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ARTICLE INFO ABSTRACT

Editor: Howard Falcon-Lang Reconstruction of past vegetation change is critical for better understanding the potential impact of future global

change on the fragile alpine ecosystems of the Qinghai-Tibetan Plateau (QTP). In this paper, pollen assemblages

Keywords: comprising 58 records from the QTP, spanning the past 15 kyrs, were collected to reconstruct biome composi-
llzuﬁmzatlon tions using a standard approach. Six forest biomes were identified mainly on the southeastern plateau, exhibiting
ollen

a pattern of gradual expansion along the eastern margin during early to mid-Holocene times. The alpine meadow
biome was separately identified based on an updated scheme, and showed notable westward expansions towards
lower latitudes and higher altitudes during early Holocene times. Consistent patterns of migration could also be
identified for the alpine steppe biome, which moved eastward during the late Holocene after 4 ka. As the
dominant biome type, temperate steppe was distributed widely over the QTP with minor migration patterns,
except for a progressive expansion to lower altitudes in the late Holocene times. The desert biome was inferred
mainly as covering the northwestern plateau and the Qaidam Basin, in relatively restricted areas. The spatial
distribution of the reconstructed biomes represent the large-scale vegetation gradient on the QTP. Monsoonal
precipitation expressed predominant controls on the development of alpine ecosystems, while the variations in
desert vegetation responded to regional moisture brought by the mid-latitude Westerlies. Temperature changes
played relatively minor roles in the variations of alpine vegetation, but exerted more significant impacts on the
forest biomes.

Vegetation migration
Qinghai-Tibetan Plateau
Holocene

1. Introduction Verrall and Pickering, 2020; Zhao et al., 2021a). In turn, the land cover

changes on the plateau could modulate the energy balance and transfer

The Qinghai-Tibetan Plateau (QTP), a unique landmass with an
average altitude of over 4000 m, has been recognized as the Third Pole
on Earth (Qiu, 2008) and the water tower of the Asian continent
(Immerzeel et al., 2020). Additionally, as the driver and amplifier of the
global climate system, the QTP plays an important role in regulating
regional and even global climate changes, especially the evolution of
Asian monsoon systems and the migration of mid-latitude Westerlies
(Anetal., 2001; Chen et al., 2020; Zhao et al., 2019). In the same period,
uplift of the plateau led to the development of fragile alpine ecosystems,
responding sensitively to regional climate fluctuations (Piao et al., 2019;
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between the atmosphere and land surface (Yasunari, 2007), proposing
significant feedbacks to regional climate variations (Tian et al., 2014).
Therefore, investigation of past vegetation changes on the QTP would
yield essential knowledge about how the alpine ecosystems respond/
contribute to past climate variations (Tang et al., 2021; Zhao et al.,
2011), providing necessary information for modelling/predicting
climate and vegetation dynamics in the future (Claussen et al., 2001;
Dallmeyer et al., 2011; Ni and Herzschuh, 2011).

The fossil pollen records contribute significantly to understanding
prehistoric vegetation changes, which have been widely investigated
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and interpreted (Edwards et al., 2017; Marquer et al., 2014). Since the
1980s, various fossil pollen sequences have been retrieved and reported
in terms of vegetation/climate variations on the QTP during the Holo-
cene epoch (see syntheses in Chen et al., 2020; Li et al., 2021a; and Tang
et al.,, 2021). However, current studies have focused mainly on the
vegetation histories at individual sites (e.g., Herzschuh et al., 2009a;
Kramer et al., 2010a, 2010b; Ma et al., 2014; Zhao et al., 2007a) or
restricted regional patterns, for instance, the northeastern QTP (Zhao
et al., 2011) and the central QTP (Li et al., 2016). Owing to complex
climatic and nonclimatic factors, the fossil pollen record at single site
may not fully represent large scale vegetation variations. Consequently,
the evaluation of vegetation change on a large spatial scale is of great
significance for understanding vegetation responses to climate change
and providing essential benchmarks for global vegetation models
(Kaplan et al., 2003; Li et al., 2019a), particularly the results of quan-
titative vegetation reconstructions (Tang et al., 2021).

Based on the biogeographical and ecological knowledge about
modern vegetation and associated pollen compositions, the biomization
method was developed for quantitative vegetation reconstructions
(Prentice et al., 1992, 1996), which eliminates the subjectivity in
traditional pollen interpretations. Generally, biomes are defined based
on characteristic plant functional types (PFTs), while the similarity score
of each biome is calculated from the pollen spectrum through a stan-
dardized quantitative method (Ni et al., 2010; Prentice et al., 1998).
Subsequently, the pollen spectra are transformed into biome types such
that each pollen taxon will contribute quantitatively to a few biomes
through the PFTs. As an effective method to quantify large-scale vege-
tation variations, the biomization method has been accomplished in
Europe (Prentice et al., 1996) and then applied widely worldwide (e.g.,
Elenga et al., 2000; Izumi and Lézine, 2016; Williams et al., 2010).
Accordingly, biomization-induced regional vegetation reconstructions
have been accomplished in China over the past decades (Cao et al.,
2019; Cheng et al., 2018; Li et al., 2019a, 2019b; Ni et al., 2010, 2014;
Sun et al., 2020; Yu et al., 1998a, 1998b, 2000), although those earlier
studies focused mainly on selected key time slices, i.e., the Last Glacial
Maximum (18 ka) and the mid-Holocene (6 ka). In addition, current
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reconstructions focused mainly on the vegetation dynamics of China or
even the Asian continent, among which only limited information was
acquired for the fragile alpine ecosystems on the QTP. Based on the
modified global biomization scheme, vegetation on the QTP was
reconstructed along with investigations of large-scale variations, for
instance, the vegetation changes in China during the past 22,000 years
(Ni et al., 2014), and biome changes in northern and eastern continental
Asia since 40 ka BP (Tian et al., 2018).

