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Lakes are important guarantees of regional economic development and
ecological security. Previous studies focused on trends of surface area and
water level of lakes in Xinjiang, but paid less attention to nonlinear change and
driving mechanisms of lake areas at annual and monthly scales. To address this
issue, this study used a remote-sensing Big Data cloud platform and
mathematical statistical methods to investigate the change in typical lakes
and its attribution in Xinjiang during 1986-2020. The results showed that: 1)
there was a significant linear trend in Xinjiang lakes: except for Jili Lake, the
plains lakes showed an insignificant (p > 0.1) expansion trend, while the
mountain lakes showed an significant expansion trend (p < 0.01). 2) There
was a significant nonlinear trend in Xinjiang lakes: most of the plains lakes
showed periodicity at 14 and 21 years, however most of the mountain lakes
showed periodicity at 17 and 21 years. Most of the mutation trends of plains
lakes were not significant, yet the mutation trends of mountain lakes showed
significant expansion. 3) Human activities were the dominant factor leading to
changes in the plains lakes: among the anthropogenic factors, farmland area,
GDP, and population had significant effects on lake area (p < 0.1), and lake
expansion was closely related to population and farmland area. Among climatic
elements, precipitation mainly affected the changes in plains lakes. 4) Climate
change was the dominant factor leading to changes in mountain lakes. The
effects of temperature change on mountain lakes were all significantly positive
(p <0.05). Inthe future, it will be necessary to build lake protection schemes that
adapt to climate change and human disturbances. This study can provide an
important scientific basis for the rational development and utilization of lakes in
Xinjiang.
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1 Introduction

Lakes are an important part of the terrestrial hydrosphere
and are particularly sensitive to climate and environmental
change. They can record the impact of climate change and
human activities on regional hydrological processes at
different time scales, especially for inland areas with less
precipitation. They are important information carriers to
reveal global climate change and regional responses (Zhang
et al,, 2011; Tao et al, 2015). Lakes are important reservoirs
of water resources in arid areas and an important part of the
water cycle in arid areas (Song et al., 2013; Song et al., 2013;
Kaplan and Avdan, 2017). They are among the most sensitive
geographical units in response to global climate change and are
also affected by human activities (Jing et al.,, 2018). In recent
decades, inland lakes have undergone drastic changes due to
natural environmental changes and human activities (Feng et al.,
2016; Deng and Chen, 2017; Deng et al., 2022). However, on a
global scale, no consistent trend of lake water level has been
found (Wu et al, 2008). In the mountain regions of Asia,
mountain glaciers have been shrinking due to rising
which  has
accelerated the expansion of glacial lakes in recent decades
(Song et al, 2016; Liu et al, 2019; Huang et al., 2021).
Although lakes at high latitudes are expanding, most lakes in

temperature and increasing precipitation,

arid subtropical regions are shrinking due to the multiple effects
of climate warming, population increase, irrigation area
expansion and water demand increase caused by economic
development (Chaudhari et al, 2018, Wang et al, 2020).
There is high vulnerability of water resources in Northwest
China. With global warming, increased glacial meltwater have
led to rapid increases in lake area on the Tibetan Plateau and
Xinjiang (Yao et al., 2022). In addition, the role of lake water
resources as a key strategic resource should not be ignored (Qin
et al., 2020; Yu et al., 2020). The natural climate characteristics of
drought, little rainfall, and strong evaporation has made Xinjiang
arestricted water-short environment for a long time. As a natural
reservoir and ecological barrier, lakes play an important role in
coordinating the space-time balance of water resources,
maintaining regional ecological health, and optimizing the
human living environment in Xinjiang. Therefore, monitoring
and analyzing dynamic changes in lakes, exploring the temporal
and spatial evolution of lakes, and implementing lake protection
and restoration are hotspots of current ecological environment
research (Yu et al., 2020).

