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Environmental conditions on the Tibetan Plateau (TP) during the last glacial maximum
(LGM) are poorly known. Existing studies of environmental proxies and climate model
simulations are contradictory, with interpretations varying between cold-dry and cold-wet
environmental conditions which differentially influenced lake volumes, loess deposition and
vegetation communities across the TP. Genetic and archaeological studies suggest
anatomically modern paleolithic foragers initially occupied the TP between 60 and
30ka, and may have seasonally occupied the TP during the LGM. Hence, a better
understanding for LGM environmental conditions is needed in order to estimate whether
paleolithic foragers could have survived on the TP during the extreme LGM cold stage.
Here we report the investigation of lacustrine sediments and beach deposits within two
paleoshorelines around Dagze Co on the southern TP, ~22 and ~42 m higher than the
present lake level. Optical age estimates suggest the sediments were deposited during the
LGM and mid-Holocene, respectively. TraCE-21 climate model simulation results suggest
that net annual LGM precipitation in the Dagze Co basin was lower than the mid-Holocene,
but about the same as that of the past 1,000 years. Combining the optical age estimates
with TraCE-21 and CAM4 climate model simulation results, we deduce that increased
summer precipitation and glacier meltwater supply, combined with decreased lake surface
evaporation, produced LGM lake levels ~22 m higher than present. We also synthesized
paleoenvironmental records reported across the TP spanning the LGM. This synthesis
suggests that the LGM climate in the northern TP was cold and dry, but that some of the
southern TP was cold and wet. These relatively wetter LGM conditions in the southern TP
may have favored the growth of cold-resistant plants which, in turn, may have supported
larger herbivore populations, and provided food for paleolithic foragers. We conclude that
seasonal or short-term human occupation of the TP during the LGM was thus more likely in
the southern TP than in the north.
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INTRODUCTION

A recent study of a human mandible fossil found in Xiahe
County, in the northeastern TP, indicates that Denisovans
occupied the TP before 160 ka (during the penultimate glacial
period), much earlier than contemporary Tibetans who arrived in
the region much later (Chen et al., 2019; Zhang et al., 2020). Both
genetic research (Lu et al., 2016) and archaeological investigations
(Zhang et al, 2018a; Zhang et al, 2018b) suggest that
anatomically modern human foragers conquered high
elevations and at least seasonally colonized the Tibetan Plateau
(TP) between 60 and 30 ka. Genetic research indicates there was
some genetic continuity between initial Paleolithic people on the
TP and modern Tibetans, with the former contributing ~6% of
the present Tibetan gene pool (Zhao et al., 2009; Lu et al., 2016).
Research has further suggested that Paleolithic people
successfully overcame the TP’s harsh climate during the last
glacial maximum period (LGM, between ~26 and ~19ka
(Clark et al., 2009)) and made a genetic contribution (albeit
limited) to contemporary inhabitants (Zhao et al., 2009). This is
supported by archaeological evidence from the southern TP,
including human handprints and footprints on hot spring
travertine at Quesang and a fireplace remnant dated to within
the LGM (Zhang and Li, 2002). At the Nwya Devu site stone
artifacts within alluvial sands and gravels were mainly deposited
from 40-30 ka, but extending to the LGM (Zhang et al., 2018b).
However, optical dating and U-series dating of the travertine at
the Quesang site is controversial (Meyer et al., 2017; Zhang and
Li, 2017). Zhang et al. (2017) suggest that low temperatures,
hypoxia and low bioproductivity would have impeded year-
round hunter-gatherer occupation of the high TP until the
development of agriculture after ~5.2 ka, moreover, Dong et al.
(2020) contend that hunter-gatherer groups in China may have
adapted to climate change by mobility and subsistence strategy
adjustments before 10,000 BP. At present, it appears that
Paleolithic foragers first colonized the TP sometime before
30 ka. However, whether they stayed on the TP and adapted
to the extremely cold LGM climate or needed to move down to
surrounding low elevation regions during the LGM before
reoccupying the TP again after the last deglacial (Madsen
et al., 2006) is still unknown.

It is difficult to address these alternatives since environmental
conditions on the TP during the LGM remain poorly known.
Over the course of the past 30 years, extensive investigations of
TP palecenvironmental changes have been conducted by
scientists within China and from abroad. However, most are
focused on the last deglaciation and Holocene stages, with only a
few records spanning the LGM (An et al., 2012; Liu et al., 2019;
Chen et al., 2020 and references there in). Ice cores older than the
Holocene are scarce on the TP, with only the Guliya ice cap
records extending through the LGM (Thompson et al., 1997).
Loess is widely distributed across the TP, but has only been
continuously accumulated since the last deglacial (e.g., Lai et al.,
2009; Qiang et al., 2013; Stauch, 2015; Qiang et al., 2016; Liu et al.,
2017). There are more than one thousand lakes scattered across
the TP, and lacustrine sediments are the most widely studied
proxy records used to reconstruct paleoenvironmental changes.
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However, the majority of these studies only cover the last
deglacial and Holocene periods (Chen et al, 2020 and the
references there in). Existing paleoenviornmental records
indicate that lakes on the TP shrank during the LGM, with
some large lakes becoming almost completely desiccated
(Madsen et al., 2008; An et al., 2012; Yan and Wiinnemann,
2014; Jin et al., 2015; Liu et al., 2015; Zhu et al., 2015). Loess was
eroded by strong westerly winds and the advancement of glaciers
during the LGM (Liu et al,, 2017; E et al., 2018). Ice wedge casts
indicative of permafrost developed widely across the northern TP,
and vegetational communities were substantially degraded (Pan
and Chen, 1997; Liu and Lai, 2013). All these paleoenvironmental
records suggest that the climate of the TP became very cold and
dry during LGM. However, a global atmospheric general
circulation model (GCM) and a regional climate model with
detailed land surface process simulation results (RegCM2)
suggest that TP climates were likely cold and wet during the
LGM, mainly due to a decrease in evaporation and an increase of
water vapor inflow through its south boundary (Yu et al., 2003).
This would have resulted in an increase in runoff over the TP
caused mainly by a decrease in evapotranspiration (Yu et al,
2003; Zheng et al., 2007). Recently, Li and Morrill (2013)
compiled lake level information of monsoonal and arid
Central Asia regions and compared them with Paleoclimate
Modeling Intercomparison Project Phase 2 (PMIP2) simulated
lake level variations during the LGM. They found that some parts
of the southern and western TP had LGM lake levels higher than
today, while the levels of eastern and northern TP lakes declined
substantially. Kuhle (1998) reconstructed the glacial equilibrium
line altitude (ELA) during the LGM, concluding the ELA was
1,200-1,500 m lower than today and proposed a 1,000-2,700 m
thick ice sheet covered the whole Tibetan Plateau during the
LGM. However, this interpretation has been widely disputed (Shi,
2004; Lai et al., 2009; Yan et al., 2018). In summary, controversies
still exist about the climatic and environmental conditions on the
TP during the LGM, in particular whether or not climatic
conditions on the TP differed spatially. More research is
needed to resolve these questions.