To better understand the spatiotemporal variations in the alpine
ecosystems on the QTP, fossil pollen assemblages from 58 records were
collected for quantitative vegetation reconstructions based on the bio-
mization method. Reconstructed biome sequences over the past 15 kyrs
and selected key time slices were examined and evaluated, with major
focus on the following questions: (1) What are the spatial and temporal
patterns of vegetation changes on the QTP since the late Glacial? (2)
How did the potential vegetation migrate on the QTP? and (3) What
were the underlying factors that triggered the biome changes on the
QTP?

2. Study area

The Qinghai-Tibetan Plateau (QTP, approximately 26-40°N,
73-105°E), covers an area of over 2.5 million km? with an average
elevation of over 4000 m a.s.l., which is regarded as the largest landmass
on Earth (Fig. 1; Qiu, 2008; Liu et al., 2022). The modern climate on the
plateau is predominantly controlled by the Indian Summer Monsoon,
the East Asian Summer Monsoon, and the mid-latitude Westerlies (Chen
et al., 2020). The mean annual temperature on the QTP decreases from
approximately 20 °C in the southeast to below —6 °C in the northwest
(Sun, 1999). As the warm and humid air flows during the monsoonal
season from the oceans are blocked by high mountains, an obvious
gradient in mean annual precipitation appears with a decreasing trend
from 2000 mm in the southeastern margin to <50 mm in the central and
northwestern plateau (Sun, 1999). According to the topographic
configuration and atmospheric circulation, especially the overall high
elevation and associated cold/arid conditions, alpine vegetation types

Fig. 1. Distribution of modern vegetation zones on the Qinghai-Tibetan Plateau and locations of fossil pollen records (see detailed information in Table 1).
Vegetation zones: I, subalpine conifer forest; II, alpine meadow; III, alpine steppe; IV, temperature desert; V, alpine desert.
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develop widely on the QTP (Chang, 1983; Zheng, 1996). Following the
climate gradient, modern vegetation on the plateau expresses an obvi-
ously zonal pattern, from subalpine forests in the southeastern margin,
to alpine meadow and scrub, alpine/temperate steppes, and alpine/
temperate deserts in the northern and northwestern QTP (Fig. 1; ECVC,
1980; Hou, 2001). Generally, the dominant vegetation types on the QTP
are alpine/temperate steppes, which are dominated by a mixture of
plant species from Poaceae (e.g., Stipa purpurea) and Artemisia (e.g.,
A. gmelinii, A. argyi). Alpine meadow consists mainly of Kobresia species
(e.g., K. littledalei, K. royleana, Carex moorcroftii), together with limited
abundances of plants from Poaceae (e.g., Stipa purpurea), Artemisia and
Chenopodiaceae (e.g., Chenopodium hybridum). Montane coniferous
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forest (mainly of Pinus, Abies and Picea, mixed with shrubs of Rhodo-
dendron) and subalpine deciduous broad-leaved shrubs (e.g., Salix,
Potentilla, Rhododendron, Lonicera, Caragana and Berberis) are distrib-
uted mainly in the southeastern and eastern margins of the plateau.
Alpine/temperate deserts are dominated by Chenopodiaceae species (e.
g., Chenopodium hybridum) accompanied by Artemisia, Poaceae, Ephedra
and Nitraria, which develop mainly in the northwestern margin of the
plateau and the Qaidam Basin (Fig. 1; Wang et al., 2006; Wu, 1995).

