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ARTICLE INFO ABSTRACT

Editor: Dr. Howard Falcon-Lang Improved studies of past vegetation change are required to better understand the variation of alpine ecosystems
on the Qinghai-Tibetan Plateau (QTP) in response to future climate change. Spatial and temporal variations of
past vegetation can be traced by fossil pollen data mapping. In this paper, we synthesized 57 continuous pollen
records on the QTP covering the past 15 kyr to depict large-scale vegetation change and its response to climate
variations. In order to minimize potential chronological biases, age-depth models were revised using a state-of-
the-art and consistent method for all the records. The spatial and temporal variation of major pollen taxa were
examined based on interpolated pollen maps at 1000-year intervals. The arboreal pollen (AP, mainly of Pinus,
Betula and Abies/Picea) content expressed significant climate signals over a broad spatial and temporal gradient.
During the late glacial period, high proportions of AP widely occurred in regions that are presently unforested
owing to the sparse local vegetation coverage. For the Holocene period, AP showed relatively high contributions
in records from the southeastern margin of the QTP, with a decreasing gradient in abundance towards the
northwest. The transportation of AP to unforested regions corresponds closely to the intensity of monsoon wind,
which can be used to track the Holocene evolution of the summer monsoon. The dominant shrub and herbaceous
taxa (including Artemisia, Chenopodiaceae, Cyperaceae, Poaceae and Ephedra) generally represent developments
of local vegetation responding to climate variations. In addition, the persistent increase in Poaceae pollen during
the mid to late Holocene correlates possibly to regional human activities. The inferred spatial and temporal
patterns of major pollen types on the QTP provide significant knowledge about long-term vegetation change and
its potential response to climate variations.
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1. Introduction

The Qinghai-Tibetan Plateau (QTP) and its surrounding areas
constitute the largest alpine landmass on the Earth, with an average
altitude of over 4000 m, which has been informally referred to as the
Third Pole on the Earth (Qiu, 2008) and the water tower of the Asian
continent (Immerzeel et al., 2020). Consequently, as a driver and
amplifier of the climate system, such vast landmass plays an important
role in modulating regional and even global climate variations,
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particularly the evolution of the Asian Summer/Winter Monsoons and
mid-latitude Westerlies (An et al., 2001; Chen et al., 2019; Zhao et al.,
2019). Furthermore, climate, vegetation and land surface processes over
the QTP reveal extremely sensitive responses to global climate change
(Herzschuh et al., 2019; Chen et al., 2020). Therefore, understanding the
vegetation and climate change history of the QTP is important to
improve our knowledge of large-scale climate patterns as well as their
underlying mechanisms. Accordingly, various archives have been
investigated during the past decades and interpreted in terms of past
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Fig. 1. Distribution of modern vegetation zones on the Qinghai-Tibet Plateau and locations of fossil pollen records (see detailed information in Table 1). For the
vegetation zones: I, subalpine conifer forest; II, alpine meadow; III, alpine steppe; IV, temperature desert; V, alpine desert.
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Fig. 2. Overview of the fossil pollen records, (a) publishing time of pollen records, (b) type of data source, (c) number of reported pollen types in each record, and (d)

number of available records for each 1000-year slice.

climate fluctuations, for instance, lake sediments (Gasse et al., 1991;
Hou et al., 2017a, 2017b), ice cores (Liu et al., 1998; Thompson et al.,
1997), stalagmites (Tan et al., 2018) and tree rings (Yang et al., 2014).
Among these various paleoclimate proxies, fossil pollen composition
makes an especially important contribution owing to its wide distribu-
tion and good preservation (e.g., Herzschuh et al., 2019; Hou et al.,
2017a, 2017b; Li et al., 2019).

Examining the spatial distribution and temporal variation of vege-
tation compositions on the QTP is of great significance for understand-
ing alpine vegetation dynamics, underlying driving forces and making
predictions for the future. For such a purpose, plenty of fossil pollen