Closed-basin lakes in the TP are natural water reservoirs and
are sensitive to hydrological changes. Understanding lake level
fluctuations and the driving forces which cause them, can thus
help clarify past hydrological changes in the TP. At a global scale,
lake level variations between glacial and interglacial periods are
primarily controlled by thermodynamics and dynamic changes
deriving from large scale cooling or warming, land-sea and
meridional temperature gradients, sea level, and ice sheet
topography (McGee, 2020). Shoreline deposits and lacustrine
sediments are often used to track past lake level variations in
closed-basin lakes. Paleoshorelines can provide much clearer
evidence of former lake size changes than can core records
(Quade and Broecker, 2009) because lake surface areas and
depths can be directly measured. These proxy variables adjust
rapidly to prevailing hydrological changes and reflect shifts in the
water budget for the lake basins as determined by the changing
relationship between precipitation and evapotranspiration
(McGee, 2020). A closed-basin lake receives water from river
inflow, direct precipitation, and groundwater, and loses water
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primarily through evaporation since there are no river outlets.
Lake highstands can occur when one of the following
relationships are met:

(1) Wj, increase, E; increase, and AW;, > AE;;
(2) Wi, increase, E; no change or E; decrease;
(3) Wiy, no change or Wy, decrease, E; decrease, and AW, < AE;;

Where Wy, is the sum of water input to the lake (including
river runoff, precipitation, and groundwater); E; is water
evaporation from the lake surface; AW;, and AE; are changes
in Wy, and E; between beginning and ending time points. It is
important to note that lake level fluctuations are not simply
responses to precipitation changes, but are associated with basin-
wide water budget changes.

Many lakes in the TP are ringed by conspicuous
paleoshorelines, suggesting they were much larger in the past.
These paleoshorelines were rarely studied before about 2 decades
ago because they often lack organic materials for radiocarbon
dating. As other dating methods, such as optically stimulated
luminescence dating (OSL), U-series dating and cosmogenic
nuclide exposure dating, have become increasingly reliable, the
number of well-studied and well-dated lake shoreline sequences
has increased dramatically. Here, we add to this body of data by
reporting the investigation of Dagze Co in the south-central TP.
We mapped and sampled paleoshorelines at the southern margin
of the Dagze Co, and dated two paleoshorelines using OSL dating
in order to determine when the highest paleoshorelines were
formed and what the nature of lake surface fluctuations was
during the last glacial and especially during the LGM.

The TP covers a wide range of latitudes from 25°N to 40°N. A
number of studies of atmospheric water hydrogen and oxygen
isotopes (Tian et al,, 2001; Yao et al., 2013) suggest the TP can be
divided into a westerly influenced northern part and an Indian
summer monsoon (ISM) controlled southern part, with the two
divided approximately at 33°N latitude. Here we divide the TP
into these two sub-regions at 33°N latitude in order to compare
shoreline histories of lakes in the two regions and investigate if
they were influenced by different atmospheric circulations
patterns and had different climate features during the late
Quaternary.

SAMPLE COLLECTION AND METHODS

Dagze Co Location and Environmental
Parameters

Dagze Co (31.82°-31.98°N, 87.36’-87.65°E, with a modern lake
surface elevation of 4,480 m above sea level [asl], Figure 1) is now
a brackish lake with a salinity of 19.1 g/L. The main anions are
CO;*7, SO,*™ and CI, and the main cations are Na* and K*
(Supplementary Table S1). The modern lake area and maximum
lake depth are ~299km® and ~38m (Hou et al, 2017),
respectively. The basin catchment area is 12845km* (Hou
et al, 2017). Present inflow is mainly from the Bogcarg
Zangbo River. The mean annual precipitation is ~316 mm,
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and the mean annual temperature is ~0.55°C in this region
(Hou et al.,, 2017). About 15 paleoshorelines are well-preserved
on the eastern and southern lake margin and can be identified on
Google-Earth images and in the field (Figure 2A). These
shorelines indicate dramatic past water budget changes. We
investigated these paleoshorelines during the summers of 2017
and 2018, and collected OSL dating samples from sand and silt-
rich portions of cleaned profiles. Here we focus on the highest
paleoshoreline (S15) and on another medium height
paleoshoreline [S10] (Figures 1, 2A). The surveyed elevation
of the highest paleoshoreline is 4,521.6 m asl, consistent with a
previous report that the highest paleoshoreline is 4,522 m asl
(Qiao et al., 2010).