Table 1
Information about fossil pollen records on the Qinghai-Tibetan Plateau (see locations in Fig. 1).
No Site Names Lat. (°N) Long. (°E) Elev. (m) Archive type type No.* date Time (ka) Res.” (yrs) References
RO1 Lake Dahaizi 27.5 102.1 3660 Lake Digit 3 0-12.4 2500 Li and Liu, 1988
RO2 Lake Shayema 28.58 102.22 2400 Lake Digit 5 11.9 130 Jarvis, 1993
RO3 Lake Wuxu 29.15 101.41 3705 Lake Raw 18 11.9 40 Zhang et al., 2016
RO4 Muge Co 30.10 101.80 3780 Lake Raw 8 0-12 64 Ni et al., 2019
RO5 Lake Yidun 30.30 99.55 4470 Lake Digit 3 13.8 400 Shen et al., 2006
RO6 Ren Co 30.73 96.68 4450 Lake Digit 7 17.0 400 Tang et al., 1999
RO7 Lake Naleng 31.11 99.76 4200 Lake Raw 16 16.4 80 Kramer et al., 2010a, 2010b
RO8 Butuo Co 31.60 95.60 4682 Lake Raw 3 0-11.1 155 Zhang et al., 2015
RO9 Hongyuan Baihe 32.80 102.53 3500 Peat Raw 5 10.0 200 Wang, 1987
R10 Hongyuan 32.80 102.53 3400 Peat Digit 32 11.5 200 Zhou et al., 2010
R11 No. 2 pit 32.85 103.60 3492 Peat Digit 9 12.7 200 Yan et al., 1999
R12 Wasong 32.99 103.05 3490 Peat Digit 9 14.9 400 Yan et al., 1999
R13 Zoige ZB10 33.10 102.70 3470 Peat Digit 20 10.5 50 Sun et al., 2017
R14 Ximen Co 33.38 101.47 4020 Lake Raw 17 19.8 200 Herzschuh et al., 2014
R15 Lerzha River 33.40 101.00 4170 Peat Raw 3 10.6 480 Schluetz and Lehmkuhl, 2009
R16 Zoige ZB08 33.45 102.63 3467 Peat Raw 9 10.3 70 Zhao et al., 2011
R17 Zoige DC 33.90 102.55 3396 Peat Raw 1 21.1 300 Liu et al., 1995
R18 Zoige RM 33.95 102.35 3400 Peat Raw 5 8.8 180 Shen et al., 1996
R19 Lake Koucha 34.01 97.24 4540 Lake Raw 5 15.3 230 Herzschuh et al., 2009a
R20 Ayongwama Co 34.83 98.20 4220 Lake Digit 2 13.4 550 Cheng et al., 2004
R21 Mabu Co 28.33 89.43 4408 Lake Digit 16 20 32 Han et al., 2021
R22 Pumoyum Co 28.52 90.40 5010 Lake Digit 60 3-15.1 160 Nishimura et al., 2014
R23 Peiku Co 28.83 85.33 4590 Lake Raw 3 5-14.7 100 Huang, 2000
R24 Chen Co 28.90 90.60 4420 Lake Digit 6 2.6-10 120 Lu et al., 2011
R25 Nangla Lu 29.24 87.22 4480 Wetland Digit 15 20 500 Miehe et al., 2021
R26 Angrenjin Co 29.80 87.20 4306 Lake Digit 8 3.6 100 Li et al.,, 2021b
R27 Qongjiemong 29.81 92.37 4980 Lake Digit 22 14.0 200 Shen, 2003
R28 Lake Hidden 29.81 92.54 4980 Lake Digit 3 13.5 500 Tang et al., 1999
R29 Ngion Co 30.47 91.50 4515 Lake Digit 12 5.9 100 Shen et al., 2008
R30 Wumaqu 30.53 91.38 4370 Peat Raw 3 12.0 600 Wang et al., 1988
R31 Cuo Na 30.55 91.16 4515 Wetland Digit 7 8.5 140 Cheung et al., 2014
R32 Dangxiong-8 30.70 91.20 4370 Peat Digit 3 0-10 475 Wang et al., 1981.
R33 Dangxiong-9 30.70 91.20 4270 Peat Digit 3 0-10 500 Wang et al., 1981.
R34 Nam Co 30.75 91.00 4718 Lake Digit 3 7.6 300 Herrmann et al., 2010
R35 Nam Co 30.75 91.00 4718 Lake Digit 12 8.3 200 Li et al.,, 2011
R36 Tangra Yumco 31.00 86.50 4545 Lake Digit 28 3-17.5 115 Ma et al., 2019a, 2019b
R37 Taro Co 31.15 84.00 4566 Lake Raw 12 10.2 150 Ma et al., 2014
R38 Ahung Co 31.62 92.07 4450 Lake Digit 56 4.0-9.9 50 Shen, 2003
R39 Xuguo Co 31.95 90.33 4595 Lake Digit 4 8.7 170 Shen, 2003
R40 Zigetang Co 32.00 90.90 4560 Lake Raw 5 10.7 150 Herzschuh et al., 2006
R41 Gounong Co 34.63 92.15 4670 Lake Raw 3 23.1 180 Shan et al., 1996
R42 Donggi Cona 35.50 98.50 4090 Lake Raw 13 18.3 240 Wang et al., 2014
R43 Lake Kuhai 35.52 99.31 4150 Lake Raw 13 17.5 300 Wischnewski et al., 2011
R44 Xiqing Mount. 35.65 101.10 3780 Profile Raw 11 1.3-8.2 67 Miao et al., 2015
R45 Kunlun-Pass 35.70 95.30 3980 Profile Digit 2 18 540 Liu et al., 1997
R46 Lake Kusai 35.75 93.00 4475 Lake Raw 7 3.6 10 Wang et al., 2012
R47 Genggahai 36.10 100.10 2860 Lake Raw 20 6.3 75 Huang et al., 2017
R48 Lake Dalianhai 36.20 100.40 2850 Lake Raw 10 16 80 Cheng et al., 2013
R49 Lake Qinghai 36.67 100.52 3200 Lake Raw 10 18.3 70 Liu et al., 2002
R50 Lake Qinghai 36.67 100.52 3200 Lake Raw 4 11.8 350 Du et al., 1989
R51 Lake Hurleg 37.28 96.90 2817 Lake Raw 7 3-12.5 150 Zhao et al., 2007a
R52 Lake Hurleg 37.28 96.90 2817 Lake Digit 7 0.3-14.1 500 Yu et al., 2021
R53 Lake Luanhaizi 37.59 101.35 3200 Lake Raw 4 26.1 500 Herzschuh et al., 2005
R54 Dunde ice core 38.10 96.40 5325 Ice core Raw n.d. 11.0 200 Liu et al., 1998
R55 Tso Kar 33.31 78.03 4527 Lake Raw 32 15.1 250 Demske et al., 2009
R56 Bangong Co 33.44 79.12 4300 Lake Raw 17 10.8 270 van Campo et al., 1996
R57 Lake Yanghu 35.43 84.65 4778 Lake Raw 2 12.8 700 Zhao et al., 2007b
R58 Sumxi Co 35.50 81.00 5058 Lake Digit 6 12.7 80 van Campo and Gasse, 1993

