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Based on pollen analysis and other evidence in a sediment profile from Huangqihai Lake, located at the limit of
Asian monsoon influence, the local vegetation development and climatic change were reconstructed for the
past 8600 years. From 8600 to 7200 cal. yr BP, the local vegetation was dominated by steppe and tree cover
was low. Then pine increased gradually, and the local vegetation was pine and oak mixed forest with variable
ratios of the two dominant tree taxa from 7200 to 3600 cal. yr BP. From 3600 to 3000 cal. yr BP, the forest was
replaced by shrubland, which was attributed to a period of intense drought. From 3000 to 600 cal. yr BP, the
tree cover declined to its lowest levels, probably due to long-term further drought. After 600 cal. yr BP, steppe
has become dominant again. We found that the changes of vegetation type indicated by pollen percentages
did not match existing evidence for monsoon dynamics. Changes in tree pollen concentration, however, well
captured the changes in the Asian monsoon, implying different sensitivity of vegetation cover and vegetation
type (e.g. replacement of steppe by forest) to the monsoon development. In addition, a shrubland-dominated
stage which has not been evident in previous studies was also clear in our pollen sequences. Our study implied
that the responses of marginal forest to drought were variable, depending on the drought regime. The different
responses of forest to climate drying in this study provide insights into the reliable prediction of forest dynamics
in the semi-arid regions.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Drought has a significant influence on forest decline, as shown by
recently increasing drought-induced tree mortality at the edges of
the forest distribution all over the world (Adams et al., 2009; Van
Mantgem et al., 2009; Allen et al., 2010; Qiu, 2010; Peng et al., 2011).
As a result of forest decline, three kinds of vegetation dynamics have
been observed under different climatic conditions: replacement of
forest by grassland, savannification, and shrubland expansion (Calvao
and Palmeirim, 2004; Acácio et al., 2009; Frelich and Reich, 2009). In
order to reliably predict which kind of vegetation dynamics will occur
under future climate drying,we need to reconstruct past forest dynamics
at the edge of the current forest distribution, using palynological
evidence.

The monsoon climate determines forest distribution in the eastern
part of China, with the limit of the monsoon influence lying close to
the 400 mm mean annual precipitation (MAP) isohyet. This isohyet
divides the semi-arid and semi-humid regions as well as the forest
and steppe vegetation. Local-scale forest and steppe are mosaic and
patch distributed, with shrubland separating them locally at the edge
of the monsoon’s influence (Liu et al., 2012). Palynological works in
this region have mainly focused on changes in vegetation types, partic-
ularly the replacement of forest by steppe during the Holocene, through
interpretation of pollen percentage sequences (Xiao et al., 2004; Jiang
et al., 2006; Chen et al., 2008; Wang et al., 2010; Yin et al., 2011).
Although a few studies have considered changes in pollen percent-
ages, they have failed to link these with regional vegetation cover
and climatic change. The Holocene climatic change in this region
was characterized by both a long-term drying trend and severe drought
events (Zhao et al., 2009; Yin et al., 2013). We propose the hypothesis
that different kinds of responses, for example savannification and
shrubland expansion, in addition to replacement of forest by steppe,
might have occurred during the Holocene as responses to different
drought regimes.

We chose Huangqihai Lake, located in the forest-steppe ecotone in
northern China, to reconstruct the changes in vegetation and climate
during the Holocene. In this paper, based on well-dated high-
resolution lake sediment records, we present the vegetation history in
the Huangqihai Lake region, including the dynamics of both vegetation
type and tree cover, during the past 8600 cal. yr BP. With independent
drought proxies obtained from lake sediments, we particularly focus
on howvegetation developmenthas responded to drought in this study.
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2. Material and Methods

2.1. Study area

Huangqihai Lake (40°41′–41°43′ N, 112°49′–113°40′ E) is situated
in the central part of InnerMongolia, China, with amaximumwater sur-
face area of 110 km2, a maximum length of 20 km and a maximum
width of 9 km. About 19 rivers flow into Huangqihai, including Bawang
Fig. 1. Location of LakeHuangqihai at regional and local scales. (A)Mapof China showing location
(B) Satellite image of the study area showing the study site (Huangqihai Lake) and other sites
River and Quyuanlin River (Zhang et al., 2011). Because of climatic
change and human water use, Huangqihai Lake is desiccated seasonally
or all year round (Zhang et al., 2011) (Fig. 1).

