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Holocene vegetational and
climatic history of the Xuguo Co
catchment in the central Tibetan
Plateau

Caiming Shen®?**, Kam-biu Liu?, Lingyu Tang? and Jinlan Peng?

Yunnan Key Laboratory of Plateau Geographical Processes and Environmental Changes, Faculty of
Geography, Yunnan Normal University, Kunming, China, 2Department of Oceanography and Coastal
Sciences, College of the Coast and Environment, Louisiana State University, Baton Rouge, LA,
United States, *Nanjing Institute of Geology and Paleontology, Chinese Academy of Sciences, Nanjing,
China

A 101-cm core was taken from a large lake in the central Tibetan Plateau. Its
pollen and loss-on-ignition analyses provide a Holocene vegetational, climatic,
and environmental history of the lake catchment. Pollen analysis shows that:
dense steppe dominated regional vegetation in the early Holocene
(9,200-8,000 cal. yr BP); regional vegetation coverage gradually decreased
in the middle Holocene (8,000-4,100 cal. yr BP); and marsh meadow grew on
the lake edge and sparse steppe occupied the lake catchment after 4,100 cal. yr
BP. Our result also reveals that: 9,200-8,000 cal. yr BP witnessed summer
temperature, monsoonal rainfall, and lake-level maxima, as well as few winter
and spring aeolian activities and frequent wildfires; 8,000-4,100 cal. yr BP saw a
nonlinear decline in temperature, rainfall, lake level, and wildfires; and modern
climatic and environmental conditions were established after 4,100 cal. yr BP.
Three major monsoon-weakening events at ca. 6,700, 5,800, and 4,100 cal. yr
BP were detected by pollen signals and proxies of the climate and environment.
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Introduction

As the “Asian water tower,” the Tibetan Plateau (TP) not only regulates the hydro-
climatology to supply adequate water for those prominent Asian rivers such as the Yangtze
River, Ganges-Brahmaputra River, and Mekong River, but also provides life-sustaining water
for a large portion of the world’s population (Immerzeel et al., 2010). Recent long Indian
summer monsoon (ISM) records on the Indian continental margin suggest stronger monsoon
rainfall in the future (Clemens et al,, 2021), and a 1,656-year mean annual precipitation record
in the TP interior also suggests that such high precipitation may continue in the next several
decades (Cui et al., 2021). However, observational evidence and model projections indicate an
imbalance in the Asian water tower associated with the westerlies and the Indian monsoon,
and the future of the Asian water tower thus remains highly uncertain (Yao et al., 2022).
Therefore, advanced climate models, which require the detailed understanding of past Indian

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2022.1025552/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1025552/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1025552/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1025552/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.1025552&domain=pdf&date_stamp=2023-01-05
mailto:cmshen@hotmail.com
https://doi.org/10.3389/feart.2022.1025552
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.1025552

Shen et al. 10.3389/feart.2022.1025552
81I°E 84I°E 87I°E QO:E 93l°E 96I°E 99I°E 102I°E 105I°E
on ”Il,,
36°N l"ﬁ ‘“““““ulu""|||","“"I.““““||||IIIIIIIIIIII!,,"' A
%, \\ T,
'-,.:"luumu,,“|ulu|l\‘“‘_‘_‘__.....-—----«..y__ g "'»,/
S T A f,,'" | 36°N
high-cold dese '_\.dry steppe "'Iz,,deciduous
33°NA m—— ~. Ny %, forest
., e S -, H
G Y _
mpuntain # E S -\, 2, L 33eN
§ desert/ [— H
Ny high-cold steppe P e,
30°NA e, e
S 1 alpine meadow
i ™, shrubland
NN, © . -30°N
| O
1
27°NA Legend N | D =:
. =2 alpine steppe 4
O City . & shrubland § e o
® Xuguo Co > !' 7R S -27°N
. N S oy
O Fossil Pdilen Records §~ »‘%"\-\ Py
24°N{ =-=-- Vegetation Boundary b t/ cal rain . . i
5 ropical rainforest 1%,
mmp-Plateau Boundary & segsonal rainforest - 24°N
1) T L) T T T T L}
°E 84°E 87°E 90°E 93°E 96°E 99°E 102°E 10%\
Legend i
[J Glacier
[Lake @
[J Steppe
EJ Alpine meadow
EE Marsh meadow
FIGURE 1

(A) Map of the Tibetan Plateau showing the vegetation, locations of Xuguo Co, and main fossil records cited in this study (1. Selin Co; 2. Zigetang
Co; 3. Co Ngion; 4. Ahung Co; 5. Nam Co). (B) Regional vegetation in the central Tibetan Plateau.

monsoon dynamics and the interplay between the monsoon and
westerlies, are essential for accurate predictions of future water
supply.

