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Abstract Sediment pollen samples from the Huola Basin in the northern sector of northeast China, and surface pollen sam-
ples from its environs, were analyzed to reconstruct accurately the historical response of vegetation to climate change since
9100 cal yr BP. Pollen analysis of the Huola Section indicates that vegetation experienced a transformation from early-mid
Holocene warm-cold mixed vegetation to late Holocene cold-temperate vegetation. From 9100 to 6000 cal yr BP, the study
area was warmer and moister than at present, developing Corylus, Carpinus, Pinus, Picea, Betula and Larix-dominated forests.
Two cooling events at 6000-5000 and 3500-2500 cal yr BP led to a decrease in Corylus, Carpinus and other warmth-loving
vegetation, whereas cold temperate forests composed of Larix and Betula expanded. After 2500 cal yr BP, Larix and Betula
dominated cold-temperate vegetated landscapes. The Holocene warm period in NE China (9100-6000 cal yr BP) suggests that
such warming could have resulted in a strengthening of the influence from East Asian Summer Monsoon on northernmost NE
China and would have benefited the development of warm-temperate forest vegetation and an improved plant load, which also

provides the similarity model for the possible global warming in the future.
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1. Introduction

In tackling core issues based on climate change, it is very
important to evaluate the effects of climate change accu-
rately (Ding et al., 2009; IPCC, 2013). The Holocene is the
most recent geological epoch. It has experienced the in-
creased temperatures of the early Holocene, the warm and
humid mid-Holocene, and the cooling of the late Holocene
(An et al., 2000; Wang et al., 2005), providing an ideal
model for forecasting future climate change. Vegetation

*Corresponding author (email: lixiaogiang@ivpp.ac.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2016

succession responded profoundly to climate change in the
Holocene; to explore the relationship between vegetation
and climate change in critically-affected areas has thus be-
come an important tool in assessing the likely environmen-
tal impact of future climate change.

The northern Greater Khingan Range (GKR), in the
northernmost part of northeast (NE) China, is located on the
eastern margin of the Eurasian continent and contains
cold-temperate coniferous forest. It lies in the transition
zone between temperate and boreal forest, and between for-
est and steppe, on the margins of the East Asian Summer
Monsoon (EASM) region. It is therefore extremely sensitive
to changes in temperature and moisture (Wu et al., 2012).
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Over the past few decades, temperatures in the GKR region
have increased, whilst precipitation has decreased, pro-
foundly affecting the growth of larch and other trees, and
even the stability of the forest (Chen, 1997). Sub-boreal
forests, and especially their dominant tree species (pine,
larch, and so forth) have suffered severe withdrawal north-
ward (Guo et al., 2010; Wu et al., 2012). Simulated gener-
alized additive model (GAM) results confirm that, if this
process continues, Larix gmelinii will disappear from China
in 2100 (Li et al., 2006). This research allows us to predict
future trends in vegetation in the northern GKR.

Research into the Holocene environment in NE China
has focused more on climatic and environmental recon-
struction (Ren, 1999, 2007), concentrated on the Sanjiang
Plains to the northeast (Zhang et al., 2004; Li et al., 2005;
Gao et al., 2014), the Changbai Mountains to the east (Jiang
et al.,, 2008; Hong Y T et al., 2009; Hong B et al., 2009;
Mao et al., 2009; Stebich et al., 2009; Li et al., 2011; Zhu et
al., 2013; Xu et al., 2014), Hulun Lake to the west (Wen et
al., 2010a, 2010b), Dali Lake (Xiao et al., 2008) and Moon
Lake (Liu et al., 2010; Wu et al., 2012) and so forth. Xia
(1996) has documented the vegetation history of the north-
ern GKR from 2700 cal yr BP. However, a longer vegeta-
tion history is needed to verify the successional vegetation
responses to climate change in this area.

Pollen is a reliable indicator widely used in the recon-
struction of paleovegetation and paleoclimate (Kropelin et
al., 2008; Xu et al., 2014). Understanding the relation be-
tween modern pollen and vegetation is a prerequisite for
interpreting fossil pollen records correctly, and further im-
proving the accuracy of past vegetation type and paleocli-
mate reconstruction (Zheng et al., 2008; Zhao and Her-
zschuh, 2009; Xu et al., 2012). To this effect, we collected
topsoil samples covered by different vegetation types in the
GKR. Consequently, this study focuses on a typical
cold-temperate coniferous forest area dominated by Larix
gmelinii, based on the high resolution pollen records of
Holocene lake-swamp deposition, aims to reconstruct a
vegetation succession history, explore successional vegeta-
tion responses to climate change (especially during the
Holocene megathermal), and provide evidence for the eval-
uation of the possible effects of future climate change and
any necessary adaptation strategies.