records have been investigated and interpreted since the 1980s (e.g.,
Wang, 1987; Wang et al., 1981), constituting the overall framework of
vegetation history on the QTP (Hou et al., 2017a, 2017b). The combi-
nation of individual pollen records will yield further insights concerning
regional scale vegetation and climate dynamics. Pollen maps at regional
to continental scales were traditionally used to evaluate the late Qua-
ternary vegetation evolution in northeastern North America (Bernabo
and Webb III, 1977) and Europe (Huntley and Birks, 1983), which was
widely applied following the increase of available fossil pollen data (e.g.,
Brewer et al., 2017; Gajewski, 2008; Giesecke and Brewer, 2018; Gie-
secke et al., 2014, 2017; Huntley, 2010; Zanon et al., 2018). Based on
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Table 1
Information of fossil pollen records on the Qinghai-Tibet Plateau (see locations in Fig. 1).
No Site Lat. Long. Elev. Archive Type No.* Time Res.” References
Names ©) ©) (m) type dates (ka) (yrs)
R1 Dunde ice core 38.10 96.40 5325 Ice core Raw n.d. 11.0 200 Liu et al., 1998
R2 Lake Luanhaizi 37.59 101.35 3200 Lake Raw 4 26.1 500 Herzschuh et al., 2005
R3 Lake Hurleg 37.28 96.90 2817 Lake Raw 7 3-12.5 150 Zhao et al., 2007b
R4 Lake Qinghai 36.67 100.52 3200 Lake Raw 10 18.3 70 Liu et al., 2002
R5 Lake Qinghai 36.67 100.52 3200 Lake Raw 4 11.8 350 Du et al., 1989
R6 Lake Dalianhai 36.20 100.40 2850 Lake Raw 10 0-16 80 Cheng et al., 2013
R7 Genggahai 36.10 100.10 2860 Lake Raw 20 0-6.3 75 Huang et al., 2017; Liu et al., 2016
R8 Lake Kusai 35.75 93.00 4475 Lake Raw 7 3.6 10 Wang et al., 2012
R9 Kunlun-Pass 35.70 95.30 3980 Profile Digit. 2 0-18 540 Liu et al., 1997
R10 Xiging Mount. 35.65 101.10 3780 Profile Raw 11 1.3-8.2 67 Miao et al., 2015
R11 Lake Kuhai 35.52 99.31 4150 Lake Raw 13 17.5 300 Wischnewski et al., 2011
R12 Donggi Cona 35.50 98.50 4090 Lake Raw 13 18.3 240 Wang et al., 2014
R13 Sumxi Co 35.50 81.00 5058 Lake Digit. 6 0-12.7 80 van Campo and Gasse, 1993
R14 Lake Yanghu 35.43 84.65 4778 Lake Raw 2 12.8 700 Zhao et al., 2007a
R15 Ayongwama Co 34.83 98.20 4220 Lake Digit. 2 13.4 550 Cheng et al., 2004
R16 Gounong Co 34.63 92.15 4670 Lake Raw 3 23.1 180 Shan et al., 1996
R17 Lake Koucha 34.01 97.24 4540 Lake Raw 5 15.3 230 Herzschuh et al., 2009
R18 Zoige RM 33.95 102.35 3400 Peat Raw 5 8.8 180 Shen et al., 1996
R19 Zoige RH 33.95 103.35 3400 Peat Digit. 3 10.8 500 Tang and Shen, 1996
R20 Zoige DC 33.90 102.55 3396 Peat Raw 1 21.1 300 Liu et al., 1995
R21 Zoige ZB08 33.45 102.63 3467 Peat Raw 9 10.3 70 Zhao et al., 2011
R22 Bangong Co 33.44 79.12 4300 Lake Raw 17 10.8 270 van Campo et al., 1996
R23 Lerzha River 33.40 101.00 4170 Peat Raw 3 0-10.6 480 Schluetz and Lehmkuhl, 2009
R24 Ximen Co 33.38 101.47 4020 Lake Raw 17 19.8 200 Herzschuh et al., 2014
R25 Tso Kar 33.31 78.03 4527 Lake Raw 32 15.1 250 Demske et al., 2009
R26 Zoige ZB10 33.10 102.70 3470 Peat Digit. 20 0-10.5 50 Sun et al., 2017
R27 Wasong 32.99 103.05 3490 Peat Digit. 9 14.9 400 Yan et al., 1999
R28 No. 2 pit 32.85 103.60 3492 Peat Digit. 9 12.7 200 Yan et al., 1999
R29 Hongyuan Baihe 32.80 102.53 3500 Peat Raw 5 10.0 200 Wang, 1987
R30 Zigetang Co 32.00 90.90 4560 Lake Raw 5 10.7 150 Herzschuh et al., 2006
R31 Xuguo Co 31.95 90.33 4595 Lake Digit. 4 8.7 170 Shen, 2003
R32 Ahung Co 31.62 92.07 4450 Lake Digit. 56 4.0-9.9 50 Shen, 2003
R33 Butuo Co 31.60 95.60 4682 Lake Raw 3 0-11.1 155 Zhang et al., 2015
R34 Selin Co 31.57 88.52 4530 Lake Raw 5 13.3 250 Sun et al., 1993
R35 Lake Zabuye 31.50 84.00 4420 Lake Digit. 3 27.1 1500 Wu and Xiao, 1996
R36 Taro Co 31.15 84.00 4566 Lake Raw 12 10.2 150 Ma et al., 2014
R37 Lake Naleng 31.11 99.76 4200 Lake Raw 16 16.4 80 Kramer et al., 2010a, 2010b
R38 Tangra Yumco 31.00 86.50 4545 Lake Digit. 28 3-17.5 115 Ma et al., 2019a, 2019b
R39 Nam Co 30.75 91.00 4718 Lake Digit. 3 7.6 300 Herrmann et al., 2010
R40 Ren Co 30.73 96.68 4450 Lake Digit. 7 17.0 400 Tang et al., 1999
R41 Dangxiong-8 30.70 91.20 4370 Peat Digit. 3 0-10 475 Wang et al., 1981.
R42 Dangxiong-9 30.70 91.20 4270 Peat Digit. 3 0-10 500 Wang et al., 1981.
R43 Cuo Na 30.55 91.16 4515 Wetland Digit. 7 8.5 140 Cheng et al., 2014
R44 Wumaqu 30.53 91.38 4370 Peat Raw 3 12.0 600 Wang et al., 1988
R45 Ngion Co 30.47 91.50 4515 Lake Digit. 12 5.9 100 Shen et al., 2008
R46 Lake Yidun 30.30 99.55 4470 Lake Digit. 3 13.8 400 Shen et al., 2006
R47 Muge Co 30.10 101.80 3780 Lake Raw 8 0-12 64 Ni et al., 2019
R48 Dawalong 30.00 83.60 4570 Peat Digit. 4 0-10 400 Wang et al., 1981
R49 Lake Hidden 29.81 92.54 4980 Lake Digit. 3 13.5 500 Tang et al., 1999
R50 Qongjiemong 29.81 92.37 4980 Lake Digit. 22 14.0 200 Shen, 2003
R51 Lake Wuxu 29.15 101.41 3705 Lake Raw 18 11.9 40 Zhang et al., 2016
R52 Chen Co 28.90 90.60 4420 Lake Digit. 6 2.6-10 120 Lu et al., 2011
R53 Peiku Co 28.83 85.33 4590 Lake Raw 3 5-14.7 100 Huang, 2000
R54 Lake Shayema 28.58 102.22 2400 Lake Digit. 5 11.9 130 Jarvis, 1993
R55 Pumoyum Co 28.52 90.40 5010. Lake Digit. 60 3-15.1 160 Nishimura et al., 2014
R56 Lake Shudu 27.91 99.95 3630 Lake Digit. 3 11-17.1 500 Cook et al., 2011
R57 Lake Dahaizi 27.5 102.1 3660 Lake Digit. 3 0-12.4 2500 Li and Liu, 1988

No.*, number of dating controls; Res.”, temporal resolution of fossil pollen data.

the fossil pollen records from China, Holocene pollen maps were con-
structed and interpreted along with vegetation changes (Ren and Beug,
1999, 2002; Ren and Zhang, 1998), focusing mainly on the northeastern
and northern parts of China. A more comprehensive synthesis study
revealed the spatial and temporal distributions of major tree taxa in
eastern Asia continent over the past 22,000 years (Cao et al., 2014),
while vegetation maps for southern China was conducted recently at
selected time slices (Wang et al., 2019). However, restricted by the
spatial extents of previous studies, regional vegetation and potential
climate patterns were not captured for the QTP region. In particular,
recent investigations of modern pollen depositions on the plateau
revealed close correlations between spatial variation of exotic pollen (i.

e., arboreal taxa) and the intensity/flow path of Asian Summer
Monsoon, pointing out potential applications of fossil pollen records
beyond the traditional reconstructions of region vegetation and climate
evolution histories (Li et al., 2020; Zhang and Li, 2017). However, the
question that whether such hypothesis could be verified and applied to
fossil pollen records is still open.