Sample Collection
Profile 17-10 (87.5628°E, 31.8119°N) is located on paleoshoreline

S10, about 22.4 m above the modern lake level (ALL) (Figure 2).
This shoreline is spectacular and can be easily identified in the
field. However, it lacks beach gravels in the upper part of the
profile (Figures 2C, 3), and we speculate surface morphological
features of this shoreline may have been formed by wave action
during the Holocene lake recessive phase. A thin layer of gravel
pavement covers the surface of the shoreline, overlying
interbedded fine sand, silt, and coarse sand layers that extend
downward to 1.1 m depth (Figure 3). These fine sand, silt, and
coarse sand layers all have ripple laminations or sub-horizontal
bedding suggesting they are near shore lacustrine sediments
deposited when lake levels were several meters above this
section according to the empirical relationships between water
depths and sediments obtained from Qinghai Lake (Liu et al,
2018). Fine sand layers alternate with varied thickness of red silt
layers with no obvious bedding below 1.1m (Figure 3;
Supplementary Figure S1,2). Although the red silt layers may
be of alluvial or fluvial origins, they were well sorted and look
different from alluvial deposits that are composed of poorly
sorted mixtures of gravels, sands and silts (Supplementary
Figure S3). This suggests they were reworked by lake water
sometimes after they were deposited, and that their OSL ages
are related to the reworking processes. Two beach gravel layers
are located at the lower part of the section. The upper beach gravel
layer is 20 cm thick (2.0-2.2 m) and the lower beach gravel layer is
only ~5 cm thick (2.70-2.75 m) (Figure 3). The beach gravels are
3-5cm in diameter, well sorted, moderately rounded, and no
bedding can be observed (Figure 3; Supplementary Material S2).
These gravel layers did not contain enough sand-sized sediments
for OSL age estimates and could not be dated. OSL dating samples
17-10-1, 17-10-2, 17-10-3, 17-10-4, 17-10-5 and 17-10-6 were
collected from sand lenses or sand rich layers at depths of 2.55,
1.95,1.6,1.3.0.9, and 0.6 m (Figures 2C, 3), respectively. Another
exposed section containing lacustrine sediments was found at
approximately the same elevation of section 17-10 but ~10 km to
the east (Supplementary Figure S3). It is ~1.7 m high and its
sedimentary structures correlate well with the upper part of
section 17-10. The upper 0.45m consist of alluvial deposits
composed of gravels, sands and silts. These are underlain by
light greyish nearshore lacustrine fine sands extending downward
to an unknown depth (Supplementary Figure S3). We therefore
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FIGURE 1 | (A) Location of Dagze Co and other lakes mentioned in the text; Dagze Co-1, Danggiong Co-2, Seling Co-3, Nam Co-4, Longmu Co-5, Hala Lake-6,
Qinghai Lake-7, Dalianhai Lake-8. The green-line is the outline of the TP. (B) Enlargement showing Dagze Co. The blue and red lines are the outlines of the LGM and mid-
Holocene lake margins, respectively. The black dot and square are the 17-10 and 18-1 sampling sites. S10 and S15 (the highest in the basin) are high stand
paleoshorelines that are 22.4 and 41.6 m higher than present lake level, respectively. Satellite images are from Google-Earth.

think that these nearshore lacustrine sediments are related to the
expansion of Dagze Co. and are not lagoon or alluvial deposits.
The sedimentary features and sediment compositions of section
17-10 are quite similar to those in a spectacular paleoshoreline
located at the southern margin of Longmu Co. That
paleoshoreline is ~4 m high and composed of lacustrine sands
lacking beach gravels, and is thought to have formed during the
Holocene lake regression period (Supplementary Figure S4; Liu
et al., 2016).

Profile 18-1 (87.4915° E, 31.8033° N) is on paleoshoreline S15,
~41.6 m ALL. This shoreline is the highest visible paleoshoreline
surrounding the lake and extends from the southern to eastern
lake margin. The top 0.2m of the profile consists mainly of
aeolian deposits with scattered coarse sand and small gravel with
no visible bedding (Figure 4). Beach gravels with oblique bedding
and diameters ranging from 2 to 5 cm are deposited between 0.2
and 1.0 m depth. A layer of medium to coarse sand with sub-
horizontal bedding is 1.0-1.1 m below the surface (Figure 4).
This sand layer is underlain by alluvial deposits composed of

poorly sorted angular gravels, sands and silts extending to an
unknown depth. OSL dating sample (18-1A) was taken from the
beach gravels in an area where there is a large sand component,
and another sample (18-1B) was collected from the middle of the
sand layer ~1.05 m below the surface (Figure 4).

OSL Dating

Samples were transported to the Luminescence Dating
Laboratory of the Qinghai Salt Lake Institute, Chinese
Academy of Sciences, and were pretreated under red safe light.
Carbonates and organic materials were removed from the raw
samples using 10% HCl and 30% H,O,, respectively. Medium and
coarse sands were then separated through dry sieving and
subjected to heavy liquid separation to obtain purer quartz.
More detailed pre-processing information can be found in Liu
et al. (2015).

