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Quantitative reconstruction of regional paleotemperature is the key to
understanding temperature change and its driving mechanisms. In this study,
133 phytolith samples were collected as proxy indicators from lacustrine
sediments of the Zhunzhahanjilin (ZZH) profile in the hinterland of the
Badain Jaran Desert, China. The phytolith samples were then analyzed to
quantitatively reconstruct the Holocene paleotemperature at the millennial
scale. Based on accelerator mass spectrometry (AMS), **C dates and an ordered
clustering method were used to divide the phytoliths into five assemblage zones
with environmental significance. The quantitative reconstruction results
indicated that the paleotemperature in the Badain Jaran Desert was
relatively high during the early Holocene (11,040-8,200 cal a BP), and the
average paleotemperature was approximately 9.5°C. This may have led to
increased melt water near the surrounding area and recharged the lakes in
the Badain Jaran Desert, resulting in the expansion of the lakes during the early
Holocene. The average paleotemperature during the middle Holocene
(8,200-3,100 cal a BP) was approximately 7.9°C. This period was warm and
the environment was humid, with extensive precipitation from summer
monsoons and low evaporation leading to higher water levels in the lakes.
The paleotemperature decreased during the late Holocene (3,100 cal a BP to
the present), and lakes retreated or dried up because of the decreased summer
monsoon rains. The Holocene paleotemperature in the Badain Jaran Desert
may have been related to July insolation in the Northern Hemisphere and had a
range of impacts on the hydrological cycle in this arid region.
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Introduction

With ongoing global warming (Wanner et al,, 2008), global
environmental problems have become exacerbated, and significantly
greater attention is being placed on climate change research (IPCC,
2021). The Holocene was a critical period for human society
entering the stage of civilization following the last glacial period.
Therefore, the causes and process of Holocene climate change
throughout this epoch have become one of the most important
research areas for scholars.

Over the past 20 years, scholars have undertaken a preliminary
paleoenvironmental reconstruction of the Badain Jaran Desert and
its adjacent areas using multiple proxy-based reconstructions, such
as the landscape (Yang, 2000), lake sediments (Yang et al., 2003),
and calcareous root tubes and cores (Li et al, 2015a; Ning et al.,
2021). Those studies have explored the mechanisms of
environmental evolution (An et al, 2008; Zhao et al, 2008;
Hartman and Wiinnemann, 2009; Ning et al, 2019). However,
detailed reconstructions of the desert environment have been quite
limited, partly due to the poor preservation of biotic proxies and the
complexity of the regional environment (Dong et al., 2010; Zhang H.
et al,, 2011; Li et al,, 2017; Gao et al.,, 2020). There are still some
uncertainties in the study of some characteristics of climate stages in
environmental reconstruction, which are worthy of further
systematic and thorough investigation. The Badain Jaran Desert
is located in a climate-sensitive zone on the edge of the East Asian
monsoon area. Due to low precipitation and high evaporation, there
are 110 lakes recharged by groundwater in the southeastern part of
the desert and no surface runoff in this region (Ma et al,, 2014; Wang
et al, 2016; Dong et al,, 2022). This is an important region for
studying environmental evolution and paleoclimate change (Wang
et al,, 2016; Li et al,, 2018). Quantitative reconstruction of regional
paleoclimate is the key to understanding climate change and its
driving mechanism (Mohtadi et al,, 2016).

Because quantitative temperature reconstructions in this area
are very scarce, it is essential to find temperature records for
Holocene climate change research in the desert hinterland of the
Asian monsoon margin area (Gao et al., 2020). By comparing,
checking, and synthesizing a variety of alternative data, some
temperature series that can be used to reflect regional and global
scales have been reconstructed (Yang et al.,, 2002; Mann and
Jones, 2003; Ge et al., 2005; Moberg et al., 2006). According to
substitute evidence from pollen, stalagmites, and lake deposition
over the past 20 years, the temperature change sequences from
31 regions in China were reconstructed, which is of great
significance for revealing climate change patterns and
identifying the influence of human activities on modern
climate warming (Ge et al,, 2005). Fang and Hou (2011) used
quantitative methods to reconstruct the centennial integrated
temperature series resolution of the Holocene in China and
divided the Holocene period into three stages.