Many fossil pollen records are available from the QTP covering the
period since the late glacial, which focus mainly on the vegetation and/
or climate inferences concerning individual sampling site or limited
spatial scales. So far, whether these fossil pollen compositions exhibit
large scale patterns corresponding to climate fluctuations or rather local
peculiarities is not yet fully understood. In this study, 57 fossil pollen
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Fig. 3. Variation of Artemisia content in each record (open circles) and spatial interpolations (colored shades) at 1000-year interval for the last 15 kyr (a-p). The
boxplots indicate the variation ranges of Artemisia from four vegetation zones (q-t). The time period between 15 and 12 ka were not interpolated owing the limited

number of records, which were indicted as open boxes as well.

records covering the past 15,000 years were collected and synthesized.
Interpolated maps at 1000-year interval were established for major
pollen types, with specific focuses on (1) representing the large scale
spatial and temporal patterns of vegetation change on the QTP since the
late glacial, (2) revealing the potential climate inferences from the
vegetation history, and (3) examining the variation of arboreal pollen as
an indicator for the Asian Summer Monsoon (ASM) evolution.

2. Study area

The Qinghai-Tibetan Plateau (QTP, 26°00'-39°47'N,
73°19-104°47'E), with an area of over 2.3 million kmz, receives com-
plex influences from the Indian Summer Monsoon (ISM), the East Asian
Summer Monsoon (EASM), and the mid-latitude Westerlies (Chen et al.,
2020). Accordingly, mean annual temperature of the QTP decreases
from approximate 20 °C in the southeast to below —6 °C in the north-
west. As the warm and humid air flows during the monsoon season from
the oceans are blocked by the high mountains, an obvious gradient in
mean annual precipitation shows decreasing trend from 2000 mm in the
southeastern margin to less than 50 mm in the central and northwestern
plateau (Sun, 1999).

Following the climate gradient, modern vegetation on the QTP is
characterized by an obvious zonal distribution, from subtropical forest/
subalpine conifer forest in the southeastern margin, to alpine shrub,
alpine meadow, alpine steppe and alpine desert towards the

northwestern QTP (Chang, 1983; Hou, 2001; Fig. 1). Subalpine conif-
erous forests (mainly of Abies and Picea) with mixture of Rhododendron
are found on southeastern and eastern margins. The southeastern part of
the plateau is covered by subalpine shrublands (e.g., Salix, Potentilla,
Rhododendron, Lonicera, Caragana and Berberis) and alpine meadows
consisting of various Kobresia species, such as K. pygmaea, K. humilis, and
K. capillifolia, together with limited abundances of Poaceae plants (e.g.,
Stipa purpurea), Artemisia (e.g., A. gmelinii, A. argyi) and Chenopodiaceae
(e.g., Chenopodium hybridum). The central part of the plateau comprises
alpine steppes dominated by a mixture of plant species from Cyperaceae
(e.g., Kobresia littledalei, K. royleana, Carex moorcroftii), Poaceae (Stipa
subsessiliflora, S. purpurea) and Artemisia (e.g., A. salsoloides). Alpine
deserts develop in the northwestern part of the plateau owing to the
limited moisture, which is dominated by Chenopodiaceae species (e.g.,
Ceratoides compacta) accompanied by Artemisia (A. frigida,
A. salsoloides), Poaceae (e.g., Stipa subsessiliflora, S. purpurea, S. glareosa),
Ephedra (E. przwalskii) and Nitraria (N. roborowskii, N. sibirica).
Temperate desert and steppe vegetations are also distributed on the
northern margin of the plateau and the Qaidam Basin where elevations
are slightly low (Wang et al., 2006; Wu, 1995).
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Fig. 4. Variation of Chenopodiaceae content in each record (open circles) and spatial interpolations (colored shades) at 1000-year interval for the last 15 kyr (a-p).
The boxplots indicate the variation ranges of Chenopodiaceae from four vegetation zones (q-t). The time period between 15 and 12 ka were not interpolated owing

the limited number of records, which were indicted as open boxes as well.
3. Data and methods
3.1. Collection of fossil pollen records

Fossil pollen records were collected from the Qinghai-Tibetan
Plateau (QTP) and surrounding area with an elevation of over 3000
m, which should meet the following criteria (1) the record should
continuously cover at least 4000 years during the past 15 kyr (thousands
of years), (2) the temporal resolution of the pollen record should be
higher than 500 years, and (3) the chronology should be established
based on at least 3 dating results. Nevertheless, restricted by the spatial
distribution of available data, a few records with slightly lower temporal
resolution or fewer dating controls were included in the dataset (for
example, Lake Zabuye, Wu and Xiao, 1996; Lake Yanghu, Zhao et al.,
2007a, in order to achieve a more comprehensive spatial pattern of the
pollen compositions.

3.2. Recalibration of radiocarbon ages

The chronology of all the records (except one ice core record) is
based on radiocarbon dates, which are available from the original
publications. In most cases, the radiocarbon dates were calibrated and
interpolated, however, which were accomplished based on various
interpolation methods and calibration databases. For the purpose to-
wards a consistent calibration of all radiocarbon dates, we have con-
structed new age-depth models for all the records using the Bayesian
method (Bacon, Blaauw and Christen, 2011), which takes the accumu-
lation rates in lakes or peats into account and has been widely applied in
palaeoecological studies. The calibrations were accomplished by the
Bacon v2.2 package using the IntCall3 dataset, which was performed in

R 3.5.2 program (Reimer et al., 2013; R Development Core Team 2013).
In addition, as widely reported from Tibetan lakes, the influence of
carbon reservoir effect on radiocarbon dates was corrected prior to the
calibrations according to the descriptions in original publications (Hou
et al., 2012; Mischke et al., 2013). Subsequently, chronology of the
collected fossil pollen records was re-established and interpolated.

