation characteristics of the “Yuan” area
at Yaoxian on the Loess Plateau in China over the last 12000 years. Review of
Palaeobotany and Palynology 124, 1e7.

Li, Y.Y., Willis, K.J., Zhou, L.P., Cui, H.T., 2006. The impact of ancient civilization
on the northeastern Chinese landscape: palaeoecological evidence from
the Western Liaohe River Basin, Inner Mongolia. The Holocene 16, 1109e
1121.

Liu, J., Chen, T., Nie, G., Song, C., Guo, Z., Li, K., Gao, S., Qiao, Y., Ma, Z., 1994. Dating
and reconstruction of the high resolution time series in the Weinan loess
section of the last 150,000 years. Quaternary Sciences 6, 193e201 (in Chinese
with English abstract).

Liu, T.S., 1964. Loess in the Middle Reaches of the Yellow River. Science Press, Beijing
(in Chinese).

Liu, T.S., 1985. Loess and the Environment. China Ocean Press, Beijing.
Liu, W.G., Huang, Y.S., An, Z.S., Clements, S.C., Li, L., Prell, W.L., Ning, Y.F., 2005.

Summer monsoon intensity controls C4/C3 plant abundance during the last 35
ka in the Chinese Loess Plateau: carbon isotope evidence from bulk organic
matter and individual leaf waxes. Palaeogeography, Palaeoclimatology, Palae-
oecology 220, 243e254.

Lu, Y.C., Wang, X.L., Wintle, A.G., 2007. A new OSL chronology for dust accumulation
in the last 130,000 yr for the Chinese Loess Plateau. Quaternary Research 67,
152e160.

Naidu, P.D., Malmgren, B.A., 2005. Seasonal sea surface temperature contrast be-
tween the Holocene and last glacial period in the western Arabian Sea (Ocean
Drilling Project Site 723A): modulated by monsoon upwelling. Paleoceanog-
raphy 20, PA1004. http://dx.doi.org/10.1029/2004PA001078.

Severinghaus, J.P., Brook, E.J., 1999. Abrupt climate change at the end of the last
glacial period inferred from trapped air in polar ice. Science 286, 930e934.

Shang, X., Li, X., 2010. Holocene vegetation characteristics of the southern Loess
Plateau in the Weihe River valley in China. Review of Palaeobotany and Paly-
nology 160, 46e52.

Sun, J.M., Ding, Z.L., Yuan, B.Y., Liu, T.S., 1996. Stratigraphic division of the Sala Us
formation and the inferred sedimentary environment. Marine Geology &
Quaternary Geology 16, 23e31 (in Chinese with English abstract).

Sun, X., Song, C., Wang, F., Sun, M., 1997. Vegetation history of the Loess Plateau of
China during the last 100,000 years based on pollen data. Quaternary Inter-
national 37, 25e36.

Wang, K.F., Zhang, Y.L., Jiang, H., 1982. Zygnema fossil found in sediments of the East
China Sea and Yellow Sea and its paleogeography implication. Chinese Science
Bulletin 27, 1387e1389 (in Chinese).

Wang, L., Lü, H.Y., Wu, N.Q., Li, J., Pei, Y.P., Tong, G.B., Peng, S.Z., 2006. Palynological
evidence for Late MioceneePliocene vegetation evolution recorded in the red
clay sequence of the central Chinese Loess Plateau and implication for palae-
oenvironmental change. Palaeogeography, Palaeoclimatology, Palaeoecology
241, 118e128.

Whitlock, C., Bartlein, P.J., 1997. Vegetation and climate change in northwest
America during the past 125 kyr. Nature 388, 57e60.

W. Jiang et al. / Quaternary International 334-335 (2014) 52e60 59



Author's personal copy

Yanase, W., Abe-Ouchi, A., 2007. The LGM surface climate and atmospheric circu-
lation over East Asia and the North Pacific in the PMIP2 coupled model simu-
lations. Climate of the Past 3, 439e451.

Yang, S.L., Ding, Z.L., 2003. Color reflectance of Chinese loess and its implications for
climate gradient changes during the last two glacial-interglacial cycles.
Geophysical Research Letters 30. http://dx.doi.org/10.1029/2003GL018346.

Yang, S.L., Ding, Z.L., 2004. Comparison of particle size characteristics of the Tertiary
‘red clay’ and Pleistocene loess in the Chinese Loess Plateau: implications for
origin and sources of the ‘red clay’. Sedimentology 51, 77e93.

Yang, S.L., Ding, Z.L., 2008. Advance-retreat history of the East-Asian summer
monsoon rainfall belt over Northern China during the last two glacial-
interglacial cycles. Earth and Planetary Science Letters 274, 499e510.

Yang, S.L., Ding, Z.L., 2010. Drastic climatic shift at w2.8 Ma as recorded in eolian
deposits of China and its implications for redefining the Pliocene-Pleistocene
boundary. Quaternary International 219, 37e44.

Yang, S.L., Ding, Z.L., Wang, X., Tang, Z.H., Gu, Z.Y., 2012. Negative d18O-d13C rela-
tionship of pedogenic carbonate from northern China indicates a strong
response of C3/C4 biomass to the seasonality of Asian monsoon precipitation.
Palaeogeography, Palaeoclimatology, Palaeoecology 317e318, 32e40.

Zhao, P., Chen, L.X., Zhou, X.J., Gong, Y.F., Han, Y., 2003. Modeling the east Asian
climate during the last glacial Maximum. Science in China Earth Sciences 46,
1060e1068.

Zhao, Y., Yu, Z., Chen, F., 2009. Spatial and temporal patterns of Holocene vegetation
and climate changes in arid and semi-arid China. Quaternary International 194,
6e18.

Zhou, B.T., Zhao, P., 2009. Inverse correlation between ancient winter and summer
monsoons in East Asia? Chinese Science Bulletin 54, 3760e3767.

Zhou, B.T., Zhao, P., 2013. Simulating changes of spring Asian-Pacific oscillation and
associated atmospheric circulation in the mid-Holocene. International Journal
of Climatology 33, 529e538.

W. Jiang et al. / Quaternary International 334-335 (2014) 52e6060