2. Study area

The northern GKR (52°32'-53°41'N, 121°15'-125°58'E),
which belongs to the permafrost zone, is situated in the
northernmost part of China (Figure 1). This area is located
in the transition zone between a semi-humid and semi-arid
cold-temperate continental monsoon climate; it is controlled
by the cold Siberian-Mongolian High (extremely cold and
dry) in winter, and is marginally affected by the Pacific
High (warm and humid) in summer (Zhou, 1997). Mean
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annual temperature (MAT) is —4.9°C, minimum tempera-
ture is —52.3°C, and the ground is frozen for up to eight
months per annum. Mean annual precipitation (MAP) is
403.4 mm, about 80% of which is concentrated in June-
September; annual evaporation is about 1000 mm (Guo et
al., 1981; Wang et al., 2005).

The GKR has been directly administered by the central
government since the Yuan Dynasty (1206-1368 CE)
(Feng, 1979; Lan, 2002). Its native inhabitants continued to
fish, hunt and gather until the onset of the Opium Wars
(1840 CE), when its forests began to undergo large-scale
exploitation and utilization (Zhu, 1992; Zhou, 1997).
Hence, overall, the Holocene vegetation succession in the
study area has been principally affected by natural factors
such as climate and environment, with relatively weak hu-
man influence (Ren, 2000). It is the ideal area to study veg-
etation succession and its response to climate change.

At present, the northern GKR contains cold-temperate
coniferous forest with Larix gmelinii as a typical vegetation
type. It belongs to the southernmost tip of the coniferous
forest zone that traverses northern Eurasia (Wu, 1979). The
study area is located in a region of low-altitude mountains.
Its piedmont slopes are covered by mixed coniferous and
deciduous forest, including Larix gmelinii, Betula
platyphylla, Pinus sylvestris var. mongolica, Quercus mon-
golica, Picea, Abies, Vaccinium vitis-idaea, Betula, Salix,
and Corylus, and its basins are overgrown with bushes, like
Poaceae, Sanguisorba parviflora and other meadow weeds
(Zhou, 1997; Editorial committee of vegetation map of
China, Chinese Academy of Sciences, 2007).

3. Materials and methods
3.1 Surface pollen sampling

Nine topsoil samples were collected from areas covered by
different vegetation types in the GKR, according to the
5-point sampling method. We sampled from the center
across a 0.5 m radius quadrat and mixed the samples evenly.
The samples were mainly mosses, or, in the absence of
mosses, gathered lichens or litters. We observed the vegeta-
tion type and constructive species within 100 m of the site
in range, and estimated the arbor, shrub and herb coverage
(Table 1).

3.2 Huola Section samples

The Huola Basin (52.9847°-53.0750°N, 121.9042°—
122.0500°E) is one of several low mountain basins in the
northern GKR, located about 50 km to the west of Mohe
County, and covering an area of 60 km? with an average
altitude of 720 m a.s.l. for the mountains surrounding the
basin, and a relative elevation between them of <200 m
(Wang and Lin, 1987; Wang et al., 1988; Guo et al., 1989).



1392 Zhao C, et al.

120° E

21° 15" 41" E

Sci China Earth Sci

July (2016) Vol.59 No.7

140° E

Vegetation

Coniferous forest

<

ead

[e]

w steppe

Temperate mixed forest

Temperate deciduous forest

Temperate steppe

Tundra

Subtropical forest

Temperate forest-steppe

Figure 1 Vegetation map of the study area showing major biomes (Editorial committee of vegetation map of China, Chinese Academy of Sciences, 2007).
(a) Red rectangle indicates the study area. Eastern monsoonal margin zone is shown as dotted black line (Zhao et al., 2009). (b) Yellow dot shows the Huola
Section; red dots represent surface pollen collections sites; yellow squares indicate counties.

Table 1 Locations of surface pollen sampling points and their vegetative conditions

Sample Latitude (N) Longitude (E)  Altitude (m a.s.l.) Vegetation type and constructive species
1 52056718 1" 122°39'51.7" 500 Larix forest: Larix, Pinus 'sylve'stris var. mong'ol'ica, B'en'tla platyphylla, Picea, Alnus,
Salix hsinganica, Vaccinium uliginosum
2 52°47'16.3" 122°37'32.8" 503 Betula platyphylla forest: Betula platyphylla, Larix, Alnus
3 52°59'8.07" 122°15"23.89" 477 Salix hsinganica shrub: Salix hsinganica, Alnus, Vaccinium uliginosum
4 53°22'51.6" 123°04'42.8" 525 Betula platyphylla and Larix mixed forest: Betula platyphylla, Larix
5 53°19'44.7" 122°19'19.4" 515 Larix forest: Larix, Betula platyphylla
6 53°18'19.5" 123°36'09.4" 147 Alnus forest: Alnus, Betula platyphylla, Larix
7 53°08'37.5" 124°18'59.9" 291 Pinus sylvestris var. mongolica forest: .Pm.us sylvestris var. mongolica, Pinus
koraiensis
8 52°4221.1" 125°01"22.0" 389 Marsh scrub: Vaccinium uliginosum, Deyeuxia angustifolia
9 52003741 8" 125°2923.9" 304 Mixed coniferous and deciduous forest: Quercus, Betula platyphylla, Larix, Alnus,