The equivalent dose (D.) of purified quartz was determined
using the single-aliquot regenerative-dose (SAR, Murray and
Wintle, 2000). OSL measurements were carried out using an
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FIGURE 2| (A) View of Dagze Co and the paleoshorelines located on the southern lake margin. (B) enlargement of the hollow square region outlined in yellow in (A),
the yellow solid square represents the location of profile 17-10. (C) Profile 17-10 and associated OSL ages. The view is toward the east.

automated Risg TL/OSL DA-20 reader. The preheat and cutheat
temperatures were determined by preheat plateau and dose
recovery test experiments, set at 200°C and 160°C
(Supplementary Figure S5), respectively. The D, was then
measured by luminescence response. Natural luminescence
(L,) was measured first, then numerous regenerative dose
luminescences (L,) were measured sequentially, and corrected
for sensitivity changes by the luminescence response (Ty) to a
constant test dose (Tp) (Shi et al., 2017). The L,/T, ratios were
used to construct the regeneration dose growth curve, and the L,/
T, ratio (natural luminescence to test dose response luminescence
ratio) was projected onto the growth curve to calculate the D,
(Figure S6, Murray and Wintle, 2000). Signals of the initial 0.64 s
of stimulation were integrated for growth curve construction after
subtraction of the last 10 s signals. Several samples show broad D,
distributions and have large over-dispersion values (Figure S7),
suggesting they may have been heterogeneously bleached before
deposition. In order to diminish the influence of partial bleaching
on age estimation, the single-aliquot age selection model for D,
determination proposed by Arnold et al. (2007) was used to

decide whether the 3-parameter minimum-age model (MAM-3)
or the central-age model (CAM) was applied to calculate the D.s.
R-language based luminescence data analysis package “numOSL”
was used to select the suitable age model to calculate the D,s
(Peng et al., 2013). Three out of 8 samples’ D, were determined by
using MAM-3, and the remaining 5 D.s were determined by
using CAM (Table 1).

Concentrations of U, Th and K were measured by the neutron
activation analysis of dried and ground bulk samples
(Supplementary Table S2). The radionuclide contents were
converted to « and p dose rates according to the conversion
factors proposed by Guérin et al. (2011). The cosmic ray dose rate
was determined as a function of sampling depth, altitude and
geomagnetic latitude (Prescott and Hutton, 1994). The average
water content for paleoshoreline sediments during the burial
period may have varied which is hard to estimate. Some sampling
positions were dry and some others were wet when we dug out
fresh profiles. We therefore calculated ages using water contents
of 10 + 5, 15 + 5 and 20 + 5% for each sample, and then selected
ages of 10 + 5% water content for samples collected from relative

Frontiers in Earth Science | www.frontiersin.org

November 2020 | Volume 8 | Article 606051


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Liu et al.

Last Glacial Maximum Climate Over Tibet

B
75-95 cm

e

FIGURE 3 | Sedimentary structure details and composition of the 17-10 locality.
shown on the left and right sides.

. The entire section is shown in the middle of the figure, with enlarged portions

285293 cm |

dry strata and ages of 15 + 5% water content for samples collected
from wet strata as their best approximate ages (Table 1).

LGM Climate Simulations

Glaciers over the western and southern TP expanded
substantially during the LGM, with the total glacial coverage
possibly reaching 70 x 10* km” according to a 1 km-resolution ice
sheet model which assumes cooling of 6°C and a precipitation
decrease of 50% over the TP (Yan et al., 2018). Recently, Liu et al.
(2020) simulated the impact that glacier expansions over the
western and southern TP had on Eurasian climate changes during
the LGM using Community Atmosphere Model version 4
(CAM4). They discuss the influence of enlarged glaciers in the
Himalayas and Pamir regions on local and regional temperature
and precipitation changes during the LGM in contrast to areas
where glaciers did not expand. Here, we use part of the simulation
results of Liu et al. (2020) to investigate seasonal temperature and
precipitation changes when glaciers expanded over the TP during
the LGM.

The transient climate evolution of the last 22 ka (referred to as
TraCE-21) with the Community Climate System Model 3
(CCSM3) simulation results were used to calculate the annual
and seasonal precipitation amounts, net annual precipitation
amounts, annual and seasonal temperature changes for three
time periods (22-20, 8-6, 1-Oka) over Qinghai Lake on the
northeastern TP, Dagze Co on the southern TP and Longmu Co
on the western TP. The TraCE-21 simulation is forced by realistic
external forcing, including orbital insolation, greenhouse gases,
ice sheets and freshwater fluxes (Liu et al., 2009). The model

consists of four components (atmospheric-model, oceanic-
model, land-model and sea ice-model) coupled together (Yan
et al., 2020). The spatial resolution of the TraCE-21 simulation is
3.75°% 3.75° (Liu et al., 2009).

RESULTS

OSL dating results show that higher Dagze Co lake levels
occurred at during the LGM and mid-Holocene (Table 1;
Supplementary Figure S8). Nearshore lacustrine sediments at
S10 (224m ALL) were deposited between 23.8 and 21.6ka
(Figure 2C; Supplementary Figure S8). The sedimentary
structure features (coarse sands with ripple laminations in the
upper part of profile 17-10 and two beach gravel layers in the
lower part) suggest they were deposited when lake levels were
fluctuating a few meters above or near paleoshoreline S10 during
the LGM (Figure 3). The typical shoreline morphological features
near the surface of S10 suggest they formed during the Holocene
by waves which transformed older lacustrine sediments during a
rapid regression of the lake. The speed of this regression resulted
in only a few beach gravels being deposited at the surface at some
locations or none at all at others. The lake area during the LGM
highstand period was ~530 km* (~1.8 times the modern lake
size). The high LGM lake level of Dagze Co, at an elevation of
~4,500 m asl in the southern TP, confirms that an ice sheet
covering the entire TP did not exist during the LGM.

The highest paleoshoreline (S15) is 41.6 m ALL. Two optical
ages for samples collected from beach sediments and a sand layer
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from the middle part of the medium sand layer.

