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ARTICLE INFO ABSTRACT

Editor: Howard Falcon-Lang The world largest alpine permafrost region, the Tibetan Plateau, will experience amplified warming under global

climate change scenarios. Studying its environmental evolution in the geological past is crucial to further our

Keywords: understanding of mechanism and thresholds of climate change. Here we present a 3.5-million-year-long, high-

Pélleﬂ altitude vegetation and climate record from the Kunlun Pass Basin to reconstruct the transition from the sus-

E}pctene tained warm, high carbon dioxide environment of the Pliocene to the cool glacial and interglacial periods of the
eistocene

Pleistocene, 4.31 to 0.85 million years (Ma) ago. The Early Pliocene pollen record indicates the occurrence of
patches of broadleaved and coniferous forests in a semi-desert shrubland at this high-altitude site. Pollen derived
quantitative climate estimates based on modern pollen rain transfer functions suggest a moister climate before
4.0 Ma with mean annual temperatures (MATs) > 14 °C warmer than today. The retreat of broadleaved and
coniferous forests from the Kunlun Pass Basin area is linked to stepwise cooling at ~4.0 Ma and during the Plio-
Pleistocene transition between 2.7 and 2.6 Ma. Pollen derived climate estimates and Ag47-palaeothermometry
indicate an abrupt cooling of ~4-8 °C resulting in the onset of permafrost condition on the Tibetan Plateau after
2.7 Ma. An expansion of Chenopodioideae dominated xerophytic shrublands after 3.8 Ma and 2.15 Ma indicates
a reduction in precipitation on the NE Tibetan Plateau, which appears to be linked to a weakening of the East
Asian Summer Monsoon at the Plio-Pleistocene transition. The reconstructed cooling at the Kunlun Pass Basin
site reflects the regional expression of global climate change with high-elevation temperature amplification
hence rejecting the notion of a major tectonic uplift of the Tibetan Plateau during the Plio-Pleistocene.

Tibetan Plateau
Semi-desert
Permafrost

1. Introduction

Over the past 5 million years (Ma) the Earth underwent a major
transition from the warm climates of the Pliocene to the Pleistocene ice
ages. The cooling, which was primarily triggered by a combination of
favourable astronomical forcing and declining atmospheric carbon di-
oxide concentrations (Maslin et al., 1998), led to the intensification of
Northern Hemisphere Glaciation (NHG) at the Plio-Pleistocene transi-
tion. Over the last decades the Pliocene (5.3-2.6 Ma) has received
particular scientific attention since it was the last geological Epoch with
significantly higher than pre-industrial atmospheric carbon dioxide
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concentrations (pCO3) of up to 365-415 ppm (Pagani et al., 2010) and
global annual temperatures which exceeded the modern average by 2-4
°C (Brierley et al., 2009; Haywood et al., 2009; Martinez-Boti et al.,
2015). However, the increased temperatures were not evenly distrib-
uted, and amplified warming during the late Pliocene (Piacenzian) of up
to 19 °C has been reconstructed for the Northern Hemisphere high lat-
itudes (Ballantyne et al., 2010; Panitz et al., 2016; Salzmann et al.,
2013). Modell simulations suggest that high mountain ranges might
experience similar amplified temperature increases under a global
warming scenario (Feng et al., 2014; Nogués-Bravo et al., 2007), leading
to a replacement of tundra shrub vegetation on plateau areas (Feng
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et al., 2014; Wang et al., 2011). The pronounced warming at higher
elevations might be further amplified by the reduced snow cover and
upward migration of vegetation causing a “greening” of the albedo
(Pepin et al., 2015).

Here we present a 3.5 million-year-long, high-altitude pollen record
from the Kunlun Pass Basin (KPB) on the Tibetan Plateau, the largest
alpine permafrost region on the Earth. Recently published Pliocene
lacustrine isotope records from the same site indicate a permafrost-free
environment on the northern Tibetan Plateau prior to 2.7 Ma high-
lighting the sensibility of alpine permafrost to global warming (Cheng
et al., 2022). The KPB pollen record provides new insights into high
altitude palaeovegetation and palaeoclimate variability from the warm
Early Pliocene (Zanclean) to the intensification of large-scale NHG
during and after the Plio-Pleistocene transition (4.31 to 0.85 Ma). By
providing palynology-based quantitative and semiquantitative temper-
ature and precipitation estimates, this study will also contribute to the
controversy on the timing of the tectonic uplift of the NE Tibetan Plateau
during the Plio-Pleistocene.