The TP is a huge highland at 4,000-4,500 m above sea level
(a.s.l.) in the Eurasian continent. Its great area with various alpine
vegetation types is unique in the world (Zhang, 1978). Since the TP
is a huge and elevated heat source, this alpine ecosystem of the TP
is important for the energy flux between the land surface and the
atmosphere (Shen et al,, 2015). Any changes in land surface will
alter its albedo, and thus have impacts on the radiation budgets
and feedbacks of the TP (Wang, 2006). On the other hand, the
advanced climate models mentioned previously also require high
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spatial and temporal resolution land surface (Brown et al., 2018;
Maclean, 2019). Land-surface conditions, especially vegetation,
during the Pleistocene and Holocene have been studied
extensively (Chen et al, 2020; Tang et al, 2021). However,
more well-dated data of high spatial-temporal resolution land
surface are needed to understand the feedback mechanism of
the vegetation and carbon cycle in the TP (Hua et al,, 2019; Mu
etal., 2020) and to provide detailed landscape maps for the precise
prediction of climate model simulations (Wang et al., 2014).

As transitional zones between adjacent ecological systems,
ecotones are sensitive to environmental changes (Holland et al.,
1991; Kullman et al., 1990). Many studies have indicated that the
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Summary of regional climate;

vegetational and climatic history of fossil sites along and near the
ecotones can provide detailed information about past vegetation and
climate (e.g. Liu, 1990; Reasoner and Jodry 2000; Nelson et al., 2004;
Mancini, 2009; Shumilovskikh et al., 2018). A series of ecotones,
such as forest-meadow, meadow-steppe, and steppe-desert, exist in
the vast area of the TP (Wang et al,, 2022). In the central TP, the
meadow-steppe ecotone (MSE) roughly follows the 400 m isohyet.
The dominant species of steppe and meadow can be found in both
steppes and meadows. Fossil pollen records along and near this
ecotone have revealed the vegetational and climatic dynamics during
the Holocene (Herzschuh et al., 2006; Shen et al., 2008a; Tang et al.,
2009). This study presents a pollen record from Xuguo Co (“Co”
means lake in Tibetan) near the MSE to reconstruct the Holocene
vegetational and climatic history of its catchment in the central TP.

Location and setting

Xuguo Co (31°57'N, 90°20'E; 4,595 m a.s.l.) is a large lake
with an area of 22.7 km?, located in the interior of the steppe
region near the MSE, geographically between Nagqu and
Baingo (Figure 1). It is a brackish lake with a maximum
water depth of 3.5 m. Several streams flow into the lake, and
its catchment area is about 975 km® (Wang and Du, 1998). The
catchment of Xuguo Co has a cold semi-arid climate (Figure 2).
The mean annual temperature is —1.4 to —0.9°C, with the lowest
and highest monthly temperatures of —13.1 to —11.2°C in
January and 8.5 to 9.0°C in July, respectively. The annual
mean precipitation is 300-400 mm, mostly brought about by
the ISM. About 90% of the annual precipitation is concentrated
in the months of May to September.

Frontiers in Earth Science

03

10.3389/feart.2022.1025552

Baingo
(31°22'N, 90°01'E, 4700 m)
(1955-1990)

10 5 -09 () 299 mm ~ 120
5 —
€
£
0 =
o
g
5 - %
<4
o
-10
-15

lines are temperature and bars are precipitation.

