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a b s t r a c t

The response of vegetation to extreme cold events during the last deglaciation is important for assessing
the impact of possible extreme climatic events on terrestrial ecosystems under future global warming
scenarios. Here, we present a detailed record of the development of regional vegetation in the northern
margin of Asian summer monsoon during the last deglaciation (16,500e11,000 cal yr BP) based on a
radiocarbon-dated high-resolution pollen record from Hulun Lake, northeast China. The results show
that the regional vegetation changed from subalpine meadow-desert steppe to mixed coniferous and
deciduous forest-typical steppe during the last deglaciation. However, its responses to the Heinrich event
1 (H1) and the Younger Dryas event (YD) were significantly different: during the H1 event, scattered
sparse forest was present in the surrounding mountains, while within the lake catchment the vegetation
cover was poor and was dominated by desert steppe. In contrast, during the YD event, deciduous forest
developed and the proportion of coniferous forest increased in the mountains, the lake catchment was
occupied by typical steppe. We suggest that changes in Northern Hemisphere summer insolation and
land surface conditions (ice sheets and sea level) caused temperature and monsoonal precipitation
variations that contributed to the contrasting vegetation response during the two cold events. We
conclude that under future global warming scenarios, extreme climatic events may cause a deterioration
of the ecological environment of the Hulun Lake region, resulting in increased coniferous forest and
decreased total forest cover in the surrounding mountains, and a reduction in typical steppe in the lake
catchment.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

As the principal component of terrestrial ecosystems, vegetation
plays a crucial role in sustaining the global carbon cycle, regulating
greenhouse gas concentrations and influencing regional climates
(Bonan et al., 1992; Schimel, 1995). Therefore, the response
ophysics, Chinese Academy of
ng District, 100029, Beijing,
processes and feedback mechanisms of vegetation to climate
change have been a major focus of global change research (e.g.
Lashof et al., 1997). The last deglaciation was punctuated by several
abrupt climatic events in high northern latitudes that had a major
influence on global atmospheric circulation and terrestrial eco-
systems (Denton et al., 2010; Clark et al., 2012). Thus, under-
standing vegetation succession and its response to abrupt climatic
events during the last deglaciation in different regions is important
for assessing the impact of future global warming and possible
extreme climatic events on terrestrial ecosystems.

Previous studies have shown that the vegetation composition
changed significantly in Europe (Huntley, 1990; Binney et al., 2017),
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North America (Prentice et al., 1991; Williams et al., 2002) and the
tropics (Hughen et al., 2004) during the last deglaciation: during
the Bølling-Allerød warming event (B/A) and the early Holocene,
forest expanded at low latitudes (Hughen et al., 2004) and hori-
zontal vegetation zones migrated northward and inland in mid-
high latitudes (Huntley, 1990; Williams et al., 2002; Dyke, 2005).
In contrast, during the Heinrich event 1 (H1) and the Younger Dryas
event (YD), forest shrank and dry grassland dominated at low lat-
itudes (Hughen et al., 2004), while cold-resistant species increased
at mid-high latitudes (Yu and Eicher, 1998). These observations
indicated that the vegetation responded rapidly and sensitively to
abrupt climate change, but that the changes in vegetation com-
munities and the extent and rate of migration of vegetation zones
varied significantly at different latitudes.