2. Regional setting

The KPB (35°39'N, 94°03'E) is located in the Eastern Kunlun
Mountains to the south of the Qaidam Basin (Fig. 1) at a modern
elevation of 4700 to 5300 m above sea level (a.s.l.) The basin has been
described as a pull-apart basin of Pliocene and Pleistocene age (Song
et al.,, 2005a) resulting from left-lateral strike-slip faulting along the
Kunlun Fault. The sediments of the KPB are of Pliocene and Quaternary
origin (Song et al., 2005a) and grouped into the Kunlun Formation
(3.58-2.69 Ma), Qiangtang Formation (2.58-0.78 Ma) and Wangkun
Formation (0.78-0.5 Ma). These late Cenozoic sediments are uncon-
formably underlain by Triassic sedimentary rocks (Song et al., 2005a).
The Kunlun Formation contains conglomerates, the Qiangtang Forma-
tion contains siltstones and mudstones from lacustrine and alluvial fan
delta deposits and the Wangkun Formation contains glacially formed
tills with mixed breccia and poorly sorted gravel (Cui et al., 1998; Song
et al., 2005a; Wang et al., 2008).

Most of the high KPB is located in the permafrost zone. Today’s
climate is characterised by very low mean annual temperatures (MATS)
of — 6.4 °C, and low mean annual precipitation (MAP) rates of 225 mm/
a. The day-time high temperature of the warmest summer month in the
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KPB remains below 10 °C, and temperature and precipitation, and
consequently vegetation cover, vary significantly depending on the
actual elevation and local climate conditions. Locally wetter areas in the
basin are covered with cold meadow and steppes with Poaceae and
Cyperaceae, whereas drier parts are covered by xerophytic Artemisia and
Chenopodioideae shrubs or deserts (Wang et al., 2008).

3. Materials and methods
3.1. Stratigraphy and age model

The sampled KPB section is dominated by laminated dark grey
calcareous mudstone interbedded with sparse greyish siltstone and
sandstone (Cheng et al., 2022), that have been interpreted as lacustrine
deposits (Li et al., 2014a; Song et al., 2005a). The age model (Fig. 2) is
based on recorrelated magnetostratigraphy (Song et al., 2005a) and
biostratigraphy (Li et al., 2014a) in combination with piecewise linear
interpolation (Cheng et al., 2022). The depositional maximum and
minimum age of the sampled section can be confidently asssigned to
4.31 and 0.85 Ma. The age model has also been further improved by
spectral analysis of carbon and oxygen isotopes, as well as carbonate
content records using untuned age model resolved orbital-scale varia-
tion. A detailed description of the stratigraphy and age model of the
analysed sediment section can be found in Cheng et al. (2022).

3.2. Palynological analysis

170 samples were taken for palynological analysis spanning from
4.31 to 0.85 Ma. 15-20 g of sediment per sample were processed at
Northumbria University using standard palynological methods,
including treatment with HCl (10%), sieving (125 pm), HF (48%) two
hot HCI (10%) washes and final sieving at 10 pm. Residues were
mounted in silicon oil and counted at 400 x magnification. Most samples
have a total sum of pollen and spores between 150 and 350 grains. The
sample resolution for the Pliocene part of the record is significantly
higher (~ 12.8 ka) than the Pleistocene part (~ 92.0 ka) which showed a
lower pollen concentration and higher count of degraded sporomorphs.
Two tablets of Lycopodium spores (Batch-Nr. 3862) (Stockmarr, 1971)
were added to calculate pollen concentrations. Pollen and spores in 153
samples have been identified using the Northumbria University pollen
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Fig. 1. A) Sampling site Kunlun Pass Basin (KPB) on the NE Tibetan Plateau (basemap: NOAA National Centers for Environmental Information, 2022); B) Outcrops of
lacustrine deposits at KPB section; C) layered laminated dark grey calcareous mudstone of KPB section.
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Fig. 2. Age model and stratigraphic column of the KPB section (Cheng et al.,

2022). The magnetostratigraphy and biostratigraphy age constrains are from Li
et al. (2014a) and Song et al. (2005a).

reference collection and literature (Beug, 2004; Demske et al., 2013; Kou
et al., 2006; Li et al., 2014b). Pollen diagrams were produced with Tilia
(Grimm, 1990). Pollen assemblage zones were defined following cluster
analysis of CONISS (Grimm, 1987), leading to the establishment of 4
main and 12 subzones.

3.3. Principal component analysis

Principal component analysis (PCA) was conducted using R (R Core
Team, 2020) in order to identify ecological groups and potential drivers
of environmental change. The PCA was applied to all pollen taxa that
exceeded 0.15% on average per sample. Prior to PCA, the pollen per-
centages were log transformed in order to account for very high indi-
vidual taxa percentages, reduce the overall variance and emphasize the
variability of lower percentage taxa (Marquer et al., 2014; Tonello and
Prieto, 2008).