Located at the transition between the semi-humid and semi-arid
areas in the temperate zone of China (Zhang et al., 2011), the mean
annual temperature (MAT) is 4.5 °C and MAP is about 360 mm in the
Huangqihai region. The climate is mainly controlled by the Siberian-
Mongolian high-pressure system in winter, resulting in cold and dry
of study region,DonggeCave and400mm isohyet (rectangle area as shown in detail in B);
discussed in the text, including Daihai, Anguli Nuur, Bayanchagan and Hulun Nuur.
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environmental conditions. Warm temperatures and high humidity are
brought by the prevailing Asian monsoon in summer. Approximately
66% of the annual precipitation falls from June to August (Zhang et al.,
2011). The mean annual evaporation is 1930 mm (Zhang et al., 2011).

The regional vegetation around the lake in the Huangqihai Lake is
temperate steppe dominated by Stipa krylovii (Wu, 1980). On the sur-
rounding mountains, the common tree taxa are Pinus tabulaeformis,
Picea meyeri, Populus davidiana, Betula phatyphylla, Ulmus pumila and
Salix spp.. The ground flora include Spiraea spp., Hippophae rhamnoides,
Ostryopsis davidiana, Prunus armeniaca, Lespedaza bicolor, Carex spp.,
Artemisia spp. and Chenopodium acuminatum.

We used previously reported pollen or other sediment proxies from
four lakes close to Huangqihai Lake in order to compare the local and
regional vegetation similarities and differences. Hulun Nuur, which is
also located in the semi-arid region, has a surface water area about 5
times greater than Huangqihai Lake. Bayanchagan is close to the
Otindag Sandy Plain, 180 km northwest of Huangqihai Lake. Anguli
Nuur is located between Bayanchagan and Huangqihai. Daihai Lake is
located in the 55 km southwest of Huangqihai. These lakes are all located
at the margin of the monsoon influence and the MAP of these sites is
between 350 and 450 mm. They have similar present-day vegetation
types and patterns (Fig. 1).
2.2. Sediment coring and chronology

An 820 cm core (location 40°50′ N, 113°17′ E) was recovered in
January 2012 with a UWITEC piston corer made in Austria (Fig. 1B).
The upper 70 cm was collected by digging a section and the remaining
750 cmwas drilled. The location of the core was selected to avoid direct
inflow influences, to ensure continuous deposition of the lake sediments.
The core was packed and transferred to the laboratory at Peking Univer-
sity, then resampled at 1-cm intervals and dried in the laboratory.

Fifteen samples were selected according to lithological transition
and depth, and AMS 14C dating was performed in the AMS Laboratory
of Peking University. All dates were calibrated to calendar years before
present (cal. yr BP) with the Callib611 programme, using the IntCal04
Fig. 2. Age–depth curve of the Lake Huangqihai sediment core. Circles represent radiocarbon d
range (2δ), triangles represent corrected calendar age dates, and crosses represent abnormal val
shown on the left.
calibration data set (Reimer et al., 2004) (Fig. 2). Four abnormal values
with evident age reversal were rejected and one sample did not meet
the test quality requirement. As a result, 10 chronological data were
used to establish a piecewise linear fitting in the Huangqihai Lake core
analysis (Table 1).

In the lake sediment environment, the reservoir effect is frequently
the important factor affecting the chronology accuracy (Ren, 1998; An
et al., 2012). Using the dated age of 1444 cal yr BP at the depth of
3 cmand 2851 cal yr BP at the depth of 67 cm, the age of the lake surface
(0 cm) was extrapolated to an age of 1378 cal. yr BP. Given the age of
lake surface (0 cm) was the year of coring (2012 A.D.), we suggested a
possible reservoir effect of 1440 years (sum of 1378 years and the dif-
ference between 2012 and 1950 that BP is defined).