Three vegetation types, i.e., high-cold steppe, alpine meadow,
and marsh meadow, occur in the study region (Figure 1B). High-
cold steppe vegetation grows on the Qiangtang Plateau west of the
MSE. Alpine meadows occupy the vast region east of the MSE.
Marsh meadows can be found in wetlands over steppes and alpine
meadows. The Stipa purpurea community is the typical steppe
vegetation with a coverage of about 20-40%. Its accompanying
species are Artemisia wellbyi, Astragalus heydei, Carex montis-
everestii, Dracocephalum heterophyllum, Festuca ovina, Kobresia
macrantha, Leontopodium pusillum, Oxytropis tatarica, and Poa
litwinowiana (Wang, 1988). The Kobresia pygmaea community,
the most widely distributed alpine meadow vegetation in the TP,
occurs on the landscapes east of the ecotone. Its coverage is about
60-90%. In addition to the dominant species Kobresia pygmaea,
commonly found species include Cyperaceae species such as K.
humilis, K. royleana, and K. prainii, as well as Poaceae species such
as Carex moorcroftii, Poa calliopsis, and Stipa purpurea, and other
species such as Leontopodium nanum, Potentilla bifurca,
Thalictrum alpinum, and Polygonum macrophyllum. In the
lowlands of lake basins are marsh meadows, which consist of
Kobresia littledalei, K. royleana, K. pygmaea, Carex satakeana, C.
moorcroftii, Blysmus sinocompressus, and B. compressus (Tibetan
Investigation Group, 1988).

Materials and methods

A 101-cm piston core was taken from the center of Xuguo Co
under 3.5m of water in the summer of 1999 (Figure 1).
Subsamples of 0.9 cc were extracted at 2-cm intervals. Loss-on-
ignition (LOI) analysis was conducted at 105°C, 550°C, and 1,000°C
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TABLE 1 Radiocarbon dates for the Xuguo Co core.

10.3389/feart.2022.1025552

Depth (cm) Lab number C age cal. yr Median age Material
(*Cyr BP* (20 (cal. yr
BP) range) BP)
0-2 AA51131 470 + 50 630-330 510 Bulk organic
32-33 AA51132 5,200 + 70 6,190-5,750 5,970 Bulk organic
60-61 AA38072 6,940 + 70 7,930-7,630 7,770 Bulk organic
96-97 AA38071 7,720 % 70 8,640-8,380 8,500 Bulk organic
“Calibrated using IntCal 20 (Reimer et al., 2020).
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FIGURE 3

Results of loss-on-ignition analysis and depth-age model for the Xuguo Co core.

to determine the percentages of water, organic matter, and
carbonates in the sediments, respectively (Dean, 1974). AMS-
dating of four bulk organic samples (Tablel) was conducted at
the AMS Laboratory, University of Arizona. Pollen samples were
processed and counted using the standard method involving HCI,
KOH, HF, and acetolysis treatment (Faegri and Iversen, 1975).
Tablets containing a known quantity of Lycopodium spores were
added as exotic markers into the samples to determine pollen
concentrations and pollen influx values (Stockmar, 1971). More
than 400 pollen grains, excluding spores and algal colonies, were
counted at each level. Pollen percentages were calculated based on
a sum of all terrestrial plant pollen. Charcoal particles were also
counted at each level. The discriminant functions developed using
227 surface samples (Shen et al., 2008b; Shen et al., 2021) were
applied to reconstruct past vegetation.
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Results and discussion

Stratigraphy and chronology of the Xuguo
Co core

The 101-cm core from Xuguo Co is composed of clayey
silt. Three lithological units can be recognized based on the
results of LOI (Figure 3). The 101-43 cm unit contains
moderate organic and carbonate matter as well as low
(66.4-76.6/70.1%,
maximum/average). Organic matter
13.5 and 21.6% with an average of 17.2%, and carbonate
matter varies between 9.6 and 17.4% with an average of
13.8%. The lowest organic matter content (7.8-14.5/11.6%)
of the whole core occurs at the depth of 43-19 cm, where the

minerogenic matter minimum-

fluctuates between
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FIGURE 4

Pollen percentage diagram (A) and pollen influx diagram (B) for the Xuguo Co core.

carbonate content shows two cycles from low (ca. 10%) to high
(ca. 18%) values. This unit also contains three peaks of
minerogenic matter. The upper 19-cm sediments consist of
low carbonate content (6.3-10.9/9.4%) and high organic
matter content (13.6-20.9/17.7%).