Phytoliths are composed of an insoluble form of silica that
precipitated within and between plant cells. They were formed by
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the uptake of soluble silicic acids from the soil through the roots,
which were then transported to other parts of the plant (Wang
and Lu, 1993; Blinnikov et al., 2002). Because the formation of
phytoliths is deeply affected by environmental factors, they can
be used as a good proxy for local vegetation, climate, and
environmental conditions. Phytoliths can be well preserved in
lacustrine deposits, peat deposits, paleosol strata or even sand
dunes (Horrocks et al., 2000; Lu et al., 2007; Zhang et al., 2008;
Gao et al, 2020). Moreover, they are poorly transported,
relatively easily preserved, and can better reflect primary
deposition, while maintaining a clear significance in terms of
classification (Lu and Liu, 2003; Gao et al.,, 2018a). Phytoliths are
widely used in the study of paleoenvironmental evolution. In
China, researchers have undertaken various types of phytolith
analyses, using phytolith assemblages, phytolith indices, and
phytolith climate factor conversion functions to reconstruct
the paleoclimate semi-quantitatively and quantitatively (Qiao
et al.,, 2010; Gao et al.,, 2018b; Wang et al., 2019; Gao et al,
2020). Accordingly, phytoliths have been recognized as effective
proxy indicators of climate change and have been widely used in

paleoenvironment evolution research.

Overview of the study area

In the Badain Jaran Desert (39°20'-41°19'N, 99°54'-104°34'E),
the geological structure of the desert forms part of the depression
basin of the Alashan Platform, where the fracture is separated from
the Alashan uplift on the west side of the Zongnai Mountains
(Zhang J. et al, 2011). Analysis of distributed strata and structures
revealed that the Badain Jaran area might have been integrated with
the Alashan uplift in the Paleozoic era. When the fold/uplift was
initiated from the Haixi movement, a fracture also occurred at the
Alashan uplift (Wang, 1990). Its modern geomorphic features were
formed under the backdrop of its overall aridity, including erosion
from wind and flowing water as well as transportation and
accumulation (Liu et al, 2010). The surface sediments of the
desert are primarily composed of aeolian sediments and
medium-fine sand (Ning et al, 2013). Mobile sand dunes are
widely distributed, and the southeastern part of the desert
maintains the highest and largest sand mountain group in the
world (Niu et al., 2021).

The desert sustains seasonally frozen modern soils and has a
temperate continental climate with extreme drought. The annual
temperature difference is large (34.4°C), with an average summer
temperature of 25.3°C and a winter temperature of —=9.1°C (Ma et al.,
2014). The Badain Jaran Desert is distant from the sea, receives little
rain and suffers from perpetual drought. At the southern edge of the
desert, the average annual precipitation is between 90.1 and
1154 mm. At the northern edge of the desert, the annual average
precipitation is between 35.2 and 42.9 mm, and the regional average
precipitation is only 76.9 mm. The potential moisture loss from
evapotranspiration is much higher than the water influx from
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FIGURE 1

Zhunzhahanjilin arid lake basin.

(A) Location of the ZZH profile in the southeastern part of the Badain Jaran Desert. (B) The black square on the map shows the location of the
study area in northwestern China, and the blue line shows the limit of the Asian summer monsoon. The white arrow indicates the Asian winter
monsoon, the yellow arrow indicates the Asian summer monsoon, and the purple arrow indicates the westerly winds. (C) The ZZH profile within the
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precipitation (Ma et al., 2011). There is almost no surface runoff in
the Badain Jaran Desert. For the more than 110 perennially stagnant
lakes distributed in the southeast of the desert, as well as along the
leeward slope of inter-dune depressions between the high sand
mountains in the hinterland, the primary recharge source is
groundwater (Wang et al,, 2016).