The whole core was divided into 4 sections based on the changes in
lithology and deposition rate. The sedimentmainly consists of sandy silt
with brown–gray color above 67 cm and the grain becomes fine with
green–gray color between 67 and 103 cm. During the depth of 103 to
770 cm, the color is green–black fine-grained clayey silt. In the deepest
portion, it contained medium-grained silt with brown–gray color
(Fig. 2). The ages of each sampling interval above 103 cm or below
770 cmof the corewere established by linear interpolation using the ad-
jacent two corrected calendar age dates or by extrapolation beyond the
oldest dated level. The ages between the 103 and 770 cm samples were
established by an age-depth model based on 7 corrected calendar age
dates, which revealed a linear relationship (r2 = 0.98) between core
depth and age (Fig. 2).
2.3. Pollen analysis and data interpretation

Sediment samples were analyzed every 5 cm. A total of 164 samples
were collected for pollen analysis. For each sample of 4–8 cm3 sedi-
ments, 30% hydrochloric acid (HCl) was added and the sample was
left for 18 h to remove carbonates, then boiled in 10% sodium hydroxide
(NaOH) for 30 min to remove organic matter. Next, the samples were
sieved though 180 μm and 7 μm sieves and treated with a heavy liquid
solution (KI + HI + Zn) with a specific gravity of about 2.0 to extract
ates, diamonds represent calibrated radiocarbon dates with vertical bars showing the date
ues. The grain-size distributionwith depth is shown in themiddle. Lithological changes are



Table 1
AMS radiocarbon dates and calibrated years of samples from the Huangqihai sediment core.

Laboratory number Depth in core
(cm)

Dating material 14C age
(yr BP)

Calibrated 14C age(2δ)
(cal. yr BP)

Corrected calendar
age
(cal. yr BP)

BA12653 3 Bulk sediment 1540 ± 25 1370 ~ 1519 (1444) 66
BA12654 68 Bulk sediment NA
BA12655 67 Bulk sediment 2740 ± 50 2757 ~ 2946 (2851) 1473
BA12656 103 Bulk sediment 3970 ± 50 4281 ~ 4534 (4407) 3029
BA12657 266 Bulk sediment 4435 ± 40 4873 ~ 5079 (4976) 3598
BA12658 414 Bulk sediment 4960 ± 25 5641 ~ 5739 (5690) 4312
BA12659 438 Bulk sediment 5300 ± 45 5984 ~ 6206 (6095) 4717
BA12660 506 Bulk sediment 4960 ± 50 5594 ~ 5758 (5676) 4298
BA12661 551 Bulk sediment 5435 ± 35 6187 ~ 6296 (6241) 4863
BA12662 592 Bulk sediment 5850 ± 45 6535 ~ 6757 (6646) 5268
BA12663 616 Bulk sediment 5410 ± 50 6172 ~ 6300 (6236) 4858
BA12664 666 Bulk sediment 8645 ± 35 9539 ~ 9678 (9608) 8230
BA12665 712 Bulk sediment 5300 ± 50 5981 ~ 6208 (6094) 4716
BA12666 770 Bulk sediment 6260 ± 50 7142 ~ 7276 (7209) 5831
BA12667 799 Bulk sediment 8030 ± 60 8691 ~ 9032 (8861) 7483

242 Q. Hao et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 409 (2014) 239–248
pollen from sediments (http://www.ucl.ac.uk/GeolSci/micropal/spore.
html). Finally, the extracted samples were treated by acetolysis
(Moore et al., 1991).

A tablet of Lycopodium spores (about 27,637 grains) was added to
each of the samples as exotic markers, thus the pollen concentration
could be obtained (Maher and Louis, 1981). Pollen taxa were identified
under an Olympus optical microscope at 400×magnification, andmore
than 200 terrestrial pollen grains were counted for each sample (Liu
et al., 2010).

Pollen percentages of the main taxa, the ratio of Artemisia to
Chenopodiaceae (A/C), the ratio of arboreal plants to non-arboreal
plants (AP/NAP), and the pollen concentration of all taxa are presented.
The A/C ratio has been used as a good indicator of available moisture in
arid and semi-arid regions because Artemisia and Chenopodiaceae indi-
cate steppe- and desert-dominated vegetation, respectively (Herzschuh,
2007; Zhao et al., 2007; Huang et al., 2009; Zhao et al., 2012). Recent
work showed that the A/C ratio has a positive relationship withmoisture
in areaswithMAP less than 450–500mm(Zhao et al., 2012). AP/NAPwas
better than A/C for indicating available moisture in forest regions with
MAP higher than 450–500 mm, with higher values indicating higher
available moisture (An et al., 2006).