The radiocarbon date at the top (0-2 cm) of the Xuguo Co
core is 470 £ 50 "*C yr BP, close to the modern date (Table 1),
implying that the lake has very small or no reservoir effect,
which is negligible. Even if the lake has some reservoir effect, it
would have been less than a couple of hundred years and within
the 20 error range of radiocarbon dates. Therefore, the '*C dates
used to build the age-depth model of the Xuguo Co core
(Figure 3) are not corrected by any reservoir age, but it
should be pointed out that the age of each level might have
a reservoir age less than a couple of hundred years. The age-
depth model shows that the upper part of the core has a lower
sedimentary rate than the lower part. The low sedimentary rate
in the late Holocene is probably attributed to regional
hydrological changes caused by climate variations such as a

weakened summer monsoon.

Frontiers in Earth Science

Pollen record from Xuguo Co

The pollen spectra from Xuguo Co are dominated by
pollen (91-99%),
Artemisia, Cyperaceae, Ranunculaceae, Thalictrum, Asteraceae,

herbaceous mainly including Poaceae,

Chenopodiaceae,  Caryophyllaceae, ~ Leguminosae,  and
Polygonum. The arboreal pollen contains mainly grains of
Hippophae, Betula, Pinus, and Alnus, along with isolated
grains of Abies, Picea, Quercus, Ulmus, Salix, Potentilla, and
Caragana. The occurrence of tree pollen is apparently due to
long-distance transport. The shrubs such as Hippophae,
Potentilla, and Caragana may come from local vegetation.
The pollen record from Xuguo Co is divided into four pollen
zones (Figure 4):

Zone XC-4 (101-69 cm; 9,200 to 8,000 cal. yr BP): This basal
pollen zone is characterized by the highest pollen influx values
and relatively frequent fluctuations in pollen percentages of
Artemisia and Poaceae. Poaceae pollen percentages vary
between 20.1 and 40.2% with an average of 29.0%, while

Artemisia pollen percentages fluctuate between 28.5 and 50.8%
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with an average of 39.9%, showing a reciprocal trend to each
other. This zone has the lowest percentages of Cyperaceae
(18.9-30.6/23.9%, minimum-maximum/average, the same as
below). Thalictrum, Asteraceae, and Rannunculaceae are
relatively common. Pollen percentages of Chenopodiaceae are
less than 1%.

Zone XC-3 (69-31 cm; 8,000 to 5,800 cal. yr BP): Pollen influx
values steadily and nonlinearly decrease in this zone. Cyperaceae
pollen (20.5-31.0/25.8%) increases slightly, whereas pollen
percentages of Artemisia (26.2-44.0/34.7%) decrease. Poaceae
pollen (19.8-36.5/30.5%) is

represented throughout this zone, reaching its maximum for

consistently and abundantly

the whole core. Asteraceae, Chenopodiaceae, and Thalictrum
pollen is present in small amounts. No significant changes occur
among the other pollen types.

Zone XC-2 (31-19 cm; 5,800 to 3,600 cal. yr BP): This zone is
marked by an increase in pollen percentages of Cyperaceae and a
decrease in Poaceae pollen. Artemisia pollen (23.2-35.3/30.2%)
shows a significant nonlinear decreasing trend. Pollen
percentages of Poaceae (11.2-33.9/25.1%) decrease to its
minimum value (11.2%) for the whole core, and then rise
again but still are lower than those in the preceding zones.
Cyperaceae pollen shows an increasing trend. Pollen influx
values for most pollen types except Asteraceae are lower in
this zone than the preceding zone.

Zone XC-1 (19-0 cm; 3,600 cal. yr BP to the present): This
zone is distinguished from zone XC-2 by the minima of Poaceae
and Artemisia pollen (17.4-30.3/21.8% and 15.3-27.8/19.7%,
respectively), and the maximum of Cyperaceae pollen
(31.5-45.6/40%). Rannunculaceae pollen is common. Pollen
percentages of Asteraceae, Chenopodiaceae, and Thalictrum
are roughly the same as those in zone XC-2. The pollen of
Polygonum, Caryophyllaceae, and Ephedra is present in small
amounts, but more than that in zone XC-2. Long-distance-
transported tree pollen, such as Pinus, Alnus, Betula, and
Abies, reaches its maximum, among which Pinus pollen

(3.1-5.8/4.0%) is the largest.