3.4. Pollen-based quantitative and semiquantitative climate
reconstruction

We used the pollen ratios of Artemisia/Chenopodioideae (A/C) and
Artemisia+Chenopodioideae/Cyperaceae (A+C/Cy) to semi-quanti-
tively reconstruct Pliocene to Pleistocene temperature and precipitation
changes. Modern pollen rain studies of lakes sediments on the Tibetan
Plateau indicate a positive correlation between A/C and annual pre-
cipitation, whereas the A+C/Cy pollen ratio showed a significant
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correlation with July summer temperatures (Herzschuh, 2007; Zhang
et al. 2018). Artemisia pollen percentages are high throughout most of
the KPB record hence increasing the confidence of using A/C pollen
ratios as qualitative indicators of precipitation (Koutsodendris et al.,
2019).

In addition, we applied the weighted averaging-partial least squares
(WA-PLS) regression to provide quantitative climate estimates. WA-PLS
based transfer functions have been primarily applied to Quaternary
samples, but the feasibility of this approach for deeper time intervals has
been recently demonstrated by a Pliocene study from the neighbouring
Qaidam Basin (Schwarz et al., 2022). Pollen-climate transfer functions
use modern pollen-vegetation calibration datasets instead of presence-
absence data and therefore provide in particular in semi-desert and
mountainous regions substantial advantages over other quantitative
approaches, such as the Coexistence Approach (Mosbrugger and
Utescher, 1997; Utescher et al., 2014) or coexistence likelihood esti-
mation (e.g. Harbert and Nixon, 2015). Recent data-model comparison
studies also suggest that the presence-absence data-based nearest living
relative methods tend to overestimate the cold winter temperature of the
Pliocene high latitudes (Tindall et al., 2022).

Our pollen - climate transfer functions were trained with a modern
pollen dataset of pollen assemblages from a total of 926 initial sample
sites ranging from 74.5 to 104.17°E and 30.0 to 45.0°N based on the
work of Ni et al. (2014) and Chen et al. (2010). After completing a
modified homogenization process of the modern pollen dataset after Cao
et al. (2013), the dataset was screened in multiple steps to improve the
signal to noise ratio by removing low abundant taxa (Cao et al., 2014;
Prentice, 1980) and to identify potential outlying samples, which could
hamper an accurate establishment of the transfer functions. To ensure
pollen compositions of the modern pollen training set are capable to
reflect the fossil pollen assemblages, we excluded ambiguous taxa from
our calculation with an unclear relationship between pollen percentages
and climate variables, such as Juglans/Pterocarya, Ilex, Solanum and
Elaeagnus. For the whole record, the pollen — climate transfer functions
were able to cover between 88.7 and 100% of the total pollen sum
(average: 97.8%), which points to a good reliability of the climate es-
timates with regards to taxa inclusions. Transfer functions for mean
annual temperature (MAT), mean summer temperature (MST) and mean
annual precipitation (MAP) were calculated based on square-root
transformed pollen percentages using the package rioja (Juggins,
2009) in R (R Core Team, 2020). For a detailed description of the applied
method and statistical results see Appendix 1 and Schwarz et al. (2022).

4. Results and discussion
4.1. Plant communities and their environmental controls

The KPB pollen record represents vegetation communities that pre-
vailed under varying climatic conditions throughout the Plio-
Pleistocene. PCA was used to investigate statistical relationships
within the pollen dataset, in order to identify vegetation assemblages
composed of co-occurring taxa with similar environmental preferences.
The PCA diagram (Fig. 3) indicates a clear distinction between broad-
leaved and coniferous, alpine steppes and meadows, shrub meadows and
xerophytic shrubland. PCA axis 1 explains 15.5% of the total variance
and separates the dry xerophytic shrublands from all other groups of
pollen, suggesting precipitation as the controlling environmental forc-
ing. PCA axis 2 explains 10.7% of the total variance separating, with
declining PCA axis 2 values, alpine steppes and meadows from conif-
erous trees and alpine shrub meadows and broadleaved trees. This
points to a temperature control with high PCA axis 2 values representing
warmest conditions (Fig. 3).