Vegetation in the desert is sparse, primarily consisting of
xerophytes, super xerophytic shrubs, and sub-shrubs, with
predominantly annual herbaceous plants (Wang et al., 2015).
The vegetation is distributed around the lake basins with marshy
saline meadows near the water featuring several species,
including Glaux maritima, Trigolochin maritimum, and
Aeluropus littoralis. Phragmites communis and Achnatherum
splendens are mainly constructive species confined to the
periphery, beyond which are thicket and sand dunes
dominated by white thorn (Wang et al., 2011).

In this study, we chose the Zhunzhahan Jilin (ZZH) profile
for analysis, located in the depression of a seasonal stagnant lake
in the hinterland of the Badain Jaran Desert (39°57'13"N,
102°37'13"E, 1,246 m as.l) (Figure 1). ZZH is a dry lake
basin with minimum run off and was not affected by the
water level of the seasonal stagnant water depression. The
depth of the profile is 3.9 m. It was excavated manually by
our research team. The sampling along the profile was from
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top to bottom for less than 2 m, and from bottom to top for
2-3.85m.

Materials and methods
Data source

The samples were collected to a depth of 385 cm in two parts:
at 0-200 cm, with 2 cm sampling intervals (n = 99 samples; No.
A1-A100, A20 missing), and at 200-385 cm, with 5 cm sampling
intervals (n = 34 samples; No. B1, B2, B7-B38). The texture and
color of the ZZH sedimentary faces were described as followed
(Ning et al, 2019): 0-40cm corresponds to a moderate
consolidated sand layer with a grayish yellow color;
40-100 cm reflects the limnetic layer with a gray-black color;
100-125 cm represents rust spots in a yellow sand layer;
125-170 cm represents more silt in a gray-black silt limnetic
layer; 175-348 cm, represents silt-sand with a yellow-green color.
The 175-248 cm upper layer shows grayish-green rust spots in
permanent yellowish-brown fine sand; the 248-348 cm under
layer reflects grayish-green; at 348-385 cm, there are abundant
plant residues mixed in a black peat layer; and, below 385 cm,
there is a brown unconsolidated aeolian sand layer.
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Seven samples for dating were collected from the profile,
three were sent to the AMS dating laboratory of Peking
University for determination, and the remaining four samples
were pretreated and dated by BETA Analytic Inc. (Miami, FL,
United States). The phytolith extraction for all of the
133 sediment samples was conducted at the School of
Geographical Sciences, Northeast Normal University, Jilin,
China. (2019) established a
chronological sequence based on the AMS 'C dating results
for the ZZH profile in the Badain Jaran Desert.

Ning et al previously

Phytolith collection and classification

Experiment samples were treated using the wet ashing method
(Lu et al,, 2006; Gao et al,, 2018c¢) according to the following steps: (1)
Samples were dried and their weights recorded; (2) For oxidation, 25 g
samples were placed in a centrifuge tube and dilute hydrochloric acid
was added to remove the carbonate. The samples were washed with
distilled water, and concentrated nitric acid was added to completely
oxidize organic matter. (3) For heavy liquid flotation, a zinc bromide
solution (‘heavy liquid’) with a specific gravity of 2.34 was added at a
volume of more than 1.5 times that of the sample and centrifuged at
2000 rpm for 15 min. The upper suspension was removed to another
centrifuge tube and distilled water was added for repeated centrifugal
washing until the sample pH was neutral; (4) After flotation, the heavy
liquids were cleaned, spores of known concentration (one spore tablet
is about 27,640 grains) were added, dissolved with dilute HCI, and the
samples were repeatedly washed until the pH was around 7; (5) The
phytoliths were then identified and statistically categorized using
permanent reference slides and an Olympus optical microscope.
Through this analysis, 43,773 phytoliths were identified across the
133 samples from the ZZH profile. In general, the phytolith
concentration from 0 to 162cm was relatively high, (average,
473,000 grains-g™'); whereas the concentration from 162 to 375 cm
was comparatively low (average, 1,300 grains-g ™). Calculation of the
percent phytolith content was done according to the following
formula:

p =n/s x 100% (1)

where p is the percentage of each type of phytolith, n is the
number of each phytolith type, and s is the total number of
phytoliths counted.