Vegetation and climate history of the
Xuguo Co catchment

Biotic and abiotic proxies of vegetation and
climate in the central TP

As shown by Figure 4, the fossil pollen spectra of Xuguo Co
are dominated by Poaceae, Artemisia, and Cyperaceae, three
constructive taxa of alpine meadow, alpine steppe, and marsh
meadow regions. The Artemisia/Cyperaceae (A/Cy) ratio was
introduced by Herzschuh et al. (2006) as a proxy of summer
temperature when they interpreted the fossil pollen spectra of
Zigetang Co, near Xuguo Co. This interpretation has been
supported by modern pollen spectra (Yu et al, 2001; Shen
et al, 2006, 2021; Lu et al, 2011). Positive (negative)

Frontiers in Earth Science

06

10.3389/feart.2022.1025552

relationships ~ between  Artemisia  (Cyperaceae)  pollen
percentages and July temperature have been observed in
modern pollen spectra (Shen et al, 2006). We thus follow
Herzschuh et al. (2006) in using this Artemisia/Cyperaceae
ratio as a proxy of summer temperature in the interpretation
of the fossil pollen record of Xuguo Co.

The Artemisia/Chenopodiaceae pollen ratio (A/C) was used
as a proxy of atmospheric or soil moisture in the highly stressed
environment of the high desertic TP (Van Campo and Gasse,
1993; Liu et al., 1998). However, the A/C ratio cannot be used as
an indicator of moisture due to the very low percentages of
Chenopodiaceae pollen in the steppe and meadow regions,
especially close to MSE. A candidate for a moisture proxy in
the steppe and meadow region is the Poaceae/Artemisia (G/A)
pollen ratio. Poaceae and Artemisia are the two dominant pollen
types for the Xuguo Co pollen record. In the central TP, the
Artemisia pollen mainly comes from Artemisia wellbyi, A. minor,
A. moorcroftiana, and A. desertorum, whereas the Poaceae pollen
mainly comes from Stipa purpurea, S. basiplumosa, S.
roborowskyi, S. glareosa, Festuca ovina, Carex montis-everestii,
C. moorcroftii, Poa litwinowiana, and P. crymophila (Tibetan
Investigation Group, 1988; Wang, 1988). Ecologically, sage
communities are more characteristic of drier and more open
condition than grass communities (Tibetan Investigation Group,
1988). Data from the surface samples with abundant Artemisia
and Poaceae pollen also suggest the existence of such a
relationship. G/A ratios rise with the increase of moisture in
July. A power fit shows that the positive correlation between G/A
ratio and moisture in July is statistically significant at the
0.01 level (Shen, 2003). It is thus reasonable to use the G/A
ratio as an indicator of atmospheric or soil moisture availability
for fossil pollen records from the steppe and meadows regions.

In the central TP, Cyperaceae is a dominant species both in
alpine and marsh meadows (Figure 1B). Cyperaceae pollen
derived from the former reflects the signature of regional
vegetation, whereas its pollen from the latter reflects the
composition of local vegetation. Due to the lake edge habitat
being favorable to marsh vegetation, it is difficult to separate
Cyperaceae pollen from these two different origins in the lake
pollen records (Sun et al., 1993). If Cyperaceae pollen is derived
from local marsh meadow, a lower lake level or drier conditions
would be indicated by a rise in Cyperaceae pollen as the lake dries
up and the lake edge habitats move closer to the coring site. Given
the location of Xuguo Co and the vegetation (alpine steppe)
reconstructed by the Holocene fossil pollen record from Zigetang
Co, most of the Cyperaceae pollen is derived from marsh
meadow instead of alpine meadow. Therefore, we use
Cyperaceae pollen percentage as a lake-level proxy, i.e., more
Cyperaceae pollen means a lower lake level.

