Quaternary Science Reviews 369 (2025) 109636

Contents lists available at ScienceDirect

Quaternary Science Reviews

journal homepage: www.elsevier.com/locate/quascirev

ELSEVIER

The topographic features and sedimentary environment potentially
influenced the vegetation reconstruction in southwestern China since
the MIS3

Xiao Zhang?, Yuanfu Yue ™ @, Ziyan Zhang®, Liuying He ", Xinmeng Yuan ", Xintian Yu",
Qiuchi Wan ¢, Cong Chen“, Yongjie Tang“, Zhuo Zheng “, Kangyou Huang ¢

2 College of Life Sciences, Zhejiang Normal University, 321004, Jinhua, China

® Guangxi Laboratory on the Study of Coral Reef in the South China Sea, Coral Reef Research Centre, School of Marine Sciences, Guangxi University, Nanning, 530004,
China

¢ School of Geography, South China Normal University, Guangzhou, 510635, China

4 Guangdong Key Lab of Geodynamics and Geohazards, School of Earth Sciences and Engineering, Sun Yat-sen University, Zhuhai, 519082, China

ARTICLE INFO ABSTRACT

Handling Editor: Dr Yan Zhao A series of pollen records from southwestern (SW) China has provided substantial evidence for the reconstruction
of paleovegetation and paleoclimate in the region since the Last Glacial Period (LGP). However, studies inves-
tigating the relationship between paleoclimate and ecosystem changes during MIS3 remain limited, thereby
constraining our understanding of the response of vegetation to climatic fluctuations on the glacial-interglacial
timescale. Moreover, in comparison to local-scale topographic pollen sources, traditional lake sedimentary en-
vironments introduce a higher degree of uncertainty into vertical vegetation reconstructions. Here, we present a
pollen record derived from a peat core of the Niangniang (NN) Mountain Wetland, aiming to reconstruct biome
and climate variations over the past 37 ka. Our findings indicate that during the LGP, the study area was pre-
dominantly covered by deciduous broadleaved forests (DBLF), with Quercus (D) and other Betulaceae taxa as the
main components. Although a sedimentary hiatus occurred in the core sediments between 18.5 and 4.6 ka, it is
still possible to infer that from the LGP to the late Holocene, the forests surrounding the NN wetland transitioned
from DBLF to evergreen broadleaved forests (EBLF), which were predominantly composed of Castanopsis and
Cyclobalanopsis. Over the past 2400 years, the rapid expansion of associated plants, including Poaceae and Pinus,
along with secondary taxa such as Alnus, has driven a gradual transition to the Alpine Shrubland and Meadow
(ALSM) biome. This shift is largely attributed to early human activities and fires. By comparing these results with
other pollen and climate records, we conclude that DBLF expanded extensively at medium-to-high altitudes
during the LGP, rather than evergreen sclerophyllous Quercus forest (ESQF). Consequently, previous estimates of
mean annual temperature (MAT) based on pollen data may have been inflated from the Last Glacial Maximum
(LGM) to the Holocene. In addition to the drivers operating at the glacial-interglacial scale, the Atlantic
Meridional Overturning Circulation (AMOC) plays a pivotal role in modulating the variability of the Indian
Monsoon precipitation, which in turn influences biome succession in SW China.
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1. Introduction

The mountain ranges and valleys in southwestern (SW) China have
provided important glacial refuges (Boufford and van Dijk, 2004), and
are global hotspots of biodiversity due to their extreme topographical
features, together with intense climatic fluctuations associated with the
Indian summer monsoon (ISM) and recurrent glaciations (Tang et al.,
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2015). In recent years, a series of pollen records have furnished essential
data for the quantitative reconstruction of paleovegetation and paleo-
climate in SW China, particularly since the Last Glacial Maximum
(LGM). For instance, at higher altitudes, such as Tengchongginghai
(TCQH) (Zhang et al., 2020), Heqing (HQ) (Jiang et al., 2001), Caohai
(CH) (Zhang et al., 2024) and Dianchi (DC) (Xiao et al., 2020), the high
proportion of Quercus (ES) during the LGM implies a significant
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southward expansion of evergreen sclerophyllous Quercus forests
(ESQF) in this region. Simultaneously, other records indicate that de-
ciduous broadleaved forests (DBLF), dominated by deciduous taxa like
Betulaceae and Quercus (D), remained the dominant vegetation type in
mid-to-high altitude mountains throughout the LGM (Deng et al., 2022;
Li, K. et al., 2024). Moreover, studies on specialized taxa, such as Pinus
yunnanensis (Pan et al., 2025), provide indirect evidence of small-scale
vegetation evolution subsequent to the LGM. These studies on pollen
records collected at different elevations in SW China have revealed
distinct vegetation changes during the glacial-interglacial cycles (Shen
and Xiao, 2018; Xiao et al., 2020) that have been closely linked to
vertical biome shifts (Zhang et al., 2020). However, few investigated
pollen records extend back through the Last Glacial Period (LGP, e.g.,
MIS3), and the low resolution of data acquired in previous works (Tang,
1992; Zhao et al., 2014; Zheng et al., 2016) has hindered precise spatial
correlation and accurate dating of rapid climate changes during the LGP
(Zhang et al., 2020).

Another critical issue that warrants attention is the limited focus in
existing studies on the influence of topographic features and sedimen-
tary environments on pollen-paleovegetation reconstruction. Pollen can
be dispersed over distances ranging from dozens or even hundreds of km
in flat terrain by wind and typically down to less than approximately 50
km in mountainous regions (Xu et al., 2016). Consequently, wind-
—dispersed pollen types with high productivity tend to be over-
represented in pollen records. This over-representation leads to an
overestimation of their proportion within vegetation types, such as Pinus
(Wang et al., 2020). Most existing pollen records in SW China originate
from lake sediments at various altitudes (Zhang et al., 2024). Larger
lakes possess a robust ability to capture pollen transported by wind or
water currents, thereby reflecting broader—scale mountain vegetation
changes (Xu et al., 2016; Chevalier et al., 2020). In contrast, sedimen-
tary environments with weaker pollen-trapping capabilities, such as
wetlands, are more likely to accurately represent local vegetation suc-
cession characteristics (Deng et al., 2022). This divergence can result in
significant differences in recorded vegetation types even among study
sites in close proximity. For instance, during the LGP, the pollen record
of TCQH lake in western SW China was predominantly characterized by
ESQF. A significant portion of this pollen likely originates from the
relatively high-altitude Gaoligong Mountain to the east (Xiao et al.,
2015; Zhang et al., 2020). In contrast, merely 30 km to the north,
Tengchongbeihai (TCBH) wetland was dominated by Coniferous and
Mixed Forests (CLMX) during the same period (Zhang et al., 2019).
Recent studies by Zeng et al. (2025) have utilized pollen analysis and
ordination techniques to reconstruct the pollen dissemination charac-
teristics of Gaoligong Mountain in SW China. Their findings indicate that
the Asian summer monsoon, diurnally-varying orographic winds, and
vegetation type characteristics all play roles in shaping pollen dispersal
patterns in mountainous areas. Therefore, to achieve a more accurate
reconstruction of the vegetation succession process in SW China since
the LGP, it is essential to obtain additional pollen records from non-
~traditional lake sources.