Vegetation change in East Asia during the last deglaciation has
received much research attention in recent years (Demske et al.,
2005; Stebich et al., 2009; Park and Park, 2015; Wu et al., 2016a,
2016b). It is well established that the vegetation responded
dramatically to millennial- and centennial-scale climatic fluctua-
tions during this period (Stebich et al., 2009; Park and Park, 2015;
Wu et al., 2016a). However, most of the previous studies have
focused on mountain lakes or small lakes (e.g., Sihailongwan Lake -
Stebich et al., 2009; Hanon Maar paleolake - Park and Park, 2015;
Moon Lake - Wu et al., 2016a; and Gonghai Lake - Xu et al., 2017)
which are significantly affected by factors such as lake basin shape,
topography, and altitude. Consequently, such records tend to reflect
variations in local vegetation or vertical migration of mountain
vegetation zones (Jacobson and Bradshaw, 1981; Sugita, 1994) and
they provide less information about changes in regional vegetation.
In addition, existing high-resolution paleo-vegetation records
mainly came from low-middle latitudes and there is a dearth of
records from higher latitudes of East Asia. Therefore, there is a need
for a greater number of regional paleo-vegetation records from
mid-high latitudes to provide a more comprehensive understand-
ing of the vegetation response to extreme cold events during the
last deglaciation.

Hulun Lake is in a climatically sensitive region, on the north-
eastern edge of the current monsoon margin, and therefore is well
suited for reconstructing regional climate and vegetation change
(Xiao et al., 2009; Wen et al., 2010). In this study, we reconstructed
the vegetation history of the Hulun Lake region during the last
deglaciation (16,500e11,000 cal yr BP) based on AMS 14C dating and
pollen analysis. Our aims were to determine the response of the
regional vegetation at the northern margin of Asian summer
monsoon to abrupt climate change, with the focus on the extreme
cold events of H1 and YD. It was hoped that the results would
provide insights into the possible regional vegetation response to
future global warming and associated extreme climatic events.

2. Hulun Lake and its environment

Hulun Lake (48�3004000 to 49�2004000N, 117�0001000 to
117�4104000E, 543m a.s.l.) is located ca. 30 km south of Manchuria,
Inner Mongolia, in an inland graben basin that formed in the late
Pliocene (Fig. 1A). The Hulun Lake has a catchment of 37,214 km2

within the borders of China, and twomajor rivers enter the lake, the
Herlun River (more than 1000 km long) flowing from the south-
eastern part of the Hentiy Mountains and the Urshen River (about
220 km long) flowing from the western part of the Great Hinggan
Range (Xu et al., 1989).

Hulun Lake is in the semi-arid region of the middle temperate
zone. The climate of the region is controlled by the East Asian
Summer Monsoon (EASM) and continental polar air masses. Sum-
mers are short and warm and winters are long and cold (Xu et al.,
1989). The regional mean annual temperature ranges from �0.7 to
1.1 �C, with a July average of 18.3 to 20.1 �C and a January average
of �21.3 to �19.3 �C. Mean annual precipitation ranges from 248 to
292mm, with 70% falling in summer (June-July- August). Mean
annual evaporation ranges from 1500 to 1800mm (Yan et al., 2012).

The modern natural vegetation of the Hulun Lake catchment is
middle temperate steppe, and the plant communities consist
mainly of Stipa grandis, Stipa krylovii and Leymus chinensis grass
steppe, dominated by Gramineae, Asteraceae and Rosaceae species.
The intrazonal vegetation includes psammophytes growing on the
eastern shore of Hulun Lake and in the Chagang sandy land. Hal-
ophytes are distributed in the lowland areas or in areas with
alkaline saline soils, and meadow occurs in the river valleys and
wetlands (Inner MongoliaeNingxia Integrated Survey Team, Chi-
nese Academy of Sciences, 1985). On the western slopes of the
Great Hinggan Range, coniferous forest is prevalent above 1000m;
it is dominated by Larix gmeliai, Betula platyphylla and Populus
davidiana, Pinus pumila, Pinus sylvestris and Picea koraiensis which
occur sporadically. Between 800 and 1000m, the vegetation is
forest steppe with mesophytic meadows, with the sporadic occur-
rence of islands of birch and poplar forest and dense shrub land
(Inner MongoliaeNingxia Integrated Survey Team, Chinese Acad-
emy of Sciences, 1985). On the eastern slopes of the Hentiy
Mountains, subalpine meadow occurs above 2000 m and is
composed of cryophilous species (mainly of Cyperaceae, Asteraceae
and Polygonaceae); between 1600m and 2000 m, coniferous forest
is present, dominated by Larix sibiricawith the frequent occurrence
of Betula platyphylla, Picea obovata and Pinus sylvestris. A forest-
steppe belt occurs from 800 to 1600m, with Gramineae, Arte-
misia spp., Chenopodiaceae, Populus spp. and Ulmus pumila (Hilbig,
1995).