Pollen influx is an important parameter of Quaternary pollen
analysis. The computation of pollen influx (grain/cm?/year)
overcomes the numerical problems of percentage statistics
(Birks and Gordon, 1985). On the one hand, pollen influx
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coverage, aeolian activity, and wildfires, respectively. The average value of each proxy for the core is denoted by a dotted line.

provides information on an estimate of past plant population. On
the other hand, pollen influx values for Xuguo Co (Figure 4)
appear also to reflect changes in pollen transport. In general, the
variability in vegetation coverages among communities in
meadow and steppe regions is within two or three times
(Tibetan Investigation Group, 1988). Therefore, variability of
10x or more in pollen influx among different periods cannot be
attributed solely to vegetation coverage changes. Stream flows
and runoffs are effective agents of pollen transport into lakes
(Bonny, 1976), so higher summer monsoon rainfall appears to
transport more pollen into lakes since several rivers flow into
Xuguo Co in this study case. Furthermore, more rainfalls are
conducive to the growth of the plant population in the central TP
where precipitation is a crucial climate parameter controlling the
vegetation types. Therefore, the total pollen influx can be used as
a proxy of summer monsoon rainfall in the interpretation of
fossil pollen record from Xuguo Co, i.e., the larger the total pollen
influx, the higher the monsoonal rainfall.

In the central TP, Chenopodiaceae, Ephedra, and Asteraceae
are the main components of the high-cold desert region with a
coverage of about 20%; more desert elements in fossil pollen
spectra thus reflect open vegetation with low coverage.
Meanwhile, long-distance-transported pollen components also
indicate sparse vegetation with low coverage (Herzschuh et al.,
2006).
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The minerogenic matter in lakes is
production through erosion intensity
(Dearing, 1991). In the central TP,
rainfall in summer, aeolian activity

controlled by sediment
and sediment delivery
except for monsoonal

is a major driver of

minerogenic matter in respect to sediment production and
delivery, especially in winter and spring (Li H., 2017). Thus,
we interpret minerogenic matter at Xuguo Co as a proxy of
aeolian activity.

Vegetation succession and climate change in the
Xuguo Co catchment

Figure 5 shows the vegetation reconstructed by discriminant
functions. The low probabilities (less than 0.5) of the modern
analogue indicate that these fossil samples do not have good
modern analogues (Liu and Lam, 1985), suggesting the
transitional nature of the ecotone and the effect of local
pollen sources on lake pollen records. As a large lake, Xuguo
Co’s pollen source is from regional rather than local vegetation
(Jacobson and Bradshaw, 1981).

Xuguo Co is located within the steppe region. Marsh meadow
locally grows around the lake edge. The reconstructed vegetation
shows that no typical alpine meadow existed over the past
9,200 years. Between 9,200 and 5,800 cal. yr BP, dense steppe
dominated the pollen source area, implying that the MSE did not
move westward to alter the vegetation in the pollen source area of
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this lake. However, significant changes in relative frequencies of
dominant species such as Poaceae and Artemisia indicate the
variations in plant abundance of different steppe components.
High charcoal influx values indicate relatively frequent wildfires
at 9,200-6,700 cal. yr BP. Approximately at 6,700 cal. yr BP, an
abrupt increase in the relative frequencies of desert elements and
long-distance-transported tree pollen, as well as a decrease in
pollen influx, suggest a dramatic decline in pollen production,
then
experienced another two significant drops in vegetation
coverage at 5,800 and 4,100 cal. yr BP. After 4,100 cal. yr BP,
marsh meadow and sparse steppe occupied the lake edge and

ie, vegetation coverage, and regional vegetation

other areas of the Xuguo Co catchment, respectively. The low
charcoal influx values indicate fewer wildfires.

The biotic and abiotic proxies of vegetation, climate, and
environment from Xuguo Co (Figure 5) reveal a Holocene
history of climatic and environmental changes in its
in the

sediments from Xuguo Co, suggesting that the lake never

catchment. No Pediastrum colonies were found
became a fresh one during the last 9,200 years. The catchment
of Xuguo Co witnessed four phases of climate change:

Phase I (9,200-8,000 cal. yr BP; pollen zone XC-4): The A/Cy
ratio, a proxy of summer temperature, was at its maximum at
9,200-8,000 cal. yr BP,
temperature during the early Holocene. Total pollen influx, a

suggesting the highest summer

proxy of monsoonal rainfall, reached its maximum too, implying
the occurrence of the Holocene monsoonal rainfall maximum in
the Xuguo Co catchment. The lake level also reached its highest,
as suggested by the proxy of lake level (pollen percentages of
Cyperaceae) following the monsoonal maximum. However, the
G/A ratio, a proxy of moisture, was not at its highest level, being
lower than its average over the past 9,200 years. Minerogenic
matter, a proxy of eolian deposit, was at its average for the past
9,200 years, with a peak around 8,200 cal. yr BP. Meanwhile,
dense vegetation, high summer temperature, and more
thunderstorms in rainy seasons probably resulted in more
wildfires in the catchment of Xuguo Co.

Phase II (8,000-5,800 cal. yr BP; pollen zone XC-3): Summer
temperature and monsoonal rainfall decreased gradually,
whereas moisture appeared to increase. The lake level still
maintained a high level, although it was a little bit lower than
that of phase I. Wildfires decreased in this phase. However, a
significant monsoon-weakening event occurred around 6,700 cal.
yr BP. This event is characterized by significant increases in the
relative frequencies of desert pollen elements and long-distance-
transported tree pollen (sparse vegetation), a decrease in pollen
influx (less monsoonal rainfall and open vegetation), and more
Cyperaceae (low lake level) and minerogenic matter (more or
stronger winter and spring aeolian activities).

Phase III (5,800-3,600 cal. yr BP; pollen zone XC-2): After
5,800 cal. yr BP, summer temperature and monsoonal rainfall
continued to decrease, and moisture experienced an obvious
nonlinear increase. The lake level continued to decline, but it
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witnessed two major drops around 5,800 and 4,100 cal. yr BP,
implying another two significant monsoon-weakening events.
They are also characterized by rises of Cyperaceae pollen and
peaks in desert pollen elements, long-distance-transported
pollen, and minerogenic matter, indicating that they witnessed
a low lake level, sparse vegetation, strong winter and spring
aeolian activities, and few wildfires. As shown by Figure 5,
modern climatic conditions in the catchment of Xuguo Co
were established after the third monsoon-weakening event.

Phase 1V (3,600 cal. yr BP to the present; pollen zone XC-1):
Summer temperature and monsoonal rainfall reached their
Holocene minima. Moisture experienced two peaks and one
valley. Ther lake level dropped to reach its minimum with a
reversal at 2,000 cal. yr BP, and marsh meadow grew along the
lake edge. High values of desert elements, long-distance-
transported tree pollen, and minerogenic matter indicate open
vegetation and strong aeolian activities. Wildfires in this phase
were still as few as those in phase III.

Holocene evolution of the ISM and major
climatic events

The fossil pollen record from Xuguo Co yielded Holocene
climate variability in its catchment of the central TP (Figure 6).
This record revealed summer temperature and monsoonal
rainfall maxima at 9,200-8,000 cal. yr BP, followed by a
nonlinearly decreasing trend from 8,000 to 3,600 cal. yr BP.
Meanwhile, the ISM experienced three significant monsoon-
weakening events at ca. 6,700, 5,800, and 4,100 cal. yr BP.
Furthermore, modern climatic conditions with Holocene
summer temperature and monsoonal rainfall minima were
established after the third monsoon-weakening event around
4,100 cal. yr BP.

The pattern of summer temperature change in the catchment
of Xuguo Co was also found in the same proxy (A/Cy ratio) of
summer temperature in pollen records from Zigetang Co
(Herzschuh et al., 2006), Nam Co (Li Q., 2017), and Selin Co
(Sun et al,, 1993) over the central TP. It also appears to resemble
an integrated curve of summer temperature using published
quantitative reconstructions in terms of fossil pollen records
over the TP (Chen et al., 2020); their review showed that the
summer temperature peak occurring in the early- to mid-
Holocene coincided with the strengthening of summer solar
insolation and the ISM, supporting our results. As suggested
by pollen influx, a proxy of monsoonal rainfall, the Holocene
monsoonal rainfall maximum occurred at 9,200-8,000 cal. yr BP,
and monsoonal rainfall then showed a nonlinear decreasing
trend, accompanying a similar change pattern for summer
temperature. Our Holocene pattern of monsoonal rainfall is
also supported by stalagmite §'°O, a proxy of ISM strength,
from Tianmen Cave in Baingo near Xuguo Co (Figure 6). This
8"%0 record reveals that strong summer monsoons occurred in
the early to middle Holocene (9,200-6,700 cal. yr BP), which was
then followed by nonlinearly weakening summer monsoons (Cai
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FIGURE 6