Vaccinium uliginosum

River networks develop in Huola Basin, with the main water
from Huolapen River. The Yueya Lake, which is about 0.09
km?, lies in the south of the basin, surrounding by gleying
peat bogs (Wang and Lin, 1987; Li et al., 2010).

The Huola Section (53.0108°N, 121.9634°E, altitude:
535 m a.s.l.) is located in the center of the basin. The 210

cm-long core is delineated as follows: 070 cm, brown peat
layer; 70-115 cm, yellow lacustrine clay; 115-185 cm, yel-
low green lacustrine clay; 185-200 cm, turquoise lacustrine
clay; 200-201 cm, yellow lacustrine clay. The lithologies of
Huola Section are mainly lake-peat facies, indicating a rela-
tively stable sedimentary record.
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3.3 Chronology

Five charcoal samples were examined under a stere-
microscope to obtain an accurate age-depth framework,
rendering depths of 19, 121, 139, 161 and 187 cm (Table 2).
AMS 'C dating was conducted at the Australian Nuclear
Science and Technology Organization, Australia. Radio-
genic '“C ages were recalculated using OxCal4.2.4 and
IntCall3, and an age-depth model was produced using Ox-
Cal4.2.4 (Ramsey and Lee, 2013; Reimer et al., 2013) (Fig-
ure 2). The Huola Section shows a positive correlation
between age and depth, although at 139 cm the age is
younger than the upper 121 cm section by 10 years. The
charcoal at 139 cm may have been disturbed by upper plant
residues, such as plant roots and twigs.

A chronosequence for the Huola Section was established
using linear interpolation and extrapolation methods based
on four samples (taken from 19, 121, 161 and 187 cm
depths), with the 139 cm-depth sample left temporarily un-
considered. The section base (210 cm) age was calculated as
9100 cal yr BP. Consequently, the Huola Section represents
a set of relatively complete sediments covering the early
Holocene period.

3.4 Pollen analysis methods

A total of 62 samples were prepared for pollen analysis,
including 53 samples taken at 4cm intervals from the Huola
Section, and 9 surface pollen samples. Pollen samples were
prepared from sediment samples weighing 3-5 g using
conventional acid-alkali treatment and heavy liquid separa-
tion (Feagri and Iversen, 1989; Li and Du, 1999), and then
further treated by acetolysis (Erdtman, 1960). Lycopodium
tablets were added to the samples in order to estimate pollen
concentration. Five samples contained 300—400 pollen
grains; the remaining samples contained at least 400 pollen
grains. Over 60 plant taxa were identified. Pollen percent-
ages and concentrations were calculated with regard to the
total sum of terrestrial pollen.

TILIA software was used to draw the pollen spectra, in
which a CONISS module was given to calculate distances
and cluster zoning based on the square root transformation
of the pollen percentage data. Principal component analysis
(PCA) was applied to the terrestrial pollen percentage data
to extract the main gradient changes in vegetation. The PCA
figures were created by CANOCO 4.5 based on both sam-

Table2 AMS "C dating results from the Huola Section
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ples and the terrestrial pollen taxa of relative abun-
dance >2%. SPSS version 20.0 was used to generate the
PCA F1 and F2 values, showing more comprehensive in-
formation on the environment.

4 Results

4.1 Modern pollen assemblages

About 5277 pollen grains were identified, belonging to 42
families and genera. The most abundant arboreal pollen taxa
included Pinus, Picea, Larix, Cupressaceae, Quercus, Betu-
la, Corylus, Carpinus, Salix, Populus, Ulmus, Alnus, and so
forth; shrub and herb pollen taxa primarily included Erica-
ceae, Artemisia, Chenopodiaceae, Poaceae, Leguminosae,
Thalictrum, Compositae, Rosaceae, Sanguisorba, Liliaceae,
Plantago, Apiaceae, Alismataceae, etc. (Figure 3).

In coniferous and broadleaved mixed (CBM) forest, Bet-
ula (52.30%), Alnus (10.69%) and other broadleaved tree
pollens dominated modern pollen assemblages. However,
Larix (4.28%), Picea (3.95%) and other coniferous tree
pollen were relatively few; Quercus (1.64%) and Ericaceae
(4.11%) pollen percentages were relatively high.