Furthermore, the mechanisms driving biome changes in SW China
since the LGP remain a subject of debate. Pollen records and simulation
studies suggest that annual or monthly solar radiation may have been
the primary factor influencing regional vegetation succession since the
LGM (Xiao et al., 2015; Zhang et al., 2023). During the growing season,
solar radiation plays a crucial role in influencing plant photosynthesis
and growth, thereby determining the types and spatial distribution of
vegetation over time. Other research has highlighted the significant
impact of high-latitude ice volume on biome changes in the Yun-
nan-Guizhou Plateau (Zhang et al., 2024). High-latitude ice volume can
significantly influence global sea level and atmospheric circulation
patterns. These changes, in turn, have a profound impact on the climate
of the Yunnan-Guizhou Plateau and contribute to local biome changes.
Additionally, other factors such as surface temperature variations in the
Indian Ocean-Western Pacific Warm Pool (a major driver of climate
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variability in the region; Xiao et al., 2014; Zhang et al., 2020), the
north-south shifts of the Intertropical Convergence Zone (ITCZ) (Xiao
et al., 2020), and fluctuations in the strength of the Atlantic Meridional
Overturning Circulation (AMOC) (Zhang et al., 2024) have collectively
exerted an influence on the characteristics of regional vegetation suc-
cession at various temporal scales. Thus, further research is necessary to
elucidate the complex interactions of these influencing factors on biome
change in SW China.

The Niangniang (NN) Mountain Wetland is situated in the western
region of the Yunnan-Guizhou Plateau. The surrounding area features a
karst peak cluster landform (Li, S.M. et al., 2024; Yue et al., 2024).
Numerous cushion-shaped peat wetlands have developed and are
distributed across the basaltic mountain plateau in this region. Our aim
in this study is to reconstruct the biome succession in the eastern
mountainous regions of the Tibetan Plateau and the Hengduan Moun-
tains since MIS3. To achieve this, we present a pollen record retrieved
from the NN subalpine wetland and quantitatively reconstruct local
biome and climate variations since 37 ka. We systematically compare
this pollen with numerous pollen and other paleoclimate records from
SW China. Among these, especially noteworthy is the record of Caohai
(CH) lake, which, despite its proximity, exhibits marked differences in
sedimentary environments (Zhang et al., 2024). Through this compari-
son, we can reconstruct the biome succession in the target regions with
greater precision and offer unique insights. This approach not only en-
hances the accuracy of quantitative climate reconstructions in the ISM
region but also provides new perspectives on the mechanisms of related
climate forcing.

2. Study area
2.1. Geographical setting

The NN Mountain is within the territory of the Yunnan-Guizhou
Plateau, which is a transitional zone from the Tibetan Plateau to areas of
lower altitude (Fig. 1). The wetland atop the NN Mountain
(26°34'40"-26°36/'38"N, 104°45'29'-104°48'45"E, 2050 m a.s.l.) repre-
sents one of the most well preserved plateau wetlands in SW China,
renowned for its remarkable biodiversity (Zhou et al., 2022). The
climate of the NN Mountain is mainly influenced by the ISM. The warm
and moist air masses associated with the ISM lead to warm winters and
hot summers. The study area has a subtropical humid monsoonal
climate with around 78 % of its precipitation falling between May and
October, when moist winds from the Arabian Sea and Bay of Bengal
bring abundant rainfall. The mean annual temperature (MAT) of the
study area is around 13.5 °C, while the mean annual precipitation (MAP)
is approximately 1350 mm (Yue et al., 2024).

2.2. Modern vegetation

The current distribution of vegetation types in the NN Mountain and
adjacent mountainous regions is closely correlated with the elevational
gradients of the Tibetan Plateau. More specifically, the vegetation in the
mountain ranges of SW China can be categorized into a series of distinct
vegetation belts (Tang, 2015).

The lowest elevation belt, characterized by tropical rainforest
(TRFO), occurs in Yunnan Province at the altitudes below 1000 m a.s.l.
This ecosystem is predominantly composed of species from the families
Fabaceae, Meliaceae, and Sapindaceae, with a minor presence of gym-
nosperms such as Pinus, Cycadaceae, and Podocarpaceae. Evergreen
broadleaved forest (EBLF) typically develops between 1000 and 2400 m
a.s.l, where it is primarily dominated by Fagaceae species including
Cyclobalanopsis delavayi, C. glaucoides, and Castanopsis delavayi, along-
side associated species like Cinnamomum glanduliferum and Schima
wallichii. Coniferous forests, notably those dominated by Pinus yunna-
nensis, are prevalent in the upper elevations of this zone. Additionally,
the lower boundary of this elevation belt exhibits some transitional



X. Zhang et al.

EASM

South
China Sea

26.44°N

e

3 = % o ~
% % NN wetiand
L (o00m)

:?-‘d;ﬂ @ g ?’-—
ot # f /)
/0 / L

#

D 3000 ot
500 m 3

25.77
25.77

)
e

Quaternary Science Reviews 369 (2025) 109636

11I0° " 5‘:E
. . |

I Subtropical everg|
[ Tropical woodland
B Tropical seasonal'r3
1= Trgpical rain fores*th}

105.15°E

Core site

Fig. 1. (a) Topography and location of the NN wetland and the cores used for correlation. Dark green dots indicate the YSL profile (Shi et al., 2011), Wuxu (WX)
(Zhang et al., 2016), Shudu (SD) (Cook et al., 2011, 2013; Yao et al., 2017), Haligu (HLG) (Song et al., 2012), Wenhai (WH) (Yao et al., 2015), Chenghai (CHH) (Xiao
et al., 2017), Tiancai (TC) (Xiao et al., 2014), Lugu (LG) (Shen and Xiao, 2020), Tengchongqinghai (TCQH) (Xiao et al., 2015; Zhang et al., 2020), Dianchi (DC) (Xiao
et al., 2020), Xingyun (XY) (Chen et al., 2014a, 2014b), Yangzhonghai (YZH) (Wang et al., 2020), Yilong (YL) (Li, K. et al., 2024) and Menghai (MH) lake (Tang,
1992); Ganchi (GC) wetland (Deng et al., 2022); Heqing (HQ) basin (Jiang et al., 2001; Xiao et al., 2007); Dayin (DY) cave (Zhang et al., 2024), VN/GA (Li et al.,
2009), NPK (Penny, 2001); (b) Vegetation map of SW China (Zhang, 2007). (c) local topography and location of the NN wetland. (d) local vegetation around NN
wetland (Zhang, 2007). (e) The surrounding environment of the core site. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

forest types that incorporate elements of the tropical flora found at lower
altitudes. From 2400 to 2700 m a.s.l., the vegetation types give way to
conifers and deciduous broadleaved trees dominated by Juniperus for-
mosana, Pinus yunnanensis, Quercus fabri, Q. aliena, Corylus yunnanensis,
Populus yunnanensis, Salix cavaleriei, and Alnus mengtze. The dominant
forest types here are deciduous broadleaved forest (DBLF) and mixed
broadleaved forest (EBLF/DBLF). Between 2400 and 2700 m a.s.l, the
vegetation transitions to DBLF, with dominant species including Juni-
perus formosana, Pinus yunnanensis, Quercus fabri, Q. aliena, Corylus
yunnanensis, Populus yunnanensis, Salix cavaleriei, and Alnus mengtze.
Additionally, evergreen sclerophyll Quercus forest (ESQF) dominated by
sclerophyll Quercus species is common and/or dominant in a belt
centered between 2500 and 3600 m in the southeastern parts of the
Tibetan Plateau and SW China (Yang et al., 2009). Cold mixed forest
(CLMX), primarily composed of cold-tolerant conifers such as Abies,
Picea, and Pinus, is predominantly distributed between elevations of
3300 and 4200 m a.s.l. As elevation continues to increase, alpine
shrubland, meadow, and tundra (ALSM) ecosystems are prevalent,
characterized by dominant species from the Cyperaceae, Poaceae, and
Ranunculaceae. The permanent ice belt generally forms at elevations
above 4800-5000 m. The zonal vegetation of the NN Mountain

primarily consists of EBLF, secondary forests, and certain cash crops,
such as Toxicodendron vernicifluum and Camellia oleifera (Fig. 1d).