3. Materials and methods

3.1. Core HL08

In January 2008, drilling was conducted on the ice at the
depocenter of Hulun Lake using a TOHO (Japan) drilling system
(Model D1-B). Sediment cores were extracted to a maximum depth
of 921 cm beneath the lake floor and are designated HL08
(49�06052.400N,117�31056.000E) (Fig.1C). The core sections were split,
photographed and described on site and then cut into 1ecm seg-
ments, resulting in 921 samples.

3.2. 14C dating

Bulk samples were collected from organic-rich horizons from
the upper 375 cm of core HL08 for accelerator mass spectrometry
(AMS) 14C dating. All samples were measured with a Compact-AMS
system (NEC Pelletron) by Paleo Labo Co., Ltd (Japan). Organic
carbon was extracted from each sample and dated following the
methods described by Nakamura et al. (2000).

3.3. Pollen analysis

Pollen grains were extracted using a modified HCl-NaOH-HF
procedure (Fægri et al., 1989). Before pretreatment, one tablet of
Lycopodium spores (27,637± 563 grains) was added to each sample
to calculate the pollen concentration. Pollen identifications were
made under an Olympus BX 41 microscope with the aid of the
Pollen Flora of China (Wang et al., 1995) and Palynomorphs of Japa-
nese Plants (Shimarkura, 1973). More than 600 terrestrial pollen
grains were counted for each sample.

Pollen percentages of terrestrial plants were based on the sum
of total terrestrial pollen grains, while the percentages of aquatic
pollen types and fern spores were based on the sum of terrestrial



Fig. 1. A. Map of East Asia showing the current northern limit of the East Asian summer monsoon and the locations of the sites mentioned in the text. B. Vegetation of the Hulun
Lake region (1. tree-covered areas, 2. shrub-covered areas, 3. grassland, 4. meadow, 5. sparse vegetation and bare soil, 6. waterbodies, 7. cropland, 8. artificial surfaces). C. Satellite
image of Hulun Lake showing the location of core HL08; the bathymetric survey of the lake was conducted in July 2005 (contours in m). Satellite images are from http://www.earth.
google.com; vegetation map modified from Global Land Cover-SHARE (http://www.glcn.org/).
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pollen grains plus the sum of aquatic pollen grains or fern spores. A
pollen diagramwas plotted using Tilia 1.7.16 and pollen assemblage
zones were defined based on stratigraphically constrained cluster
analysis (CONISS) (Grimm, 2011).
4. Results

4.1. Lithology and chronology

Core HL08 comprises a continuous sequence of lacustrine sed-
iments without signs of hiatuses. It can be divided into three lith-
ological units, as follow: 921e591 cm, greenish-grey clay and clayey
silt; 591e375 cm, greenish-grey silt with gravel at the depths of
531e540 cm and 488e402 cm; 375e0 cm, greenish-grey clay and
silt.
The vegetation history of the Hulun Lake region during the
Holocene was reconstructed from core HL06 by Wen et al. (2010),
and pollen assemblage of core HL08 produced consistent results
with core HL06 during the Holocene. Here, we focus on the regional
vegetation history of the Hulun Lake region during the last degla-
ciation (16,500e11,000 cal yr BP) that corresponds to the depths of
345e201 cm in core HL08 (Fig. 2A). The lithology of the depths of
345e201 cm in core HL08 can be divided into five lithological units,
as follow: 345e313 cm, grey clayey sand; 313e284 cm, greenish-
grey clayey silt; 284e260 cm, greenish-grey clay; 260e220 cm,
greenish-grey clayey sand; 220e201 cm, greenish-grey sand.