Xinjiang is an extremely arid region in China, located in the
center of Eurasia and far from the sea (Li et al., 2011). At the same
time, Xinjiang is also one of the important distribution areas of
lakes in China, with diverse types and wide distribution.
However, since the mid-20th Century, due to climate change
and unsustainable human economic activities (Zhang et al,
2013), lakes in Xinjiang have changed, which has attracted the
attention of many experts and researchers. Remote-sensing
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images, such as those from Landsat series satellites (MSS, TM,
ETM+), SPOT, PlanetScope, and hyperspectral data, have
frequently been used to study dynamic changes in lakes
(Riaza and Miiller, 2010; Song et al., 2013; Revelles and Van
Geel, 2016; Cooley et al.,, 2017). Methods of lake water extraction
include the single-band threshold method, the water quality
index method, the spectral classification method (Lira, 20065
Ouma and Tateishi, 2006; Gautam et al.,, 2015), and others.
However, most of these studies focused only on linear changes in
water area and water volume. Changes in the number and area of
lakes are a major problem in the field of lake research. In
addition, the interaction between lakes and climate factors
may be uneven in altitude zones, basins, and landscapes. So
far, the dynamic response of lakes to different altitude gradients
and different basin climatic factors has been unclear, which limits
our understanding of the interaction between water resources
and climate and affects the rational utilization of regional water
resources (Zheng et al, 2021). In addition, there are still few
detailed analyses of changes in different lakes and the
quantitative impact of local climate and human activities (Yu
etal., 2020). The lakes in Xinjiang show different change trends at
different altitudes (Jing et al, 2018); with the influence of
complex topographic and geomorphic conditions, the types of
lakes in the region are diverse. Lakes are distributed in different
geomorphic types such as plains (altitude <1,500 m), mountains
(1,500 m <altitude <3,500 m), and plateaus (altitude >3,500 m).
For example, the water supply of plains Lake Ebinur is provided
by seasonal snowmelt water and rainfall, which is affected by
climate change (Jing et al., 2018). Its shrinkage is also related to
rapid land reclamation and ecological environment deterioration
(Zhang et al., 2015a). Therefore, further research is needed to
determine the changes in different types of lakes and their
influencing factors. Water resources are the key to social and
economic development and river basin construction in Xinjiang,
but research on changes in water resources in Xinjiang is limited,
especially in terms of long-term sequences and large spatial scale
(Wufu et al.,, 2020).

Previous studies only focused on the linear changes of lake
area, and ignored the nonlinear changes. In addition, previous
studies only considered the possible influencing factors of lake
area change, and the impact degree of different influencing
factors was rarely explored. Therefore, using remote-sensing
images, this study investigated three important issues through
discussion of the linear and nonlinear variation of lake area at
annual and monthly scales, construction of structural equation
models, and analysis of the driving mechanism of lake area
changes. The three issues are as follows: 1) to summarize the
linear change rules of the interannual trend of lake area in
Xinjiang based on remote-sensing images; 2) to explore
periodic change rules and abrupt-change event diagnosis of
lakes in Xinjiang and the intra-year non-linear change rules;
and 3) attribution and problems of the evolution of typical lakes
in Xinjiang. The overall research process is shown in Figure 1.
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FIGURE 1
The overall framework of the study.

2 Materials and methods

2.1 Study area

Xinjiang is located in the arid area of northwest China
(73°20°~ 96°25’E, 34°15’~49°10’N) and is one of the most
important places of lake distribution in China. The areas of
110 natural lakes are more than 1 km?, and the water area is
about 6,236.44 km? (Yang et al., 2019). Some of the lakes are
terminal lakes and legacies of the ancient Mediterranean Sea.
Because Xinjiang is located at a middle latitude in the center of
Eurasia, moist water vapor from the ocean has difficulty
reaching it. Annual precipitation in Xinjiang is less than
200 mm (Wang et al., 2012), and the spatial distribution is
uneven. At the same time, the Tarim Basin, the largest basin in
China, and numerous mountains are distributed in Xinjiang,
including the Altai Mountains in the north, the Kunlun
Mountains in the south, and the Tianshan Mountains that
span the whole province. Xinjiang has complex topographic
and geomorphic conditions and various types of lakes,
including 53 plateau lakes (altitude >3500 m), 23 alpine
lakes (1,500 m < altitude <3,500 m), and 45 plains lakes
(<1,500 m) (Bai et al., 2011). The spatial distribution of
lakes in Xinjiang is extremely uneven, which is an
important reason for spatial differences in regional water
resources. From a quantitative standpoint, about 40% of
the lakes are concentrated in the surrounding Tianshan
Mountains, about 30% in the southern Qiangtang Plateau,
about 21% in the southern foothills of the Altai Mountains,
and relatively few in the Tarim and Junggar Basins.
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The total number of lakes in Xinjiang has been increasing at
an average rate of five per year, and the number of large lakes
(over 50 km?®) has increased significantly (Zheng et al., 2021).
Therefore, ten large lakes (over 100 km?) in Xinjiang (Li et al.,
2015) were selected in this study and divided into two types:
lakes (altitude <1,500 m) lakes
(altitude >1,500 m) to analyze the evolution of and protection

plains and mountain
strategies for major lakes in Xinjiang (Figure 2). Among these,
Lakes Ebinur, Bosten, Ulungur, Jili, and Taitema are plains lakes
(altitude <1,500 m), and Lakes Sayram, Aqgikkol, Ayakkum,
Arkatag,  and are lakes
(altitude >1,500 m). Lakes Bosten,
Ulungur, Jili, and Taitema are all located in the basin area