3. Materials and methods
3.1. Materials

The NN core was taken from the alpine wetland of the NN Mountain
in the western Guizhou Province (Fig. le). The research site is not
influenced by any rivers in its vicinity. The core is 150 cm long and
covers all the sediment to the bedrock.

3.2. Methods

3.2.1. Laboratory analysis

The samples were collected at 1 cm intervals at the top 50 cm of the
core and at 0.5 cm intervals towards the bottom (50-150 cm). In total, a
collection of 245 samples was obtained. So, for each pollen sample,
about 1 g of sediment was weighed and processed by heavy liquid
separation (Moore et al., 1991; Yue et al.,, 2012). On average, 510
terrestrial pollen grains were counted per individual sample. Based on
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the above counting method, all percentages quoted for pollen grains
(from conifers, arboreal and non-arboreal taxa) in this work are based
on the summed counts of pollen grains from terrestrial taxa. We used
previously established morphological criteria to divide the complex
Quercus pollen in SW China (Zhang et al., 2018). TILIA 3.0.1 (Grimm,
1991-1993) was used to calculate pollen percentages and plot the pollen
diagram.

3.2.2. Biomization reconstruction

Vegetation reconstruction was conducted using the biomization
technique based on previously reported plant functional types (PFTs)
(Ni et al., 2014; Zheng et al., 2023), specifically employing the biome
classifications derived from the pollen record of Caohai (CH) lake
(~100 km southeast from NN site) (Zhang et al., 2024). Consistent with
the CH lake records, all pollen taxa identified from the NN core were
assigned to 17 PFTs and subsequently aggregated into 6 biomes relevant
to the study area. When this biome reconstruction method was applied
to modern pollen spectra for validation, the majority of samples were
accurately classified according to previous studies (Zhang et al., 2024).

3.2.3. Statistical analysis

To simplify the analysis of the relationships between the ecological
properties of the different pollen taxa and climatic variables, and to
establish a quantitative framework for linking vegetation dynamics to
paleoclimatic changes, we performed a principal component analysis
(PCA) on the pollen dataset (Birks et al., 1998). Statistical analyses were
based on the abundances (expressed as percentages) of pollen taxa
detected in at least five samples with relative abundances exceeding 2 %;
30 pollen taxa satisfied these requirements. The gradient length was
below 2 (1.32 in this study) standard deviation (SD) units, so the PCA
method was considered appropriate for analyzing pollen assemblages
with respect to interspecific correlations using square root trans-
formation of pollen percentages. Statistical analyses were performed
using Canoco 5.0 (Braak and Smilauer, 2002), with results visualized
through biplot projections that simultaneously display taxon composi-
tions and sample groupings. This integrative approach enabled us to
identify dominant vegetation patterns and their climatic drivers across
the studied stratigraphic interval.

4. Results
4.1. Sediment lithology and core chronology

Based on the color and lithological characteristics of the core sedi-
ments in the field, the 150 cm long NN sediment can be roughly divided
into 5 layers from bottom to top (Fig. 2). The sediment from 150 to 126
cm consists of gray clay interbedded with wood fragments (140-136 cm)
and plant remains. This is followed by a layer of dark peat with higher
organic content (126-100 cm), which is identical to that observed be-
tween 80 and 50 cm. The deposits between 100 and 80 cm consist of silty
dark gray clay and the uppermost 50 cm of the NN core mainly consists
of silty gray clay.

The core’s chronology was determined through accelerator mass
spectrometry (AMS 4C) dating of nine plant fragments and bulk sedi-
ment samples, which were analyzed at the Xi’an Accelerator Mass
Spectrometry Center and Beta Analytic Inc. (Miami, USA) (Table 1).
Given the study area’s dominance of Carboniferous-Permian limestone,
sandstone, and minor coal layers, the '*C dating results from sediment
samples collected at the NN wetland may be affected by the hard-water
effect typical of karst sedimentary environment (Kong et al., 2010). This
effect occurs when initial 14C radioactivity in aquatic sediments is lower
than contemporary atmospheric levels, causing apparent age over-
estimation of organic materials—an effect more pronounced in lake
sediments. Notably, because the core was retrieved from an alpine
wetland, the likelihood of hard-water effect influence is low. The
age-depth model was established using the Bayesian Bacon method
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Fig. 2. Lithology and age/depth model of the NN core.

(Blaauw and Christen, 2011). It indicates that, due to the presence of a
sedimentary hiatus, the core can be clearly divided into two distinct
sections at a depth of 67 cm. The lower section spans from 150 to 67 cm,
corresponding to an age range of 37.2 to 18.5 ka, while the upper section
extends from 67 cm to the surface (0 cm) with an age range of 4.6 ka to
the present (Fig. 2). The average temporal sampling resolutions of the
two components are approximately 56 years and 114 years,
respectively.

4.2. Fossil pollen and charcoal record

A total of 93 pollen and spore types were identified in 245 samples
retrieved from the NN core. The most abundant and representative taxa
are shown in the pollen diagram (Fig. 3). In samples from the glacial
interval, the pollen assemblages are dominated by arboreal and herba-
ceous pollen. The most abundant taxa are Quercus (D), Betulaceae
(Corylus, Betula, Carpinus) and Poaceae, which collectively account for
70-85 % of the total pollen content. These taxa are typical of a relatively
cold and dry climate, which was characteristic of the glacial interval.
Conversely, the dominant pollen taxa in assemblages from the Holocene
are Cyclobalanopsis and Castanopsis followed by Pinus; other frequently
detected taxa include arboreal taxa such as Tsuga, Alnus, Eurya and
herbaceous taxa such as Artemisia, Asteraceae and Lamiaceae. To better
understand the temporal variation of pollen assemblages, a Constrained
Incremental Sum of Squares (CONISS) analysis was performed on the
pollen data. Based on a CONISS analysis of the pollen data, the pollen
sequence was divided into the following five main zones.