In Larix forest, Larix pollen accounted for 1.94-7.32% of
the total, significantly lower than its actual proportion in the
plant community. However, Betula (41.29-46.76%), Alnus
(40.65-31.45%) and other broadleaf tree pollens were high-
er in proportion.

Betula (39.45-45.14%) and Alnus (17.61-27.43%) pollen
dominated modern pollen assemblages in white birch and
larch mixed forest. Larix pollen content (7.55-14.68%)
reached its peak in this environment.

The Betula pollen percentage (45%) was also high in
Pinus sylvestris var. mongolica forest. Coniferous pollen
content appeared to peak, and, including Picea pollen,
reached 17.80%.

In alder forest, Alnus pollen content accounted for
14.33% of the total, lower than its actual proportion in the
plant community, with Betula content up to 38.98%, and
relatively high herb pollen content (23.42%).

In willow shrub environments, Salix pollen content was
very low, accounting for only 1.40% of the total, while Bet-
ula and Alnus pollens accounted for 49.50% and 15.97%,
respectively. Shrub and herb pollen contents (21.56%) were
relatively high, including Ericaceae (8.58%).

Sample Lab code Depth (cm) Sample type 1C ages (yr BP) 0"C (%cVPDB) Calibrated '*C ages (cal yr BP)
GLS-10 0ZQ790 19 Charcoal 120+40 -29.0 9-151

GL-021 0ZQ789 121 Charcoal 3590+40 -25.020.1 3823-3988

GL-030 0ZQ787 139 Charcoal 3565+40 -26.0+0.2 3813-3975

GL-041 0ZQ786 161 Charcoal 578045 -25.0 6453-6675

GL-054 0ZQ785 187 Charcoal 7050+40 -25.1+0.3 7819-7958
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Figure 3 Modern pollen percentages for seven different vegetation types in the northern GKR.

In wetland shrub, shrub and herb pollen percentages
reached 44.63%, with relatively high Poaceae (23.66%),
Rosaceae (4.36%) and Ericaceae (1.74%) pollen contents.
Broadleaved trees (52.01%) and coniferous arbor pollen
(3.36%) percentages decreased, of which Betula was
38.93%, Alnus 7.55%, and Larix 1.74%.

In surface pollen assemblages from seven different veg-
etated environments in the northern GKR, Betula, Alnus,
Larix, Picea, Quercus, Salix, FEricaceae, Poaceae and
Rosaceae predominated. Betula and Alnus appeared in every
sample, with relatively high contents. Arboreal pollen con-
tent was usually >60%, falling to about 55% only in wet-
land shrub. The existence of birch forests was thus indicated

only when the Betula content exceeded 40%. In alder shrub
areas, Alnus pollen content was usually >10%. Larix pollen
content was clearly lower than its actual presence within the
plant community: any paleovegetation reconstruction must
take careful note that its pollen content accounted for only
14.68% in larch forest. It also shows that Betula pollen is
overrepresented and Larix pollen is less representative
based on the research from east of this area (Yu et al.,
2012). Willow shrub topsoil contained relatively high levels
of Salix (1.4%) and Ericaceae (8.58%), and can thus be dis-
tinguished from other vegetation types. A higher proportion
of Poaceae (23.66%) was the main characteristic of areas of
wetland shrub.
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4.2 Pollen assemblages in the Huola Section

58 families and genera of pollen were identified in the Hu-
ola Section. Broadleaf tree pollen peaked at 87.3%, of
which Betula pollen was the commonest, with content
ranging from 35.4% to 78.3%. Total pollen concentration
ranged from 3.9x10* to 2.4x10° grains/g.

Six pollen zones can be recognized from pollen assem-
blages (Figure 4).

Zone 1 (210-190 cm, 9100-8000 cal yr BP): Betula,
Larix, Cupressaceae, Carpinus, Corylus, Alnus, and other
tree pollen dominate pollen assemblages (56.27-75.99%).
Percentages for broadleaved trees, especially Betula pollen
(35.18-53.33%), were extremely high. Coniferous tree pol-
len content, mainly Larix (0.67-4.26%) and Cupressaceae
pollen (1.67-5.56%), was relatively low (3.83-10.74%).
Shrub and herb pollen percentages fluctuated from 24.01%
to 43.73%, and were dominated by Poaceae pollen (10.12—
27.57%), with relatively high Artemisia (4.63-10.12%) and
Ericaceae (1.34-3.67%) pollen contents. Total pollen con-
centrations (3.3x10°-3.5x10° grains/g) were relatively high,
with some fluctuation. This zone is thus dominated by CBM
forest.

