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In arid central Asia, the geo-ecological environment of the well-vegetated high
mountains differs from that of the extensive arid Gobi desert areas, with the forested
areas having experienced a different pattern of humidity variations compared to the
dryland regions. Therefore, the moisture history of the forest areas reconstructed by tree
rings may differ from that of the dryland areas. In the extremely arid area of the western
Qilian Mountains and the surrounding dryland areas, where forest is absent, it is unclear
how humidity conditions have changed over the past several centuries. Here, we use a
pollen record from Tian’E Lake, with a chronology based on 2'°Pb and '®’Cs, and with
an average temporal resolution of ~2 years, to reconstruct the humidity changes over
the past 300 years. The results show that the pollen assemblage is dominated by
Artemisia and Amaranthaceae (=Chenopodiaceae), and therefore, the A/C (Artemisia/
Chenopodiaceae) ratio can be used to reconstruct changes in humidity conditions.
Based on the pollen A/C ratio, two relatively wet periods are identified: ~1740-1750 and
1840-1980, and two dry intervals: ~1750-1840 and 1980-2018. This pattern of
variation is similar to that reconstructed from nearby humidity records based on
tree-ring width adjacent to the Tian'E Lake area and with instrumental records
from meteorological stations over the past several decades. However, there are
significantly different records between pollen-based and tree-ring based humidity
during ~1760-1830, 1880-1910, and 1920-2018 in the Qilian Mountains on long
timescales. We conclude that pollen-based humidity records from dryland areas may
differ from those reconstructed from tree-ring widths in forested mountain areas,
especially when the temperature was increasing. It was further suggested that there
was an antiphased relationship in humidity conditions between westerlies-dominated
central Asia and monsoon areas over the past century.
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INTRODUCTION

Although instrumental climate records show a clear record of
increasing temperature in the Northern Hemisphere during the
20th century, humidity variations exhibit complex spatial patterns
at the regional scale (IPCC, 2007). Increased global warming could
lead to more frequent and sustained droughts (Cook et al., 2004;
Dai et al., 2004), with consequently increased aridity in arid and
semiarid areas (Feng and Zhang, 2015; Huang et al., 2016). It has
been shown that on the global scale, drylands have experienced a
significant intensification of warming in the past 100 years,
together with inter-decadal fluctuations in drier/wetter
conditions (Li et al, 2007; Guan et al, 2019). The Qilian
Mountains, in the northern part of the Qinghai-Tibetan
Plateau, is located in the marginal area of the arid region in
central Asia and the semiarid or semi-humid region in the east.
The Qilian Mountains is climatically influenced by the westerlies
in the west and the summer monsoon in the east (Chen et al.,
2008). The high mountains of the region have diverse geo-
ecological environments along vertical and longitudinal
gradients, including forest, shrubland, grassland, tundra, and
sparse desert-like vegetation. The precipitation in the Qilian
Mountains decreases from east to west. In recent decades, the
climate of the region has warmed, and there is an increasing
frequency and intensity of severe drought events (Zou et al., 2005).

In the Qilian Mountains, numerous dendrochronological
studies have been conducted, including reconstructions of
moisture conditions at the lower tree line (Kang et al., 2003;
Yang et al.,, 2011; Zhang et al., 2011; Deng et al., 2013; Sun and
Liu, 2013; Yang et al., 2019) and temperature at the upper tree line
(Wang et al, 2001; Gou et al, 2012). However, it can be
concluded that the pattern of climate change in the Qilian
Mountains reconstructed by tree-ring records is complex on
both the spatial and temporal scales. Moreover, because of the
absence of forest in the arid area of the western Qilian Mountains
and the surrounding arid areas, it is unclear how humidity
conditions have evolved over the past three centuries, in the
context of the significant temperature variations.