3.3. Interpolation of major pollen taxa

In order to illustrate the temporal and spatial patterns of vegetation
change on the QTP, pollen distribution maps at 1000-year interval since
15 ka were conducted in ArcMap v10.2 through spatial interpolation of
pollen compositional data. Inverse distance weighting (IDW) method
provided in Spatial Analysis Tools was applied with a five-scale classi-
fication for each taxon according to individual percentage range. Due to
the uneven temporal resolution of pollen data, samples within a window
of +300 years was selected to represent the pollen composition at each
time slice and used for the spatial interpolations (Brewer et al., 2017). In
total, pollen data from eight taxa were selected for mapping, consisting
of three arboreal taxa (Pinus, Betula and Abies/Picea) and five herba-
ceous /shrub taxa (Artemisia, Chenopodiaceae, Poaceae, Cyperaceae and
Ephedra), which expressed high contributions in both fossil pollen as-
semblages and modern vegetation compositions, representing the most
common plant types in the study area (Ren and Beug, 2002). The sum of
arboreal pollen content (AP) and Artemisia/Chenopodiaceae ratio (A/C)
were also included in the analysis considering their extensive applica-
tions. In addition, pollen proportion data from 15 to 12 ka were pre-
sented without interpolations owing to the limited number of records
and heterogenous spatial distributions (Fig. 2d).
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number of records.

4. Results
4.1. Overview of selected pollen records and interpolation maps

In total, 57 fossil pollen records were collected and synthesized,
consisting of records presented in Cao et al. (2013) and recent publi-
cations (see locations in Fig. 1 and detailed information in Table 1).
Pollen records were collected from all the vegetation zones, despite the
fact that more records were distributed in eastern and southern parts of
the plateau (Fig. 1). Generally, most data were published in the past two
decades, together with 7 records reported in the 1980s (Fig. 2a).
Meanwhile, the pollen data were mainly retrieved from continuous ar-
chives, including sediments from 39 lake cores and 13 peat sequences, 1
ice core record (i.e., Dunde; Liu et al., 1998), as well as a few records
from profiles and swamps (Table 1). Raw pollen data were inferred for
31 records, which were either provided by the authors or available from
publications, while pollen compositional data for the remaining 26 re-
cords were digitized from published pollen diagrams (Fig. 2b; Cao et al.,
2013). Generally, more than 20 pollen types were reported in most re-
cords, which reached up to over 60 species in recently published records
(Fig. 2¢). In addition, the number of available pollen records at different
time slices shows stable values around 50 during the Holocene, with
slightly fewer records for the period before 12 ka (Fig. 2d).

The interpolation maps of each taxon represent their spatial distri-
bution and temporal variations at 1000-year interval, revealing the

spatial and temporal patterns of regional vegetation compositions on the
QTP. For the arboreal taxa, Pinus shows generally higher values (ca.
40%) as well as wider distributions, while the distributions of Betula and
Abies/Picea are mainly restricted to the eastern/southeastern parts of the
plateau. As the dominant components in most records, herbaceous taxa
of Artemisia, Chenopodiaceae, Poaceae and Cyperaceae showed high
proportions, while Ephedra contributed only limited content under 10%.

4.2. Temporal and spatial variations of major pollen taxa during the past

15 kyr

According to the synthesis and interpolation of fossil pollen records,
the spatial and temporal variations of the typical pollen taxa on the QTP
since 15 ka are summarized as follows.

4.2.1. Artemisia

the proportion of Artemisia decreases gradually from the north-
western part of the plateau to the southeastern margin (Fig. 3). Records
with Artemisia content of over 40% are mainly distributed in the
northwestern plateau, for instance, Tso Kar, Bangong Co and Sumxi Co,
corresponding to the area currently dominated by alpine desert com-
munities. On the other hand, the contribution of Artemisia in total pollen
composition is generally less than 10% for the records retrieved from
southeastern margin of the plateau (e.g., Lake Wuxu, Muge Co), as the
mountainous region is mainly covered by subalpine conifer forest or
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subtropical forest. For the records collected from central QTP where
alpine steppe and alpine meadow communities develop, moderate
contents of Artemisia ranging between 10% and 40% were commonly
reported, for instance, Lake Kusai, Ayongwama Co. Temporally, Arte-
misia occupied relatively low and stable contents in the forest area
(around 10%), with slightly higher proportions before 8 ka and a
gradual decrease afterwards (Fig. 3q). For records from alpine meadow
(average of ca. 20%) and alpine steppe (average up to 40%) areas, the
variation of Artemisia expressed roughly consistent patterns, with rela-
tively higher compositions between 11 and 8 ka followed by a gradually
decline after 7 ka (Fig. 3r, s). On the other hand, the content of Artemisia
in the desert area decreased slightly during the early Holocene between
11 and 8 ka, and increased progressively after 7 ka (Fig. 3t).

4.2.2. Chenopodiaceae

Chenopodiaceae pollen is widely identified showing high pro-
portions in sites from the northern QTP and Qaidam Basin, corre-
sponding to the distribution of alpine desert and temperate desert
vegetation zones respectively (Fig. 4). Meanwhile, consistent spatial
patterns illustrating a southward decline of Chenopodiaceae pollen
content were determined across the time slices. Dominant compositions
of Chenopodiaceae (over 30% in total pollen assemblage) were reported
in records from the present desert area, for instance, Lake Yanghu,
Kunlun Pass profile. Moderate content of Chenopodiaceae was found in
records from the alpine steppe and alpine meadow zones, which de-
creases along with the increasing distance away from the deserts. Only
minor portions of Chenopodiaceae pollen were detected from records in
the southeastern margin of QTP, which are predominantly less than 2%,
except slightly higher values at 13 and 14 ka detected from Lake Yidun
(3% and 8%, respectively; Fig. 4q). The content of Chenopodiaceae in
the alpine meadow zone was generally less than 10%, expressing a
slightly increasing trend after 7 ka (Fig. 4r). High proportions of

Chenopodiaceae were recovered from the alpine steppe zone before the
Holocene, even though available from limited records, which could
reach up to 30%, such as samples from Gounong Co. The content was
relatively stable during the first half of the Holocene followed by an
increasing trend after 6 ka (Fig. 4s). In the desert areas, Chenopodiaceae
content decreased from 11 ka to 7 ka, which was followed by a persistent
increase after 7 ka (Fig. 4t).

4.2.3. Artemisia/Chenopodiaceae ratio

according to the variations of Artemisia and Chenopodiaceae, the A/
Cratio expressed clear spatial patterns as well (Fig. 5). High values (over
30) were reported from the subalpine forest and alpine steppe zones,
despite that the ratio should be treated with caution in the forest zone
owing to the limited abundances of these two types plants (Fig. 5q). The
A/C ratios from alpine meadow and the deserts are relatively low (ca.
20), which expressed overall consistent temporal patterns as subalpine
forest and alpine steppe zones (Figs. 5r, t). Generally, the A/C ratios
were relatively high during the early Holocene, and decreased gradually
after 5 ka.