2.4. Physical and chemical analyses of sediment and data interpretation

2.4.1. Grain size
Approximately 0.3–0.4 g of each sample was used for grain size

measurement by Malvern Mastersizer 2000. Before the measurement,
10–20 ml of 30% H2O2 was added until no more bubbles formed, to re-
move organic matter. Then the samples were boiled with enough 10%
HCl to remove carbonates. Deionized water was used to rinse acidic
ions until the pH value was close to 7. Finally, samples were boiled
with 10ml 0.5 mol/L (NaPO3)6. Within 3 h, these samples were treated
on an ultrasonic vibrator for 30 s and the grain distribution was divided
into 3 classes, clay (b2 μm), silt (2–63 μm) and sand (N63 μm).

In general, the sand percentage indicated wind strength in the arid
region (De Deckker et al., 1991; Porter and An, 1995; Qiang et al.,
2007) while it indicated hydrological activity in humid region (Wu
et al., 2006). In the semi-arid region, it represented both wind and
water activity intensity. While the precipitation was relatively low and
the evaporation was high, most precipitation was evaporated, resulting
in weak runoff. At the same time, because of the small difference in
elevation across the basin and the disc shape of lake, it was hard for
runoff to carry sand to the lake center directly. Also, the intensewind ac-
tivity, poor vegetation coverage and long freeze-up period led to coarse
particles beingmoved into the center of the lake by thewind (Zhai et al.,
2006). Therefore, the sand carried to lake center was mostly brought
into the lake center bywind rather than bywater, and therefore the per-
centage of coarse particles indicated winter wind activity in a dry and
cold climate (Yin et al., 2011).

2.4.2. Total organic carbon (TOC) and Total Nitrogen (TN)
After removing the roots and other macro-organic remains, and

grinding to pass through a 149 μm soil sieve, total carbon (TC) and total
nitrogen (TN) were measured by an Elementar Vario EL (Germany). In
order to get the total organic carbon (TOC) values, we firstly measured
the amount of total inorganic carbon (TIC) by adding enough HCl into
the sediment samples with measured weight. By measuring the volume
of CO2 produced, the amount of total inorganic carbon (TIC) was calcu-
lated. Then TOC was achieved by subtracting TIC from TC.

When the climate was warm and humid, the forest generally grew
better than the grasses, and the value of C/Nwas higher. Besides, hydro-
logical activities were stronger when precipitation was higher, and
more terrestrial soil material would have therefore been brought to
the basin, resulting in a higher C/N value (O'Reilly et al., 2003). At the
same time, the lake level change could have caused sediment distur-
bance, promoting the decomposition of organic matter (Kernan et al.,
2010).While the climatewashumid, thedisturbancewas low, generating
high C/N values. In summary, C/N (TOC/TN) could be used as an indicator
of climate, with a higher C/N indicating a warm and humid environment
and a lower C/N suggesting a dry and cold environment (Rosén and
Hammarlund, 2007; Williams et al., 2009). In addition, a higher TOC
value alonewas suggested to indicate a warmer andmore humid climate
(Rosén, 2005), and in particular higher precipitation, in the semi-arid
region of China (Xiao et al., 2006).

2.4.3. Loss on ignition (LOI)
LOI was measured by the weight difference of about 1 g sediment

sample before and after it was placed into the Muffle furnace and
baked at 980 °C for 30 min. LOI reflected both organic matter and
CaCO3 content, which in general coincided with the fine grain-size
and TOC value.

3. Results

3.1. Pollen assemblages in Huangqihai Lake

Over 30 families and genera of pollen were identified in samples of
Huangqihai core sediments (Fig. 3). These included major tree taxa
such as Pinus, Picea, Abies, Quercus, Betula, Ulmus, Alnus and Tilia, major
shrub taxa such as Corylus, Ostryopsis and Ephedra, and major herbs of
Artemisia, Chenopodiaceae, Poaceae, Cyperaceae, Polygonum, Rosaceae,
Ranunculaceae, Lamiaceae, Farbaceae and Asteraceae. According to the

http://www.ucl.ac.uk/GeolSci/micropal/spore.html
http://www.ucl.ac.uk/GeolSci/micropal/spore.html


Fig. 3. Pollen percentage diagram, with pollen density of all taxa and pollen zones of the Huangqihai Lake. The A/C and AP/NAP values are also shown in the diagram.
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differences in pollen assemblage and concentration at different depths,
the pollen diagrams were divided into 7 zones.