Pollen records from closed alpine lakes are reliable indicators
of regional changes in moisture conditions. Moisture
reconstructions from such lakes can potentially fill the gaps in
the spatial distribution of paleoclimate records from dryland
areas in central Asia, which may have experienced a different
pattern of moisture changes from those of forested areas. Tian’E
Lake is an alpine lake located in the western Qilian Mountains.
Zhang et al. (2018) used the A/C ratio from this lake to
reconstruct the history of regional humidity, and it had a
relatively wetting trend after AD 1600 with some fluctuations
(all subsequent dates are AD). A geotropism index suggests that
the region was relatively warm and dry during the Medieval
Warm Period and relatively cold and wet during the Little Ice Age
(LIA) (Yan et al., 2018; Zhang et al., 2018). The past 300 years is a
critical interval bridging the gap between meteorological records
and geological records, and it also corresponds to the transition
period from the LIA to the Current Warming Period. The high
sediment accumulation rate of the alpine Tian’E lake enables
high-resolution paleoenvironmental records to be obtained.

Recent Humidity Changes in Dryland

Based on pollen analysis of 128 samples from the sediments of
the lake, we reconstructed the pattern of humidity changes in the
surrounding dryland area over the past ~300 years, and attempt
to address whether the tree-ring records from the semiarid area
have the representation of humidity over the large arid region in
central Asia or not.

STUDY AREA

Tian’E Lake (39°14'20"N, 97°55'26"E, 3,012 m.a.s.1.) is an alpine
lake located in the arid western part of the Qilian Mountains
(Figure 1), ~35km from the nearest forested area. The lake is
~0.12 km? in area and has a water depth of ~14.5 m. The lake
basin is closed and is mainly fed by groundwater from glaciers,
and its sediments can potentially provide a record of regional
climate change (Zhang et al., 2018). As recorded at the nearby
Sunan Meteorological Station (150km from the lake, at
2,330 m.a.s.l.), from 1981 to 2010, the regional average annual
precipitation was ~267 mm and the evaporation was ~2,200 mm.
At the same time, the mean January temperature was —9.4°C and
the mean July temperature was 16.8°C (Figure 1B).

The vegetation coverage of the Tian’E Lake region is sparse,
and forest is absent (Figure 1A). The region is characterized by a
desert-steppe landscape, with the natural vegetation consisting of
desert and dry grassland plants, very similar to the vegetation of
the Hexi Corridor. The vegetation consists mainly of Artemisia
and Amaranthaceae, together with Asteraceae, Poaceae,
Ranunculaceae, Rosaceae, Fabaceae, Labiatae, Caryophyllaceae,
and Brassicaceae (Yi and Wang, 2013).

MATERIALS AND METHODS
Sediment Sampling and Chronology

A 66-cm-long sediment core (core TE18A) was collected from
Tian’E Lake in October 2018 using a gravity corer (Figure 1A).
The core was mainly subsampled at a 0.5-cm interval, with some
samples (TE18A-81, 82, 83, and 84) at a 1-cm interval. The
samples were transported to the laboratory and then freeze-dried.
Eighteen samples were analyzed for >'°Pb and '*’Cs at the Key
Laboratory of Western China’s Environmental System, Ministry
of Education, Lanzhou University. For *'°Pb analysis, subsamples
were freeze-dried and homogenized before being stored for three
weeks to reach radioactive equilibrium. The samples were then
analyzed for *'°Pb using gamma spectrometry with a low
background intrinsic germanium detector. Gamma emissions at
46.5 keV were used to determine the radioactivity level of *'°Pb
downcore. Unsupported *'°Pb activity (*'°Pb,) was calculated by
subtracting the activity of supported *'°Pb (as >*°Ra) from the total
*1%Pb activity. The final chronology was established using the
constant rate of supply model (Appleby and Oldfield, 1978).
219pb,, decreases irregularly with increasing depth (Figure 2B).
Equilibrium between the total *'°Pb and supported *'°Pb activity
is reached at the depth of 18.5-19 cm. '*’Cs first appears in the
core sample at the depth of 12.0-12.5 cm and reaches a maximum
value of 33.3 Bqkg™" at the depth of 10.0-10.5 cm. Hence, these
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FIGURE 1 | Location and environmental setting of the Tian’E Lake area. (A) Location of Tian’E Lake in northwestern China and locations of other sites mentioned in