Zone 2 (190-153 cm, 8000-6000 cal yr BP): the spectra
are dominated by Betula, Larix, Cupressaceae, Picea, Pinus,
Carpinus, Corylus, Alnus and other tree pollens, with their
total content ranging from 73.74% to 78.74%. Coniferous
tree pollen percentages, especially of Picea and Pinus, in-
crease, peaking at 7300 cal yr BP. In contrast, shrub and
herb pollen content (21.26-26.26%) decreases markedly
than Zone 1, with Poaceae pollen percentages noticeably
dropping (9.69-14.48%). Total pollen concentrations
(2.4x10°-3.5x10° grains/g) remain relatively high, suggest-
ing a region of CBM forest accompanied by increasing are-
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as of wet coniferous forest.

Zone 3 (153-137 cm, 6000-5000 cal yr BP): broadleaved
tree pollen dominate the pollen spectra, fluctuating from
60.49% to 73.50%. Betula (50.88-58.88%) increases, while
Corylus (1.76-5.57%) and Carpinus (2.08-3.72%) sharply
decrease. Coniferous tree pollen percentages (5.01-10.57%)
clearly decrease, whereas herb content (19.94-34.51%) in-
creases slightly. Artemisia (6.25-9.88%) and Ericaceae
(2.35-16.24%) increased markedly, while the Poaceae pol-
len percentage (10.86-3.37%) falls. Total pollen concentra-
tions rise (1.9x10°-4.1x10° grains/g). Pollen records reveal
Larix- and Betula-dominated CBM forests with Ericaceae
and Artemisia shrubs as undergrowth.

Zone 4 (137-83 cm, 5000-2500 cal yr BP): this zone is
characterized by high percentages (59.70-73.50%) of Betu-
la, Corylus, Carpinus, Alnus and other broadleaved tree
pollens. Among them, Corylus (1.94-10.03%) and Carpinus
(2.07-10.69%) showed little increase. Coniferous tree
(Picea, Larix and Pinus) pollen markedly increased
(6.07-20.90%), while herb pollen content (12.48-24.43%)
decreased noticeably. Some Ericaceae (0.53-2.93%) and
Poaceae pollen (1.98-7.89%) were replaced by Artemisia
pollen (4.50-10.37%). Total pollen concentration peaked at
5.8x10°-4.6x10° grains/g. Pollen assemblages indicated
CBM forest, with Corylus, Carpinus and other small broad-
leaved trees dominating the vegetation types.

Zone 5 (83-30 cm, 2500-500 cal yr BP): there was a
prominent increase in the Betula pollen percentage
(50.46-67.01%), while Corylus (0.30-3.68%), Carpinus
(0.53-2.87%) and coniferous tree pollen contents (3.51—
14.61%) decreased markedly. Ericaceae (1.43-7.61%), Po-
aceae (1.91-8.87%) and Sanguisorba (0.18-1.58%) made
relatively sizeable increases. Total pollen concentration
(9.5%10°-2.4x10° grain/g) decreased. Pollen assemblages
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Figure 4 Pollen percentages and concentrations for the Huola Section. The gray values to the right are magnified tenfold to emphasize changes in the per-

centages of the less abundant taxa.
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were characterized by abundant Berula forest, with Erica-
ceae, Artemisia and Sanguisorba shrub and herb clear in the
undergrowth, and CBM forest continuing to develop in the
surrounding regions.

Zone 6 (30-0 cm, 500 cal yr BP to present): broadleaf
tree pollens (77.13-87.25%), especially Betula pollen con-
tent (65.47-78.34%), reached their peak value, with some
emergence of Quercus (0-3.80 %). Corylus (0.25-1.88%)
and Carpinus (0-3.52%) fell to their lowest values. Conif-
erous tree pollens (4.25-8.3%) decreased, with Pinus and
Picea pollen contents extremely low (<0.45%), while Larix
pollen increased slightly. Shrub and herb pollen percentages
(8.50-17.48%) decreased, but drought-tolerant species like
Chenopodiaceae (1.29-3.88%) and Compositae (0.47—
1.80%) increased to some extent. Total pollen concentration
(3.9x10"-1.8x10° grains/g) reduced significantly. The pol-
len assemblages indicate Betula-dominated open forest,
with some Larix conifer forest and Quercus. In addition,
Ericaceae, Chenopodiaceae and Compositae shrubs grew in
the undergrowth.

Generally-speaking, the Huola Basin has experienced six
chronosequences since 9100 cal yr BP: (1) 9100-8000 cal
yr BP, warm-type CBM vegetation, with Carpinus, Corylus
and Poaceae as principal pollen indicators; (2) 8000-6000
cal yr BP, warm-type CBM vegetation, with Carpinus,
Corylus, Pinus and Picea as principal pollen indicators; (3)
6000-5000 cal yr BP, Betula- and Larix-dominated CBM
forest, with Betula, Larix and Ericaceae as the main pollen
indicators; (4) 5000-2500 cal yr BP, warm-type CBM veg-
etation, with Carpinus, Corylus, Pinus, Picea and Artemisia
as the main pollen indicators; (5) 2500-500 cal yr BP,
cold-temperate CBM forest, with Betula, Larix, San-
guisorba and Ericaceae as principal pollen indicators, and a
decrease in total pollen concentrations; and (6) 500 cal yr
BP to the present, cold-temperate CBM vegetation, with
Betula, Larix, Quercus, Chenopodiaceae and Compositae as
the main pollen indicators, and falls in total pollen concen-
trations.