3.1.1. Zone I (820–795 cm, 8620 to 7190 cal. yr BP)
Pinuswas at its lowest percentage of the whole sequence, while the

Ulmus and Corylus (and Ostryopsis) had relative high values. Herb
pollens were present at high percentages, especially the Artemisia,
Chenopodiaceae, Poaceae, Cyperaceae and Ephedra. Over all, tree pollen
percentages were low while steppe pollen percentages were relatively
high.

It is inferred from the pollen assemblage that steppe dominated, and
was associated with shrubs at this stage. Broadleaved tree pollen and
pine pollen might have been transported into this lake from a distance,
because scattered trees or forests existed in this area. Pollen concentra-
tion was not low through the whole sequence, indicating a high vegeta-
tion cover in the steppe.

3.1.2. Zone II (795–700 cm, 7190 to 5550 cal. yr BP)
Pinus pollen exceeded 50% and became a dominant component in

this zone, and Quercus accounted for higher than 15% of total pollen,
resulting in a consistently high AP content (~85%). In contrast, percent-
ages of the pollen of Artemisia, Chenopodiaceae and other herb pollen
percentages remained at low levels. The A/C ratio was higher than
that in zone I. In this zone, Pinus and Quercus mixed forest replaced
the steppe.

3.1.3. Zone III (700–505 cm, 5550 to 4700 cal. yr BP)
The pollen assemblageswere dominated by Pinus (higher than 50%).

This zone showed a continuous increase of Quercus (from 5% to 27%),
while other broadleaf trees pollen percentages decreased gradually.
Compared with the last stage, herb taxa pollen percentages changed
only slightly. The pollen concentrations and percentages of broadleaved
tree species increased remarkably and the total pollen concentration
also increased, indicating high vegetation cover.

3.1.4. Zone IV (505–260 cm, 4700 to 3640 cal. yr BP)
The pollen value of Quercus dropped markedly from 25% to 10%.

There were a small increase of Artemisia and Chenopodiaceae pollen
percentage and a small decline in the A/C mean ratio. However, Pinus
and other herb pollen percentages remained stable during this period.
These results indicated that vegetation previously dominated by
broadleaved trees was gradually replaced by conifer woodlands.

3.1.5. Zone V (260–105 cm, 3640 to 2970 cal. yr BP)
The arboreal pollen percentage decreased, while Artemisia and

Chenopodiaceae pollen percentages increased markedly to 25% and
20% respectively, with additional increases in other herb pollen values.
In addition, the A/C ratio increased and was generally N2. The pollen
percentages of shrub species, including Corylus and Ostryopsis, also
showed substantial increases. This zone was again characterized by
relatively high pollen concentrations, reaching a maximum of 380,000
grains/cm3. This indicated a high vegetation cover, while the tree
cover did not increase. Therefore, shrub and herb species increased
markedly, while the coniferous forest was replaced by shrublands.

3.1.6. Zone VI (105–30 cm, 2970to 600 cal. yr BP)
Pinus dominated the pollen assemblages (more than 90%), while

other kinds of pollen contributed little to the total pollen. Thus, the
AP/NAP ratio was extremely high (up to 50). The pollen concentration
reduced to its lowest value in the sequence, indicating that the site
vegetation coverage was extremely low. Pine pollen, which had low
concentrations, likely came from surrounding regions.

3.1.7. Zone VII (30–0 cm, 600 cal. yr BP to present)
The pollen assemblages were dominated by herbaceous taxa, espe-

cially Chenopodiaceae, Poaceae, Cyperaceae and Ephedra. Percentages
of Chenopodiaceae pollen increased and reached a maximum of 25%.
The A/C ratio was low (b1 in most cases). In addition, there were
great fluctuations in almost all the pollen taxa. Although the tree taxa
increased in the latter part of this zone, the area was still dominated
by drought-tolerant species of the steppe landscape.