the text. Inset image is a photo of Tian’E Lake showing the location of cores TE18A and TE15. The blue line is the modern limit of the summer monsoon (Chen et al.,
2008), and the red dashed lines denote the mean annual precipitation. (B) Monthly temperature and precipitation at the Sunan Meteorological Station during 1981-2010.
(C) Location of Tian’E Lake and tree-ring records from the Qilian Mountains referenced in the text.

levels were dated to 1952 and 1963, respectively, which is in good
agreement with the *'’Pb chronology.

Below 19 cm of TE18A, there are no direct AMS "*C dates
based on plant material. Considering the lake has a stable
sedimentation environment and the two sediment cores of
TE15 and TE18A (Figure 1A) have close coring locations and
a relatively small grain-size (Figure 2), we assume that the
sedimentation rate was consistent and extrapolate the
chronology of TE18A based on that of core TE15. The TE15
core has three radiocarbon dates of terrestrial plants in the upper
56 cm and four dates in the upper 166 cm (Zhang et al., 2018), so
we use the average sedimentation rate of the top 100 cm of TE15
(0.29 cm/a) to calculate the age model of TE18A considering the
errors of '*C dates and variable sedimentation rates based on '*C
dates (Figure 2B). Based on this age model, the median grain-size
data of TE18A have good consistency with TE15 (Figure 2C),
which increased the confidence of this age model additionally.

Pollen Analysis

Pollen grains were extracted from 1 to 3 g of dried sediment using
sequential treatments with 10% HCI, 40% HF, and 10% HCIL.
Before chemical pretreatment, tablets containing a known
number of Lycopodium spores were added to estimate pollen
concentrations. The samples were mounted in glycerin and
counted using a light microscope at x400-600 magnification.
At least 300 terrestrial pollen grains were counted per sample, and

pollen percentages were calculated based on the sum of total
terrestrial pollen. Pollen identifications were based on
photographs in Tang et al. (2016). A pollen diagram was
produced using Tilia software (Grimm, 2011), and pollen
assemblage zones were defined using stratigraphically
constrained cluster analysis implemented with CONISS, using
all pollen types (Grimm, 1987).

RESULTS

A total of 128 samples from core TE18A were used for pollen
analysis, and 27 pollen types were identified. The average temporal
resolution of the pollen data is ~2years. The tree pollen
percentages are relatively low, including some types of Pinus,
Picea, Betula, and Salix; the main shrub pollen types are Ephedra,
Nitraria, Rosaceae, and Zygophyllaceae; and the main herb pollen
types are Artemisia, Amaranthaceae, Poaceae, Cyperaceae,
Thalictrum, Polygonaceae, Asteraceae, Brassicaceae, Labiatae,
and Ranunculaceae. The main aquatic pollen type is Typha.
The pollen assemblages are divided into four main zones based
on CONISS (Figure 3), and they are described below.

Zone | (66-61 cm, ~1740-1750)

Amaranthaceae (31.7-44.8%, average of 38.1%) and Artemisia
(37.5-52.3%, average of 44.1%) are the main pollen types.
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FIGURE 3 | Pollen percentage diagram (%) for core TE18A spanning the last 300 years (open curves are a 5x exaggeration of scale).

Asteraceae (average of 1%), Cyperaceae (average of 1%), and
Ephedra (average of 1%) are also represented. The A/C ratio is
variable (0.87-1.65, average of 1.18). The pollen concentration

ranges from 11,381 to

15,492 grains/g).