Artemisia, Chenopodioideae, Solanum and Ephedra are typical rep-
resentatives of temperate and alpine xerophytic shrublands. The rela-
tively smaller ecological distance of Artemisia to other taxa of this group
compared to Poaceae and Cyperaceae suggests that the pollen
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Fig. 3. PCA of the most abundant pollen taxa from the KPB record.

predominantly originates from very dry parts in the KPB area. Whereas
the main broadleaved (Betula, Alnus, Ulmus, Corylus, Salix) and conif-
erous tree taxa (Pinus, Picea, Juniperus, Abies) can be assigned to forest
and woodland communities, some of the most abundant herbs and
shrubs, such as Artemisia, Asteraceae and Caryophyllaceae, can be
components of both xerophytic shrublands or steppe communities on
the Tibetan Plateau (Ni and Herzschuh, 2011; Zhao et al., 2012). The
alpine shrub meadow group consists of Salix, Juniperus, Elaeagnus,
Asteraceae, Apiaceae, Caryophyllaceae and Nitraria. In the modern
Gongga Mountain (SE of KPB), Salix and Juniperus (Sabina) form alpine
shrub meadows together with Poaceae and Cyperaceae, while Car-
yophyllaceae and Asteraceae are found in alpine sparse vegetation sites
below the snowline (Li et al., 2012). Caryophyllaceae, Asteraceae and
Apiaceae are found in abundance on the high Tibetan Plateau in wet
locations (Yu et al., 2001). Although Nitraria is typically found in
temperate semi-deserts in NW China, they can also inhabit wet sites with
high water tables in mountainous areas (Cour et al., 1999; Yu et al.,
2001; Zhao et al., 2007). Elaeagnus prefers normally drier and warmer
parts in semi-deserts below 3200 m (Su et al., 2014), and as such, a
closer ecological distance towards the xerophytic shrublands would
have been expected. However, a record of fossil Elaeagnus leaves in-
dicates the growth of this shrub at high altitudes (~3900 m) of the
eastern Tibetan Plateau during the warmer Miocene (Su et al., 2014).
Poaceae and Cyperaceae most likely represent alpine steppes and
meadows and not a local palaeo lakeshore vegetation. The very low
abundances and partly missing presence of other aquatic plants, such as
Typha, in the pollen record point to a reduced lakeshore vegetation or a
reduced influx of local lakeshore pollen due to a large lake size (Vincens
et al., 2005). Poaceae and Cyperaceae consistently have combined
values of ~20-25% for most pollen zones in the KPB record, which is in
good agreement with the modern vegetation on the Tibetan Plateau,
where large parts of the central Tibetan Plateau are covered by alpine

steppes and meadows (Ni, 2001; Ni and Herzschuh, 2011; Song et al.,
2005b; Yu et al., 2001). Additionally, Hippophae can be assigned to this
group. Hippophae often occurs on the Tibetan Plateau (Jia et al., 2012;
Qiong et al., 2017; Su et al., 2014) in high altitude sites above the
treeline together with grasses and sedges, and is able to withstand very
cold temperatures (Li et al., 2005).

4.2. Pliocene to Pleistocene vegetation changes

4.2.1. Zanclean shrubs and open woodlands (Pollen Zone PZ 1)

Between 4.31 and 4.03 Ma the KPB was covered by xerophytic
shrublands and alpine steppes and meadows with patches of open
woodlands. Arboreal pollen reaches highest percentages (up to 27.2%)
in this early interval of the record suggesting warmest temperatures
(Fig. 4). The cool and cold-temperate mixed broadleaved and coniferous
woodlands were composed of Betula, Ulmus, Alnus, Elaeagnus, Salix,
Juniperus, Pinus and Corylus with some minor appearances of Ilex and
Juglans/Pterocarya. The broadleaved and coniferous trees were possibly
growing at habitat refugia with a warmer and wetter local climate.
Given the extreme climate gradients in high mountain, the pollen signal
might also reflect changes in the vegetation distribution along the alti-
tudinal gradient.

Broadleaved tree pollen percentages decline at 4.16 and 4.03 Ma
indicating a gradual change in the composition of the patchy broad-
leaved and conifer forests. Warm-temperate taxa such as Ilex, Juglans/
Pterocarya and Corylus occur only rarely after 4 Ma, whereas taxa
capable to survive colder conditions such as Betula, Alnus, Salix (tree/
shrub), Juniperus (tree/shrub) and Ulmus remain. After 4.16 Ma (PZ 1-B),
the broadleaved forests were replaced by Pinus-Picea coniferous forest
patches. Additionally, the composition of the shrublands changed from
Chenopodioideae dominated xerophytic shrublands to Asteraceae and
Caryophyllaceae dominated alpine shrub meadows, which favour colder
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Fig. 4. Summary pollen percentage diagram of the KPB record.

and wetter conditions (Yu et al., 2001). These palaeovegetation changes
indicate that the climate in the KPB became colder causing the retreat of
broadleaved forest patches to warmer areas on the Tibetan Plateau and a
downward shift of the broadleaved forest zone to lower altitudes.