As shown in Table 1, the uppermost 0e1 cm of the core has a14C
age of 419 yr, which is likely the result of “hard-water” and other
reservoir effects (Wen et al., 2010) and is here assumed to be
roughly constant through the core. To obtain a realistic ageedepth
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Fig. 2. Age-depth model for the upper 3.75m of core HL08 from Hulun Lake. A. Calibrated 14C dates (blue, with 2s errors) and the age-depth model (darker grey shading indicates
the more likely calendar ages; grey stippled lines show 95% confidence intervals; red curve shows the single 'best' model based on the weighted mean age for each depth). B.
Number of Markov Chain Monte Carlo (MCMC) iterations used to generate the gray-scale graphs. C. Prior (green) and posterior (gray) distributions of the sediment accumulation
rates (mean sediment accumulation rate is 50 yr/cm). D. Prior (green) and posterior (gray) distributions of memory (dependence of the sediment accumulation rate between
neighboring depths). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
AMS14C radiocarbon dates of samples from the upper 375 cm of core HL08.

NO.a Depth (cm) d13C ‰ AMS14C age
yr BP

Corrected14C ageb

yr BP
Calibration age
(2s) cal. yr BP

PLD-13834 0e1 �27.45± 0.21 419± 20 0± 28 34e71
PLD-13837 49e50 �26.06± 0.13 1759± 20 1340± 28 1238e1304
PLD-14514 84e85 �25.06± 0.14 3638± 24 3219± 31 3372e3484
PLD-13839 99e100 �25.51± 0.21 4545± 24 4126± 31 4530e4727
PLD-13840 124e125 �25.82± 0.14 7018± 25 6599± 32 7434e7522
PLD-14515 149e150 �27.69± 0.21 8691± 33 8272± 39 9129e9410
PLD-13842 174e175 �27.05± 0.12 9515± 33 9096± 39 10192e10299
PLD-13843 199e200 �25.63± 0.12 10069± 30 9650± 36 11065e11190
PLD-13844 224e225 �25.11± 0.19 10456± 32 10037± 38 11386e11751
PLD-13846 274e275 �27.95± 0.17 11644± 36 11225± 41 13018e13167
PLD-13848 324e325 �25.05± 0.13 13283± 37 12864± 42 15177e15570
PLD-13850 374e375 �26.49± 0.12 15538± 48 15119± 52 18188e18558

a PLD: Laboratory code of Paleo Labo Co., Ltd. (Japan).
b Calibrated ages of reservoir-corrected radiocarbon dates. The reservoir correction factor is 419 yr (the14C age of the uppermost 1 cm of sediment core HL08). The weighted

uncertainty is the root of the sum of squares of the errors of the AMS14C ages and reservoir14C ages.
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model, we first subtracted the reservoir age of 419 yr from the
original 14C ages and then converted the resulting ages to calibrated
ages using the OxCal 4.3 age calibration program (Bronk Ramsey,
2017) with the IntCal13 calibration data (Reimer et al., 2013). A
Bayesian Accumulation Model was used to establish an ageedepth
profile (Blaauw and Christen, 2011). The upper 375 cm of the core
HL08 was divided into 75 vertical sections of 5 cm thickness each.
Prior settings for the accumulation rates were prescribed by a
gamma distributionwith a mean of ~50 yr/cm, and the dependence
of the accumulation rate between neighboring depths was
moderate, indicating relatively stable accumulation (Fig. 2C&D).
Accordingly, we calculated the age of each sampled horizon at 95%
confidence intervals for the upper 375 cm of the core and then took
the weighted mean age as the final age. The age-depth model for
core HL08 is shown in Fig. 2A. The age of the base of the core is 18.3
kyr BP. The sediment accumulation rate is relatively rapid from 18.3
to 10 kyr BP, decreases significantly after 10 kyr BP and increases
from2 kyr to the present; during the last deglaciation, the sediment
accumulation rate is ~26 cm/kyr.
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4.2. Pollen assemblages