26,886 grains/g

(average

of

Zone Il (61-27 cm, ~1750-1840)

Amaranthaceae (29.4-76.9%, average of 58.9%) has a
substantially increased representation, while Artemisia
(16.9-56.9%) decreases to its lowest values. Other taxa with an
average representation above 1% are Cyperaceae (1.2%), Ephedra
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(1.1%), and Polygonaceae (1%). Compared to Zone I, the
representation of Artemisia is substantially decreased and that
of Amaranthaceae is significantly increased. This zone has the
lowest A/C ratio, with an average of 0.49. The pollen
concentration decreases markedly, fluctuating within the range
of 9,049-38,022 grains/g (average of 19,479 grains/g). Based on
the percentages of contents of Artemisia and Amaranthaceae, the
zone can be divided into two subzones, II-1 and II-2. The average
representation of Amaranthaceae increases from 53.5% in
subzone II-1 to 60.2% in subzone II-2 and that of Artemisia
decreases from 32.1% in subzone II-1 to 24.9% in subzone II-2.

Zone lll (27-6 cm, ~1840-1980)

This zone is dominated by Amaranthaceae (25.8-53.2%, average
of 37.3%) and Artemisia (26.6-52.9%, average of 41.3%).
Compared to Zone II, the representation of Betula (average of
0.4%), Artemisia, and Rosaceae substantially increases, while that
of Amaranthaceae and Typha decreases. The A/C ratio has the
range of 0.5-2.05 and shows an increasing trend. The pollen
concentration increases substantially compared with the previous
zone, to 36,288 grains/g.

Zone IV (6-0cm, ~1980-2018)
Amaranthaceae (41.8-57.7%, average of 46.1%) and Artemisia

(21.1-43.5%, average of 31.2%) are still the dominant pollen types
throughout the zone. Compared to Zone III, Artemisia decreases
slightly and Amaranthaceae increases. The A/C ratio averages
0.69, and there is a slight decrease throughout the zone. The
pollen concentration has the range of 11,968-51,779 grains/g
(average of 24,908 grains/g), and there is a decreasing trend
compared with Zone III

DISCUSSION

Changes in Humidity Conditions in Western
Qilian Mountains Over the Past 300 Years

Artemisia and Amaranthaceae are the main pollen types in the
arid and semiarid areas, and both are overrepresented in pollen
assemblages because of their high dispersal ability.
Amaranthaceae percentages in areas with desert vegetation are
generally higher than those of Artemisia (Xu et al., 2007), and the
sum of the two pollen types typically exceeds 40%, indicating the
occurrence of desert-steppe vegetation (Li et al., 2005; Xu et al.,
2007). In core TE18A from Tian’E Lake, the average percentages
of Amaranthaceae and Artemisia are 48.9 and 33.2%, respectively,
and therefore, the vegetation is desert steppe at Tian’E Lake and
the surrounding area. The A/C ratio is widely used as a proxy for
reconstructing changes in humidity conditions in arid and
semiarid areas (Tarasov et al., 1997; Huang et al., 2009; Zhao
et al., 2009; Zhang et al., 2018). A paleoenvironmental study of a
50-year pollen record with a near-annual resolution from Gahai
Lake in the Qaidam basin showed that the A/C ratio was well
correlated with moisture data from the Delingha Meteorological
Station (Zhao et al., 2008). A study of modern surface pollen in
northwestern China demonstrated a statistically significant
relationship between the A/C ratio and humidity when the

Recent Humidity Changes in Dryland

sum percentage of the two pollen types exceeded 50%, with a
higher A/C ratio indicating more humid conditions in a semiarid
environment (Zhao et al., 2012).