4.2.4. Cyperaceae

Records with high Cyperaceae contents were distributed mainly in
the southern and eastern parts of the plateau, with values of over 40% in
the total pollen assemblage, corresponding to the alpine meadow and
the transitional zone from alpine meadow to alpine steppe, such as Nam
Co and No.2 pit (Fig. 6). In the desert areas from northwestern and
northeastern parts of the plateau, Cyperaceae content was generally less
than 15%, such as Sumxi Co and Lake Hurleg. In the subalpine conif-
erous forest vegetation zone on the southeastern plateau, Cyperaceae
content show fluctuant compositions among records ranging from 5% up
to 80% (Fig. 6q). Meanwhile, relatively low contents were recovered in
the early-mid Holocene period, which increased slightly after 6 ka
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(Fig. 6q). For the alpine meadow, contribution of Cyperaceae to the total
pollen assemblages can reach as high as 80%, which expressed a rather
stable pattern with minor fluctuations (Fig. 6r). Except for different
levels of Cyperaceae content in alpine steppe (approximately 40%,
Fig. 6s) and the deserts (below 25%, Fig. 6t), temporal variation trends
are briefly consistent, illustrating gradual increases from 11 to 8 ka and
progressive declines afterwards.

4.2.5. Poaceae

Poaceae pollen is widely distributed on the plateau, while records
showing high values are mainly concentrated in the northeastern part
(Fig. 7). Moderate contents of Poaceae (ca. 15%) were reported from
records in the subalpine forest areas, which shows a gradual increasing
trend after 7 ka (Fig. 7q). In the alpine meadow zone, Poaceae content
was about 10% in the total pollen assemblage, which decreased gradu-
ally from 11 to 8 ka, and then increased slightly after 8 ka (Fig. 7r). In the
alpine steppe area, the content was rather low in the pre-Holocene stage
and became higher after entering the Holocene (Fig. 7s). The Poaceae
content in desert areas were mostly below 10%, together with high
content in some time slices, such as high content reaching about 40%
from Lake Hurleg between 7 and 4 ka (Fig. 7t). In addition, a progressive
increasing trend after 7 ka could be detected for Poaceae, except for the
last 3000 years in the desert area.

4.2.6. Ephedra

The spatial distribution of Ephedra on the plateau is similar to Che-
nopodiaceae, with much lower proportions in the records (Fig. 8).
Generally, two distribution centers could be identified in the northern
plateau, with content of Ephedra over 10%, such as Lake Yanghu and
Kunlun Pass section. The content was at a moderate level in alpine
steppe and alpine meadow area in the central part of plateau, ranging
from 3% to 5%, such as Lake Koucha and Ayongwama Co. The pollen of
Ephedra was merely identified from the subalpine coniferous forest area
in the southeastern margin, e.g., Lake Naleng (Fig. 8q). In the alpine
meadow zone, the content of Ephedra was slightly higher before the
Holocene, which was generally lower than 5% in the Holocene period
(Fig. 8r). The temporal variations of Ephedra in the steppe and desert
zones were generally consistent. The content increased gradually during
the late Glacial and reached the maxima at the Holocene transition
period, which decreased slightly until 7 ka and followed by a gradually
increase afterwards (Fig. 8s, t).

4.2.7. Betula

From southeastern to northwestern parts of the plateau, the pro-
portion of Betula decreased gradually (Fig. 9). In the subalpine conif-
erous forest area on the southeastern margin of the plateau, the content
was briefly greater than 15% in each individual time slice, such as Lake
Naleng and Lake Yidun. Extremely low values (less than 1%) were found
in the alpine desert records from the northwestern plateau, for instance,
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Bangong Co and Lake Yanghu. The content of Betula shows major var-
iations ranging from 5% to 8% in records from alpine meadow (e.g.,
Lerzha River section and Ximen Co), and 1-5% in alpine steppe (e.g.,
Chen Co and Ahung Co). In the subalpine conifer forest area, the content
of Betula was relatively low before Holocene, which increased abruptly
up to 30% after entering the Holocene, and decreased gradually since 7
ka (Fig. 9q). The temporal variations in alpine meadow and alpine
steppe zones reveal broadly consistent patterns, showing low values
before Holocene, high content during the early Holocene and gradual
declines after 5 ka (Fig. 9r, s). The overall content of Betula in desert area
was even higher than the records from alpine meadow and alpine
steppe, particularly the high contributions of nearly 15% before 9 ka
(Fig. 9t). The content decreased gradually after 9 ka, and reached a
relatively stable condition after 5 ka with a slightly increasing trend
(Fig. 9t).

4.2.8. Pinus

Compared to Betula, the distribution of Pinus pollen expresses a much
wider range on the plateau, together with higher contributions in each
individual record (Fig. 10). For the mountainous region covered by
subalpine coniferous forests on the southeastern edge, the content of
Pinus can reach up to nearly 40%, such as Lake Shayema and Lake
Dahaizi. In the central part of plateau where alpine steppe and alpine
meadow develop today, the overall Pinus content is between 2% and
10% (Lake Zigetang and sections from Zoige Basin), while in the desert

areas in the northwest, such as Lake Yanghu and Bangong Co, Pinus
content is much lower. Temporally, the content of Pinus in the forest
areas was relatively high (about 40%) along with minor fluctuations that
no obvious trend of change could be deduced (Fig. 10q). The content of
Pinus varies broadly among records at each time slice in the alpine
meadow area, ranging between 10% and over 50% at certain sites
(Fig. 10r). Large scale fluctuations of Pinus were also revealed in records
from steppe and desert areas, with relatively high proportions during the
last 4000 years in steppe area, and between 7 and 4 ka in the desert area,
respectively (Fig. 10s, t).

4.2.9. Abies/Picea

The distribution of Abies/Picea is mainly concentrated in the Zoige
Basin of eastern QTP, which is slightly different from Betula and Pinus
(Fig. 11). The content of Abies/Picea can reach over 40% in the alpine
meadow zone, mainly in the records from Zoige Basin, e.g., Zoige DC,
Zoige RH and Hongyuan Baihe. Meanwhile, in the subalpine forest areas
covered by broad-leaved and coniferous forests in the southeastern
margin of the plateau, the content of Abies/Picea is around 20%, for
example, Lake Shayema and Lake Dahaizi. The composition of Abies/
Picea is extremely low in alpine steppe and desert regions, with median
values around 1% in most of the records. The content of Abies/Picea in
the forest area was relatively stable throughout the whole period, with
slightly higher values at 8 ka and 9 ka from Ren Co and Lake Yidun
(Fig. 11q). Generally, high contributions of Abies/Picea were reported
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from alpine meadow with values over 60%, which showed relatively
high levels between 11 and 7 ka and a gradual decrease after 7 ka
(Fig. 11r). Roughly stepwise declines of Abies/Picea content could be
noticed throughout the records in alpine steppe and desert zones (Figs,
115,11 1t).