No.*, number of dating controls; Res.”, temporal resolution of fossil pollen data.
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3. Data and methods
3.1. Fossil pollen dataset

Fossil pollen records were collected from the Qinghai-Tibetan
Plateau (QTP) and surrounding areas, based on the following criteria:
(1) the record should continuously cover a period of at least 4000 years
during the past 15 kyrs, (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 three dating results. In total, 58 fossil pollen
records were selected, including records mentioned in Cao et al. (2013)
and Li et al. (2021a), as well as the latest publications (see locations of
the records in Fig. 1 and detailed information in Table 1). Generally, the
fossil pollen records are distributed in all vegetation zones on the QTP,
although relatively more sites were retrieved from the eastern and
southern parts. To increase the spatial resolution, a few records with
slightly shorter temporal ranges, lower sample resolutions or fewer
dating results were included in the dataset, for instance, records from
Lake Angrenjinco (Li et al., 2021b), Lake Kusai (Wang et al., 2012), and
Lake Yanghu (Zhao et al., 2007b). Most of the pollen records were
published in the past two decades, while 6 records were investigated in
the 1980s. Raw pollen data were available from 30 sites, while the
remaining 28 records were digitized from published pollen diagrams as
restricted by the data availability, which may have suffered from po-
tential uncertainties and loss of rare pollen types. However, the major/
key pollen species are always available in published pollen diagrams,
providing the necessary dataset to perform the biomization schedule.
Generally, the principal variations in individual records were captured
and represented, contributing significantly to the fossil pollen dataset
and subsequent biome reconstruction. Most records covered the whole
Holocene period, while limited number of records were available for the
late glacial period. In addition, all the radiocarbon dates reported in the
original publications were calibrated and interpolated based on the
recently developed Bacon age-depth model (Blaauw and Christen,
2011), to avoid potential chronological biases, except for the ice core
record from the Dunde ice cap (Liu et al., 1998) and recent lacustrine
records with Bacon based radiocarbon chronologies (e.g., Muge Co, Ni
et al., 2019; Mabu Co, Han et al., 2021).

3.2. Biomization procedure

Biomization is an objective method to derive regional vegetation
changes from fossil pollen records, which assigns pollen taxa to plant
functional types (PFTs) and subsequently to biomes (Prentice et al.,
1996; Prentice and Webb, 1998). Generally, each pollen taxon was
assigned to one or more PFTs based on the modern ecological and
biogeographical knowledge, while characteristic PFTs were further
classified into major biomes according to bioclimatic signatures. Sub-
sequently, the affinity score for each biome was calculated as the sum of
the square root percentage of each pollen taxon assigned in the biome,
while pollen taxa with proportions below 0.5% were not included. The
scheme of pollen-PFT-biome assignments was initially established at the
global scale (Harrison et al., 2010; Prentice et al., 1996), which was
adjusted progressively for biome reconstructions in China (Ni et al.,
2010, 2014; Tian et al., 2018). Recently, an updated scheme based on
pollen/vegetation data in China was set up, and more alpine biome types
(particularly alpine meadow, ALME) were included and classified
(Supplementary Table S1, Table S2; Sun et al., 2020), which is supposed
to be more suitable for vegetation reconstruction in the QTP compared
with previous global models. Considering the wide distribution of alpine
biomes on the QTP, such an updated scheme was subsequently selected
for the biomization procedure. Accordingly, 158 pollen taxa recovered
from the fossil pollen records were assigned to 30 PFTs and 18 biomes
(see details in Supplementary Table S1 and Table S2). Biomization
reconstruction was accomplished using the PPPBase software (Guiot and
Goeury, 1996).
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4. Results
4.1. Biome reconstructions based on the fossil pollen records