To assess the reliability of humidity reconstruction, we
compared it to the records from meteorological stations and
historical documents. It was demonstrated that the A/C ratio
fluctuations of TE18A were related to both the temperature and
precipitation records from the Jiuquan station (Figure 4). The
higher A/C ratio was related to lower temperature and higher
precipitation during 1970-1980s, and the fast increases in
temperature in the 1990s and 2010s led to lower humidity
even with some higher precipitation (Figure 4). In addition,
the moisture history revealed by the A/C ratio from Tian’E Lake
was generally consistent with documentary records from the Hexi
Corridor. For ~1876-1878, the low A/C ratio indicates a dry
interval, which corresponds to the drought event of “Ding-Wu
Disaster”; this was a major drought in northern China in the early
Guangxu reign period, which resulted in millions of deaths with
extremely adverse social impacts (Li et al., 2018). According to the
Jiuquan city annals (Jiuquan City Annals Compilation
Committee, 2008), after 1953, there was a prolonged drought
and insect disaster in Jinta County of Jiuquan city. As
documented in the Dunhuang city annals (Dunhuang City
Annals Compilation Committee, 1994), floods occurred in
1939, 1946, 1971, and 1979. The timing of the drought and
flood years documented in historical Chinese texts was generally
in accord with the pollen record from Tian’E Lake. Therefore, the
A/C ratio was a tested reliable indicator of humidity in this region.

In the small lake basin, Poaceae plants mainly include aquatic
plants of Phragmites australis and terrestrial plants of Stipa and
Achnatherum splendens, and therefore, it is difficult to use
Poaceae pollen to reconstruct climatic signals. Ephedra and
Nitraria are typical desert plants, and their increase in pollen
assemblage indicates climatic drought. For example, Ephedra had
a high content during ~1750-1840 (Figure 3) and this period has
the lowest A/C ratio, and both of them indicate drier climate.

The reconstructed humidity record for the western Qilian
Mountains, based on the A/C ratio from Tian’E Lake, is presented
in Figure 5H, together with other climate records for the region.
For the interval of ~1740-1750, the high A/C ratio indicates the
occurrence of relatively high humidity at this time (Figure 5H).
From ~1750 to 1840, the A/C ratio decreased markedly and
reached its lowest values, indicating that this interval was the
driest within the entire sequence (Figure 5H), which is also
reflected by an increase in the representation of Amaranthaceae,
Ephedra, and Nitraria and a gradual decrease in the pollen
concentration (Figure 3). Some of the tree-ring records from
the Qilian Mountains also revealed a drought condition during
~1760-1820s (Wang et al., 2001; Zhang et al., 2011; Kang et al.,
2013). As indicated by the A/C ratio, this dry interval was
interrupted by a notable wet period in ~1760 (Figure 5H). The
subsequent rapid increase in the A/C ratio indicates that the
interval of ~1840-1980 was the wettest in the western Qilian
Mountains during the past 300 years (Figure 5H). During this
period, the desert pollen types of Ephedra and Amaranthaceae
decreased, while Artemisia and the total pollen concentration
increased (Figure 3). During ~1980-2018, the lower A/C ratio
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suggests that the climate became drier than the previous stage
(Figure 5). The tree-ring record from Qifeng, in the western Qilian
Mountains and close to our study area, indicates a drying trend
during the recent decades (Gou et al., 2015; Yang et al., 2019).

Overall, the most obvious pattern of climatic changes in the
western part of the Qilian Mountains during the last ~300 years is
alternation of warm-dry and cold-wet conditions; however, the
changes in humidity conditions may have been affected by
temperature fluctuations on the inter-decadal scale as that in
the recent decades we discussed in Figure 4.

Differences Between the Pollen-Based
Regional Humidity Record Evolution and
Tree-Ring Records on Decadal to
Centennial Timescales
Several moisture-sensitive tree-ring width series for the central
and western Qilian Mountains (with gradients of humidity and
precipitation) have been produced, and their reconstructed
humidity/precipitation have consistencies and differences
(Figures 1C,5) (Supplementary Table S1). Differences in
reconstructed moisture conditions between the pollen and
tree-ring records are evident during ~1760-1830, 1890-1910,
and 1920-2018 (Figure 5).