C=(sxM)/(Sxm) (2)

C is the concentration of phytoliths, s is the total number
of phytoliths counted, M is the number of spores on each
tablet, S is the total number of spores, and m is the sample
weight.

Phytolith types were identified (Figures 2, 3) in the experiment.
Most of the phytoliths were derived from Poaceae and Cyperaceae,
with occasional ferns and Xylophyta also being present.
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Quantitative temperature reconstruction

From the 133 sediment samples, a large number of phytoliths
were observed, we selected ten of the most representative
phytolith types, namely rondels, saddles, dumbbells, elongated,
fans, long points, short points, rectangles, gobbets, and wavy (Lu
et al., 2006). The remaining types were excluded due to their
small numbers. We combined short saddles and long saddles into
saddles, sinuate elongate and smooth elongate into elongate, and
wavy-trapezoid and wavy narrow into wavy.

According to Lu et al. (2006), there were 243 sites with
calibration sets for the modern surface sediment based on the
wide ecological and climatic gradients in China. Therefore, we
chose the 27 sites within the 243 surface sediments calibration
set from Lu et al. (2006). The mean annual precipitation for these
27 sites was <200 mm which included the northwestern arid region
in China. We then extracted the temperature data for these 27 sites
in concert with the China meteorological forcing data (CMFD)
during the time span of 1979-2018. This study applied the transfer
function to the phytolith types from the ZZH profile in the Badain
Jaran Desert; the R (4.2.0) package of “rioja” was selected for the
modern training set of 27 sites from the data set of 243 surface
sediments (Lu et al,, 2006). First, the phytolith-inferred MAT .
was the result of the weighted-averaging partial least squares
regression (WA-PLS) model (Ter Break and Juggins, 1993),
which extracted the most efficient component. The modern
predicted temperature reconstruction (MAT. ;) was then
calculated in R [Ryj = 0.26, root-mean-square-error (RMSE) =
2.62]. Second, the MAT,. ; was linearly fitted with CMFD
(MATyps 1) (known from 1979 to 2018) and a linear fitted
equation was obtained. The inference data with the cross-
validation are reflected by the MAT,, | and the MAT,,., ; had
a statistical correlation (Figure 4). Third, the phytolith data in this
study were substituted into the above model, and the Holocene
paleotemperature reconstruction was obtained (MAT ) [R poor =
0.28, RMSE = 4.00]. Due to the value of R* (MAT,,. ) being relatively
low, we used the linear fitted equation to obtain the results for the
observed Holocene paleotemperature (MATps.).

MAT g = 1.02 X MAT . +0.03 3)

where MAT,,.. is the predicted Holocene paleotemperature, and
MAT,,, is the observed Holocene paleotemperature.

Results

Based on the ordered clustering results of the percent
phytolith content, the phytoliths were divided into five
(v.1.7.16)
rendered the accompanying graph (Figure 5).

assemblage zones using Tilia software which

Zone I (385-325 cm) 11,040-9,800 cal a BP
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FIGURE 2

The phytolith morphology types from the ZZH profile in the Badain Jaran Desert. Saddles (A,B); rondels (C1,C2); dumbbells (D); wavy (E1—E4);

elongated (F1-F9); short points (G1-G3); long points (H1-H4).

The phytolith assemblages in zone I were dominated by gobbets
(38.8-59.0%, avg. content = 48.0%) and elongated (16.9-28.0%, avg.
content = 21.0%). The percent contents of rondels (7.8-18.7%, avg.
content = 12.8%), rectangles (3.8-13.1%, avg. content = 8.0%) and
short points (3.4-7.3%, avg. content = 5.2%) were relatively high.
Meanwhile, those of fans (1.3-5.6%, avg. content = 3.5%) and the
average content of the remaining phytoliths, wavy, saddles,
dumbbells, long points were relatively low. The
reconstructed MAT s was from 9.5 to 10.8°C during this period,
and the average paleotemperature was 10.1°C.