In total, 11 biome types were reconstructed on the QTP during the
past 15 kyrs based on 58 fossil pollen records (Figs. 2, 3). Generally,
diverse forest biomes were determined, consisting of subtropical mixed
forest (WAMF), subtropical broadleaf evergreen forest (STFO), warm
temperate mixed forest (TEDE), cool temperate mixed forest (COMX),
cold temperate summer green conifer forest (CLDC), and cold temperate
evergreen conifer forest (CLEC). The forest biomes show dominant
contributions in 12 records along the eastern margin of the plateau
(Fig. 3). The alpine grassland biomes, i.e., alpine meadow (ALME) and
alpine steppe (ALST), were in the eastern and southern parts of the
plateau, expressing significant contributions to 6 and 11 records,
respectively. Additionally, two types of temperate steppe biomes were
assigned with wide distributions (high-frequent appearances in 19 re-
cords) on the central and northeastern QTP, including the cool-
temperate desert steppe (TEDS) and cool-temperate steppe (STEP).
The desert biome (DESE) appeared with high proportions in 10 records,
which were mainly from the northwestern QTP and the Qaidam Basin.
Generally, the overall spatial distribution of biomes represented the
large-scale vegetation gradient on the plateau (see modern vegetation
zones in Fig. 1). At the same time, biome reconstruction based on
modern pollen data from 1452 sites (after Cao et al., 2014) represents a
pattern generally consistent with the distribution of modern vegetation
zones on the QTP (see Supplementary Fig. S1). In addition, over 60% of
reconstructed biome sequences presented only minor changes during
the past 15 kyrs, revealing rather a stable history of regional vegetation
changes.

4.2. Reconstructed biome variations on the QTP

During the late glacial period (15-12 ka), relatively few records were
recovered, particularly for the period before 14 ka (Figs. 3m-p; Sup-
plementary Fig. S2). The forest biomes were restricted in the south-
eastern corner of the QTP, showing minor expansions along the eastern
edge of the plateau. Similarly, the alpine grassland biomes (ALST and
ALME) appeared mainly in the southeastern part of the QTP, with
relatively lower frequencies. Comparably, biomes of STEP and DESE
showed rather wide distributions on the plateau, especially the ap-
pearances of DESE on central and southern parts of the QTP.

Entering the early Holocene (11-8 ka), the number of available
pollen records increased greatly, providing more details about spatial
patterns in reconstructed biomes (Figs. 3i-l; Supplementary Fig. S2).
Generally, the forest biomes were concentrated in the eastern and
southern marginal areas of the plateau, where CLEC was distributed in
the eastern plateau, while COMX appeared in the southeastern corner.
Additionally, a gradual expansion of the forest biomes could be identi-
fied along the eastern margin of the plateau. The number of recorded
ALME increased during this period, which were mainly from the
southern plateau and the Zoige Basin. ALST appeared frequently at high
altitudes in the southern plateau together with minor variations. How-
ever, temperate steppe communities (STEP and TEDS) were widely
determined, which were expressed as the transitional zone between the
alpine grasslands and the deserts. In addition, a large number of records
with DESE were recovered from the northwestern plateau and the Qai-
dam Basin.

During the mid-Holocene (8-4 ka), the forest biomes remained at
relatively high levels, revealing slight expansions of conifer forest
(CLEC) to the northeastern plateau between 7 and 6 ka (Figs. 3e-h;
Supplementary Fig. S2). A westward expansion of forests to higher al-
titudes was recorded as well. The number of assigned ALME declined
gradually, which appeared mainly in the southern part of the QTP. The
steppe biomes (both ALST and STEP) showed remarkable increases,
especially the notable expansion of ALST to the southern QTP. The
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number of DESE-dominant records declined slightly, and was replaced
greatly by STEP in the northern plateau.

For the late Holocene period (after 4 ka), the forest biomes obviously
retreated to the southeastern QTP, which were replaced largely by
ALME and ALST biomes on the eastern margin of the plateau (Figs. 3a-d;
Supplementary Fig. S2). Accordingly, records with ALME were
restricted in the eastern plateau while the southern QTP was occupied by
ALST and STEP groups. The region dominated by the STEP extended
broadly to the eastern and southern parts of the plateau, while DESE
appeared mainly in the Qaidam Basin and surrounding areas.

4.3. Holocene biome migrations on the QTP

To detect potential vegetation migrations on the plateau, the distri-
bution of reconstructed biomes along latitude, longitude and altitude

gradients was evaluated and illustrated (Fig. 4; further details are pro-
vided in Supplementary Fig. S3 and Fig. S4). Owing to relatively lower
number of records during the late glacial period, the examination of
vegetation migrations focused mainly on the Holocene period.

The forest biomes expressed gradual expansions during the early to
mid-Holocene (until 7 ka; Fig. 4a). Generally, the forests expanded to-
wards higher latitudes (northwards) and lower longitudes (westward),
together with fluctuations in altitudes. The distribution of forests be-
tween 11 and 9 ka was restricted to relatively lower latitudes with a
median value of 30.5°N. The forest progressively moved northwards
from 8.5 to 5 ka, reaching a median latitude of approximately 33°N,
which retreated gradually after 5 ka towards modern conditions. At the
same time, the longitudinal extent of forest spread further west between
11 and 7 ka, and retreated gradually afterwards to the present distri-
butions. Along the altitude, the forest showed frequent vertical
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variations together with a slight expansion to low altitudes (mainly in
the Zoige Basin) during the mid-Holocene.