During ~1760-1830, the low pollen A/C ratio indicates the
occurrence of the most intense and extended dry interval within
the last 300 years, whereas the intensity and timing of drought

indicated by the tree-ring records differ from the pollen record.
On the central Qilian Mountains, the lower Palmer Drought
Severity Index (PDSI) indicates that it experienced severe
drought conditions at this time (Sun and Liu, 2013)
(Figure 5B), which is consistent with low precipitation records
from tree rings, Sunan County (Zhang et al,, 2011) (Figure 5D).
And a low precipitation period also occurred in the 1800s (Wang
etal, 2001) (Figure 5C). However, the duration of the drought is
not so long as that indicated by the pollen record (Figure 5H). At
the western Qilian Mountain area, tree-ring records indicate that
the Hexi Corridor had a humid climate during this period of
1760-1830 (Yang et al, 2019) (Figure 5E). A 2,700-year high-
resolution (ca. 10-year) pollen record from the annually varved
Sugan Lake in the Qaidam basin was presented, and the pollen
A/C ratio suggests a relatively moister climate during ~1700-1800
and a drying trend from ~1790 (Zhang et al., 2010) (Figure 5F).
During ~1890-1910, there was a slight increase in temperature in
the Northern Hemisphere (Mann et al., 1998) (Figure 5A), and
the pollen record from Tian’E Lake indicates a relatively dry
climate (Figure 5H), whereas tree-ring records from the Qilian
Mountains display high precipitation or wetter conditions (Wang
etal, 2001; Hou et al.,, 2011; Zhang et al., 2011; Sun and Liu, 2013;
Yang et al, 2019). Although the tree-ring record was obtained
from a site closer to Tian’E Lake (Yang et al., 2019), the pattern of
moisture changes differs substantially from that of Tian’E Lake.
Furthermore, the moisture/precipitation conditions recorded by
tree-ring records from the central Qilian Mountains spanning the
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FIGURE 5 | Comparison of the humidity reconstruction for Tian’E Lake based on the A/C ratio with tree-ring and pollen records from Qilian Mountains and other
temperature signals. (A) Northern Hemisphere temperature (Mann et al., 1998). (B) Paimer Drought Severity Index (PDSI) from May to July, a tree-ring record from central
Qilian Mountains (Sun and Liu, 2013). (C) Tree-ring-based precipitation anomaly from Sidalong, in the central Qilian Mountains (Wang et al., 2001). (D) Annual
precipitation reconstruction since 775 based on tree-ring records from the Qilian Mountains (Zhang et al., 2011). (E) scPDSI-based tree-ring records from Qifeng in
the western Qilian Mountains (Yang et al., 2019). (F) Pollen A/C ratio from Sugan Lake (Zhang et al., 2010). (G) Pollen A/C ratio from core TE15 of Tian’E Lake in the
western Qilian Mountains (Zhang et al., 2018). (H) Pollen A/C ratio from core TE18A of Tian’E Lake in the western Qilian Mountains (this study). Horizontal dashed lines
represent the average value. Significant differences between the pollen and tree-ring-based humidity reconstructions are indicated by gray shaded areas. The red curves
are the result of 20-point smoothing.

intervals of ~1920-2018 suggest a trend of wetting conditions with
the temperature increasing rapidly (Wang et al., 2001; Zhang et al.,
2011; Sun and Liu, 2013) (Figures 5B-D), while it shows a phase
of drying recorded by pollen from Tian’E Lake and Sugan Lake
(Zhang et al,, 2010; Zhang et al., 2018) (Figures 5F-H) and tree-
ring records from the western Qilian Mountain areas (Yang et al,
2019) (Figure 5E). Notably, three significant differences in the
pollen records from Tian’E Lake compared with tree-ring records
occurred during ~1760-1830, 1890-1910, and 1920-2018
(Figure 5), and these three intervals broadly correspond to the
warm periods in the Northern Hemisphere (Mann et al., 1998)
(Figure 5A). The good correspondence suggests that the pollen-
indicated desert-steppe vegetation in the arid region is more
temperature sensitive than tree-ring-indicated forest.