Within this framework, there were six periods of rapid
change: (1) about 8000 cal yr BP, with Pinus and Picea
increasing, and Poaceae decreasing; (2) about 7300 cal yr
BP, when coniferous trees peaked; (3) 6000-5000 cal yr
BP, when Ericaceae pollen concentrations reached their
highest value; (4) 2500 cal yr BP, when Corylus, Carpinus
and other warm-type broadleaved trees nearly disappeared;
(5) 1600 cal yr BP, with conifers increasing, and brush and
herbs expanding; and (6) 500 cal yr BP, when Betula in-
creased and vegetation coverage decreased.

4.3 PCA results

The first and second principal component (PCA F1 and
PCA F2) had eigenvalues of 0.77 and 0.1, explaining 77%
and 10% of total variance of pollen data respectively (Fig-
ure 5a). The plants that registered the highest positive scores
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Figure 5 Principal component analysis (PCA) based on pollen species (a)
and samples (b) from Huola Section.

for the first component axis included Corylus and Carpinus;
Betula and Sanguisorba yielded the lowest scores. Poaceae
and Polygonaceae had positive loadings on the second
component axis, whereas Alnus and Plantago had negative
loadings.

According to PCA results of the 53 samples taken from
bottom to top of Huola Section (Figure 5b), the score of
each sample was distributed regularly on the first and se-
cond principal axes of the two-dimensional ordination map.
Samples from the six pollen assemblages yielded separately,
especially the Zones 1, 2 and 6 displaying individually
clusters. However, pollen Zones 3, 4, 5 are close to each
other, which might be caused by the high content of Betula
and Artemisia Pollen in the three vegetation types.

5. Discussion

Stalagmite, ice core, ocean and lake sediment records show
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that the Holocene experienced increased temperatures in its
early stages, a warm-wet mid-Holocene period, and cooling
in its later years (Yuan et al., 2004; Wang et al., 2005; Tan
et al., 2006). Marcott et al. (2013) have suggested that tem-
peratures during 10000-5000 cal yr BP were 0.7°C warmer
than the mid to late Holocene. The Holocene megathermal
occurred in the mid-Holocene; the climate about 6000 cal yr
BP is indicative of a 1-2°C average increase in global tem-
peratures (Shi et al., 1992; IPCC, 2013). Forest distribution
and population density are strongly influenced by climate
change (Huntley and Birks, 1983; Bartlein et al., 1986;
Fang, 2000); although our results show that different areas
responded differently to climate change, there have up until
now been no other records sufficiently reliable for testing
how the vegetation on the northern margins of the EASM
zone in NE China might respond to climate change.

5.1 Climatic implications of Pollen in Huola Basin

Climate change is proven to have a significant impact on
terrestrial ecosystems; as a function of this, vegetation types
and their spatial migration patterns also change. Surface
pollen studies have established that there is a relationship
among the pollen percentages as well as vegetation type and
regional climate (Odgaard, 1999).

At present, Corylus in NE China is mainly distributed in
the eastern and southern Zhangguangcai and Changbai
Mountain ranges, with Carpinus forests principally found in
southern Liaoning Province. The average annual rainfall in
these areas is about 500—-1000 mm and the annual tempera-
ture is about 0-8°C (Zhou, 1997). Based on the surface pol-
len analysis of Huola Basin, a high proportion of Poaceae
pollen is the main characteristic of wetland. The increase of
precipitation is often accompanied by high abundance of
Poaceae pollen in low temperature and high humidity area
(Liu et al., 2009).

The distribution of spruce is in cold-temperate zone (av-
erage temperature is 0-8°C) in the northern part of NE
China, and in the cold-wet subalpine zone at 1000-2000 m
(Liu et al., 2009). In these areas, Picea pollen abundance
generally increases along with the humidity rise (Wu,
1985). The increase of Pinus pollen content is used to indi-
cate a higher humidity in semi-arid region, north China
(Xiao et al., 2004; Xu et al., 2007). While Larix gmelinii
and Betula platyphylla forests are dominated in
cold-temperate zone in the northern GKR, both of which
have strong adaptability to cold-dry environment (Zhou,
1997).