Remarkable migration patterns were determined for ALME, in both
the horizontal and vertical directions (Fig. 4b). There was an obvious
trend of southward migration during the early Holocene, along with a
gradual westward expansion, which generally represented the varia-
tions from the eastern to southern plateau. Vertically, the altitude range
of ALME increased significantly, reaching up to nearly 5000 m a.s.l. at
approximately 8 ka. Such a situation was maintained during the mid-
Holocene period, while the migration of ALME back towards the
eastern/northern QTP as well as relatively lower altitudes occurred at
approximately 4 ka.

The overall migration pattern of ALST was consistent with ALME,
despite slight differences in the changing time points (Fig. 4c). Gener-
ally, ALST exhibited horizontal migrations towards low latitudes/lon-
gitudes, along with a vertical trend to high altitudes after entering the
Holocene, which returned during the late Holocene period after 3 ka.
However, only minor migration trends were determined for the widely
distributed STEP, showing horizontal variation during the early Holo-
cene towards lower latitude/longitude areas (Fig. 4d). In terms of alti-
tude, there was a slight expansion of the STEP to lower altitudes during
the late Holocene (after 4 ka). In addition, no clear temporal migration
pattern was induced for DESE, possibly owing to the limited number of
records (Fig. 4e).

5. Discussions
5.1. Biome distribution and migration on the QTP

Relatively lower numbers of pollen records were available for the
late glacial period (before 11.5 ka), which was dominated by biome
types of STEP and DESE (Figs. 2, 3). Forest components were restricted
to the southeastern/eastern margins of the QTP during this period,
among which, CLDC and CLEC were mainly distributed in the east of the
plateau, while COMX, TEDE, WAMF, and STFO appeared in the south-
eastern part (Fig. 3, and Supplementary Fig. S2). The overall vegetation
structure on the plateau is broadly consistent with previous biome re-
constructions (Li et al., 2019a; Ni et al., 2014; Tian et al., 2018), that
biome types of steppe, desert and forb tundra were yielded on the QTP
during the late glacial period. With the updated PFT and biome as-
signments (Sun et al., 2020), the alpine meadow (ALME) was deter-
mined, e.g., the Wasong section (R27) on the eastern part of QTP (Yan
et al., 1999), which has not yet been identified in previous results based
on global biome schemes. Accordingly, a relatively open landscape
could be deduced for such a period before the Holocene, illustrating
comparable results with the previous reconstructions for the Last Glacial
Maximum (LGM) period (CQPD, 2000; Li et al., 2019b; Ni et al., 2010;
Yu et al., 2000).

During the early Holocene between 11.5 and 8 ka, more fossil pollen
records were available, particularly for the areas dominated by
temperate steppe (STEP) and alpine steppe (ALST) on the southern and
southeastern QTP (Figs. 2, 3). Generally, STEP and ALST are distributed
widely on the plateau, which is broadly consistent with previous re-
constructions on the QTP, despite relatively lower resolutions (Li et al.,
2019a; Ni et al., 2014; Tian et al., 2018). Notable expansion of forest
could be deduced based on the spatial distribution and temporal varia-
tions of the forest biomes (e.g., CLEC, COMX; Figs. 3-5), which is briefly
consistent with the increase in forest extent based on synthesized
arboreal pollen abundance on the QTP (Chen et al., 2020). In addition, a
northwards shift (migration) of forest biomes during 9-5 ka was deter-
mined on the eastern QTP (Cheng et al., 2018). Additionally, the
Regional Estimates of Vegetation Abundance from Large Sites (RE-
VEALS) model induced vegetation reconstruction presented an identical
pattern, showing increased forest components on the southeastern part
of the QTP (Li et al., 2020). Such westward and northwards expansions
of the forest biomes were also inferred from simulation results using the
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BIOME4 model, which showed that the tree line moved further north
during the early Holocene (Song et al., 2005). Along with the expansions
of forest biomes, ALME and ALST communities exhibited obvious
westward and southward migrations towards higher altitude regions of
the plateau (Figs. 3, 4), which had not yet been detected in previous
biomization reconstructions (Li et al., 2019a; Ni et al., 2014; Tian et al.,
2018). An increase in alpine meadow components on the southern QTP
was also noticed in the synthesized vegetation history of the highland
area (i.e., the QTP; Zhao et al., 2009).

In the mid-Holocene (8-4 ka), the proportion of forest biomes
declined progressively (Fig. 5j), along with a gradual retreat towards the
southeastern plateau (Fig. 4a), revealing a pattern consistent with syn-
thesized arboreal pollen content on the QTP (Chen et al., 2020).
Generally, such retreat in forest components was broadly in agreement
with large scale biome reconstructions for the mid-Holocene scenario (Li
etal., 2019b; Ni et al., 2010; Yu et al., 2000) as well as sequential results
(Li et al., 2019a; Ni et al., 2014; Tian et al., 2018), despite relatively
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lower temporal/spatial resolutions in previous reconstructions. In
addition, cold-temperate evergreen conifer forest (CLEC) was deter-
mined from Lake Qinghai on the northeastern margin of the plateau, as
revealed by high arboreal pollen proportions in the fossil pollen as-
semblages (Du et al., 1989; Liu et al., 2002), which declined gradually
after ca. 5 ka (Fig. 2; Herzschuh et al., 2009b). Such forest decline was
further supported by simulated 6000-year land cover changes in the
comprehensive earth system model, in which forest retreated gradually
on the northeastern QTP during the late Holocene (Dallmeyer et al.,
2011). High proportions of Cyperaceae were recovered in records from
the central and southern QTP, indicating the development of alpine
meadow (ALME) communities (Li et al., 2016). The occurrence of
Cyperaceae in the southern plateau was also reconstructed by the RE-
VEALS model, accounting for over 80% of the regional landscape (Li
et al., 2020).