Zone 1 (37.2-27.4 cal ka BP, 150-112 cm)

In this zone, the mean percentage of arboreal pollen reaches a
notably high value of 67.9 %, with Quercus (D) serving as the dominant
taxon, accounting for an average of 24.9 %. Other common arboreal taxa
include Corylus (6.9 %), Carpinus (5.1 %), Betula (3.2 %), and Fagus (3.3
%). Among non-arboreal pollen, Poaceae has the highest proportion at
18.7 %. This zone is further subdivided into two subzones, namely Zone
1a (37.2-32.5 cal ka BP, 150-127 cm) and Zone 1b (32.5-27.4 cal ka BP,
127-112 cm). Compared to Zone la, the proportion of Quercus (D) in
Zone 1b increased from 20.1 % to 29.1 %. Additionally, there were slight
increases in other deciduous taxa such as Betula (from 2.5 % to 3.8 %),
Carpinus (from 4.5 % to 5.5 %), and Fagus (from 2.9 % to 3.6 %), while
the proportion of coniferous taxa decreased (from 9.1 % to 6.4 %). The
composition of non-arboreal/herbaceous pollen remained largely



X. Zhang et al.

Table 1
AMS radiocarbon dates of samples from the NN core.
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Depth (cm) Lab code Materials 14C date (a BP) Error (+a) Calibrated age (cal a BP, 20) Mid-point (cal a BP)
21 Beta 503983 Dark clay 480 30 496-542 518
35 Beta 503984 Dark clay 1880 30 1714-1840 1785
47 Xi’an 01 Dark clay 1617 28 1411-1538 1479
51.5 Beta 503985 Dark clay 3220 30 3375-3471 3426
68 Xi’an 02 Dark clay 15801 56 18909-19191 19054
95 Xi’an 03 Dark clay 20072 62 23879-24249 24071
110 Beta 506744 Dark clay 22240 80 26298-26936 26599
124 Xi’an 04 Dark clay 28250 120 31855-32934 32312
147 Beta 360342 Gray dark clay 32050 220 36000-36924 36391
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Fig. 3. Pollen percentage diagram of selected taxa in the NN core. There was a sedimentary hiatus between 4.6 and 18.5 ka. The solid and faded plots show the same

percentage values on different scales.

unchanged.

Zone 2 (27.4-19.1 cal ka BP, 112-69 cm)

Compared to the preceding zone, Zone 2 exhibits an increased pro-
portion of arboreal pollen (75.9 %), while the proportions of coniferous
and non-arboreal pollen have both decreased to some extent. Notably,
this zone is characterized by a significant rise in Quercus (D) to its
highest percentage (36.9 %). Additionally, the proportion of Corylus has
increased to 8.7 %. However, the proportions of other deciduous taxa
that were relatively high in Zone 1 have slightly decreased, such as
Betula (2.3 %), Carpinus (3.0 %) and Fagus (2.9 %). Among conifers, the
most pronounced change is observed in Tsuga, which has increased from
0.7 % to 1.8 %. In terms of non-arboreal/herbaceous pollen, the pro-
portion of Poaceae has decreased to 15.2 %, and Artemisia has also
declined from 1.7 % to 1.0 %, with minimal changes in other herbaceous
taxa.

Zone 3 (19.1-18.5 cal ka BP, 69-66 cm)

The variations in the proportions of conifer, arboreal, and non-
—arboreal pollen within Zone 3 were relatively minor. However, sig-
nificant changes were observed among certain deciduous and evergreen
taxa. Specifically, the proportions of Quercus (D) (27.7 %) and Fagus
(0.3 %) exhibited a significant decline. Additionally, there was a slight
decrease in Betula (1.1 %) and Carpinus (2.3 %). Conversely, the primary
evergreen taxa, Castanopsis and Cyclobalanopsis, increased to 6.5 % and
18.4 %, respectively. Among non-arboreal pollen, Artemisia reached its
highest proportion in the entire pollen diagram at 4.3 %, while Poaceae
showed a slight reduction to 12.1 %.

Zone 4 (4.6-2.4 cal ka BP, 66-51 cm)

Zone 4 commenced at 4.6 ka due to the influence of the sedimentary
hiatus. This zone is characterized by a markedly elevated arboreal pollen
content (92.2 %), primarily dominated by Cyclobalanopsis (36.5 %) and
Castanopsis (30.6 %). The proportions of coniferous and non-arboreal

pollen both exhibit significant reductions. This zone can be further
subdivided into two subzones:

Zone 4a (4.6-3.7 cal ka BP, 65-57 cm)

This zone exhibits the highest concentration of Cyclobalanopsis pol-
len (44.9 %) throughout the entire core. Additionally, several other
evergreen taxa showed an increase, including Ilex (0.6 %). Conversely,
the proportions of Quercus (D) and Corylus pollen declined significantly
to 12.9 % and 5.6 %, respectively. The percentage of Poaceae within the
non-arboreal pollen fraction also decreased from 12.1 % to 4.9 %.

Zone 4b (3.7-2.4 cal ka BP, 57-51 cm)

Compared to Zone 4a, the arboreal pollen content in Zone 4b is
significantly higher at 94.5 %, while the proportions of coniferous and
non-arboreal pollen are markedly lower at 1.8 % and 3.6 %, respec-
tively. The most distinctive feature of this zone is the rapid increase in
the proportion of Castanopsis pollen, which reaches its peak at 47.8 %,
whereas the proportion of Cyclobalanopsis pollen declines to 28.1 %.

Zone 5 (since 2.4 cal ka BP, 51-0 cm)

In this zone, the proportion of arboreal pollen experienced a rapid
decline to its lowest recorded level of 38.6 %, while both coniferous
(27.1 %) and non-arboreal pollen (34.3 %) reached their highest levels.
The increase in coniferous pollen was primarily attributed to a sub-
stantial rise in Pinus from 1.9 % to 26.9 %. The elevation in non-arboreal
pollen was driven by significant increases in Poaceae, Artemisia, and
Brassicaceae, with Poaceae notably rising to 25.8 %. Additionally, sec-
ondary taxa such as Alnus (5.6 %) and Salix (0.34 %) also exhibited
marked upward trends.

4.3. Statistical analysis

PCA was conducted on the relative pollen frequencies to identify the
key climatic factors influencing vegetation dynamics. The analysis of
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245 NN core samples, encompassing 30 taxa, resulted in the first and
second principal components (PCs), with their eigenvalues accounting
for 51.3 % and 37.6 % of the total variance, respectively (Fig. 4). Taxa
with positive loadings on PC1 primarily comprise common tropical and
subtropical evergreen broadleaved forest species such as Castanopsis and
Cyclobalanopsis. These evergreen species typically thrive in warmer cli-
mates. Conversely, taxa with negative loadings on PC1 predominantly
include cold-tolerant deciduous trees like Quercus (D), Fagus, Betula,
Ericaceae, and Corylus, as well as temperate conifers such as Abies/Picea
and Tsuga (Fig. 4a). The presence of these cold-tolerant taxa in the
negative loading group indicates that PC1 predominantly captures the
influence of temperature on pollen taxa. Taxa with positive loadings for
PC2 are primarily herbaceous taxa, including Poaceae, Artemisia, and
certain deciduous taxa, whereas evergreen taxa such as Castanopsis,
Cyclobalanopsis, and Ilex exhibit negative loadings. This suggests that
PC2 may primarily reflect moisture conditions at the site, where positive
values correspond to drier conditions and negative values indicate
wetter conditions (Fig. 4a). Based on these interpretations of PC1 and
PC2, Zone 2 is likely characterized by the driest or coldest conditions,
while Zone 4a may represent the warmest or wettest environment
(Fig. 4b).

To further explore the relationship between vegetation distribution
and climate conditions over the past 21 ka in SW China, we compared
the PC1 and PC2 curves with the TraCE-simulated MAT and MAP (Liu
et al., 2009). By making this comparison, we aimed to validate whether
the principal components obtained from the PCA could serve as reliable
proxies for temperature and precipitation. Although a sedimentary hi-
atus exists between 18.5 and 4.6 ka, the trends identified in the PCA
results align closely with those of the simulated reconstructions, indi-
cating that the principal components may function as proxies for tem-
perature (PC1) and precipitation (PC2), as suggested by earlier studies.
(Fig. 4c). This finding implies that vertical biome shifts were predomi-
nantly influenced by temperature variations along elevation gradients
and changes in monsoon precipitation intensity (Xiao et al., 2020; Zhang
et al., 2024).