FIGURE 4 | Paleoshoreline S15 and profile 18-1. This shoreline is the highest visible paleoshoreline surrounding the lake and extends from the southern to the
eastern lake margin. OSL dating sample 18-1A was collected from the beach gravels where there is a large sand component. OSL dating sample 18-1B was collected

are 6.1 + 0.9 and 5.5 + 0.6 ka, respectively, suggesting Dagze Co
reached its highest lake level during the mid-Holocene (Figure 4;
Supplementary Figure S8; Table 1). The lake greatly expanded at
its highest lake level stage (Figure 1B), with the lake area reaching
~839km?® 2.8 times its present size. Dagze Co would have
overflowed to the west into lower basins when it reached the
highest level at S15 as evidenced by a remnant channel
connecting Dagze Co with the western basins. The dividing
crest between Dagze Co and the western basins is
approximately the same elevation as paleoshoreline S15.
Hence, water balance ratios in the Dagze Co basin were likely
sufficient to sustain the lake at the same elevation of
paleoshoreline S15 or slightly higher during the early
Holocene ISM intensification stage when several other lakes
on southern TP experienced their highest Holocene lake levels
(Liu et al., 2016; Shi et al., 2017; Chen et al., 2020).

DISCUSSION

Asymmetrical Humidity Variations Between
the Northern and Southern TP During
the LGM

The Antarctic and Artic ice sheets expanded and mountain
glaciers around the world also advanced as the global mean

surface air temperature declined by ~4°C during the LGM
(Clark et al, 2009; Annan and Hargreaves, 2013). The
reconstructed surface temperature over the TP and its adjacent
regions was 5-8°C colder than today during the LGM (Xu et al.,
2013; Zhang et al, 2020). Although there are several
paleoenvironmental proxy records spanning the LGM in the
northern TP (An et al,, 2012; Yan and Wiinnemann, 2014; Jin
et al., 2015; Wu et al., 2020), most studies in the southern TP
cover only the last deglacial and Holocene periods, with only a
few extending to the latest stage of the LGM (Gasse et al., 1991;
Zhu et al., 2015; Ma et al., 2019; Chen et al., 2020 and references
cited there in).

During the LGM, the northern TP became colder, drier and
windier, and lakes within this region were much reduced or even
desiccated (An et al., 2012; Yan and Wiinnemann, 2014; Wu et al.,
2020). An intensified East Asian Winter Monsoon (EAWM)
entered the western Qaidam Basin through several low altitude
mountain passes and moved eastward to influence most areas of
the northeastern TP, keeping the Asian summer monsoon (ASM)
at bay and causing mean annual precipitation to decrease further
(Yang et al., 2017). As a result, lakes in the northeastern TP
significantly regressed; the water level of Hala Lake was ~50 m
lower than today (Figure 5A, Yan and Wiinnemann, 2014),
Qinghai Lake almost dried up due to a weakened ASM that
caused a decrease in precipitation (Figure 5B, Madsen et al., 2008;
Liu et al.,, 2015; Jin et al,, 2015), and Dalianhai Lake was also
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TABLE 1 | Summary of shoreline codes, elevations, aliquot numbers, equivalent doses, age models, water contents, dose rates, ages and selected ages used in the context.
Uncertainties of individual quartz ages contain both random and systematic components. “MAM-3” is the abbreviation of the 3-parameter minimum-age model, and

“CAM” is the abbreviation of the central-age model (Arnold et al., 2007).

Sample Shoreline Sample Grain Aliquot De (Gy)
code num ele size num
(m.a.s.l) (um)

17-10-1 S10 4,499.9 90-125 50 56.9 + 2.3
17-10-2 S10 4,500.5 38-63 50 66.9 + 1.0
17-10-3 S10 4,500.8 63-90 50 64.1+2.0
17-10-4 S10 4,501.1 90-125 50 59.6 + 1.8
17-10-5 S10 4,501.5 90-125 50 62.5 + 2.1
17-10-6 S10 4,501.8 38-63 50 76.6 £ 8.4
18-1A S15 4,621.2 90-125 50 150+ 11
18-1B S15 4,520.6 90-125 44 148 £ 0.6

substantially reduced during the LGM (Wu et al, 2020). Ice
wedge casts widely developed across the northern TP in response
to the sharp cooling (Pan and Chen, 1997; Madsen et al., 2008; Liu
and Lai, 2013). Loess, which accumulated on the northeastern TP
during and prior to the LGM, was largely eroded away by strong
winds and expanded glaciers (Liu et al., 2017; E. et al,, 2018). In
the Qaidam Basin, extensive evaporite deposits in Qarhan salt-
lake dating to after 25-24 ka resulted from an increasingly arid
climate (Chen and Bowler, 1985). These evaporite depositions
persisted until the early Holocene when the climate became
humid again (Chen and Bowler, 1985). A recent study also
suggests the westerly jet stream strengthened significantly
during the LGM, the East Asian Summer Monsoon was
weaker than during the interglacial, and temperatures and
precipitation during the LGM were lower than those during
the mid-Holocene in the northern QTP (Li et al., 2020).
Limited paleoenvironmental records from lacustrine
sediments and aeolian sands in the southern TP extending to
the end of the LGM also indicate a cold and dry climate with the
Westerlies prevailed yearly round (Lai et al., 2009; Zhu et al.,
2015; Ma et al., 2019). However, the Guliya ice core record from
the western TP indicates that while dust concentrations were high
during marine isotope stage 4, concentrations were only
moderate during the LGM, suggesting the climate was cold
and wet (Wu et al, 2004). Moreover, optical dating and
cosmological nuclide dating ages of paleoshorelines indicate
Seling Co, Dangqiong Co and Nam Co had LGM lake levels
higher than present (Figure 5; Li et al., 2009; Kong et al., 2011;