and

Zone II (325-270 cm) 9,800-8,200 cal a BP
The phytolith assemblages from zone II were dominated by

gobbets (39-50.4%, avg. content = 44.7%) and elongated
(19.0-27.2%, avg. content = 23.8%), these two phytolith types
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showed a less pronounced decrease than in zone I. The percent
content of rondels (10.5-18.7%, avg. content = 13.4%), short
points (3.5-11.9%, avg. content = 7.4%) and fans (2.5-7.6%, avg.
content = 5.4%) was slightly increased. The average content of
rectangles decreased to 4.5%. The percent contents of wavy,
dumbbells, and long points were relatively low. The
reconstructed MAT,, ranged from 7.4 to 10.4°C during this
period, and the average paleotemperature was 8.8°C.

Zone III (270-144 cm) 8,200-3,100 cal a BP

According to the variation in the phytoliths, the phytolith
assemblages of zone III were divided into two sub-zones.

Sub-zone III-A (270-190 cm) 8,200-4,500 cal a BP and Sub-
zone IV-A were dominated by gobbets (27.5-50.7%, avg.
content = 41.8%) and elongated (16.0-30.5%, avg. content =
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FIGURE 3

The phytolith morphology types from the ZZH profile in the Badain Jaran Desert. Fans (11,12); rectangles (J1-33); gobbets (K1-K5); (L) carinate;
(M) brachiate; (N) prismatic; (O) silicified tracheids; (P) silicified plant tissue; (Q) silicified stomata; (R) epidermal phytolith; (S) special type.

MATobs, l(oC)
IS
1

- y=1.02x+0.03
R’=0.55

T T T T
2 4 6 8 10

MAT,. ,(°C)

FIGURE 4
Relationships between the MAT s 1 and MAT . 1 The blue
line represents the linear trend. This is significant at p<0.01.
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22.2%). Rondels (10.2-24.1%, avg. content = 14.8%), short points
(4.2-13.6%, avg. content = 8.8%), fans (2.3-10.7%, avg. content =
6.4%) and rectangles (2.3-7.4%, avg. content = 4.2) were in the
middle level. The average contents of wavy and saddles were
relatively low. The reconstructed MAT,y,,. ranged from 6.2 to
9.7°C during this period and the average paleotemperature
was 8.0°C.

Sub-zone III-B (190-144 ¢cm) 4,500-3,100 cal a BP and Sub-
zone IV-B were dominated by gobbets (30.8-59.5%, avg.
content = 42%) and elongated (14.8-31.3%, avg. content =
24.1%). The percent contents of fans (6.1-26.8%, avg.
content = 12.4%) and short points (3.9-28.1%, avg. content =
9.2%) were relatively high. Rondels (0.7-18.8%, avg. content =
7.2%) showed a pronounced decrease. The percent contents of
the remainder of the phytolith types were relatively low. The
reconstructed MAT,ps ranged from 2.4 to 9.7°C during this
period and the average paleotemperature was 7.7°C.
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FIGURE 5

Phytolith assemblage observed from ZZH profile in the Badain Jaran Desert. Zone |, zone ll, zone Ill, zone IV, and zone V indicate the 11-9.8 cal
ka BP, 9.8-8.2 cal ka BP, 8.2—-3.1 cal ka BP, 3.1-2 cal ka BP, and 2 cal ka BP to the present, respectively.

Zone 1V (144-118 cm) 3,100-2000 cal a BP

The phytolith assemblages of zone IV were dominated by gobbets
(30.2-45.2%, avg. content = 38.5%) and elongated (19.8-35.8%, avg.
content = 29.4%). The percentage content of rondels (0.9-20%, avg.
content = 7.4%), short points (5.2-16.2%, avg. content = 9.7%), and
fans (4.7-16.6%, avg. content = 9.3) were relatively high. The percent
contents of the remainder of the phytolith types were relatively low.
The reconstructed MAT,, ranged from 5.5 to 9.6°C during this
period and the average paleotemperature was 7.8°C.