4.4. Biome reconstructions

Biome reconstructions play a crucial role in understanding the
long-term ecological dynamics in SW China (Ni et al., 2014). In previous
research, we effectively reconstructed the current biomes of SW China
using modern pollen samples. The findings indicated that the shifts in
pollen-based biomes were largely consistent with the vertical vegetation
changes observed in the eastern mountains of the Tibetan Plateau
(Zhang et al., 2024). As illustrated in Fig. 5, this study employed the
same biome reconstruction method for the NN core. Biome scores
indicated that during the LGP, the dominant biome was consistently
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Fig. 5. Compare the pollen-based Biome in SW China (left) (Zhang et al.,
2024), the modern mountainous vegetation types (middle) and the biome
variations of the NN core (right). The elevated ALSM biome score observed
between 2.4 and 0 ka are likely attributable to agricultural activities rather than
natural factors.

DBLF (zones 1-3), especially prominent during MIS3, when the score
peaked. During this time, CLMX and ALSM also showed relatively high
biome scores, while the scores for EBLF and TRFO were the lowest.
During the late Holocene (Zone 4), the biome score of EBLF reached its
peak, indicating a significant shift in vegetation types during the tran-
sition from the LGP to the Holocene. Although the exact timing of the
transition from DBLF to EBLF remains uncertain, a comparison with the
biome reconstruction results from the adjacent CH core suggests that it
likely occurred during the late deglaciation period or the early Holocene
(Zhang et al., 2024). After 2.4 ka, ALSM emerged as the biome with the
highest score, coinciding with a marked increase in Pinus and Poaceae
pollen abundance (zone 5), which may be closely associated with human
activities such as large—scale deforestation for agriculture and expansion
of pastoral areas.

5. Discussion
5.1. Biome variations of NN and CH record

The most abundant pollen taxon in the NN fossil record from the LGP
is Quercus (D), accompanied by other deciduous trees such as Betula,
Carpinus, Fagus, Ericaceae (e.g., Rhododendron), and Ulmus. The biome
result also indicates that the DBLF score has consistently been the
highest, particularly during the MIS3 (Fig. 6). In modern East Asia, DBLF
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Fig. 4. PCA ordination of pollen percentage data. (a) PCA results based on selected pollen taxa. (b) Biplot of the PCA result for pollen data; (c) Comparison of PC1
(PC2) values and the local temperature (precipitation) simulated using TraCE21 (Liu et al., 2009).
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human activities.

is predominantly distributed north of 32° latitude, while in south-
western regions, only scattered patches of DBLF exist, likely due to the
influence of the winter climate in this area (Tang, 2015). Although DBLF
can be found within an elevation range of 300-3000 m a.s.l. (Flora of
China Editorial Committee, 2013), they typically dominate at altitudes
between 2000 and 2500 m a.s.l. (Zhou, 1981). This suggests that the
vegetation types during the LGP exhibited a notable downward shift in
altitude compared to contemporary vegetation (Tang, 2015).

To further understand the regional vegetation dynamics during the
LGP, we compared the NN record with that of the CH core. The linear
distance between the NN and CH cores is less than 100 km, and the
sampling altitude difference is minimal (less than 200 m). Based on
these geographical similarities, the vegetation types in the vicinity of
these two records since the LGP were likely to have been relatively
consistent. Wang et al. (2019) analyzed 14 pollen records from southern
China and concluded that most of SW China was predominantly covered
by temperate mixed coniferous and broadleaved forests or warm-tem-
perate deciduous broadleaved forests during the LGP. While this general
pattern provides a regional context, the records from the NN and CH
show some unique characteristics. During this period, particularly at the
LGM, the biome differences recorded by NN and CH were notably
distinct (Fig. 6), highlighting the local-scale variability in vegetation
responses to the glacial climate. Before 16 ka, the biome score of CH
consistently indicated a dominance of Quercus (ES), while DBLF
exhibited a significant prevalence around NN during this interval.
Quercus (ES) species are commonly encountered and often dominate in
an altitudinal belt centered between 2500 and 3600 m a.s.l. in the
southeastern Tibetan Plateau and SW China (Yang et al., 2009). This
elevation range is significantly higher, by approximately 500-800 m,
than that of deciduous DBLF currently distributed in the southwestern
region (Tang, 2015). Quercus (ES) exhibits notable adaptability to very
cold and arid climates as well as nutrient-deficient soils. These condi-
tions typically limit the growth of most deciduous broadleaved trees
such as Alnus, Betula, and Carpinus, and other deciduous or evergreen
Fagaceae members like Quercus (D) and Cyclobalanopsis, which are
predominantly found at lower elevations (Zhou et al., 2007). Given the
distinctive ecological characteristics of Quercus (ES) and its specific
elevation range, it is plausible that these factors contributed to the
notably lower vertical distribution of vegetation types recorded by the
NN core compared to those documented in the CH record during the
LGM.

We posit that the variation in pollen sources across different sites and
the differing capacities of sedimentary environments to retain pollen are
likely the primary factors contributing to this discrepancy. Firstly, CH is
a typical karst lake formed under geological structural influences, with a
catchment area of 380 km?. It is surrounded by relatively high moun-
tains, i.e. Xiliang (West, 2854 m), Yangjiao (East, 2519 m), Dalongcao
(North, 2490 m) and Yingpan (South, 2360 m). Typically, pollen
transport distances vary significantly depending on the terrain. For
instance, in relatively flat terrains, pollen can be transported over dis-
tances ranging from dozens or even hundreds of kilometers, whereas in
mountainous regions with dense vegetation, this distance is notably
reduced to less than ~50 km (Xu et al., 2014). During summer, the ISM
and associated precipitation transport pollen from the higher elevations
of Xiliang Mountain on the western side to the CH water body, while
during winter, the monsoon carries more pollen originating from
Yangjiao Mountain on the eastern side. Unlike the CH core, the NN
pollen sediments originated from the alpine wetland of NN Mountain.
Within the pollen dissemination range, no other mountains with com-
parable or higher altitudes were present. Consequently, the pollen in the
NN wetland primarily originated from a relatively localized area, which
may lead to a more accurate representation of the local vegetation at
that time but also limits the scope of regional vegetation information
compared to the CH record. Thus, it is deduced that the high biome
scores of ESQF and ALSM recorded by CH during the LGM do not
straightforwardly imply that these high-altitude vegetation belts as a
whole vertically descended by more than 1000 m (Zhang et al., 2024).
This is because the composition of pollen records can be significantly
affected by factors such as pollen sources and sedimentary environ-
ments. When calculated according to the altitude of the surrounding
mountains of the CH core, the ESQF during this period is likely to have
been concentrated within an altitude range of approximately
2300-2600 m. This indicates a downward shift of only about 500-800 m
in comparison with the current situation (Fig. 7). Therefore, the area
around CH may have been in the transition zone between DBLF and
ESQF, while the area around NN was likely closer to the upper boundary
of the DBLF belt during this period. Understanding these regional dif-
ferences is crucial for comprehensively interpreting the vegetation
evolution in this area, as it helps to identify the specific ecological niches
and environmental gradients that influenced the distribution of different
vegetation types. In previous studies, utilizing quantitative climate
reconstruction results and the habitat characteristics of Quercus (ES), it
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was hypothesized that the biome transformation during the Heinrich
event 1 (H1) period, as indicated by CH pollen records, could be closely
associated with temperature fluctuations (Zhang et al., 2024). However,
this conclusion may have underestimated the substantial influence of
pollen sources. To gain a more accurate understanding of the biome
transformation, it is essential to comprehensively consider factors such
as pollen sources, sedimentary environments, and their interactions
with climate change, in order to better reconstruct the historical vege-
tation dynamics in this area.