The pollen percentage diagram for core HL08 is illustrated in
Fig. 3. A total of 69 fossil pollen and spore types were identified in
145 samples with 40 years resolution during the last deglaciation
(345e201 cm, 16,500e11,000 cal yr BP). The arboreal pollen was
dominated by Pinus, Picea and Betula; and the herbaceous pollen by
Artemisia, Chenopodiaceae and Gramineae, followed by Cyper-
aceae, Asteraceae and Thalictrum. A relatively small number of fern
spore and aquatic pollen types were also identified. The record can
be divided into four zones based on CONISS analysis of terrestrial
pollen percentages which are described below.
4.2.1. Pollen zone 1 (345e315 cm, 16,500e14,900 cal yr BP)
This zone is dominated by herbaceous pollen (up to 94%),

accompanied by high frequencies of Chenopodiaceae (up to 34%),
followed by Artemisia (up to 29%), Cyperaceae (up to 14%), Grami-
neae (up to 9%) and Asteraceae (up to 5%). Arboreal pollen fre-
quencies, mainly Betula and Picea, are very low. The total pollen
concentration is the lowest throughout the interval of study
(~20,000 grains/gram).
4.2.2. Pollen zone 2 (314e284 cm, 14,900e13,500 cal yr BP)
The frequencies of Betula, Artemisia and Thalictrum increase very

rapidly in this zone, by 10%, 15% and 5%, respectively. Chenopo-
diaceae decreases gradually (by ~18%), and Cyperaceae and Aster-
aceae also decrease slightly. The concentration of both arboreal and
herbaceous pollen increases.
Fig. 3. Percentage pollen diagram for core HL08 spanning the last deglaciation (16
4.2.3. Pollen zone 3 (283e239 cm, 13,500e12,000 cal yr BP)
This zone is characterized by increases in arboreal pollen and

decreases in herbaceous pollen. The frequencies of Picea, Pinus,
Larix and Alnus increase significantly, while that of Betula is little
changed. The frequencies of both Artemisia and Chenopodiaceae
decrease by more than 10%, and those of Gramineae and Cyper-
aceae increase by ~5%. There is a striking decrease in the concen-
tration of arboreal and herbaceous pollen.

4.2.4. Pollen zone 4 (238e201 cm, 12,000e11,000 cal yr BP)
The frequencies of Picea and Pinus decrease significantly in this

zone, but Betula is largely unchanged. Artemisia and Chenopodia-
ceae increase by 15% and 5%, respectively, and Cyperaceae, Gra-
mineae and Asteraceae decrease. The total pollen concentration is
the highest throughout the studied interval (~160,000 grains/
gram).

5. Discussion

5.1. Pollen source area and vegetational implications of the pollen
assemblages from Hulun Lake

Hulun is a large lakewith inflowing rivers and thereforewe infer
that, in addition to wind transport, pollen transport and input via
rivers and streams is likely to be important. Today, Larix spp. and
Betula spp. dominate the mixed coniferous-deciduous forest
distributed on the western slopes of the Great Hinggan Range;
Cyperaceae spp. and Asteraceae spp. dominate the vegetation of the
subalpinemeadows; Pinus spp., Picea spp. and Betula spp. dominate
,500e11,000 cal yr BP). Pollen assemblage zones are based on CONISS analysis.
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the mixed coniferous-deciduous forest developed on the eastern
slopes of the Hentiy Mountains; and Gramineae and Artemisia spp.
dominate the typical steppe near the lake basin (Fig. 1B). Accord-
ingly, we infer that the arboreal and subalpine meadow pollen
types are mainly derived from the surrounding mountains and
consequently reflect changes in mountain vegetation; while the
herbaceous pollen types are of local origin and represent the
vegetation in and around the lake basin.