Aksayquin mountain

The plains Ebinur,
and belong to a temperate continental arid climate with little
precipitation and large evaporation. Rivers within the basin are
the main source of replenishment for lakes. The largest area of
lakes generally occurs in spring, and the smallest area generally
occurs in summer and autumn. The mountain Lake Sayram is
located in the Junggar Basin, and Lakes Aqqikkol, Ayakkum,
Arkatag, and Aksayquin are located in the Kunlun Mountains,
which belong to a continental arid climate, where the lakes are
mainly replenished by precipitation and meltwater ice and snow.
The largest area of lakes generally occurs in autumn, and the
smallest area generally occurs in winter and spring.

2.2 Datasets

To study the influence of climatic factors on the number and
area changes of lakes, this study used a monthly average
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FIGURE 2
Distribution of typical lakes in Xinjiang.

temperature and precipitation dataset (http://www.geodata.cn/)
for China with a spatial resolution of 1 km from January 1901 to
December 2020. The data are based on global climate data with a
spatial resolution of 0.5° released by CRU (Climatic Research
Unit) and on global high-resolution climate data released by
WorldClim through the Delta spatial downscaling scheme in the
region of China. The temperature unit is 0.1°C, and the
precipitation unit is 0.1 mm. To study the influence of human
factors on lake volume and area changes, this study used the
farmland area (km?), GDP (ten thousand yuan) and population
(ten thousand) of each lake basin from 1988 to 2020 as obtained
from the Xinjiang Statistical Yearbook (xinjiang.gov.cn) from
1988 to 2020.

2.3 Methods

2.3.1 The Big Data cloud platform

To improve the efficiency and accuracy of lake water
extraction, this study was based on the Google Earth Engine
(GEE) (https://code.carthengine.google.com) and the Pixel
Information Expert Engine (PIE-Engine), which are two
remote-sensing Big Data and cloud computing platforms, to
efficiently process massive remote-sensing images.

The JRC Monthly Water History (V1.3) dataset contains
maps of the spatial and temporal distribution of surface water
from 1984 to 2020 and provides statistics on the extent and
variation of water bodies at a spatial resolution of 30 m (Pekel
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etal., 2016). This dataset has only one band and three values: 0, 1,
and 2, where 0 means no data; 1 means that there are data, but
not for water; and 2 means that there are data for a water body.

The threshold classification method is a classical image
segmentation algorithm. It uses the difference between the
target object of interest and the non-target object of a certain
image feature of a remote-sensing image to divide the image into
several classes by setting the threshold, which achieves the
separation of target and non-target objects. This study
evaluated each raster point in the image and determined
whether the raster point belonged to the water body based on
the band characteristics of the JRC Monthly Water History
dataset, which can be expressed by a mathematical formula as
follows:

nodata , f(x,y)=
non — water , f(x,y)
water , f(x,y) =2

0

g(xy) = { 1 €]

where f (x, y) is the original image and g (x, y) is the segmented
image. By counting the number of grid cells within the study area
and multiplying by the area of each grid cell, the water area
within the study region can be obtained.

2.3.2 Mann-Kendall trend test

Based on long-time-series lake area data, linear regression
and nonparametric tests were performed using the Mann-
Kendall trend test (Mann, 1945; Kendall, 1948) to calculate
the rate of change in lake area from 1986 to 2020 and to test

frontiersin.org
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its significance. The Mann-Whitney mutation test (Odeh, 1972;
Whitney, 1997) obtained the year of abrupt lake area change in
the study region and determined the time period causing the
abrupt change in lake area. The influence of climate change and
human activities on lake area change was clarified by correlation
analysis, and the main research method to clarify the cause of
lake area change was the Mann-Kendall trend test.

The Mann-Kendall statistical test is a non-parametric test
method. The time series X;, X5, X;.., X, are successively
compared, and the results are represented by sgn (6):

1,0>0
sgn(f) =4 0,6=0 (2)
-1,0<0
The calculated result of the Mann-Kendall statistic is:
n-1 n
s=Y ) sgn(xk—x), 3)
i=1 k=i+l

where x; and x; are random variables and 7 is the length of the
selected data series. The test statistic Z, is:
s—1
—,5>0
Var (s)
Z.=140, s=0
s+1

y/Var(s)

where |Z,|>1.96 indicates that at the 0.05 significance level, the
sample sequence has a significant trend, and |Z |>2.58 indicates

4

,s<0

that at the 0.01 significance level, the sample sequence has a
significant trend. Positive Z. indicates an upward trend, and
negative Z, indicates a downward trend.