Since the deglaciation, with the gradual warming and increased
humidity of the climate, the vertical vegetation zones in SW China have
experienced an upward shift (Xiao et al., 2020). During this period, the
CH sediment record clearly documented a transition in the surrounding
mountain vegetation from DBLF to EBLF, which has been attributed to
the intensification of the ISM (Zhang et al., 2024). Consistent with the
CH records, the vegetation around NN also shifted from DBLF to EBLF
between the LGP and the Holocene. Although sedimentary discontinu-
ities prevent precise determination of the timing of this vegetation shift
around NN site, evidence confirms that the EBLF boundary migrated
upward by at least 300-500 m during the Holocene (Fig. 7). In the late
Holocene (ca. 4-2 ka), the biome type in CH reverted from EBLF to
DBLF, while regional vegetation type of NN wetland is EBLF, suggesting
a slight downward migration of the alpine vegetation belt. The transi-
tion zone between EBLF and DBLF may be situated between 2000 and
2200 m during this period. Notably, since 2 ka, both CH and NN have
recorded a clear shift to ALSM biome scores. We propose that the un-
usually high proportions of ALSM and DBLF during this period are
attributable to elevated levels of Poaceae pollen (associated with ALSM)
and Alnus pollen (linked to DBLF), likely resulting from human activities
and fires. This also indirectly suggests that the anthropogenic distur-
bance in this area has been relatively consistent since around 2 ka.

5.2. Reassess the vegetation succession since the MIS3

To further elucidate the process in SW China since the MIS3, it is

essential to understand the influence of topographic features and sedi-
mentary environments on pollen records. Consequently, we systemati-
cally categorized previous pollen data, including those from NN, into
four distinct types of study sites (Table 2).

1. The pollen source area is extensive, typically exceeding 30-50 km,
with surrounding mountains of higher elevation. Most alpine lakes
fall into this category. These pollen records typically offer a
comprehensive overview of the regional high-altitude vegetation.

. The pollen source area is also extensive, typically exceeding 30-50
km, but is devoid of surrounding mountains of higher elevation, such
as the lower-altitude Menghai (MH) lake to the south (Tang, 1992).
These records, similar to Type 1, encompass a diverse array of pollen
sources and may also indicate vegetation changes across extensive
regions. However, given the absence of high mountains in the sur-
rounding area, the documented vegetation types are likely to
resemble those in the vicinity of the sampling sites.

. The pollen source area is limited, usually less than 10 km, yet sur-
rounded by mountains of higher elevation, exemplified by the GC
wetland (Deng et al., 2022). In this scenario, despite the presence of
mountains surrounding the sedimentation site, the pollen assem-
blage is likely to be predominantly derived from local vegetation
within the immediate area, owing to the limited capacity of the site
to trap pollen grains.

. The pollen source area is similarly limited (less than 10 km), without
surrounding mountains of higher elevation, such as the NN wetland
(this study). Pollen derived from this type of site predominantly re-
flects the composition of local vegetation, as there are no substantial
topographic barriers that could interfere with pollen transport from
distant sources. This characteristic renders it particularly valuable
for investigating local-scale vegetation succession.

In summary, the first type of pollen records generally reflects
regional high mountain vegetation, while the latter three types pri-
marily represent local vegetation changes (Fig. 8).
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Table 2
The basic information for pollen records in SW China.
Site Long Lan Elevation (m a.s.  bottom Age Sedimentary Type  References
(°E) (°N) D (ka) environment
Tiancai (TC) 99.72 26.63 3898 21 Lake 1 Xiao et al., 2014a; Xiao et al., 2014b
Wuxu (WX) 101.40 29.15 3760 12.3 Lake 1 Zhang et al. (2016); Shen and Xiao (2018)
Shudu (SD) 99.94 27.91 3620 30 Lake 1 Cook et al. (2011); Cook et al. (2013); Yao et al.,
2017
YSL profile 99.70 29.87 3310 32 Mountain 1 Shi et al. (2011)
Haligu (HLG) 100.18 27.00 3277 9.3 Lake 1 Song et al. (2012)
Wenhai (WH) 100.17 26.98 3080 23 Lake 1 Yao et al. (2015)
Lugu (LG) 100.78 27.72 2690 22 Lake 1 Shen and Xiao (2018)
Caohai (CH) 104.34 26.81 2203 22 Lake 1 Zhang et al. (2024)
Heqing (HQ) 100.17 26.56 2190 2780 Basin 1 Xiao et al. (2007); Jiang et al. (2001)
Niangniang (NN) 104.82 26.10 2000 37 Wetland 4 This study
Eryuanxihu (EYXH) 100.00 26.00 1980 17 Lake 1 Lin et al. (1986)
Erhai (EH) 100.18 25.73 1974 13 Lake 1 Shen et al. (2006)
Dianchi (DC) 102.68 25.02 1886 20 Lake 1 Xiao et al. (2020)
Tengchongqinghai 98.53 25.26 1885 68 Lake 1 Xiao et al. (2015); Yang et al. (2016); Zhang et al.
(TCQH) (2020)
Ganchi (GC) 103.03 29.39 1805 25 Wetland 3 Deng et al. (2022)
Yangzonghai (YZH) 103.00 24.91 1800 13 Lake 1 Wang et al. (2020)
Xingyun (XY) 102.55 24.33 1717 37 Lake 1 Chen et al. (2014a); Chen et al. (2014b);
Chenghai (CHH) 100.67 26.53 1503 8.2 Lake 1 Xiao et al. (2017)
Yilong (YL) 102.58 23.68 1414 27 Lake 1 Li et al. (2024)
Dayin (DY) 105.04 24.23 991 47 Cave 4 Zhang et al. (2024)
Menghai (MH) 100.47 21.97 612 42 Lake 2 Tang, 1992

In numerous such records, from high-altitude regions in SW China
and low-altitude areas on the southeastern margin of the Tibetan
Plateau, it is evident that Quercus (ES) pollen was exceptionally abun-
dant during the late MIS3 to the LGM. For instance, several lacustrine
records, such as DC (Xiao et al., 2020), XY (Chen et al., 2014a), TCQH
(Xiao et al., 2015; Zhang et al., 2020), and the HQ basin (Jiang et al.,
2001), indicate the dominance of Quercus (ES) together with alpine
Abies/Picea and cold-tolerant herbs in the vicinity of lakes in SW China.
These pollen records, as described above, provide clear evidence that the
ESQF expanded significantly southward and into lower-altitude regions
during the period from MIS 3 to the LGM, in comparison to its modern
distribution. Wang et al. (2023) utilized the MaxEnt model to simulate
the potential distribution range of ESQF during the LGM, with results
confirming this conclusion. However, it should be noted that all these
pollen records belong to the Type 1 we previously classified (Table 2).
Since these records may reflect surrounding mountain vegetation types
rather than local vegetation changes, they might have overestimated the
extent of ESQF expansion during the LGP. For instance, the pollen record
from the relatively southern XY lake likely represents the mountain
vegetation on its eastern side (1900-2500 m) (Chen et al., 2014a)
(Fig. 8), while at an altitude of the core site (ca. 1700 m), it may be
predominantly dominated by DBLF. This finding is also supported by
records from the more southerly but lower-altitude YL lake (Li, K. et al.,
2024). These examples demonstrate that failing to differentiate between
regional (mountain-influenced) and local vegetation signals may result
in misinterpretations regarding the actual extent of vegetation range
shifts (Fig. 9a). In a recent study, three pollen records were utilized in
the East Asian Monsoon Domain, comprising two from SW China (TCQH
and CH) and one from central China (DJH), to quantitatively reconstruct
the paleoclimate variations since the LGP (Zhang et al., 2023). The result
shows that during the LGM, ESQF dominated around TCQH and CH
lakes. Compared to modern vegetation, the altitudinal distribution of
this vegetation zone shifted downward by ca. 900-1100 m (Zhang et al.,
2020). Based on East Asian Pollen Database and quantitative models, it
can be estimated that the MAT during the LGM was ca. 7-9 °C lower
than during the Holocene (Zhang et al., 2023). However, given that the
primary pollen sources of TCQH and CH predominantly originate from
the surrounding alpine vegetation, it is plausible to infer that the ESQF
did not extend to the same altitude around the two lakes during this
period (Fig. 8). According to our NN records, the vegetation at ca. 2000
m likely represented either the lower boundary of the ESQF or the upper