To better understand the history of the regional vegetation
around Hulun Lake during the last deglaciation, we combined the
major pollen types into five ecological groups (Fig. 4): (1) Decidu-
ous forest, including thermophilic arboreal pollen types such as
Betula, Quercus, andUlmus, and cryophilous deciduous arboreal and
shrub pollen types such as Alnus and Spiraea. (2) Coniferous forest,
consisting of coniferous pollen types such as Pinus, Picea, Larix and
Cupressaceae. (3) Subalpine meadow, including cryophilous herb
pollen types such as Cyperaceae (Kobresia and Carex), Asteraceae,
Caryophyllaceae and Polygonaceae. (4) Typical steppe, mainly
comprising mesophytic herb pollen types such as Artemisia and
Gramineae, and hygrophilous herb pollen types. (5) Desert steppe,
consisting of xerophytic herb pollen types such as Chenopodiaceae,
Ephedra andHippophae. Changes in the deciduous forest, coniferous
forest and subalpine meadow groups likely reflect vegetation suc-
cessionwithin the surrounding mountains; and those of the typical
steppe and desert steppe groups likely reflect vegetation change
within the lake catchment and close to the lake basin.

5.2. Vegetation succession within the Hulun Lake region during the
last deglaciation

The regional vegetation around Hulun Lake changed
Fig. 4. Variation of pollen ecological groups for core HL08 during the last deglaciation (16,50
zones.
dramatically during the last deglaciation, from subalpine meadow-
desert steppe to mixed coniferous and deciduous forest-typical
steppe. Based on the variations of the major ecological groups,
the regional vegetation history during this time are coincident with
the H1 event, the B/A warming, the YD event and the early Holo-
cene period occurred in high northern latitudes. The vegetation
changes within and between these intervals are discussed below.

5.2.1. The H1 event
The low representation of the deciduous and coniferous forest

groups and high representation of the subalpine meadow group
indicates the mosaic-like occurrence of subalpine meadow and
sparse woodland. The proportion of typical steppe was the lowest
during the deglaciation and Chenopodiaceae-denominated desert
steppe developed, suggesting that the immediate area around the
lake basin was occupied by desert steppe. Overall, the regional
vegetation cover was sparse.

5.2.2. The Bølling-Allerød warming
This interval was characterized by the rapid expansion of

pioneer trees (Betula spp.) and decreases in the proportion of both
the coniferous forest and subalpine meadow groups, indicating the
rapid expansion of deciduous forest and an increase in the density
of forest cover in the mountains. The marked increases in the
proportion of mesophytic and hygrophilous herbaceous plants in-
dicates the gradual replacement of desert steppe by Artemisia-
dominated typical steppe. Overall, the regional vegetation cover
increased.

5.2.3. The Younger Dryas event
Betula-dominated deciduous forest remained the predominant
0e11,000 cal yr BP). The pollen ecological group zones are based on pollen assemblage



Fig. 5. Comparison of major regional vegetation composition (deciduous forest, typical steppe and desert steppe) of core HL08 from Hulun Lake during the last deglaciation
(16,500e11,000 cal yr BP) with deciduous forest records from Gonghai Lake (Xu et al., 2017) and Moon Lake (Wu et al., 2016a), and the d18O record from the Greenland Ice Sheet
Project 2 (GISP2) ice core (Stuiver and Grootes, 2000). Heinrich event 1 (H1) and the Younger Dryas event (YD) are indicated by a light blue background. (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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mountain vegetation type in the mountains. However, at the same
time coniferous forest (including Pinus, Picea and Larix) reach its
maximum representation, indicating the occurrence of mixed
coniferous-deciduous forest in and around the surrounding
mountains. In addition, the proportion of subalpine meadow
increased slightly, suggesting a reduced forest cover and presence
of relatively open landscapes in mountains. Around the lake basin,
the regional ecological environment deteriorated and the vegeta-
tion cover was reduced compared to the B/A warming event;
however, the regional vegetation remained typical steppe.