For the late Holocene period after 4 ka, the most pronounced pattern
was the expansion of steppe communities (both STEP and ALST), along
with further retreats in the biomes of forest and alpine meadow (Fig. 5).
Rapid degradation of peatland together with retreat of coniferous forest
were noticed in the Zoige Basin (Sun et al., 2017), resulting in subse-
quent regional biodiversity losses (Liang et al., 2019). The increases in
steppe components have been widely noticed from the northeastern and
central parts of the QTP (Herzschuh et al., 2009a; Zhao et al., 2009),
indicated by high contributions of Artemisia pollen. The simulated late
Holocene vegetation compositions also captured the dominant contri-
bution of grassland (steppe) on the QTP (Dallmeyer et al., 2011).
Additionally, increased steppe components were reconstructed from the
northwestern and northeastern QTP based on the REVEALS model (Li
et al., 2020), which may account for the expansion of the STEP to lower
altitudes (Fig. 4d). The forests experienced a gradual migration back to
the eastern margin of the plateau, with elevations below 4000 m (Cheng
et al., 2018). ALST and ALME showed movements towards the eastern
and northern plateau, following the invasion from STEP communities
(Fig. 4), which is generally consistent with the previously reported ex-
pansions of temperate grassland and temperate xerophytic shrubland
(Ni et al., 2014; Tian et al., 2018).

5.2. Factors influencing biome changes on the QTP

Generally, climate changes, including variations in temperature and
precipitation (or moisture), have been widely recognized as dominant
parameters driving vegetation changes at broad spatial/temporal scales
(Caoetal., 2019; Friend et al., 2013; Herzschuh et al., 2009a; Zhao et al.,
2009; Zhao and Yu, 2012). The Northern Hemisphere (NH) temperature
experienced a progressive increase since the late Glacial, reaching a
maximum during the early Holocene (approximately 9-7 ka) and
declining gradually afterwards (Marcott et al., 2013; Shakun et al.,
2012). Such temperature increases at the transition from the late glacial
period to the Holocene played significant roles in the development of
vegetation (Li et al., 2019b; Tian et al., 2018). The biomization recon-
struction reveals that the forest biomes on the QTP expanded gradually
in the early Holocene and reached a maximum between approximately
9-6 ka (Figs. 3, 5), expressing basically consistent pattern with the NH
temperature (Fig. 5d; Marcott et al., 2013), despite different Holocene
temperature trends (e.g., Liu et al., 2014; Marsicek et al., 2018). Such
correlation may suggest that the variations in forest biomes have been
potentially influenced by changes in temperature, which has been re-
ported from the investigations of fossil pollen records in the Zoige Basin
(Zhaoetal., 2011, 2021b). Temperature has been generally considered a
constraint on vegetation development, which supplies necessary energy
for plant growth (Liu et al., 2010; Walther and Linderholm, 2006).
However, owing to the high elevation on the QTP, temperature changes
play relatively minor roles in the vastly distributed arid and semi-arid
regions, where the development of ecosystems receives more influence
from variations in moisture/precipitation (Piao et al., 2006; Sankaran
et al., 2005). In addition, the drought stress caused by warming may
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even have a negative impact on plant growth considering the intensified
evaporation (Cong et al., 2017; Zou et al., 2005). In turn, such complex
process may explain the relatively weak correlations between temper-
ature and the non-forest biomes (Fig. 5).