4.2.10. Arboreal Pollen (AP)

High proportions of arboreal pollen (AP, over 40%) is mainly
distributed in the mountainous region of eastern and southeastern
plateau, which decreases gradually towards northwest (Fig. 12). AP
showed moderate contributions in records from alpine steppe and alpine
meadow, while its content in the records from alpine desert (i.e.,
northwestern plateau) are briefly less than 4%, e.g., Sumxi Co and
Bangong Co. Considering the extremely high over-representation and
dispersal ability of Pinus pollen, spatial and temporal patterns of Pinus-
excluded arboreal pollen (PeAP) on the plateau were examined as well,
which reveals a more obvious spatial gradient (Fig. 13). In addition, area
with high PeAP content occupied the southeastern margin of the
plateau, which expanded progressively during the early to mid-
Holocene and retreated after 6 ka (Fig. 13). Despite slight differences
in the percentage values between AP and PeAP, the temporal variation
patterns were highly consistent. High values dominate the first half of
the records before 7 ka, while a decreasing trend dominated the rest part
of Holocene, except for minor increases in records from the deserts after
3 ka (Figs. 12, 13).
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5. Discussion
5.1. Potential uncertainties in source data

Although necessary site selection as well as data quality control have
been processed, potential uncertainties may have also arised from the
following aspects.

5.1.1. Dating uncertainties

the chronology of almost all the records were established based on
radiocarbon dates, for which necessary corrections and re-calibrations
have been performed to reduce the potential biases. However, the in-
fluence of carbon reservoir effect (Hou et al., 2012), especially its un-
predictable variance through time (Mischke et al., 2013), may have
resulted in potential uncertainties. In addition, for sites with limited
dating control points (e.g., Kunlun Pass profile, Lake Yanghu), poten-
tially higher uncertainties might be deduced from the constructions of
age-depth model.

5.1.2. Low temporal resolution

The criteria for site selection was set as that temporal resolution of
fossil pollen record should be higher than 500 years. However, in order
to increase the spatial resolution, a few sites with slightly lower tem-
poral resolution were included as well, from regions where limited re-
cords were available (e.g., Lake Zabuye and Wumaqu section).
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Subsequently, these records with lower temporal resolution may have
increased potential uncertainties in spatial analyses and interpolations.

5.1.3. Heterogenous spatial distribution

As mentioned above, a few records with slightly lower temporal
resolution were included in order to increase the spatial resolution.
However, the spatial coverage of the records is still highly heterogenous
(Fig. 1). The records were mainly recovered from the southern and
eastern parts of the plateau, while only a few records were available
from the northern, especially the northwestern QTP. Therefore, the re-
sults and inferences of spatial interpolation should be treated with
cautions for such regions.

5.1.4. Digitization of pollen data

Restricted by the data availability, fossil pollen data from 26 records
were acquired by digitization, which may have suffered from potential
uncertainties and loss of minor pollen types compared to the raw pollen
data. Generally, the principal variations of individual record were
captured and represented, providing significant contributions to the
fossil pollen dataset and subsequent numerical analyses. Nevertheless,
the uncertainties during digitization process may have possibly influ-
enced the results, even for a minor extent.

Due to dating uncertainty, low temporal resolution and the 1000-
year wide sampling window, some minor variations may not be fully
captured by the interpolated maps either (Giesecke et al., 2017).
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Nevertheless, the interpolation of selected pollen types can reflect large-
scale patterns in vegetation change and response to climate variations.

5.2. Arboreal pollen content as proxy for summer monsoon strength

Traditionally, arboreal pollen content (AP) has been recognized as a
useful indicator for evolution of regional vegetation composition
(Herzschuh, 2007). Previous studies have noticed that AP detected in
the unforested area of QTP were long-distance transported pollen (Lu
et al., 2010, 2011). At the meantime, studies also hypothesized that AP
were mainly transported by the monsoon current from low altitude areas
(Lu et al., 2014). In particular, recent studies on modern pollen samples
from the QTP further proved AP as long-distance aeolian transported
pollen from southeastern margin of the plateau, which holds the po-
tential to serve as an indicator of monsoon dynamics (Li et al., 2020;
Zhang and Li, 2017). The spatial distribution of AP is highly coupled
with the path of the ASM and the extent to which it encroached on the
QTP (Li et al., 2020). Consequently, the fossil pollen assemblages pre-
served in the sediments have the potential to track the current direction
and intensity of the ASM at that time (Li et al., 2020; Zhang and Li,
2017). The abundant water vapor brought by the ASM nourish the forest
vegetation on the southern and eastern parts of QTP, resulting in inex-
tricably linked pollen deposition center and circulation of ASM (Yu
et al., 2001).