Zone V (118-0 cm) 2000 cal a BP to the present

The phytolith assemblages of zone V were dominated by rondels
(4.2-68.0%, avg. content = 43.0%) and gobbets (3.0-65.9%, avg.
content = 20.8%). The percent content of elongated (7.6-29.4%, avg.
content = 18.5%) was relatively high and that of short points
(22-17.7%, avg. content = 7.1%) and fans (0-9.3%, avg.
content = 2.9%) were relatively low. The percent contents of the
rest of the phytolith types were relatively low. The reconstructed
MAT s, ranged from 3.5 to 10°C during this period and the average
paleotemperature was 6.6°C.

From the above results, we can see that the average
paleotemperature during 11,040-9,800 cal a BP was 10.1°C, and
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the paleotemperature during 9,800-8,200 cal a BP was 8.8°C. We
regarded these two periods as the early Holocene, with an average
paleotemperature  of  approximately 9.5°C.  While the
paleotemperature during 8,200-3,100 cal a BP (sub-zone III-A,
8,200-4,500 cal a BP; sub-zone III-B, 4,500-3,100 cal a BP, with
paleotemperature of 8.0 and 7.7°C, respectively) was 7.9°C, we regard
this period as being the middle Holocene. The late Holocene was
after 3,100 cal a BP and the average paleotemperature was 7.2°C.

Discussion

Comparison of paleotemperature
changes during the Holocene in different
regions

Many other Holocene climate records have been obtained from
some arid regions in China. However, the timing and mechanisms of
climate change during the Holocene is still being debated (Long
et al,, 2014). The phytolith-based paleotemperature reconstruction
for the Badain Jaran Desert may provide more reliable information
for the paleoclimate record. We compared the reconstructed
paleotemperatures for different regions in China using various
proxies. Based on the reconstructed temperature sequence, Fang
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FIGURE 6

Comparison of Holocene temperature sequences in different
regions. (A) §**C in the Dajiuhu peat of Shennongjia (Ma et al.,
2008); (B) Temperature stack of China (Fang and Hou, 2011); (C)
§C record in the Hani peat, northeastern China (Hong et al.,
2005); (D) 8*C record in the Hongyuan peat, eastern Tibetan
Plateau (Hong et al., 2003); (E) Qinghai Lake temperature (Hou
et al,, 2016); (F) the reconstructed temperature during the
Holocene in the Badain Jaran Desert (this study). The pink area is
the Holocene ‘megathermal’. The red circle and the dotted blue
line represent the cold event at 8.2 ka BP.

and Hou (2011) divided the Holocene paleotemperature into three
stages in China, corresponding to the early, middle, and late
Holocene. The paleotemperature during the early Holocene
(11.5-89ka BP) was fluctuating and increased and was
approximately 1°C  higher than in modern The
paleotemperature in the middle Holocene (8.9-4.0ka BP)
reached its warmest peak during this period (8.0-6.4 ka BP). In
the late Holocene (4.0 ka BP to the present), the paleotemperature
decreased and the climate became cold (Figure 6B). Based on the
geochemistry record of §"°C in Dajiuhu peat by Ma et al. (2008), the
early Holocene was cold, but the paleotemperature gradually

times.

increased. The middle Holocene was warm overall, but the
representative cold event at 8.2 ka BP was strongly reflected, and
the paleotemperature changed from warm to cold during the late
Holocene (Figure 6A). We also compared the §"C record from the
Hani peat (Hong et al., 2005) in northeastern China (Figure 6C) and
the Hongyuan peat on the Tibetan Plateau (Hong et al., 2003)
(Figure 6D), which was found to be similar to the Dajiuhu peat
record. The pollen record in Daihai Lake (Xiao et al., 2004) also
revealed the history of paleotemperature change during the
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FIGURE 7

Quantitative reconstructions based on the phytolith of
millennial-scale temperature changes in the Badain Jaran Desert
during the Holocene and comparison with other Holocene
records. (A) July insolation at 37°N (Laskar et al., 2004); (B)