Alternatively, variations in alpine ecosystems are suggested to
respond sensitively to changes in precipitation (moisture), considering
the overall arid and semi-arid conditions on the QTP (Herzschuh et al.,
2009a; Lu et al., 2011; Tang et al., 2021). Generally, the QTP is under
the joint influences of the Asian Summer Monsoon systems, including
the Indian Summer Monsoon (ISM) and the East Asian Summer Monsoon
(EASM), as well as the mid-latitude Westerlies, which led to rather
divergent moisture patterns on the plateau (Chen et al., 2020). Inten-
sified ISM and associated increases in monsoonal rainfall were widely
reported during the early Holocene (Dykoski et al., 2005; Wang et al.,
2005), which declined gradually since the mid-Holocene (Fig. 5b, c;
Chen et al., 2019; Wang et al., 2010). Accordingly, the temporal varia-
tions in reconstructed forest biomes and alpine meadow exhibited
consistent patterns with the ISM intensity (Fig. 5i, j). The steppe biomes
(STEP and ALST) represent generally opposite trends with the ISM in-
tensity, showing relatively low proportions during the early Holocene
(Fig. 5g, h). The expansions of forest and alpine meadow following
increased monsoonal rainfall have possibly led to such retreat of steppe
biomes. Therefore, monsoonal precipitation brought by the ISM has
significantly controlled the development of alpine ecosystems, as noted
in previous investigations (Herzschuh et al., 2009a; Li et al., 2016).
However, the maximal EASM occurred during the mid-Holocene ac-
cording to quantitative precipitation reconstruction (Chen et al., 2015)
and synthesized regional moisture patterns (Chen et al., 2019; Wang
etal., 2017). The development of forest on the northeastern QTP during
the mid-Holocene was deduced from Lake Qinghai (Du et al., 1989; Liu
et al., 2002), which indicates the potential response of vegetation to the
variation in the EASM (Herzschuh et al., 2009b). In addition, climate
conditions in the northwestern and northern parts of the plateau
received significant influences from the mid-latitude Westerlies (Chen
et al., 2019, 2020), which experienced a progressive increase in mois-
ture during the early to mid-Holocene, followed by a gradual decline
after 6 ka according to synthesized palaeoclimate records (Fig. 5a; Chen
et al., 2019). Consistent temporal variations could be noticed in the
proportion of desert biome, which decreased gradually during the early
to mid-Holocene between 11 and 6 ka, owing to increased regional
moisture brought by the mid-latitude Westerlies (Fig. 5f). Then, the
desert biome expanded slightly during the mid to late Holocene (after
approximately 6 ka), responding briefly to the decrease in Westerlies-
induced rainfall (Fig. 5a).

Additionally, various non-climate factors were suggested to offer
significant influences on past vegetation changes. Modern ecological
evidence has revealed that elevated CO5 concentrations could improve
the water use efficiency of plants, especially in arid and semi-arid areas
(Gerhard and Ward, 2010; Morgan et al., 2001; Nelson et al., 2004),
which has been regarded as a potential driver of Holocene vegetation
changes on the QTP (Herzschuh et al., 2011) and even larger spatial
scales (Tian et al., 2018). The complex vegetation-climate feedback
process may also contribute seriously to regional vegetation changes
according to climate simulation results (Chen et al., 2004; Claussen,
1997). Generally, the expansion of dense vegetation may lead to in-
creases in vegetation coverage and corresponding evapotranspiration,
increasing the vapour content in the atmosphere and subsequently
regional precipitation, which in turn promotes the development of
vegetation (Dallmeyer et al., 2010). Regional topography may affect the
vegetation distribution through influences on climate conditions or the
vertical migration of vegetation zones (Cheng et al., 2018), which
should be considered particularly in the southeastern margin of the QTP.
In addition, despite the harsh environment on the plateau, the hypoth-
esis of human-induced vegetation change has been proposed during the
mid to late Holocene (Hou et al., 2017; Miehe et al., 2014), while de-
bates remain regarding whether human activities have caused serious
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vegetation change compared to climate variations (Herzschuh et al.,
2009b; Zhao and Yu, 2012). Unfortunately, restricted by the temporal
and spatial resolutions of reconstructed biomes, no correlation between
the biome changes on the QTP and these non-climate factors was
determined, which requires further investigation, as well as systemic
long-term model simulations.

In summary, the vegetation variations on the QTP were predomi-
nantly controlled by regional moisture conditions, representing diver-
gent spatial patterns. Moisture brought by the ISM promotes the
development of alpine ecosystems to a large extent, while the north-
eastern plateau receives potential influences from the EASM. Alterna-
tively, the deserts respond closely to regional precipitation driven by the
Westerlies. The influence of temperature on vegetation was restricted to
the forest biomes, while the combined contribution between precipita-
tion and temperature was merely distinguished.

6. Conclusions

Based on the biomization method, large-scale vegetation changes on
the Qinghai-Tibetan Plateau during the past 15 kyrs were quantitatively
reconstructed using 58 fossil pollen records, revealing regional biome
compositions and potential migration patterns. In general, dominant
vegetation biomes on the QTP since the late Glacial have been deduced,
consisting of six forest biomes (TEDE, WAMF, STFO, COMX, CLDC and
CLEQ), alpine meadow (ALME), alpine steppe (ALST), temperate steppe
(TEDS, STEP) and desert (DESE). The vegetation distributions repre-
sented by reconstructed biomes captured the overall gradient from
forests in the southeastern QTP to deserts in the north and northwest.
During the Holocene, notable expansions of forest were determined,
towards areas of high latitude/low longitude. The alpine meadow and
alpine steppe communities expressed consistent migrations to the
southern part of the QTP, while minor variations were detected for
temperate steppe and desert. Variations in regional precipitation were
supposed to be the predominant driving factor for vegetation change on
the QTP, while temperature change may have certain influences on the
developments of forest biomes. Accordingly, the monsoonal rainfall
exhibits significant influences on the biomes ranging from forest, alpine
meadow, alpine steppe and temperature steppe. The variations in desert
components revealed potential response to moisture changes dominated
by the mid-latitude Westerlies. Our results highlight the spatial and
temporal variability of alpine ecosystems on the QTP and corresponding
responses to climate fluctuations, providing important information for
paleoclimate reconstruction and for the prediction of future land cover
patterns on the QTP.
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