3.2. LOI, TOC/TN and Grain-size

From 8620 to about 7200 cal. yr BP, the sand percentage was rela-
tively stable (Fig. 4). The values of TOC and TN clearly increased, but
the C/N and LOI remained low compared with the following stage.
This indicated a relatively dry and cold climate. From about 7200 to
4700 cal. yr BP, the percentage of sand still remained very low, even
close to 0, while the clay fraction increased slightly. Overall, the C/N
and LOI values showed a little growth, suggesting a higher precipitation
than that during the previous stage. These indexeswere consistentwith
the change of pollen described above. The average sand/non-sand ratio
increased during 4700 to 3500 cal. yr BP while the LOI value remained
stable. The C/N value rose slightly, while the TOC value declined. Thus,
the climate was becoming dry and cold during this period. There was
a significant change during the period of about 3500 to 1300 cal. yr
BP. While C/N reached its maximum value of the whole study period,
TOC, TN and LOI values dropped substantially. Thus, the climate might
have become colder and drier compared with that in the previous
stage. During the last 1300 cal. yr BP, the most remarkable change was
in the value of sand/non-sand, which reached its maximum of all the
stages. The C/N fell to its lowest value. The TOC and TN increased in
the latter part of the stage. These trends indicated a cold and dry climate,
which became warmer and wetter later (about 600 cal. yr BP) in the
stage.

4. Discussion

4.1. Holocene climatic change at the limit of monsoon influence

Our results confirmed the effects of the Asian monsoon on regional
climate because our results for grain size percentage and TOC in general
well captured the monsoon dynamics (Fig. 5). Stalagmite 18O isotopes,
which have the advantages of continuous preservation and accurate
dating, have been widely used as proxies for the Asian monsoon inten-
sity (Cai et al., 2001; Fleitmann et al., 2003, 2007; Dykoski et al., 2005;
Hu et al., 2008; Wu et al., 2011). Though many studies suggested that
stalagmite 18O isotopes in southern Chinamay not indicate the intensity
of Asian Monsoon or precipitation (Maher, 2008; Clemens et al., 2010;
Pausata et al., 2011), it was found significantly correlatewith the rainfall
in northern China by modelling and experiments (Liu et al., 2014).
Stalagmite 18O isotope curve from Dongge Cave in southern China
(Dykoski et al., 2005) shows that the Asian Monsoon remained strong
during 10 to 6 cal. ka BP, while at 6 to 5 cal. ka BP, the monsoon began
to weaken significantly, indicating decreasing rainfall. This phenome-
non continued until 1 cal. ka BP (Dykoski et al., 2005). Our TOC value
showed a similar trend and clearly decreased after 4700 cal. yr BP.
During the most recent 600 years, the monsoon influence increased
slightly but remained low. The TOC value also increased slightly and
the sand percentage grew (Fig. 5). Other evidence such as sand dune
fixation in the early to middle Holocene and activation in the late
Holocene in Inner Mongolia of China also roughly followed the
monsoon-dominated climate change in our study region (Fig. 5.
Sun et al., 2006; Zhou et al., 2008).

However, there were also some details in our climatic proxies that
were inconsistent with the monsoon dynamics. There existed discrep-
ancy between TOC and LOI during 8 to 6 cal. ka BP (Fig. 4). LOI wasmea-
sured using the Muffle furnace and the temperature was 980 °C in this
researchwhichwas sufficiently high to remove all organic and inorganic
matters. This might account for the inconsistency between the LOI and
TOC values during 9 to 6 cal. yr BP. During 7 to 6 cal. ka BP, the TOC



Fig. 4. Changes in loss on ignition (LOI), total organic carbon (TOC) content, total nitrogen (TN) content, TOC/TN and the ratio of sand to non-sand particles (silt and clay).
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value was relatively low while the monsoon intensity remained high
(Fig. 5). In a previous study in Huangqihai, the Rb/Sr and magnetic sus-
ceptibility values that could be used as a surrogate of summer monsoon
intensity indicated a warmer and wetter climate, which was consistent
with the monsoon changes rather than our TOC trend (Shen et al.,
2006). The fixation of sand dunes also indicated a wetter climate (Sun
et al., 2006; Zhou et al., 2008; Yang et al., 2010). Percentages of sand at
both Huangqihai in our study and at Anguli Nuur (Yin et al., 2011)
remained relatively low during this stage and were consistent with the
monsoon change. However, the C/N values from Daihai were relatively
Fig. 5. Proxies of climate evolution on different spatial scales. Continental scale: precipitation cha
2005); Regional scale: physical or chemical indexes including sand dune activity of Otindag and
(DH) (Sun et al., 2006; Xiao et al., 2006; Zhou et al., 2008; Liu et al., 2010; Yang et al., 2010); L
including TOC percentage (this study), sand percentage (this study), soil mean grain-size and
low, similarly to our result. The inconsistency between TOC (or C/N)
and other proxies could be attributed to the low-resolution of TOC sam-
pling (only 4 values) during this period in our results (Fig. 5). Another
reason could be that the TOC or C/N value not only reflected the vegeta-
tion type changes but also the ratio of terrestrial plants to aquatic plants
(Battarbee, 2010).