5.2.4. The early Holocene
The high frequencies of thermophilous trees (Quercus spp. and

Ulmus spp.) and the marked decreases in the proportions of
coniferous forest and subalpine meadow suggest the re-expansion
of deciduous forest and decline of coniferous forest. In addition, the
high arboreal pollen concentration indicates the establishment of
dense forest cover around the surrounding mountains. Typical
steppe occupied the area around the lake basin, implying an overall
increase in the density of the vegetation cover.

5.3. Differential response of the regional vegetation to the H1 and
YD events

The H1 and YD events were the most prominent cooling events
in the North Atlantic region during the last deglaciation, and had a
profound influence on global atmospheric circulation and terres-
trial ecosystems (Denton et al., 2010; Clark et al., 2012). Oxygen
isotope records from the Greenland ice core (GISP2, Stuiver and
Grootes, 2000, Fig. 5) and sea surface temperature (SST) records
in the North Atlantic (core SU8188, Bard et al., 2000) indicate that
climatic conditions were comparable during H1 and the YD in the
North Atlantic region. However, at Hulun Lake the response of the
regional vegetation to the H1 and YD events was significantly
different (Fig. 5). During the interval of H1, the regional vegetation
consisted mainly of herbaceous plants (>90% of total pollen) and
the proportion of deciduous forest was extremely low, indicating
that the catchment was occupied by Chenopodiaceae-dominated
desert steppe, that the vegetation cover was sparse, and that
there was intense aeolian activity (Zeng et al., 2013). In contrast
during the YD event, forest was well developed in the surrounding
mountains, with the proportion of deciduous forest pollen types
comprising up to 20% of the terrestrial pollen; at the same time,
Artemisia-dominated typical steppe occupied the catchment and
the vegetation cover was relatively dense.

Pollen records from other lake sites in the northern margin of
Asian summer monsoon (Fig. 5), also highlight the differential
response of regional vegetation to the H1 and YD events. Herba-
ceous plants (mainly Artemisia, Chenopodiaceae, Asteraceae and
Cyperaceae) dominated the regional vegetation (60e90%) of
Sihailongwan Lake (Stebich et al., 2009), Moon Lake (Wu et al.,
2016a) and Lake Baikal (Demske et al., 2005) during H1, suggest-
ing that the forest density and overall vegetation cover were low at
the northern margin of Asian summer monsoon. During the YD
event, the proportion of arboreal pollen reached 24% in Gonghai
Lake (Xu et al., 2017), and increased by ~20%, ~18% and ~40%,
respectively, at Sihailongwan Lake (Stebich et al., 2009), Moon Lake
(Wu et al., 2016a) and Lake Baikal (Demske et al., 2005) compared
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to the H1 event. The vegetation was dominated by pioneer trees
(Betula spp.) with Picea spp. and Larix spp., indicating that decid-
uous forest was relatively well developed and the density of forest
cover increased in the northern margin of Asian summer monsoon,
compared to the interval of H1.