Therefore, the PCA F1 and F2 loadings (Figure 5a) re-
flect the dynamics of vegetation type indicated by pollen
record in the study region. The first principal component of
PCA better reflected the pollen percentage variations with
temperature; that is, Carpinus and Corylus dominated veg-
etation types represent a warmer climate, while a high
abundance of Betula and low PCA F1 scores suggest
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downward of temperate and thus cold-temperate CBM for-
est dominated climate conditions. The PCA F2 scores of the
taxa on the second principal component indicate changes in
humidity, with Poaceae dominated vegetation reflecting a
wetter climate, whereas lower values may represent dry
conditions (Figure 5b). The PCA F1 and F2 curves thus
revealed that temperatures as well as humidity have fluctu-
ated downward since 9100 cal yr BP (Figure 6), in tandem
with reductions of insolation in northern hemisphere high
latitudes (Berger et al., 1991).

In addition, PCA based on the samples (Figure 5b) re-
flected a relation between different plant communities and
the environment. The first axis may indicate the humidity
gradients for different plant communities, with ability to
drought strengthening leftward along the axis; the second
axis can reflect changes in temperature, with a plant com-
munity’s ability to withstand cold strengthening downward
along the axis. Hence, the environment of Huola Basin
might have experienced a main change from warm-wet to
cold-dry.

5.2 Vegetation response to climate change

The vegetation succession of the Huola Section in Mohe
County shows that, at least about 9100 cal yr BP, this area
had well-developed Larix, Picea, and warm-type broad-
leaved (such as Corylus, Carpinus) CBM vegetation (Figure
4). Larix in the Huola Section pollen diagram constitutes a
relatively high proportion of the total (0.67-9.63%). Con-
sidering the low representativity of Larix pollen, it is almost
certain that a stable larch community existed in the northern
GKR. Therefore, the increases in temperature after 9100 cal
yr BP, would have benefited the expansion of Corylus,
Carpinus and developed warm-cold mixed vegetation.
Since 8000 cal yr BP, Pinus, Picea and Carpinus increased
while Ericaceae and other cold tolerant shrubs decreased
(Figure 4).

In order to better reflect the response of vegetation to
climate change, the principal pollen percentages, PCA FI,
and PCA F2 curves from the Huola Section were compared
with high-resolution climate indices from other regions
(Figure 6). Results suggested that the warmest and wettest
stage in the Holocene occurred at 9100-6000 cal yr BP,
when MAT and MAP suited the growth of warmth-loving
vegetation in the study area. Using a similar modern cli-
matic index of the vegetation distribution area as a guide, a
conservative estimate of early Holocene MAP for Mohe
County comes to about 500-600 mm (higher than the mod-
ern value 403.4 mm) (Editorial committee of vegetation
map of China, Chinese Academy of Sciences, 2007). At
about 8000 cal yr BP, Pinus and Picea forest appeared in
the Huola Basin, which may have been due to a stable
warm-wet climate.

Many other surveys have produced results which essen-
tially agree with these figures. It shows that deciduous
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broadleaved forest developed from the pollen record of Er-
longwan Maar Lake in 89004600 cal yr BP, which indi-
cated a warm and wet climate (Liu et al., 2008). 9000-2900
cal yr BP, forest-steppe dominated the Moon Lake area in
central GKR, and the climate is warmer and wetter than
present (Wu et al., 2012). The temperature during 11000—
8000 cal yr BP in Hulun Lake in the western GKR reached
its highest value in the Holocene (Wen et al., 2010b). The
pollen record of Hokkaido Island shows that Quercus and
other warm-loving broadleaved trees increased markedly in
9000-8000 cal yr BP (Igarashi, 2013). The climate change
of Kuril Islands displayed the same trend (Razjigaeva et al.,
2013).

It can be inferred from general vegetation succession
trends in Mohe County that the local vegetation experienced
a transformation from mid-Holocene warm-cold mixed
types to late Holocene cold-temperate types: two significant
cooling events which had a profound impact on vegetation
succession can be identified (Figure 5). At about 6000-5000
cal yr BP, PCA F1 and PCA F2 values drop to a low level.
This cooling event may have global parallels, such as the
significant ice event identified in North Atlantic records
(Bond et al., 1997); stalagmite oxygen isotopes from
Dongge Cave also indicate that the EASM became weaker
(Dykoski et al., 2005). In addition, this cooling event ap-
pears in the Central Asian Lake Baikal Bugulderka core
(Tarasov et al., 2007), Jingpo Lake in NE China (Li et al.,
2011), Moon Lake (Wu et al., 2012) and Hokkaido Island,
Japan (Igarashi and Zharov, 2011). The main driving force
for this might have been a weakening in solar activity
(Reimer et al., 2004). The vegetation in Mohe area experi-
enced that warm-type trees decreased in number, the Erica-
ceae percentage reached its peak (Figure 6), and understory
grass changed from Poaceae to Artemisia (Figure 4). Hence,
this cooling event had a widespread and profound influence
on NE China.