Themid- to late-Holocene dry period is an almost undisputed event
at regional scale despite the inconsistencies described above. At local
scale, the Rb/Sr ratio seemed to well match the regional drying trend,
but data are not available for the recent 2000 years (Shen et al., 2006;
nge during theHolocene, based on stalagmite 18O isotopes of Dongge (DG) (Dykoski et al.,
Mu Us Sandy Lands, sand percentage of Anguli Nuur (AGLN) and TOC/TN value of Daihai
ocal scale: physical or chemical indexes at Huangqihai in our study and previous studies,
Rb/Sr value (Shen et al., 2006; Zhang et al., 2011);.
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Fig. 5). The TOC value in Huangqihai obtained by this study shows a de-
crease trend since about 4500 cal. yr BP, later than other proxies (Fig. 5).
Percentage of sands in Huangqihai obtained by this study had increased
with great variations since about 4 cal. ka BP, in agreement with mean
grain-size obtained by previous study (Zhang et al., 2011). We conser-
vatively suggest that the local climate in Huangqihai had become drier
and colder during 4 to 1 cal. ka BP (Fig. 5).

4.2. Response of forest development to climate drying

Our results showed that changes in vegetation types were relatively
consistent with those reported by other studies in this region (Li et al.,
2004; Wen et al., 2009; Zhao et al., 2009; Liu et al., 2010). During 9 to
7 cal. ka BP, the vegetation type was mainly Pinus forest and steppe,
according to pollen evidence. Also, Betula and Ulmus were well devel-
oped in the study region, suggesting that the pioneer forests first occur-
ring at the start of the Holocene had not disappeared (Liu et al., 2002).
The pollen percentage of Betula even reached 15% in Anguli Nuur (Yin
et al., 2011). Since 7 cal. ka BP, the percentage of arboreal pollen (AP)
began to increase. Broadleaved trees were flourishing in these areas
with increasing precipitation. Correspondingly, herbs, especially those
indicating arid climate, declined substantially. This trend continued to
about 4 cal. ka BP, consistent with the high values of Arboreal/Non-
arboreal (AP/NAP) in Bayanchagan (Jiang et al., 2006). During 3.6 to
3.0 cal. ka BP, the pollen concentration reached its maximum. Hulun
Nuur also displayed this obvious pollen concentration increase during
3 to 2 cal. ka BP, but the concentration change was not so remarkable
as that at Huangqihai Lake (Fig. 6). During the following period, tree
cover was low, indicating sparse tree coverage around Huangqihai
Lake. Similar changes occurred in Hulun Nuur (Fig. 6). During the past
600 years, Artemisia and Chenopodiaceae have dominated the pollen
record, which was consistent with most previous studies in the semi-
arid region of China (e.g. Jiang et al., 2006; Liu et al., 2010).
Fig. 6. Evolution of the terrestrial ecosystem in Huangqihai region over the past 8620 years, wi
Regional vegetation change: previous results from other lakes in the semi-arid region, pollen d
tree percentage of Daihai (DH) (Xiao et al., 2004; Jiang et al., 2006; Yin et al., 2013); Huangqiha
major trees of Pinus, broadleaved trees, major shrubs of Corylus (+Ostryopsis), andmajor herbs
are indicated as A: severe drought and shrub expansion in Huangqihai; B: long-term drought an
Huangqihai.
There was a clear expansion of shrubs when the Asian monsoon
weakened at about 3.6 cal. ka BP (A in Fig. 6). At present, shrublands oc-
cupy large areas of the mountains in North China (Wu, 1980; Kottek
et al., 2006; Piao et al., 2009) and the distribution of shrublands has
often been regarded as the result of either anthropogenic deforestation
(Hannon et al., 2005) or climatic change (Archer, 2010). The shrubland
has an advantage in barren soil when compared with forest or grass-
land, because shrub species are resistant to low available soil moisture
in arid and semi-arid areas (Laliberte et al., 2004; Throop et al., 2012).
Our results also showed that when the climate, especially the precipita-
tion, was not suitable for forest growth, the shrub expanded into the
forest regions while deforestation occurred. When the precipitation
remained low for a long time, the shrubs were not competitive to grasses
and the shrubland was finally replaced by steppe.