Changes in the composition of broadleaved and coniferous forests
were recorded across multiple other Zanclean study sites in China: Wang
et al. (2006) shows that both coniferous and broadleaved forests existed
in Xifeng, on the Chinese Loess Plateau (CLP), but that the forest
composition and density changed drastically around 4.2 Ma. While Pinus
still prevailed in the area, most of the broadleaved trees such as Betula,
Quercus and Juglans became almost absent after ~4.0 to 3.8 Ma. An
increase in the xerophytic shrubs Chenopodioideae and Ephedra in-
dicates that between 4.2 and 4.0 Ma climate conditions became colder
and drier. In Baode, northern CLP, broadleaved forests started to decline
even earlier (~ 4.4 Ma) leading to the extinction of subtropical taxa (Li
et al., 2011). In the Yushe Basin, climate cooling after 4.5 Ma caused a
transition from subtropical to warm- temperate broadleaved forests (Shi
et al., 1993). Between 4.3 and 4.1 Ma broadleaved forests declined and
were replaced by coniferous forests (Shi et al., 1993), which coincide
with vegetation changes recorded at the KPB.

4.2.2. Piacenzian xerophytic shrublands (PZ 2 and PZ 3)

After 4.03 Ma the patchy coniferous forest vegetation was largely
replaced by alpine steppes and meadows and subsequently xerophytic
shrublands (Fig. 4). The alpine steppe/meadow vegetation in the KPB
area persisted until ~3.8 Ma and was characterised by high abundances
in Poaceae, Cyperaceae and Artemisia besides some scattered coniferous
forest trees that were still growing in this area. The transition from
coniferous tree dominated open woodland to steppe/meadow vegeta-
tion with minor (except for one sample) appearances of coniferous trees
marks a further cooling.

After 3.8 Ma, the KPB area experienced a strong expansion of Che-
nopodioideae dominated xerophytic shrublands, indicating the onset of
a drier climate. Artemisia and Chenopodioideae consistently exceed 45%
of the total pollen sum between ~3.8 Ma to 2.6 Ma, and their ratio
(Artemisia/Chenopodioideae; A/C) can therefore be applied as an indi-
cator for changes in the moisture availability or semi-quantitative pre-
cipitation estimate (Zhao et al., 2012). The expansion of
Chenopodioideae shrublands were not only characteristic for the KPB,
but have also been recorded on the CLP and in the Yushe Basin (Li et al.,
2011; Shi et al., 1993; Wang et al., 2006). Chenopodioideae shrublands
increased strongly after ~4.4 Ma (Li et al., 2011) on the northern CLP
and after ~3.8 Ma (Wang et al., 2006) on the southern CLP.

After 3.28 Ma (PZ 2-D), Artemisia progressively increased and
became the dominant component of the xerophytic shrublands of the
KPB. Very high A/C ratios occur at ca. 3 Ma and between 2.74 and 2.6
Ma (PZ 3), which coincide with increased arboreal pollen percentages
pointing to a short return to wetter conditions. A prominent shift of
Artemisia percentages at the beginning of the mid-Piacenzian Warm
Period, ca. 3.26 Ma, has also been recorded in the Qaidam Basin (Fig. 1),
suggesting higher monsoonal strength with increased moisture avail-
ability (Koutsodendris et al., 2019; Schwarz et al., 2022).

4.2.3. Pleistocene Chenopodioideae scrubs and alpine meadows (PZ 4)
The onset of the Pleistocene is marked by a sequence of vegetation
changes in response to drying and rapid cooling on the KPB. The sharp
decline in Artemisia, which already started at 2.7 Ma (PZ 3-C) and in-
crease in Poaceae and Cyperaceae after 2.6 Ma (PZ 4-A) indicate the
transition to a Chenopodioideae dominated shrubland followed by an
expansion of alpine steppes and meadows. These changes are accom-
panied by a sustained decline in broadleaved trees suggesting a further
cooling of this region. After 2 Ma (PZ 4-C) arboreal pollen occur only in
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low numbers in the KPB sediments reflecting a constant influx through
long distance transport only.

Intensified drying and cooling after 2.6 Ma was also recognised in the
nearby Qaidam Basin, where A/C ratios and broadleaved trees
decreased (Cai et al., 2012). On the CLP (Chaona), a sudden decrease in
broadleaved trees and a simultaneous increase in herbaceous plants
implies a rapid cooling and drying during Plio-Pleistocene transition
(Wu et al., 2007).