In addition, the humidity reconstruction based on pollen
records is similar to the nearest tree-ring records of the Qifeng
site from the western Qilian Mountains in the last few decades,
but substantially different for previous periods (Yang et al., 2019)
(Figures 5E,H). Therefore, there are differences between tree-
ring and pollen-inferred humidity on a longer timescale.
Although an offset between the two types of records could be
caused by dating uncertainties at Tian’E Lake, there are also
different types of response modes of tree rings and pollen spectra
to long-term climate change.

Tree rings have the advantages of covering wide areas, a high
temporal resolution (seasonal to annual), precise dating, and
overall high reliability (Esper et al, 2002). However, at the
centennial scale, studies of tree-ring widths have revealed
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several influences which may introduce uncertainties into climate
reconstructions, for example, the complex interactions between
environmental factors such as soil water, temperature, soil, CO,
concentration, and changes in groundwater status caused by the
thawing of frozen soil and glacier meltwater supply (Liu et al.,
2011; Zhang et al, 2011; Gou et al, 2012). In addition, the
response of woody and herbaceous plants to climatic
seasonality is different. Tree-ring growth is more sensitive to
winter precipitation, while desert grassland vegetation may be
sensitive to spring or summer precipitation. For example, it was
suggested that high temperatures favor tree growth and that the
warming trend after the LIA resulted in an increase in tree density
and an advance of the tree line in the eastern Qilian Mountains
(Gou et al,, 2012). The results of the correlation analysis showed

that tree-ring growth in the central Qilian Mountains was most
strongly related to total water-year precipitation from the prior
August to the current July (Zhang et al., 2011). Liu et al. (2011)
suggested that there was a significant increase in the water-use
efficiency of Picea crassifolia with increasing atmospheric CO,
concentration at all sampling locations from east to west in the
Qilian Mountains. Based on the above discussion, humidity
conditions in dryland areas may be more sensitive to climatic
warming than forested mountain areas which have a more variable
environment. We infer that forested mountain areas reflect local
climate and may experience a different pattern of humidity
variations than extensive dryland areas on a longer timescale.
With regard to differences in humidity conditions indicated by
the pollen and tree-ring records during ~1920-2018 (Figure 5),
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in relation to increasing temperature, it is important to determine
whether pollen records from desert-steppe environments reflect
moisture changes and whether they differ from tree-ring records.
The three meteorological stations of Wushaoling, Zhangye, and
Jiuquan (from 1951 to 2017) provide climate records from east to
west across the study area, and they indicate spatial differences in
climate between the eastern, central, and western parts of the
Qilian Mountains (Figure 6). The results from Wushaoling,
Zhangye, and Jiuquan show that from 1951 to 2017, the
average precipitation in the eastern, central, and western parts
of the study area was 414.9, 129.1, and 88.4 mm, respectively
(Figures 6B,E,H). It is clear that with rising temperature, there
has been a fluctuating but overall increasing trend of precipitation
in the Qilian Mountains (Figures 6B,E,H). Relative humidity in
central and western Qilian Mountains shows a decreasing trend
(Figures 6C,F), while there is an increasing trend in the eastern
part (Figure 6I). It is obvious that there is a similar pattern of
variation between PDSI and precipitation reconstruction based
on different tree-ring records from the central Qilian
Mountains (Figures 5B-D).

The humidity of dryland areas is mainly controlled by a
combination of temperature and precipitation, which is likely to
be a dominant factor affecting vegetation growth in the dryland
areas. And temperature plays a more important role in dryland
areas than in forested areas, which are a more complex
environment with more precipitation for tree growth.

Recent Humidity Changes in Dryland

According to the records from meteorological stations, we
further suggest that pollen from desert-steppe areas can
reflect the humidity conditions of a broad area of dryland in
the northwestern China.