Climatic conditions (temperature and precipitation) are the
most important limiting factors for vegetation development. We
suggest that changes in Northern Hemisphere summer insolation
and land surface conditions (ice sheets and sea level) were
responsible for the variations in temperature and monsoonal pre-
cipitation that were the main cause of the differential response of
the regional vegetation to the H1 and YD events around Hulun Lake
and elsewhere. During the H1 event, summer insolation in the
Northern Hemisphere was low (Laskar et al., 2004) and the mean
latitudinal position of the intertropical convergence zone (ITCZ)
shifted southwards and the Asian summer monsoonweakened due
to the collapse of the Atlantic meridional overturning circulation
(AMOC) (Mcmanus et al., 2004). In addition, the existence of the
remnant Northern Hemisphere ice sheets suppressed the north-
ward shift of the summer monsoon rain belt (Dyke, 2004), thus
leading to dramatic cooling and drying in the northern margin of
the Asian summer monsoon, and triggering significant vegetation
changes. During the YD event, in contrast, summer insolation in the
Northern Hemisphere increased (Laskar et al., 2004) and the mean
annual temperature of the Northern Hemisphere was higher than
during the H1 event (Shakun et al., 2012), leading to a northward
shift of the ITCZ and the strengthening of the Asian summer
monsoon. In addition, the extent of the monsoon moisture source
area was extended due to the reduction in the remnant Northern
Hemisphere ice sheets (Dyke, 2004) and the rise of global sea level
(Lambeck et al., 2014); thus, more monsoon precipitation was
supplied to the northern margin of Asian summer monsoon than
during H1 (Clark et al., 2012). In addition, the nature of the pre-
existing vegetation, the extent of permafrost and the intensity of
blown-sand activities may also have contributed to the differential
response of the regional vegetation to the two climatic events: The
vegetation composition and community structure were different in
the northern margin of Asian summer monsoon (e.g., Lake Baikal -
Demske et al., 2005; Sihailongwan Lake - Stebich et al., 2009; Moon
Lake - Wu et al., 2016a, 2016b) during the Last Glacial Maximum
(LGM) and B/A warming, and this may have resulted in differences
in the character of retrogressive succession of the regional vege-
tation during the H1 event and YD event; Meanwhile, the extent of
permafrost was much larger, and the intensity of blown-sand ac-
tivities was more intense during the H1 event than that during the
YD event (Zeng et al., 2013; Zhao et al., 2014; Jin et al., 2016), which
may also have affected the soil conditions (include moisture, tem-
perature and fertility) and distribution of plant species during the
H1 event and YD event. Therefore, the development of quantitative
methods of evaluating the response of vegetation to climate change
and the role of vegetation succession and background conditions
are important topics that needs to be addressed in future global
change research.

Comparison of the modern pollen spectra from the top of core
HL06 from Hunlun Lake (Wen et al., 2010) and the fossil pollen
spectra from core HL08 shows that the modern pollen assemblages
are analogous to those spanning the B/A warming interval, indi-
cating that the modern regional vegetation composition is similar
to that during the B/A interval. Therefore, it is possible that the
impact of possible extreme climatic events on the regional vege-
tation of the Hulun Lake region may be analogous to that of the YD
event under future global warming scenarios: Deciduous forest
would dominate the surrounding mountains; there would be a
marked increase in coniferous forest and a decrease in overall forest
cover; the extent and vegetation density of typical steppe would be
gradually reduced; and there would be a gradual deterioration of
the regional ecological environment.

6. Conclusions

A high-resolution (~40 yr) pollen record provides a detailed
history of regional vegetation change in the climatically sensitive
Hulun Lake region during the last deglaciation
(16,500e11,000 cal yr BP). During the cold H1 event and YD event,
coniferous forest and subalpine meadow developed in the moun-
tains, Chenopodiaceae-dominated desert steppe occupied the lake
catchment and the overall regional vegetation density was low. In
contrast, during the warm B/A event and the early Holocene, mixed
coniferous-deciduous forest expanded in the mountains, typical
steppe occupied the lake catchment, and the overall vegetation
cover was dense. However, the responses of the regional vegetation
to the cold H1 and YD events were significantly different, mainly
manifested as differences in the forest cover in the mountains and
the vegetation composition of the lake catchment. We conclude
that differences in Northern Hemisphere summer insolation and in
land surface conditions (ice sheets and sea level) were responsible
for the differences in temperature and monsoonal precipitation
variations which resulted in the contrasts in vegetation composi-
tion. Based on the observed vegetation responses we suggest that
extreme climatic events under future global warming scenarios
may result in a deterioration of the ecological environment of the
Hulun Lake region.
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