After ca. 1.8 Ma, both A/C ratios and WA-PLS derived precipitation
estimates indicate a return to wetter conditions culminating around the
Mid-Pleistocene Transition, ca. 1.3-1.0 Ma ago (Fig. 5). Although a
lower sample resolution limits a further climate interpretation of the
KPB record on glacial-interglacial time scales, the Pleistocene rainfall
estimates show many similarities with sedimentological, pollen and leaf-
wax hydrogen isotope (8Dwax) - based moisture availability re-
constructions of the Qaidam Basin record (Herb et al., 2015; Koutso-
dendris et al., 2018, 2019). Here, the increased moisture availability has
been linked to a stronger monsoon that, along with further cooling,
supported an extended glaciation on the Tibetan Plateau after the Mid-
Pleistocene transition (Koutsodendris et al., 2018).

4.3. Pollen and clumped isotope based Plio-Pleistocene climate estimates
and the role of declining pCO2

With averaged Zanclean MATs between ca 4-8 °C which fall to 0-2
°C before the onset of the Piacenzian, the quantitative temperature es-
timates derived from the two independent pollen and isotope proxies
show for the pre-Quaternary a remarkably good match (Fig. 5). Both
proxies indicate a stepwise fall in temperatures between 4.0 and 3.3 Ma
and 2.7-2.6 Ma. The latter cooling step marks the onset of permafrost
conditions on the Tibetan Plateau, which subsequently became the
largest alpine permafrost region on the Earth today (Cheng et al., 2022).
However, whereas the A4; palaeothermometer indicates an ~8.1 °C
decrease in MATs at 2.7 Ma to a Pleistocene average of —6.4 °C (Cheng
et al., 2022), the pollen estimated decline in MATs appears to be
considerably smaller, averaging between 0 to —2 °C only. Even the
lowest pollen derived Pleistocene MAT estimates are still ~3.5to 2.5 °C
warmer than the modern KPB MATs of ~ —6.1 °C. Since the modern
pollen calibration dataset had only a few study sites included where
present annual temperatures are below modern temperatures of the
KPB, it seems likely that the temperature estimates for the much colder
Pleistocene environments have a consistent warm bias due to past non-
analogue climates (i.e. beyond the calibration range) and edge effects
(Seppa et al., 2004; ter Braak et al., 1993).

However, it is unlikely that such edge effects impacted on the pre-
cipitation estimates as many pollen assemblages in the modern pollen
calibration dataset are derived from study sites with drier as well as
wetter conditions than the modern KPB. Based on these pollen-based
interpretations, a relatively stable semi-desert climate prevailed on the
KPB with MAP around 230 mm/a. Highest rainfall amounts ranging
between 250 and 350 mm/a occurred during the end of the Zanclean
around 4 Ma and a further decline in precipitation occurred at a. 2.15
Ma (Fig. 5).

Throughout the various cooling steps, atmospheric pCO5 declined
from ~420 ppm in the Early Pliocene, to below 200 ppm in the Pleis-
tocene glacials (e.g., Bartoli et al., 2011; Martinez-Boti et al., 2015;
Pagani et al., 2010). Changes in atmospheric pCO; have a direct impact
on plant physiological processes and various studies suggest that the
reduced pCO; during the Pleistocene glacials favoured plants that use C4
photosynthetic pathways, such as sedges and many plants of the sub-
family Chenopodioideae and promote an opening of landscapes and
lowering of tree lines (e.g. Dupont et al., 2019; Jolly and Haxeltine,
1997; Prentice et al., 2017). At the KPB, the Pliocene to Pleistocene
decline in pCO3 might have had an impact on the recorded change in the
altitudinal zonation of the tree line, and expansion of xerophytic Che-
nopodioideae dominated shrub lands and alpine meadows (with
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Cyperaceae). The potential impact of pCO; on vegetation increases un-
certainties in our quantitative climate estimates. However, the close
correlation between the independent plant- and clumped-isotope-based
reconstructions suggests that temperature and precipitation changes
were the major controlling factors of vegetation change. A high
covariance of §'80c and §'3Cc throughout the section and increased
mean grain size provide additional evidence for a rapid cooling and
regional aridification at the KPB throughout the Plio-Pleistocene tran-
sition (Cheng et al., 2022).