Age Water Dose Age (ka) Age
model content rate selected
(%) (Gy/ka)
CAM 20+ 5 2.32 +0.16 245 +19
15+5 2.47 + 017 23.0+1.8 v
+5 2.63+0.18 21.7 +1.7
MAM-3 20+ 5 2.88 + 0.19 233 +1.6
15+ 5 3.07 £ 0.21 21.8+15 v
10+5 3.26 + 0.22 205+1.4
CAM 20+ 5 2.55 + 0.19 252+ 20
15+5 2.71 £0.20 23.7+1.9 4
10+5 2.87 + 0.21 223 +1.8
CAM 20+ 5 2.45 £ 0.20 244 + 21
15+5 2.60 + 0.21 229+ 20
10+5 2.76 £ 0.22 216 +1.8 4
CAM 20+ 5 2.49 + 0.26 251 £ 2.7
15+5 2.64 + 0.26 237 +25
10+5 2.80 £ 0.27 223+23 4
MAM-3 20+ 5 2.85+ 0.19 269 + 3.4
15+5 3.03 + 0.20 253 + 3.2
+5 3.22 + 0.21 23.8 + 3.1 v
MAM-3 20+ 5 2.18 + 0.28 6.8+1.0
1 5 2.31 +0.29 6.4 +0.9
10+5 2.45 + 0.30 6.1 +0.9 v
CAM 20+ 5 240 £ 0.24 6.2 +0.7
1 5 2.55 + 0.25 5.8+ 0.6
10+5 2.70 £ 0.26 55+06 4

Zhou et al., 2020), consistent with an interpretation of a cold and
wet climate. Our optical dating results from Dagze Co also show
the lake enlarged during the LGM, with a lake level reaching
~22 m above the present.

More than a decade ago, Yu et al. (2003) compiled paleolake
data and used a global atmospheric general circulation model
(GCM) coupled with a land surface process model to explore
LGM climatic conditions for the whole China. They suggested a
positive net annual precipitation (P-E) was produced by a
decrease in evaporation and an increase in precipitation
during the LGM, causing lakes in western China to
substantially expand. Subsequently, Zheng et al. (2007) utilized
a regional climate model (RegCM2) to simulate the climatic
conditions in China at 21 and 6 ka. Their results indicate that
the TP climate was wet-cold during the LGM, but wet-warm at
6ka. Recently, Li and Morrill (2013) compiled lake level
information for the monsoonal and arid regions of Central
Asia and compared them with PMIP2 simulated LGM lake
level variations. They found that the LGM lake levels were
higher than today in some parts of southern and western TP,
while lake levels in the eastern and northern TP declined
substantially at the same time. Although only a few lake
records in the southern TP reflect LGM high lake levels, they
are consistent with these climate simulation results.

In summary, it is clear that climate conditions in the northern
TP were cold and dry during the LGM, while the climate
conditions were cold and wet in some parts of the southern
TP. Why the entire TP was predominantly influenced by the
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FIGURE 5 | (A) Reconstructed lake level variation curve of Hala Lake (Yan and Winnemann, 2014). (B) Ca/Zr ratio of lacustrine sediments from Qinghai Lake,
representing changes in lake hydrology. Higher values represent more runoff into the lake (Jin et al., 2015). (C) and (D) represent temperature and precipitation changes
over Tengchong Qinghai, Yunnan province (Zhang et al., 2020). Precipitation is mainly related to the Indian summer monsoon. The LGM highstand paleoshoreline ages
of Dagze Co (this study) @, Nam Co (Zhou et al., 2020) ®, Danggiong Co (Kong et al., 2011) ® and Seling Co (Li et al., 2009) @. Ages of the travertine layer
containing embedded in human fingerprints and footprints at the Quesang archaeological site (Zhang and Li, 2002) ® and ages of fluvial deposits containing paleolithic
stone artifacts at the Nwya Devu archaeological site (Zhang et al., 2018b) ®. The light-yellow band represents the time range of the LGM.

Westerlies during the LGM, but had asymmetrical humidity
variations in the northern and southern TP is discussed below.

Asymmetrical Forcing of Net Annual
Precipitation during the LGM in the

Northern and Southern TP

During the LGM, ice sheets and sea ice expanded in high latitude
areas of the Northern Hemisphere, the annual average
temperatures dropped dramatically, the latitudinal temperature
gradient between the poles and the equator increased, the
Intertropical Convergence Zone migrated southward, mid-
latitude Westerlies were enhanced, and, most importantly, the
ASM significantly weakened (Figure 5D; An et al., 2012; Deplazes
et al, 2013). As a consequence, the TP was predominantly
influenced by the Westerlies, and monsoonal precipitation
markedly decreased (An et al, 2012; Zhu et al., 2015). Surface
atmosphere temperatures over the TP were also 5-8°C colder
than at present (Figure 5C, Xu et al., 2013; Zhang et al., 2020),
and the annual freezing period was prolonged, factors which
significantly reduced lake surface evaporation (Li and Morrill,
2013). There was a substantial expansion of glaciers over southern

and western TP in response to this decline in the annual average
temperature, but glacier expansion in the central and northern TP
was much more limited (Yan et al.,, 2018; Yan et al., 2020). The
expansion of glaciers in the southern TP not only supplied more
meltwater to lower elevation lakes during the summer time, but
also reduced atmospheric heating over the TP, in turn, weakening
the ASM (Liu et al., 2020). The influence of glacial expansion over
the TP on LGM climates was explored using the CAM4 climate
model (Liu et al, 2020). Simulation results suggest that an
expansion of glaciers over the southern and western TP would
lead to a decrease in surface air temperatures during both the
summer and winter seasons over most regions of the TP (Figures
6A,B). Summer precipitation rates in the western and southern
TP would increase slightly, but decrease a little in the eastern and
northeastern TP (Figure 6C). Winter precipitation rates would
decrease slightly over most of the TP (Figure 6D). This slight
increase in summer precipitation, coupled with the decline in
summer temperatures and an increase in cold glacier meltwater
supply together reduced lake surface evaporation, favoring the
appearance of high lake levels in the southern TP. On the other
hand, the slight decrease in summer precipitation coupled with
the more limited glacier meltwater supply, caused a drier
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FIGURE 6 | Changes in summer (June-August) and winter (December-February) surface temperatures (A and B) and precipitation rates (C and D) due to the
glacier expansions over the TP during the LGM. The thin black line polygon is the region where glaciers expanded. Regions where the temperature or precipitation rate
changed at the 0.05 level of significance are hatched. The black dot represents the location of Dagze Co on the southern TP, while the black triangle represents the
location of Qinghai Lake on the northern TP. This figure is modified from Liu et al. (2020).

northern TP and a substantial regression of northern TP lakes.
We therefore conclude that the differential development and
expansion of the glaciers and associated climatic impacts is the
major reason for the difference in net annual precipitation
between the northern and southern TP during the LGM.