boundary of the DBLF. Consequently, the ESQF might have only un-
dergone a vertical migration of 600-800 m during the LGM. Considering
the slightly higher temperature gradient rate during the LGM compared
to present-day conditions (Loomis et al., 2017), it is estimated that the
MAT might have only decreased by an average of 5-7 °C relative to the
Holocene. This finding is in good agreement with global model pre-
dictions (Osman et al., 2021), which not only validates the reliability of
our estimations but also provides valuable insights into the regional
climate changes during the LGM.

The deglaciation event since the LGM led to significant climatic
changes, which in turn exerted profound impacts on the distribution and
dynamics of vegetation types. As the climate gradually warmed and
precipitation patterns altered, low-altitude vegetation types such as
EBLF began to experience changes in their geographical ranges (Wang
et al., 2019). Since the deglaciation, low-altitude vegetation types such
as EBLF have restrictedly expanded northward (Zheng et al., 2023).
However, the biome scores for DBLF recorded by NN, DC, and GC
remained consistently high. Moreover, the proportion of deciduous
components in southern sites, as documented by the studies of YZH
(Wang et al., 2020), YL (Li, K. et al., 2024), and XY (Chen et al., 2014a),
also remained relatively high. In contrast to the general northward
expansion trend, the northward migration range of EBLF during this
period was restricted, with its vertical distribution not exceeding
1400-1600 m a.s.l. This might be due to competition with other vege-
tation types, especially the persistent dominance of DBLF in some areas.
Meanwhile, DBLF, ESQF and CLMX gradually migrated to high-
er-altitude areas in the eastern part of the Tibetan Plateau (Wang et al.,
2019). For instance, the biome types in CH and TCQH underwent a clear
transition from ESQF to DBLF, indicating that DBLF had vertically
migrated to approximately 2000 m a.s.l. (Zhang et al., 2020, 2024).
Nonetheless, records from HQ (Jiang et al., 2001), EYXH (Lin et al.,
1986), and WH (Yao et al., 2015) still predominantly exhibit ESQF or
CLMX, suggesting that DBLF in SW China was likely concentrated be-
tween 2000 and 2800 m a.s.l. during this period. Similarly, based on
records from LG (Shen and Xiao., 2015), SD (Cook et al., 2011, 2013;
Yao et al., 2017), WX (Zhang et al., 2016), TC (Xiao et al., 2014) and YSL
(Shi et al., 2011), it can be inferred that ESQF in the area was distributed
between 2400 and 3700 m a.s.l., while CLMX and ALSM were found at
relatively higher altitudes (Fig. 9b).

With the gradual rise in temperature and precipitation, the EBLF,
primarily consisting of Castanopsis, Cyclobalanopsis, and Euphorbiaceae,
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experienced significant northward expansion during the early to mid-
Holocene (Tang, 2015). This expansion and upward altitudinal shift
not only demonstrated the vegetation’s adaptability to climatic changes
but also imposed ecological pressure on the distribution of DBLF,
resulting in a marked contraction of its geographic range. Concurrently,
paleovegetation records from high-altitude sites such as TCQH (Xiao
etal., 2015; Zhang et al., 2020), CH (Zhang et al., 2024), GC (Deng et al.,
2022), EH (Shen et al., 2006), and HQ (Jiang et al., 2001) reveal a
transitional shift in vegetation composition, from DBLF dominance to an
increased presence of evergreen elements. This suggests that the EBLF
biome underwent a vertical shift to elevations of ca. 2200-2400 m a.s.1.
(Fig. 9¢). In contrast, the distribution range of DBLF was notably
restricted. Based on records from WH (Yao et al., 2015), HLG (Song
et al., 2012), LG (Xiao and Shen., 2018) and others, it can be inferred
that the upper limit of DBLF distribution during this period was below
approximately 3000 m a.s.l. A recent study by Zheng et al. (2023)
examined the characteristics of EBLF and DBLF changes during the
glacial to interglacial transition using pollen records from subtropical
China. The findings revealed that most mountainous regions in the
subtropical zone were predominantly covered by DBLF during the LGM,
and the major biome replacement from deciduous to evergreen forest
did not occur until around 8.1 ka. This suggests an earlier forest
replacement in low-latitude regions compared to sites further north or
at higher elevations. It not only provides additional evidence for the
biome replacement process but also helps to establish a broader context
for understanding the spatial and temporal patterns of vegetation
changes in the region.

Following the LGP, the climate in the study region underwent sig-
nificant changes, which had profound impacts on the distribution and
migration of vegetation types. Among these, the ESQF, which exhibited
a wide distribution during the LGP, gradually migrated to the south-
eastern edge of the Tibetan Plateau and the western margin of the
Sichuan Basin. This migration resulted in its concentration primarily
between 3000 and 3700 m a.s.l., similar to the modern distribution
pattern (Yang et al., 2009). Meanwhile, pollen records from MH lake
during the early-mid Holocene in southern regions highlighted specific
components that are characteristic of TRFO (Tang, 1992). In contrast,
NPK records from the Indochinese Peninsula at lower latitudes indicated
that this region was predominantly covered by a typical TRFO biome
during the same period (Penny, 2001). Consequently, it is reasonable to
deduce that TRFO expanded from areas such as the Indochinese
Peninsula into low-altitude regions south of ca. 22°N in SW China
during this period. However, due to insufficient paleovegetation re-
cords, the precise extent of this expansion remains undetermined.