Lake level reconstructed from grain size in the Badain Jaran Desert
(Dong et al., 2022); (C) Lake level reconstructed from modal size in
the Badain Jaran Desert (Dong et al., 2022); (D) precipitation proxy
in the Daihai Lake (Xiao et al., 2006); (E) temperature proxy in the
Daihai Lake (Xiao et al, 2006); (F) § **O in the Dongge Cave,
Guizhou Province, China (Dykoski et al., 2005); (G) sea surface
temperature (SST) in the western tropical Pacific (Stott et al., 2004);
(H) the reconstructed temperature in the Badain Jaran Desert (this
study). The pink area represents the high paleotemperature in the
early Holocene and the red circle represents the 3.2 ka BP event.

Holocene in this region. From 10,250 to 7,900ka BP, an
increasing proportion of tree pollen implied that the
environment had become warmer. Between 7,900 and 4,450 ka
BP, the percentage of tree pollen reached its maximum value and
the paleotemperature fluctuated but was relatively warm overall.
During the period of 4,450 to 2,900 ka BP, tree pollen appeared and
there was a sharp cooling with the paleotemperature dropping lower
than in the previous period. In addition, the paleotemperature
variation trend for the Qinghai Lake (Hou et al, 2016)
(Figure 6E) showed results similar to our reconstructed MAT
(Figure 6F). Hafsten (1970) also put forward the term
‘megathermal’ to explain the warmest period in the middle
Holocene (8.2-3 ka BP). The data of the sediment core indicated
that the Holocene megathermal was an arid period in Inner
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Mongolia (Chen et al., 2003). The above research suggests that the
middle Holocene was the warmest period during the epoch.
From the TIC and TOC sediment records from Daihai lake,
Xiao et al. (2006) found that the climate of the early Holocene
(11,500-8,100 ka BP) was warm and dry, whereas the middle
Holocene (8,100-3,300 ka BP) was warm and wet due to the
high TIC and TOC values, and during the late Holocene the
climate became cold and dry (Figures 7D,E). Chen et al. (2008)
hold the opinion that the Holocene climate in arid central Asia was
driven by the surface sea temperature in the North Atlantic, the
waning ice-sheets in the northern Hemisphere, the high air
temperature at mid-latitudes, and the high degree of summer
Our found that the
paleotemperature in the Badain Jaran Desert was similar to the

insolation. research Holocene
sea surface temperature (SST) in the western tropical pacific (WTP)
which has been reconstructed using Mg/Ca data and oxygen isotope
levels from foraminifers extracted from sediment cores (Stott et al.,
2004) (Figure 7G). From the §'*0 record in the Dongge Cave, China
(Figure 7F), Dykoski et al. (2005) found that the Asian monsoon
intensity generally correlated with the insolation changes, and our
results were similar to the solar forcing mechanism in the Northern
Hemisphere (Laskar et al., 2004) (Figure 7A). Peng et al. (2016)
considered that the peak in Northern Hemisphere summer
insolation was from 12 to 10ka, correlating with the dune
mobility in the Tengger Desert and other sand fields. This
phenomenon might correlate with the strengthening of the Asian
summer monsoon. This evidence could support our results that
there were high paleotemperatures during the early Holocene.

The influence of paleotemperature on the
hydrological cycle during the Holocene

The high paleotemperature during the early Holocene may
have caused the high lake level and relative humid environment
in the Badain Jaran Desert. In the early Holocene, the global
temperature began to rise as solar radiation increased in the
Northern Hemisphere, and the Badain Jaran Desert responded
accordingly. Some researchers suggested that groundwater
recharge was an important factor in lake-level changes in the
Badain Jaran Desert. This is because groundwater recharge
contributes 90% of the water balance, while precipitation
contributes only 10% to the lake replenishment (Ma et al,
2014; Dong et al., 2016; Sun et al., 2018; Dong et al., 2022).
The pan-lake period of Badain Jaran began in the early Holocene
at 10ka BP (Wang et al, 2016). This phenomenon can be
attributed to increasing meltwater from the Qilian Mountains
and the Tibetan Plateau, which is controlled by solar radiation in
the Northern Hemisphere, and the high paleotemperature during
the early Holocene. Thus, a considerable amount of meltwater
flowed into the ground and became groundwater (Wu et al,
2004; Dong et al, 2022), while the glacier meltwater and
precipitation in the northeastern Tibetan Plateau provided a
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large volume of groundwater to the Badain Jaran Desert (Ning
et al., 2019). According to Dong et al. (2022), the lake level
frequently fluctuated between 3.82 and 9.21 m during the early
Holocene (10.6-8.6ka BP) and slightly fluctuated between
3.41 and 5.26 m during the middle Holocene (8.6-4.7 ka BP)
(Figure 7B,C). The literature examined in this discussion could
further explain the hypothesis that the high temperature in the
early Holocene led to lake expansion in the Badain Jaran Desert.