An alternative vegetation responsewas tree cover decline associated
with the late Holocene drought, which occurred under prolonged
drought conditions persisting for thousands of years (B in Fig. 6). In
our study, we found a clear minimum in pollen concentration during
2970 to 600 cal. yr BP, suggesting low vegetation coverage. Drought
can lead to decreasing available soil moisture, and a long period of low
precipitation can reduce vegetation cover and enhance wind erosion
of fine particles in soil. The coarsened soil was not conducive to soil
water retention, further accelerating treemortality and leading to forest
fragmentation or “savannification”, and an overall decrease in tree cover
(Weltzin andMcPherson, 1997). The soil particle sizes in our study have
also shown that the sand content has increased markedly in the last
1500 years (Figs. 2, 4).

Either climatic or anthropogenic forcings could have contributed to
the dominance of steppe during the last 600 years (C in Fig. 6). In our
study, despite increases in the synanthropic species (including
Chenopodiaceae and Asteraceae) after 1 cal. ka BP, there is still lack of
other accurate evidence. The presence of these pollen grains was most
likely caused by airborne pollen transport from deserts in the northwest
th rainfall changes based on stalagmite 18O isotopes of Dongge Cave (Dykoski et al., 2005).
ensity of AP/NAP value of Bayanchagan (BYCG), pollen density of Hulun Nuur (HLN), and
i vegetation change: the concentration and percentage of dominant pollen types, including
of Artemisia and Chenopodiaceae. Three stages of vegetation responses to climatic drying
d savannification in Huangqihai; C: slight reversal of drought and grassland dominance in
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or by saltymeadows dominated by Sueda species surrounding thewater
when the water level was sinking (Liu et al., 2008). According to the
historical documents, agriculture activities began to increase 300 cal.
yr BP, whereas human activity mainly consisted of moderate nomadic
activities before that period (Yi, 2003; Zhang et al., 2007). Therefore,
the human effects can be ignored and the increased herbaceous per-
centage was mainly an effect of decreased precipitation.

The inconsistency between monsoon development at a regional
scale and vegetation responses at a local scale might also be associated
with uncertainties in dating. In arid and semi-arid regions, the reservoir
effect may yield dating ages that are 1000 to 2500 years older than the
real age (Ren, 1998;Wu et al., 2007; Zhang et al., 2007). Since our calcu-
lated results were consistent with the abovementioned works, we
reduced our core ages by 1440 years (Fig. 2). Following this adjustment,
variations in pollen and sediment indexes were in better agreement
with the grain-size change and magnetic susceptibility records for
Huangqihai Lake (Shen et al., 2006; Zhang et al., 2011) andwith changes
in monsoon intensity (Dykoski et al., 2005). Although the reservoir
effect will not have remained stable during the whole study period,
we did not have further information regarding this correction, as is
the case in other sediment sequences (Herzschuh et al., 2006). There-
fore, we suggest that the main reason for the remaining inconsistency
is that vegetation did not respond to monsoon development immedi-
ately. For example, when the precipitation changed, the forest might
not have responded rapidly due to the long lifespan of trees.

5. Conclusions

We systematically reconstructed the Holocene climatic change and
vegetation development in the Huangqihai Lake region, located in the
forest-steppe ecotone in northern China. The Holocene climatic change
captured in detail the regional-scale monsoon dynamics, especially the
drying trend was obvious during 4 to 1 cal. ka BP. The corresponding
vegetation dynamics were characterized by a steppe–forest–steppe
sequence. Besides replacement of forest by steppe, we found two alter-
native responses of vegetation to drought: shrubland expansion and
savannification. When the drying started, the shurbland began to
expand into the forest when the Asian monsoon weakened at about
4 cal. ka BP. While the drought persisted for thousands of years, we
found a clear minimum in vegetation coverage during 2970 to 600 cal.
yr BP. The phenomenon that the forest did not respond rapidly to
climate change might be explained by long lifespan of trees and the
resistance of trees to environmental stress. Facing to future climate
drought, the forestmight not be replaced by steppe in a short time span.
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