5.3. Possible climate forcing for the biome succession

Numerous studies have demonstrated that climate change since the
LGP has significantly influenced biome succession across various regions
in SW China (Xiao et al., 2020; Wang et al., 2019; Zhang et al., 2024).
Understanding these impacts is essential for forecasting future
ecosystem changes and for reconstructing the historical ecological dy-
namics of the region. For example, a continuous pollen record from 68
ka at TCQH lake indicates that vegetation during the MIS3 was highly
productive (Zhang et al., 2020). By integrating this record with two
additional sites (CH and DJH), the comprehensive dataset enabled the
quantitative reconstruction of temperature and precipitation changes
within the Asian monsoon domain since the MIS3 (Zhang et al., 2023).
The pollen data from TCQH provided insights into the types and abun-
dances of plants present, which were then correlated with known cli-
mate—vegetation relationships. The data from the other sites
complemented this information, helping to fill in gaps and validate the
reconstruction. These findings align with our PCA indicators for tem-
perature (PC1) and precipitation (PC2), providing confirmation that the
MIS3 period was characterized by significant climatic fluctuations,
specifically cold and humid conditions (Fig. 10). On the
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Fig. 10. Correlation of pollen proxies with other paleoclimatic records. (a) July
21 30°N-30°S insolation (Laskar et al., 2004) and Stalagmite 5'%0 values from
Chinese caves (Cheng et al., 2016); (b) PC2 for NN core and pollen-based MAP
estimates for the TCQH and CH core (Zhang et al., 2023); (c) NIOP905 marine
5'%0 G. ruber records (Jung et al., 2009) and SST from the SK237-GCO09 core
(Raza et al., 2017); (d) PC1 for NN core and pollen-based MAT estimates for the
TCQH and CH core (Zhang et al., 2023); (e) ice volumes for the Northern
Hemisphere simulated using ECHAM3 (Charbit et al., 2007) and sea level
(Grant et al., 2014); (f) dominant biomes based on the NN core.

glacial-interglacial timescale, our PC1 and PC2 variations are closely
correlated with Northern Hemisphere (NH) ice volume changes (Charbit
et al., 2007) and the July insolation difference between 30°N and 30°S
(Laskar et al., 2004), as shown in Fig. 10. This suggests that variations in
ice sheets and the summer inter-tropical insolation gradient (SITIG)
were critical factors influencing biome succession in SW China (Zhang
et al., 2023, 2024). During the LGM, NH ice sheets significantly
contributed to temperature reductions, intensifying the north-south
temperature gradients. Consequently, this enhanced moisture transport
from tropical oceans to the continent, increasing monsoonal precipita-
tion over SW China and the eastern margin of the Tibetan Plateau
(Lehmkuhl and Owen, 2005). The increased precipitation, in turn,
influenced the growth and distribution of various plant taxa.
Wet-adapted plants flourished, while drought-tolerant taxa encoun-
tered challenges, resulting in a shift in biome composition. Throughout
this process, the Indo-Pacific Warm Pool played a crucial role in energy
transmission, as evidenced by the high consistency between our pol-
len-based PC2 and other rainfall records in SW China (Xiao et al., 2020)
with sea surface temperature (SST) and marine 5180 data derived from
planktonic foraminifera in the Bay of Bengal (Ahmad et al., 2012; Govil
and Naidu, 2010; Jung et al., 2009).

Nonetheless, long-term climatic changes are insufficient to fully
explain the intricate details of biome succession in SW China. For
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instance, certain pollen records indicate that biomes underwent multiple
distinct successions during deglaciation periods, frequently coinciding
with rapid events such as the Younger Dryas (YD), Bolling—Allergd (BA),
and H1 (Xiao et al., 2015; Zhang et al., 2024). Conversely, other pollen
records suggest minimal or no significant changes in biome composition
before and after these rapid events, with only a small fraction of species
exhibiting minor alterations (Xiao et al., 2014; Shen and Xiao, 2018).
This suggests that short-term fluctuations in regional climatic thresh-
olds may have either facilitated or constrained the growth of certain taxa
(Xu et al., 2023). Thus, the observed shifts in biomes in SW China are
likely influenced by additional mechanisms rather than being solely a
response to thermodynamic effects on a periodic scale. In this study,
although YD and H1 are unrecorded, abrupt events H2 and H3 are
distinctly evident in our precipitation indicators (PC2), indicating that
the AMOC is an additional significant driver influencing changes in the
Indian Monsoon, which profoundly affected the biome succession in SW
China (Ng et al., 2018; Shen and Xiao, 2018). During the period of these
abrupt events, the proportions of several taxa in our pollen records
exhibited significant fluctuations. For example, Ericaceae, a taxon
characterized by its representation as a typical deciduous shrub in
subtropical regions (Tang, 2015), experienced a peak proportion of 11 %
during the H2 event. In comparison with tree species such as Quercus
(D), Ericaceae demonstrates a higher resilience to the strong winds and
very dry conditions prevalent at mountain tops (Tang, 2015). Therefore,
it is hypothesized that during the LGM, a period marked by an overall
cold and dry climate, the exceptionally colder and drier conditions
during the H2 event led to significant changes in certain taxa, such as
Ericaceae. Similarly, biome transitions recorded by pollen analysis of CH
lake since the LGM predominantly occurred during or immediately
following global rapid events (i.e., H1, YD and the 4.2 ka event) (Zhang
et al., 2024). Recently, the rainfall of the East Asian Summer Monsoon
(EASM) was quantitatively reconstructed by using multi-proxy records
from a maar lake in southern China, with the records dating back to the
LGM (Lu et al., 2025). The analysis identified five critical tipping points
in EASM rainfall variability since the LGM, which are also attributed to
abrupt shifts in the AMOC and Saharan vegetation. Thus, the AMOC
significantly impacts the degree of change in Asian monsoon precipita-
tion through complex water vapor circulation processes, thereby influ-
encing biome succession in SW China since the MIS3. These findings
highlight the complex interplay between global climate systems, such as
the AMOC, and regional ecological processes in the eastern margin of
the Tibetan Plateau.

6. Conclusion

Studying the vegetation dynamics and biome variations in SW China
is crucial for understanding the region’s ecological history and its
response to climate change. Our high-resolution pollen analysis yields a
novel record of these aspects since 37 ka, enabling a detailed quantita-
tive reconstruction of biome variations. The findings reveal that during
the MIS3 period, the region surrounding the study site was dominated by
DBLF, with Quercus (D) and other Betulaceae taxa serving as key com-
ponents. The biome score for DBLF slightly decreased during the LGM,
yet it remained the highest among all biomes. The discrepancies in
biome composition during this period compared to records from the
nearby CH lake may be attributed to variations in topographic charac-
teristics and sedimentary environments. Through a comparative anal-
ysis of our findings with other pollen records from SW China, we infer
that during the LGP, the DBLF likely expanded over extensive areas at
medium to high altitudes in the region, whereas the ESQF may have
experienced only a vertical migration of approximately 600-800 m
during the LGM. Consequently, we hypothesize that the discrepancy in
previous pollen-based MAT estimates may have been overestimated
from the LGM to the Holocene.

In addition, during this period, the dominant vegetation type sur-
rounding the NN wetland transitioned from DBLF to EBLF. This indicates
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that the EBLF biome in SW China underwent a vertical migration during
the Holocene, establishing itself at elevations of approximately
2200-2400 m a.s.l. This shift not only indicates a response to changing
climate conditions but also reflects the dynamic nature of the regional
vegetation, adapting to gradual warming and other environmental fac-
tors. Over the past 2400 years, there has been a gradual shift towards the
ALSM biome, with dominant taxa comprising pioneer plants and/or
secondary shrubs associated with high fire frequencies. Consequently,
we propose that this most recent biome transition is predominantly
attributed to early human activities.

The PCA of the fossil pollen dataset revealed a strong correlation
between the principal components and the simulated climate variables,
indicating that PCA can serve as a robust proxy for assessing climate
conditions. Given that abrupt events are clearly reflected in our pre-
cipitation indicators (PC2), we propose that, in addition to gla-
cial-interglacial scale drivers such as solar radiation and variations in
high-latitude ice volume, the AMOC plays an additional critical role in
modulating changes in the Indian Monsoon. This, in turn, has signifi-
cantly influenced biome transitions in SW China.
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