To further explore the spatial precipitation and evaporation
changes over the TP during the LGM, we used the TraCE-21
model (Liu et al., 2009) simulation results to obtain annual and
seasonal precipitation, net annual precipitation, and annual and
seasonal surface atmosphere temperatures over the southern,
western and northeastern TP at the LGM, the mid-Holocene
(8-6 ka) and the past one thousand years. We selected spatial
extents (3.75°x 3.75°) over the southern, western and northeastern
TP regions to cover Dagze Co, Longmu Co and Qinghai Lake,
respectively. Model results indicate that LGM annual
precipitation, net annual precipitation, and seasonal
precipitation over the southern TP were similar to the past
1 ka. The annual mean temperature was ~4°C lower than the
past thousand years, while summer and autumn temperatures
were ~5.5 and ~4.5°C lower (Tables 2, 3), respectively. Hence, the
increased net water budgets and higher lake levels over the
southern TP were caused by enhanced recycling of local
moisture, increased summer contributions of glacial meltwater
and reduced summer and autumn lake surface evaporation.
Summer and autumn precipitation over the northern TP were
dramatically reduced during the LGM, and both the annual and

summer mean temperatures dropped by ~2 and ~5°C relative to
the past 1,000 years (Tables 2, 3), respectively. We therefore
speculate that the large amplitude reduction of summer and
autumn precipitation are the main reasons the northern TP
became more arid compared to the southern TP. Moreover,
limited glacial expansion over the northern and northeastern
TP resulted in comparatively little meltwater reaching the lakes,
adding to the marked LGM lake regressions in the region. Both
the mean annual and seasonal precipitation over the western TP
increased during the LGM, while the annual and summer mean
temperatures dropped by ~4 and ~7°C relative to the past
1,000 years (Tables 2, 3), respectively. The increased annual
precipitation and reduced annual and summer mean
temperatures, favored the expansion of regional glaciers,
consistent with the interpretation of large-scale glacier
advances over the western TP during the LGM (Yan et al,
2018). Because the ASM weakened and it transported limited
moisture to the TP during the LGM, the increased annual
precipitation in the western TP may be related to the
enhanced Westerlies that brought more moisture from the
Atlantic Ocean, Europe and Central Asia.

The simulated annual mean surface atmosphere temperatures
for northern, southern and western TP during the mid-Holocene
were all lower than the past 1,000 years. However, the summer
season temperatures for all these regions were higher than the
past 1,000 years (Table 3), suggesting that the seasonality was
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TABLE 2 | Simulated annual precipitation, net annual precipitation and seasonal precipitation based on the TraCE-21 model. The data were downloaded from webpage
http://202.195.239.65:8888/, then reanalyzed.

Lake name Age (ka Precipitation (mm/month)
BP) Annual Net annual Spring (MAM) Summer (JJA) Autumn (SON) Winter (DJF)
Dagze Co 22-20 46.81 + 1.03 20.99 + 0.77 41.21 + 0.99 35.08 + 2.00 65.37 + 2.01 45.56 + 1.67
8-6 53.85 + 1.34 24.81 + 1.05 44,18 + 1.88 36.50 + 2.39 88.17 + 3.55 46.57 £ 1.70
1-0 47.44 +1.43 19.18 £ 1.17 41.44 + 1.37 31.19 + 2.67 68.87 + 2.89 48.28 + 1.56
Longmu Co 22-20 35.86 + 0.63 17.90 + 0.48 35.69 + 0.94 16.53 + 1.13 43.61 £ 1.71 47.61 £ 1.07
86 33.27 + 0.80 15.81 + 0.63 41.87 + 1.58 7.18 £ 0.77 47.26 + 2.29 36.79 + 1.65
1-0 30.92 + 0.60 13.48 + 0.51 34.78 + 0.92 10.88 + 1.01 37.08 + 1.59 40.93 + 0.95
Qinghai lake 22-20 83.38 + 0.85 42.67 + 0.74 68.66 + 1.35 174.06 + 3.30 7274 +1.72 18.05 + 0.70
8-6 107.84 +1.73 73.59 + 1.34 64.03 + 2.20 24435 + 5.84 101.28 + 2.18 21.68 + 1.07
1-0 103.24 + 2.63 67.58 + 2.54 71.66 + 1.75 219.29 + 6.56 96.21 + 3.67 25.79 + 0.55

TABLE 3| Simulated annual and seasonal surface atmosphere temperatures based on the TraCE-21 model. The data were downloaded from webpage http://202.195.239.

65:8888/, then reanalyzed.