Comparison of Various Moisture
Reconstructions From Different Climate
Regions

There were substantial differences in moisture conditions
between  westerlies-influenced  Asia and  mid-latitude
monsoonal Asia during the Holocene, on suborbital,
centennial, and decadal timescales (Chen et al, 2019). In
addition, it has been suggested that the climate of the western
Qilian Mountain region was alternately affected by the westerlies
and Asian monsoon, and by both circulation systems together
through time (Zhang et al., 2009).

In the westerlies-dominated region of the Tian Shan, records of
tree-ring width indicate a trend of increasing moisture in the 20th
century (Figure 7B), along with increasing temperature (Mann
et al.,, 1998) (Figure 7A). In the lower Yangi basin, adjacent to the
Tian Shan Mountains, records of sedimentary carbonate content
and pollen A/C ratio from Bosten Lake (Figure 7C) indicate a dry
climate from the end of the 19th century onward (Chen et al., 2006,
with new data of this study; Fontana et al, 2019), which was
contrary to tree-ring records from the Tian Shan Mountains. Huang
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et al. (2018) studied the Holocene vegetation and climate dynamics
in the Altai Mountains and surrounding areas and suggested that,
compared with the lower basins/plains, the vegetation of mountain
environments responded differently to temperature forcing.

In the Qaidam basin, the pollen A/C ratio at Hurleg and Toson
lakes decreased substantially since 1700 (Zhao et al., 2010), and a
tree-ring-based precipitation record from Delingha (~30 km from
Lake Kruk; 3,700-4,000 m.a.s.l.) shows the opposite trend (Shao
et al, 2005). In the Qilian Mountains, tree-ring records of
hydroclimatic ~ variations also show substantial regional
differences (Yang et al.,, 2019). The climate of the Hexi Corridor
was generally dry during the Medieval Climate Anomaly, with a
subsequent drying trend during the 20th century, whereas the
Qaidam basin experienced high precipitation during the Medieval
Climate Anomaly and the 20th century (Yang et al, 2019).
Moreover, Yang et al. (2019) suggested that the Qaidam basin
will receive more precipitation with ongoing global warming,
whereas the Hexi Corridor will become drier in the future.
Tree-ring records from the Helan Mountains, to the northeast
of the Qilian Mountains, show a clear drying trend since the 1930s
(Li et al, 2007), which is the opposite of the wetting trend in
northwestern China (Li et al., 2006; Chen et al.,, 2014).

The pollen A/C ratio from Tian’E Lake indicates a trend of
decreasing moisture conditions in the western Qilian Mountains
from the 1920s onward (this study, Figure 7D), which is consistent
with humidity records from Bosten Lake and Sugan Lake in the
dryland areas (Figures 5F,7C). However, in the monsoon region,
the oxygen isotope record from Wanxiang Cave indicates an
interval of strong monsoon during the same interval (Zhang
et al, 2008) (Figure 7E). Notably, the stalagmite §'*0 record
from Wanxiang Cave is out of phase with the climate
reconstruction from Tian’E Lake. The pollen record from Tian’E
Lake indicates that the humidity record of the vast dryland area of
central Asia was different from that suggested by tree-ring and
stalagmite records from the monsoon region (Figure 7E), especially
during the period of rapid temperature rise (Figure 7A). These
spatiotemporal discrepancies among different records may also
reflect the interaction of the monsoon and the westerlies.

CONCLUSION

We have obtained a high-resolution pollen record spanning the last
300 years from the sediments of Tian’E Lake in the western Qilian
Mountains which is used to reconstruct humidity changes in the
extensive dryland area of central Asia. The record helps fill the
spatial gap in recent climate records from the region. The A/C ratio
indicates the occurrence of high humidity during ~1740-1750 and
dry conditions during ~1750-1840, with a notable wet interval
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