As the main arboreal taxa preserved in the records, Betula and Abies/
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Picea captured briefly consistent spatial and temporal patterns, showing
high contributions in the mountainous area with decreasing gradients
towards the northwest across the time slices (Figs. 9, 11), which is
consistent with the hypothesis of wind-transported pollen by the sum-
mer monsoon (Li et al., 2020; Zhang and Li, 2017). During the early
Holocene, the strengthened air flows developed along with the intensi-
fication of ASM (Fig. 14; Wang et al., 2005, 2010), which subsequently
brought more pollen grains to the central part of plateau, as indicated by
the increased pollen proportions in records from alpine meadow, alpine
steppe and the deserts (Figs. 9, 11). Then, following the retreat of ASM,
the contribution of Betula and Abies/Picea declined progressively after 7
ka (Figs. 9, 11). On the other hand, Pinus showed a much wider spatial
distribution and large inter-sites fluctuations (Fig. 10), which is possibly
because of its extremely high pollen productivity and dispersal capacity
(Li et al., 2018; Schwendemann et al., 2007). Accordingly, Pinus pollen
grains could be easily transported into the central part of the plateau
even without strong monsoon currents, which might not be so sensitive
to the variation of monsoon intensity. The spatial distributions of total
AP, especially Pinus excluded AP (PeAP) revealed by the interpolated
maps further represented such wind transported pattern with a north-
westward decreasing gradient (Fig. 13). Therefore, the spatial and
temporal patterns of arboreal pollen on the plateau could be used as an
indicator for the Holocene evolution of summer monsoon, while Pinus
pollen should be interpreted with more cautions. In addition, the rela-
tive proportion of AP is also related to the local pollen content, which
may be overestimated especially when high pollen producers invade
areas with low pollen producers (Cao et al., 2019). In the era of suitable
climate and environment, local vegetation developed and produced a
large number of pollen grains, which may reduce the relative percentage
of AP. Under harsh conditions, local vegetation was sparse with limited
pollen production, that the relative percentage of alien tree pollen might
increase.
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For the late Glacial (pre-Holocene) period, strong fluctuations were
commonly inferred owing to the limited number of available records
(Fig. 2d). Generally, the development of regional vegetation before
Holocene was constrained by cold and probably arid condition (Herz-
schuh, 2006; Wang et al., 2005, 2010), revealed by low arboreal pollen
content in the subalpine conifer forest area (Fig. 12). Relatively low
abundance of AP was also found for the alpine steppe and alpine
meadow zones, corresponding to the weak monsoon circulation before
Holocene (Herzschuh, 2006; Wang et al., 2005, 2010). For the records
from deserts, unexpected high compositions of Betula, Abies/Picea and
PeAP were reported, for instance, Lake Hurleg (Zhao et al., 2007b),
which was possible because of extremely low local pollen production
(Cheng et al., 2013). In addition, the vegetation coverage was supposed
to be sparse during this period according to the low pollen concentra-
tions recovered from Lake Qinghai (Liu et al., 2002), Lake Donggi Cona
(Wang et al., 2014), Lake Kuhai (Wischnewski et al., 2011), Kunlun Pass
(Liu et al., 1997), Tangra Yumco (Ma et al., 2019a, 2019b), and Lake
Shudu (Cook et al., 2011), as well as low pollen accumulation rate from
Lake Naleng (Kramer et al., 2010b) and low pollen influx from Tso Kar
(Demske et al., 2009). The vegetation signals revealed by the fossil
pollen records expressed broad consistence with climate variations
retrieved from various archives, for instance, stalagmite records
(Dongge Cave, Dykoski et al., 2005; Timta Cave, Sinha et al., 2005), ice
core (GISP2, Grootes et al., 1993), marine sediments (Overpeck et al.,
1996; Sirocko et al., 1993) and synthesized moisture indices (Herz-
schuh, 2006; Wang et al., 2010, 2017).

During early to mid-Holocene period (approximately 12-7 ka), the
overall climate condition on the QTP was warm and humid, which is
suitable for local vegetation development, as reported from various re-
cord on the plateau (Chen et al., 2020). At the meantime, the individual
arboreal taxon, together with total AP content revealed high proportions
in the pollen assemblages, especially the period between 9 and 7 ka
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(Figs. 9-13), further indicating that more tree pollen grains were blew
into the plateau by strengthened summer monsoon. Accordingly, high
values were detected from both the proportion of arboreal pollen in each
record and the area covered by high arboreal pollen during this period.
The stable oxygen isotope records of stalagmites from Dongge Cave
indicated that the maximal monsoon was formed during the early Ho-
locene (Dykoski et al., 2005; Wang et al., 2005), which is broadly
consistent with the inferences of synthesized fossil pollen record
(Fig. 14).

During the mid-Holocene, the ASM retreated gradually following the
decline of Northern Hemisphere summer solar insolation (Wang et al.,
2010). Recent investigation from western Yunnan Plateau indicated that
regional vegetation changed abruptly at about 5.2 ka together with the
decline of summer monsoon (Wang et al., 2020), with consistent con-
clusions as the synthesis of published paleoclimatic records (Morrill
et al., 2003) and various sedimentary records from the QTP (e.g., Zhang
et al.,, 2016). During this period, the AP pollen content decreased
significantly across the plateau (Fig. 12), representing the retreating
process of summer monsoon.

For the late Holocene (4-0 ka), the AP content especially Betula in the
subalpine forest zone decreased significantly, indicating a more open
landscape corresponding to the retreat of ASM (Kramer et al., 2010a).
Generally, decreasing trends in AP were noticed in the alpine steppe and
alpine meadow zones as well (Figs. 12, 13), owing to the reduced pollen
production in the forest area in combination with the weakened

13

monsoon circulation (Wang et al., 2005). A slight increase appeared in
the records from the desert area (Figs. 12, 13), as a result of reduced
local pollen production, which is briefly consistent with the pre-
Holocene conditions. In addition, Pinus pollen content showed strong
fluctuations during the mid to late Holocene period, further approving
that Pinus pollen could be more easily transported to the interior of the
plateau.

The synthesis of arboreal pollen content from QTP records confirms
its application in tracking Holocene variation of summer monsoon in-
tensity, which is broadly consistent with the hypothesis proposed by Li
et al. (2020). Meanwhile, as a commonly reported pollen type, Pinus
pollen should be interpretated with care both in terms of regional
vegetation change and potential indication for summer monsoon cir-
culation dynamics. According to the spatial and temporal patterns of AP,
the evolution ASM since late Glacial could be briefly reconstructed. The
summer monsoon strengthened after the transition from late Glacial to
Holocene, maintained at a high level during early to mid-Holocene and
declined roughly after 6 ka.

5.3. Response of non-arboreal pollen composition on the QTP to monsoon
evolution

The non-arboreal pollen species, including major shrub and herba-
ceous pollen, are considered to be mainly of local origin, which repre-
sents the development of regional vegetation compositions following
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climate variations (Cour et al., 1999; Li, 2018; Li et al., 2020; Shen et al.,
2006).