Li et al. (2015b) indicated that calcareous root tubes
predominantly formed in environments with high relative
humidity and could not form in an arid environment.
Therefore, they found that the frequency of calcareous
tubes was mainly concentrated in the middle Holocene in
the Badain Jaran Desert, and their presence suggested that
the middle Holocene was relatively humid. The strengthened
summer monsoon also resulted in increased moisture in the
middle Holocene (Yang et al., 2011). Ning et al. (2019) found
that the concentration of n-alkanes was higher in the humid
environment from 7.8 to 5.8 ka in the Badain Jaran Desert,
which indicated the presence of a relatively wet environment
during the middle Holocene. Moreover, when we referred to
the pollen of Artemisia and Chenopodiaceae in arid areas,
their A/C ratio proved that they afforded a reliable proxy for
relative humidity (Zhao et al., 2012). Thus Ning et al. (2021)
posited that the highest A/C ratio, between 7.2 and 5.4 ka,
explained the high humidity conditions in the Badain Jaran
Desert during the middle Holocene. During 7.7-5.3 ka BP,
precipitation reached 200 mm yr~" in the Badain Jaran Desert
(Wang et al., 2016). Combined with our MAT data and the
have deduced that the middle
Holocene period was warm and wet and that this was
the
monsoon and the low evaporation in the desert (Li et al,
2015b; Wang et al., 2016; Ning et al., 2019; Dong et al., 2022),
which had a strong impact on the high lake levels during this

above evidence, we

due to extensive precipitation from summer

period.

During the late Holocene, many lakes retreated or dried
up in the Badain Jaran Desert (Wang et al., 2016). This may
have been caused by weak summer monsoons (Yang et al,,
2010) along with human activities. From our MAT results, at
approximately 3,200 ka BP, there was a sharp decrease in
temperature, which may be a result of the neoglacial
period (Cheng et al., 2020) or the arrival of the late
Neolithic age.

Conclusions

Abundant phytoliths were found in the Zhunzhahan Jilin
(ZZH) lacustrine sediments of the Badain Jaran Desert. Phytolith
records provide a rich resource of information on Holocene
climate changes and are particularly useful proxies for
reconstructing the MAT in the Holocene.
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Our results suggested that the temperature in the study area was
relatively warm during the early Holocene, and the middle Holocene
was not only warm but also humid, whereas it became cold in the
late Holocene. The Holocene paleotemperature had an impact on
the hydrological cycle and evolution of the lake group. During the
early Holocene, the melt water recharged the groundwater and
resulted in the swelling of lake groups. During the middle Holocene,
the extensive precipitation from the summer monsoons led to high
lake levels. During the late Holocene, however, the weak summer
monsoons caused the lakes to retreat or dry up. These findings are
consistent with the characteristics of climate evolution at the
millennium scale in northern China. The mechanism of
paleotemperature change in the Badain Jaran Desert was
controlled by periodic changes in July insolation at 37°N.

More reliable inferences for the Holocene paleotemperature
change will be obtained from more detailed records in the Badain
Jaran Desert or nearby regions. Better information collection is
needed for paleotemperature research approaches to better
understand the characteristics and evolution of the Holocene
environment and to provide a scientific basis for human
adaptation to environmental change in the future.
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