Lake name Age (ka BP) Surface Atmosphere Temperature (°C)
Annual Spring (MAM) Summer (JJA) Autumn (SON) Winter (DJF)
Dagze Co 22-20 -10.46 + 0.09 -14.31 £ 0.24 3.84 + 0.40 -7.07 + 0.30 -24.33 + 0.28
8-6 -7.43 £0.12 -12.75 £ 0.16 9.64 + 0.37 -3.92 £ 0.49 -22.70 £ 0.24
1-0 -5.97 + 0.45 -10.28 + 0.79 9.43 + 0.51 -2.47 £ 0.29 -20.56 + 0.41
Longmu Co 22-20 -7.39 + 0.06 -10.72 £ 0.25 6.62 + 0.29 -4.92 + 0.30 -20.53 + 0.20
8-6 -3.77 £ 0.16 -8.67 + 0.13 14.49 + 0.46 -1.42 + 0.46 -19.49 + 0.36
1-0 -2.84 + 0.21 -6.18 + 0.54 12.82 £ 0.19 -0.73 + 0.16 -17.26 + 0.25
Qinghai lake 22-20 -4.70 £ 0.13 -2.36 £+ 0.24 5.24 + 0.09 -3.76 + 0.25 -17.93 + 0.33
8-6 -2.45 £ 0.14 -2.47 £ 013 10.62 + 0.22 -1.53 + 0.35 -16.45 + 0.31
1-0 -1.64 + 0.07 -0.64 + 0.17 9.11 + 0.08 -0.96 + 0.14 -14.07 + 0.17

more significant over the TP during the mid-Holocene. Mid-
Holocene summer and autumn precipitation was higher than
both the LGM and the past 1,000 years in the northern and
southern TP (Table 2), consistent with the highest paleoshoreline
age at Dagze Co and the high lake levels recorded at several other
lakes (Liu et al., 2016; Shi et al., 2017; Chen et al., 2020). However,
the mid-Holocene winter and spring precipitation over the
southern and northern TP was similar to the LGM and the
past 1,000 years, suggesting that the Holocene high lake levels
were caused by an intensified ASM that brought abundant rainfall
during the growing season. In contrast, the western TP net annual
and summer precipitation decreased substantially (Table 2),
suggesting that the moisture of the western TP was related
primarily to the Westerlies.

Implications for Paleolithic People Living on
the Southern TP During the LGM

During the LGM, multiple proxies indicate that the climate of the
northern TP was colder, drier and windier, while the southern TP,
or at least parts of it, was colder and wetter. The finding of some
genetic continuity between initial paleolithic foragers and
modern Tibetans is not enough to infer that paleolithic people
may have overcome the harsh LGM climate and occupied the
high interior plateau regions of the TP as proposed by Zhao et al.
(2009) since any exchange of genetic material may have occurred
on the lower elevations TP margins. Two archaeological sites in
the interior southern TP are dated to be within or spanning the

LGM, providing some support for the inference from genetic
research (Quesang and Nwya Devu sites) (Figure 5; Zhang and
Li, 2002; Zhang et al, 2018b). Some other Upper Paleolithic
archaeological sites on the TP have also been reported to have
been occupied within or slightly earlier than LGM, such as
Lenghu No. 1 (Brantingham et al, 2007), Xiao Qaidam
(Huang et al, 1987) and Seling Co. (Yuan et al, 2007).
However, reports of most of these sites only reflect Paleolithic
tools from the ground surface, and buried and dated deposits
were not identified, making the ages of these sites difficult to
determine. More investigations are required to confirm
Paleolithic people occupied the TP during climate harsher LGM.

The modern distribution of biotic communities across the TP,
and thus the distribution of plant and animal resources on which
past Tibetan populations depended, is directly related to a
differential monsoon strength which is rapidly reduced from
the southeast to northwest across the TP (Madsen et al., 2017;
Guedes and Aldenderfer 2019). We here propose that this
southeast to northwest difference was magnified during the
LGM. While the extreme conditions of the colder, drier and
windier LGM climate made it even more difficult than it is now
for Upper Paleolithic foragers to live in the interior of the
northern TP during the LGM, these hostile conditions also
extended into the TP margins of the northeastern TP, such as
around Qinghai Lake. Currently there are no known
archaeological sites older than ~15ka above ~3,000 m on the
northeastern TP margins in areas where Holocene and modern
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agro-pastoralist sites are common (e.g., Madsen et al., 2006;
Wang et al.,, 2020). Prehistoric foragers seem to have moved
down to the surrounding lower elevational regions during the
LGM and only moved up and re-occupied the interior northern
TP again during the deglacial period when the climate started to
become warmer and wetter (Madsen et al., 2017). However,
Upper Paleolithic foragers may have seasonally occupied the
interior regions of the southern TP since the relatively wetter
LGM climate may have favored the growth of forage for large
herbivores, which in turn provided major subsistence resources
for prehistoric hunters that were absent or reduced in the
northern TP. Moreover, sparsely distributed hot springs and
caves on the southern TP may also have helped foragers
overcome the cold weather. These speculations require
substantial comprehensive investigations of LGM flora and
fauna on the southern TP to be confirmed, but evidence of
large mega-fauna, including mammoth and wooly rhinoceros
fossils, has been found in lacustrine sediments around several
early and middle Pleistocene paleolakes during cold and wet
glacial periods (e.g., Zheng et al, 1985; Han et al, 2013).
Moreover, recent research suggests archaic hominins may have
occupied the TP in the Middle Pleistocene epoch (before 160 ka)
and successfully adapted to high-altitude hypoxic environments
long before the regional arrival of modern Homo sapiens (Chen
etal., 2019). The questions of when and how people permanently
settled the TP is complex and more studies are needed to get a
comprehensive understanding of this process.

CONCLUSION

In this study, we report the dating of exposed highstand
lacustrine sediments and beach sediments surrounding
Dagze Co, and show that there were high levels of the lake
during the LGM and mid-Holocene. The LGM high lake level
(224m ALL) was caused by intensified local moisture
recycling, increased glacier meltwater and decreased lake
surface evaporation in the context of extensive glacial
expansions over the southern and western TP. Holocene
highstands differed in that these lake level increases were
mainly in response to an intensified ASM during the early-
middle Holocene. We combined reported high lake level ages
within the TP during the LGM with climate model simulation
results, and find that LGM climatic conditions on the southern
TP were cold and wet, providing an environment suitable for
cold-resistant plant growth and the production of forage for
herbivores. These large herbivores, in turn, provided food on
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