5000-4000 cal yr BP, global temperature went up again
(Shi et al., 1992), and was slightly higher than the modern
temperature. Pollen records, including those from the Huola
Basin, show that following this event, different areas expe-
rienced different vegetation recovery rates as warm and
humid conditions developed. With the weakening of north-
ern hemisphere insolation radiation as well as the EASM
since 5000 cal yr BP (Berger and Loutre, 1991; Dykoski et
al., 2005; Wang et al., 2005), the precipitation reduced in
Huola Basin, and drought tolerant Artemisia shrubs instead
of Poaceae grown under the forests, indicating a warm and
dry environments.

At about 3500-2500 cal yr BP, vegetation in the Mohe
area, previously dominated by warm-temperate trees, was
gradually replaced by cold-temperate type vegetation. This
transformation came to an end around 2500 cal yr BP when
PCA F1 value drops to a lower level (Figure 6): Corylus,
Carpinus and other warm-type broadleaf trees had all but
disappeared, while Betula, Larix and other cold- temperate
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Figure 6 Comparison of principal pollen percentages and PCA F1 (F2)
curve with other selected proxy records from the Northern Hemisphere.
From left to right: the first panel shows the age/depth relation; the second
panel shows the summed percentages for Pinus and Picea pollen, and for
Corylus and Carpinus pollen, the percentage of Betula and Ericaceae pol-
len, PCA F1 curve, and PCA F2 curve. A, warm-responsive tree pollen
percentages (five point moving average) (Li et al., 2011); B, Dongge Cave
D4 (Dykoski et al., 2005); C, Holocene drift ice record for the
MC52-VM29-191 North Atlantic core (Bond et al., 1997); D, Northern
Hemisphere July insolation at 65°N (Berger and Loutre, 1991), and the
residual atmospheric A'C record (about 2000 year moving average)
(Reimer et al., 2004). The lateral grey bands trace the interconnection
between climate cooling, a strengthened EASM, meltwater, and reduced
insolation activity.

type forests dominated, with increases in Salix, Ericaceae,
Sanguisorba and Chenopodiaceae thicketization. This event
at about 2500 cal yr BP also appears in other records, such
as those from Hulun Lake (Wen et al., 2010b), Moon Lake
(Wu et al., 2012), Dali Lake (Xiao et al., 2008), Gushantun
Bog (Liu, 1989), Jingpo Lake (Li et al., 2011), and Hok-
kaido Island (Igarashi and Zharov, 2011; Razjigaeva et al.,
2013). These tend to indicate that the cooling might have
been caused by a weakening of Northern Hemisphere sum-
mer insolation radiation (Berger and Loutre, 1991; Dykoski
et al., 2005). In addition, the time lag between abrupt cool-
ing event during 3500-2500 cal yr BP and the vegetation
conversion in Huola Basin, might possibly owing to various
reasons, such as topographic factors, small climatic oscilla-
tion. After 500 cal yr BP, the PCA F1 drops to the lowest
value, spruce forest declined further, and the current vegeta-
tion pattern arose (Figure 6).

The Holocene megathermal provides important pointers
toward the likely future effect of a warming climate on the
vegetation and ecological environment of the study area
(Kutzbach et al., 1996; Berthel et al., 2012; Liu et al., 2013).
The Holocene megathermal in Huola Basin occurred at
about 9100-6000 cal yr BP, when increases in MAT and
MAP provided conditions suited to the growth of
warm-type coniferous and broadleaved forests. This pro-
vides the clearest evidence of vegetation succession in the
Holocene. Our study of this period suggests that such
warming could have resulted in a strengthening of the
EASM’s influence on northernmost NE China, which would
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have benefited the development of warm-temperate forest
vegetation and an improved plant load.

6. Conclusions

There was a clear relation between topsoil pollen combina-
tions and vegetation types in the northern GKR. Berula and
Alnus pollen percentages are the most indicative of the ex-
istence of vegetation; the Betula pollen takes more than
40% in birch forest topsoil, and more than 14% Alnus pol-
len indicates alder forest. Larix pollen (14.68%) is less rep-
resentative of the existence of larch forest.

The Holocene warm period in NE China (9100-6000 cal
yr BP), with its increases in temperature, represents the
Holocene stage most conducive to the development of
warm-type forest vegetation and an improved plant load,
with a growth in Carpinus- and Corylus-dominated temper-
ate CBM forest.

Two cooling events, at 6000-5000 cal yr BP and
3500-2500 cal yr BP, facilitated a transition from warm-
type vegetation such as Corylus, Carpinus, Pinus and Picea
to cold-type Larix and Betula forest. After 2500 cal yr BP,
Larix and Betula dominated the cold-temperate vegetated
landscape.
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