4.4. Global climate cooling and East Asian Summer Monsoon (EASM)
variability

The late Zanclean decline in temperature and precipitation in the
KPB, has also been described for the CLP where pollen records indicate a
large-scale decline of broadleaved forests between ca 4.5 to 4.0 Ma (Li
etal., 2011; Wang et al., 2006), while fossil mollusc assemblages show a
switch from thermo-humidophilous to meso-xerophilous communities.
(Lietal., 2008; Wu et al., 2006). The late Zanclean temperature decrease
is not confined to Chinese records, suggesting that the retreat of forests
and development of steppe/meadow vegetation after 4 Ma reflect the
response of the KPB vegetation to global cooling.

Marine oxygen isotope records from benthic foraminifera show a
general cooling of deep ocean waters throughout the Pliocene with
superimposed warmer and colder intervals (Lisiecki and Raymo, 2005;
Williams et al., 2009; Zachos et al., 2001). The Zanclean marine isotope
stage (MIS) Gi26 (ca. 4.15 Ma; Lisiecki and Raymo, 2005) and especially
MIS Gi20 (ca. 4.0 Ma; Lisiecki and Raymo, 2005) mark strong cooling
intervals, which coincide with the demise of broadleaved trees in the
KPB (Fig. 5). Around 4 Ma, the formation of glaciers on Svalbard and the
occurrence of sea ice on the Yermak Plateau suggest intensified Arctic
cooling (Knies et al., 2014; Risebrobakken et al., 2016), and while there
is some doubt about post-depositional effects on benthic oxygen iso-
topes, the ODP 642B record in the eastern Nordic Sea shows that MIS
Gi20 was a very strong cooling interval, potentially even surpassing the
intensity of the MIS M2 event (Risebrobakken et al., 2016). During this
time interval, the sea surface temperatures (SST) in the eastern equa-
torial Pacific cold tongue (EEPCT) started to cool (Lawrence et al., 2006)
following the shoaling of the thermocline between 4.8 and 4.0 Ma (Ford
etal., 2012; Steph et al., 2010). Although the exact timing is not entirely
clear, cooling of the EEPCT between 4.3 and 3.6 Ma also caused the
initialisation of a west-east gradient of SST in the equatorial Pacific
(Dekens et al., 2007; Lawrence et al., 2006; Steph et al., 2010). Weak
zonal and meridional SST gradients in the Pacific during the Pliocene
thermal optimum between 4.2 and 4.0 Ma led to substantially weaker
Walker and Hadley circulations compared to modern-day, respectively,
and a northward migration of Hadley cells by up to 7° (Brierley et al.,
2009). As a result, precipitation decreased in the equator and southern
East Asia region, while precipitation over the Tibetan Plateau and
northern China increased. These climate modelling results are in good
agreement with the reconstructed MAP estimates for the KPB, which are
highest in the late Zanclean intervals of the record (Fig. 5).

Increasing zonal and meridional gradients across the Pacific after 4.0
Ma (Brierley et al., 2009; Steph et al., 2010) could be responsible for a
further change in precipitation pattern over East Asia and the estab-
lishment of extensive xerophytic shrublands in the KPB around 3.8 Ma.
The change in palaeovegetation corresponds to a strong decline of MAP
estimates to a range between 100 and 300 mm and a decline in the A/C
ratio (Fig. 5). Aridification around 3.8 to 3.6 Ma has also been recog-
nised in other Chinese records: the sediment deposits and ostracod as-
semblages in Lake Qinghai suggest lake shallowing and shrinking (Fu
et al.,, 2013; Lu et al., 2017), grain size and lithofacies changes indicate
the transition of a deep or semi-deep to a semi-shallow lake in the NW
Qaidam Basin (Lu et al., 2015), the appearance of cold-aridiphilous
molluscs on the CLP suggest colder and drier climate conditions in
northern China (Wu et al., 2006), the establishment of xerophytic
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shrublands on the CLP implies the advance of semi-deserts in northern
China (Li et al., 2011; Wang et al., 2006). The hematite/goethite record
from ODP Site 1143 in the South Chinese Sea indicates that in southern
East Asia the summer monsoon was weaker from 4.0 to 3.8 Ma but
stronger afterwards reaching wet conditions between 3.5 and 3.2 Ma
(Ao et al., 2011). Based on the A/C ratio and reconstructed MAP esti-
mates, the time period from 3.5 to 3.2 Ma was characterised by one of
the driest intervals in the KPB, underpinning the divergence in monsoon
evolution between southeastern and northwestern regions.