Pollen grains from Artemisia and Chenopodiaceae are commonly
preserved in the Holocene records on the QTP (Ren and Beug, 2002),
which shows dominant compositions in the alpine steppe and desert
biomes (Figs. 3, 4). Consequently, the Artemisia/Chenopodiaceae ratio
(A/C) has been used to distinguish regional vegetation composition and
moisture conditions based on investigations of modern surface pollen
composition from QTP (e.g., Cour et al., 1999; Herzschuh, 2007; Ma
et al.,, 2017; Shang et al., 2009; Wei et al., 2011) and arid/semi-arid
areas in northwestern China (e.g., Qin et al., 2015; Wei and Zhao,
2016; Zhao and Li, 2013; Zhao et al., 2012a). Besides the concerns about
potential biases from local vegetation composition or pollen dispersal
process (Zhang et al., 2018; Zhao et al., 2021), the A/C ratio has been
widely approved to correlate positively with regional moisture/precip-
itation conditions (Li et al., 2010; Zhao et al., 2012b). Poaceae pollen
was identified over the whole plateau owing to the wide distribution of
Poaceae plants (e.g., Stipa purpurea) and its strong adaptability (Fig. 7).
Besides the indication of vegetation and climate changes, Poaceae pollen
was also used to reflect human activities since it contains various agri-
cultural species (Bush, 2002; Hicks and Birks, 1996; Zhou et al., 2008).
As the dominant pollen type of alpine meadow (Zhou, 2001), higher
proportions of Cyperaceae in the records generally indicate expansions
of meadow component (i.e., Kobresia species), referring to possible in-
crease of regional moisture conditions (Sun et al., 2017; Yan et al,,

1999). On the other hand, relatively dry conditions could be derived
from the high compositions of Ephedra, which is widely distributed in
the desert landscape (Herzschuh et al., 2004).

During the late Glacial period, high proportions of Ephedra and
Chenopodiaceae appeared in the records from alpine steppe and alpine
meadow zones, with noticeable values in the subalpine forest area
(Fig. 8), indicating the prevailed cold/dry conditions (Herzschuh, 2006;
Wang et al., 2005). At the meantime, extremely low values from the
deserts are probably resulted from sparse local vegetation coverage and
low pollen production under the harsh condition, as indicated by the
extremely low values of pollen concentration or pollen influx (Demske
et al., 2009; Liu et al., 2002). Subsequently, long-way transported
arboreal pollen showed high contributions during this period as we
discussed above (Figs. 12, 13). In addition, high proportions of Cyper-
aceae were reported from the present subalpine forest area reaching up
to 60% (Fig. 6), which represented the development of alpine meadow
during the late Glacial period according to the investigations of modern
pollen assemblages on the QTP (Li et al., 2020; Yu et al., 2001). In other
words, the high Cyperaceae content indicated possible southward ex-
pansions of alpine meadow under relatively cold/dry late Glacial con-
dition (Kramer et al., 2010b), which is broadly consistent with the
simulated forest retreat in BIOME4 (Ni et al., 2010). Such replacement of
subalpine forest by alpine meadow further confirmed the overall cold/
dry condition during the last Glacial, which has been widely proposed in
the paleoclimate records (e.g., Dykoski et al., 2005; Grootes et al., 1993;
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Overpeck et al., 1996; Sinha et al., 2005; Sirocko et al., 1993).

In the northwestern part of the plateau, Artemisia content increased
gradually in the early Holocene between 11 and 7 ka (Fig. 3), along with
relatively low values of Chenopodiaceae (Fig. 4) as well as increased A/
C ratios (Fig. 5), indicating that the climate became humid under the
intensified summer monsoon circulation (Fig. 14; Wang et al., 2005,
2010). Identical patterns could be inferred from the central plateau of
alpine steppe and alpine meadow zones that Chenopodiaceae content
decreased significantly, together with increasing A/C ratios (Figs. 4, 5),
corresponding to increased available moisture. Furthermore, such wet-
ting trend was also confirmed by the expansion of Cyperaceae to desert
and steppe regions (Fig. 6).

For the mid to late Holocene period after 7 ka, progressive declines of
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Artemisia and Cyperaceae could be noticed for the alpine steppe and
alpine meadow zones (Figs. 3, 6), indicating decrease of regional
moisture condition following the retreat of summer monsoon (Chen
et al., 2020; Wang et al., 2005). Consistently, the proportions of Che-
nopodiaceae expressed increasing trends, particularly for the desert
areas, which further proves the process towards an arid environment.
Meanwhile, the forest landscape in the southeastern margin of QTP
became more open during this stage as indicated by the expansion of
Cyperaceae (Figs. 6, 12).

In addition, the content of Poaceae expressed a generally stable
pattern, with a gradual increasing trend after 7 ka as well as spatial
expansions in the northeastern QTP (Fig. 7), which may be closely
related to human activities. Previous synthesis of fossil pollen records on
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the QTP revealed close correlation between vegetation change and
human activities (Hou et al., 2017a, 2017b). The microblade remains
have been widely discovered from the northeastern QTP, which was
dated back to even the early Holocene (Madsen et al., 2006; Tang,
1999), and reached its maximum between 8.8 and 6 ka owing to
expansion of humans to the northeastern QTP under the relatively warm
and wet condition (Hou et al., 2017a, 2017b). As a result, the increase of
Poaceae content may have been caused by intensified human impacts
during this period.

The development of local vegetation composition of the QTP could
be represented by variations of major herbaceous pollen proportions, i.
e., Artemisia, Chenopodiaceae and Cyperaceae. In the meantime, the
variation of Poaceae pollen, especially the increase during the mid to
late Holocene period, showed a close correlation with possible regional
human activities.

6. Conclusions

Based on the spatial interpolation of major pollen types from 57
records covering the past 15,000 years, temporal and spatial variations
of alpine vegetation on the Qinghai-Tibetan Plateau since the late
Glacial were investigated. The pollen mapping results at 1000-year in-
terval successfully represented regional vegetation evolution and un-
derlying climate processes. The overall condition during the late Glacial
was generally cold and dry, as indicated by low arboreal pollen content
from the subalpine forest zone (more open landscape) and high pro-
portions in the unforested region (as exotic pollen due to limited local
pollen production). Based on the spreading pattern of arboreal pollen (e.
g., Betula, Abies/Picea) on the plateau, the Holocene evolution history of
ASM was briefly established, showing strengthened conditions during
the early to mid-Holocene, which declined after about 7 ka. The local
vegetation developments revealed by shrub and herbaceous species (i.e.,
Artemisia, Chenopodiaceae, Poaceae, Cyperaceae and Ephedra),
captured the overall climate variations as well. Particularly, expansion
of Poaceae in northeastern plateau after 7 ka indicated possible in-
fluences of human activities. The synthesis provides necessary refer-
ences for understanding long-term vegetation evolution and
reconstructing past climate/environment changes on the QTP, which is
of great significance for the investigation of the monsoon dynamics and
the responding process of alpine ecosystem to the monsoon variation.
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