Comparison of proxies of summer temperature (A), monsoonal rainfall (B), and lake level (C) derived from the fossil pollen record of Xuguo Co
with Holocene summer temperature change over the TP reconstructed by a synthesis of fossil pollen records [(D), Chen et al., 2020], stalagmite §*O
as a proxy of ISM strength from Tianmen Cave in Baingo [(E), Cai et al., 2012], and lake-level change at Selin Co [(F), Hou et al,, 2021].

et al,, 2012). This pattern is also revealed by lake-level records
from Xuguo and Selin Co in the central TP (Hou et al,, 2021).

As shown by Figures 5, 6, monsoonal rainfall in the central TP,
as well as the ISM strength, did not weaken gradually following the
decline of seasonal insolation during the middle- to late-Holocene.
They experienced three centennial-scale monsoon-weakening
events to decrease from the early to middle Holocene maxima to
the late Holocene minima. The first monsoon-weakening event
occurred at 6,700 cal. yr BP, marking the end of the Holocene
monsoon maximum. This event is also obvious in the §'*O records
from Tianmen Cave (Cai et al., 2012) and Qunf Cave (Fleitmann
et al., 2003), the lake-level record from Selin Co (Hou et al., 2021),
and pollen records from Sumxi Co (Gasse et al., 1991), Selin Co (Sun
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et al, 1993), and Zigetang Co (Herzschuh et al,, 2006). The second
monsoon-weakening event occurred at 5,800 cal. yr BP, implying
the beginning of the climatic deterioration over the central TP. This
event was coincident with Bond event 4 (Bond et al., 1997), and it left
its footprint in the 'O records from Tianmen Cave and Qunf Cave,
pollen records from Co Ngion (Shen et al.,, 2008a), and lake-level
records from Ahung Co (Morrill et al., 2006) and Selin Co (Hou
et al, 2021). The third monsoon-weakening event occurred at
4,100 cal. yr BP, marking the establishment of modern climatic
conditions over the central TP. This event coincided with Bond
event 3 and resulted in the Holocene minimum lake level at Ahung
Co and Selin Co. It was also observed in pollen records from Co
Ngion and Zigetang Co.
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Conclusion

A paleoecological record derived from pollen and LOI
analyses of sediments from Xuguo Co reveals vegetational,
climatic, and environmental changes during the Holocene in
its catchment over the central TP.

Our results show that steppe dominated the catchment of
Xuguo Co during the Holocene. The MSE never moved westward
to alter the vegetation in the pollen-source area of the lake.
However, the pollen record exhibits significant changes in steppe
components and vegetation coverage during the Holocene.
During the early Holocene (9,200-8,000 cal. yr BP), dense
steppe with the largest vegetation coverage occupied the
catchment of Xuguo Co. Vegetation components showed
significant changes and vegetation decreased
gradually after 8,000 cal. yr BP. From 4,100 to the present,
marsh meadow has grown on the lake edge and sparse steppe

coverage

has occupied the Xuguo Co catchment.

Our results also show the significant variability of summer
temperature, monsoonal rainfall, lake level, aeolian activity, and
wildfires during the Holocene in the central TP. Summer
temperature, rainfall,
occurred at 9,200-8,000 cal. yr BP, when the Xuguo Co
catchment witnessed few winter and spring aeolian activities

monsoonal and lake-level maxima

and frequent wildfires. Temperature, rainfall, lake level, and
wildfires then declined nonlinearly from 8,000 to 4,100 cal. yr
BP. Modern climatic and environmental conditions were
established after 4,100 cal. yr BP.

Additionally, our results reveal three monsoon-weakening
events during the mid- to late-Holocene. These events occurred
at ca. 6,700, 5,800, and 4,100 cal. yr BP. They were characterized
by sparse vegetation, low lake level, and strong winter and spring
aeolian activities.
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