Between 3.2 and 2.7 Ma, the pollen- and isotope-based re-
constructions as well as the A 4+ C/Cyp ratio indicate a period of sus-
tained higher MAT and summer temperatures. The timing of the
vegetation and climate changes coincide with a period of increased
pCO; between 3.2 and 2.7 Ma (Bartoli et al., 2011; Martinez-Boti et al.,
2015; Pagani et al., 2010; Seki et al., 2010). Following the rapid cooling
at ca. 2.7 Ma, which was accompanied by the intensification of the NHG,
Pleistocene temperatures were consistently lower (Fig. 5). The pollen
derived palaeoclimate estimates indicate a further decline in MATs and
precipitation during the Pleistocene at MIS 82, 2.15 Ma ago (Fig. 5).

The reconstructed decrease in precipitation coincides with other
regional sedimentological and palynological studies that suggested a
weakening of the EASM for that time interval (Fu et al., 2013; Li et al.,
2011;Luetal, 2017; Wang et al., 2006). MIS 82 was significantly colder
compared to the previous marine isotope stages (Hodell and Channell,
2016) and represents the first deep glaciation stage with a sea level low
stand of ~70 m below present (Rohling et al., 2014). The steep drop in
SST in the eastern equatorial Pacific (Lawrence et al., 2006) compared to
the western equatorial Pacific (Wara et al., 2005) point to a very high
zonal gradient, which is likely to be responsible for the decline in pre-
cipitation on the Tibetan Plateau and northern China around 2.15 Ma
(Brierley et al., 2009).

4.5. Plio-Pleistocene tectonic evolution of the Kunlun Pass Basin

The Plio-Pleistocene tectonic evolution of the KPB has been subject
to controversy. Previous studies suggest that the altitude of the KPB
ranged from 400 to 4200 m during the Piacenzian (Cui et al., 1998;
Wang and Chang, 2010; Wang et al., 2008; Wu et al., 2001) which is
below its modern height of 4700 to 5300 m. The notion of a major uplift
at the Plio-Pleistocene transition has been recently challenged by Cheng
et al. (2022), who concluded that the ~8 °C at the KPB between 2.7 and
2.6 Ma (Fig. 5), indicated by clumped-isotopes, almost entirely reflects
the regional expression of global climate change with high-elevation
temperature amplification. The record therefore indicates for the
northern Tibetan Plateau only a minor contribution of tectonic uplift to
the recorded cooling (Cheng et al., 2022).

Our record of palaeovegetation and palaeoclimate change at the KPB
supports the clumped isotope-based reconstructions by providing no
indication for a major surface uplift between 4.31 and 0.85 Ma. The
reconstructed strong cooling at 4.0 Ma, indicated by a decline in
broadleaved trees on the KPB can also be observed in other Chinese
vegetation records (Li et al., 2011; Wang et al., 2006), which were un-
affected by tectonic movements. The second cooling event at the KPB
site at ca. 2.6 Ma, can be confidently linked to the global cooling and
intensification of the NHG at the Plio-Pleistocene transition. The
expansion of sea ice formation in the Arctic (Knies et al., 2014; Rise-
brobakken et al., 2016) as well as the initiated cooling in the EEPCT
(Lawrence et al., 2006; Steph et al., 2010) underline that the vegetation
changes in the KPB were caused by global climate cooling and not tec-
tonic uplift. Additionally, the high abundance of Caryophyllaceae in the
early part of the record (especially PZ 1-B) indicates that the KPB was
already uplifted to its modern height, since the modern occurrence of
Caryophyllaceae is limited to high alpine sites (> 4000 m) on the Ti-
betan Plateau (Chen et al., 2010; Ni et al., 2014; Yu et al., 2001).
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5. Conclusions

The 3.5 Ma long KPB record provides unique insights into the
response of a high altitude semi-arid ecosystem to climate change. The
fossil pollen assemblages indicate the persistence of semi-desert condi-
tions and a stepwise decline in deciduous and needleleaf trees after 4 Ma
followed, by expansion of Artemisia-Chenopodioideae shrubland and
alpine meadows after 3.8 Ma and 2.7 Ma. These vegetation changes can
be confidently attributed to regional aridification at 4.0, 3.8 and 2.15
Ma, and global cooling events at the onset of the Pliocene, which coin-
cide with the intensification of NHG. The KPB record provides therefore
no evidence for major tectonic uplift throughout the Piacenzian and
Pleistocene. The excellent correlation between the independent pollen
and clumped-isotope based proxies highlights the robustness of the WA-
PLS based climate estimates for pre-Quaternary geological epochs, as
long as they have been trained with a sufficient number of regional
modern pollen rain measurements. With Early Pliocene MATs >14 °C
warmer than today, the record provides multiple proxy evidence for
amplified warming and permafrost free conditions at high-altitude re-
gions of the Tibetan Plateau under high pCO2 concentrations that are
similar to present day.
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