For the time series X; (i = 1,2,...... 1), an order S, which
represents the cumulative number of X; > X; (1 <j <) in the ith
sample, is then constructed. The expression is:

k
Sk = Zr,- (k=1,2,...... 1)

i=1

)

Under the assumption that the time series are independent
and random,

k(k - 1) k(k-1)(2k +5)

E(Sk) = 1 VﬂT(sk) = 7 (6)
Then the statistic UFy is defined as
Sk —E(S
up, = B EGIL 5 @)

\ Var (Sy)

UF is the standard normal distribution, given the level of
significance. If |UFy|>U,, this indicates an obvious trend in the
time series. UF greater than zero indicates an upward trend,
whereas UF less than zero indicates a downward trend. The next
step is to plot UF as a curve on the time axis and then inversely
arrange the time series into a series x,, X,, 7. - .. . . ,x; according to
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the above method to make a reverse statistic UB curve. Then the
Uy series is tested, given the significance level a = 0.05. If there is
an intersection of two curves in the confidence interval |U|<1.96,
the time corresponding to that point is the point in time when the
sequence suddenly changed.

2.3.3 Periodicity analysis

In this study, the Morlet wavelet analysis method was used to
study the periodic changes of temperature and precipitation in
the lake area. For the time series function f(f), the wavelet
variation is defined as

T (t-b
W, (a.b) = % [ re w*(%)dt,

where W 7 (a, b) is the wavelet coefficients; a is the scale factor,
which determines the width of the wavelet; and b is the
translation factor, which is the parameter reflecting the

®)

moving wavelet position. y is the conjugate of y™:

v(x) = Ce > cos(5x) )
The wavelet squared difference is
W, (a) =W, (a,b)’ (10)

Wavelet variance represents the intensity of periodic
fluctuations of time series within this scale (Gao and Li,
1993). The scale of the corresponding peak is the main period
of the sequence. The wavelet coherence spectrum is used to
measure the strength of local correlation between two time series
in time-frequency space. The wavelet coherence spectra of two
time series X and Y are defined as follows:

NERO)
S(s7 i 9F) S (57wl ()
N (W) = Sscale (Stime (Wn (S)))

R’ (s) = (11)

(12)

where Siqe and Spie are smoothed along the scaling and
translation axes of wavelet time respectively:

Sume W), = (Wi () 6,7, (13)

Sscale (W)ln = (Wn (S) * CZH(O~65))|n (14)

where ¢; and ¢, are normalization constants, IT is a rectangular
function, and the parameter 0.6 is an empirically determined
scale that is decorrelated with the Morlet wavelength.

2.3.4 Structural equation model

A structural equation model (SEM) is a comprehensive data
statistical and analysis method based on the variable covariance
matrix to analyze the relationship between multivariate data
(Garrido et al., 2022). According to the prior knowledge of
researchers, the dependence relationship between factors in
the system is preset. This information can distinguish the
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relationship strength of each factor. The variables selected in this
study include temperature and precipitation at plains and
mountain lakes, basin farmland area, GDP, and population. In
SEM, the “dependence” relationship between variables is used to
replace the “causality” relationship. In the SEM graphical
this
represented by a one-way arrow pointing to the response

framework, “dependence”  relationship is usually
variable, with the starting point of the arrow indicating the
predictor variable. When the “cause” and “effect” relationship
between variables cannot be accurately judged according to
current cognition, or when the variables are causal to each
other, two-way arrows are used to link related variables.
Green, red, and dashed arrows indicate significant positive,
significant negative, and insignificant path relationships
respectively. The value is the normalized path coefficient, and
the arrow thickness represents the relative magnitude of the
normalized path coefficient. A structural equation model is then

fitted by the Lavaan package in the R language.

3 Results
3.1 Interannual variation of lake area

3.1.1 Plains lakes

Except for Lake Jili, all plains lakes showed an insignificant
(p > 0.1) expansion trend. Lake Jili showed a significant
expansion trend (p < 0.05). The areal expansion of Lake
Taitema was significant (p < 0.01), and the annual growth
rate of Lake Taitema was the highest (8.17 km?), followed by
Lake Ebinur.

From 1986 to 2020, the areas of Lakes Ebinur and Bosten
both showed an “expansion-shrinkage-expansion” trend (as
shown in Figure 3). Before 2,000, the area of Lake Ebinur was
relatively stable, and Lake Bosten showed a steady increasing
trend. From 2002 to 2008 and from 1996 to 2006, the area of
these two lakes both exceeded the multi-year average area
(593.61 km*> and 976.11km*). The largest areas of Lakes
Ebinur and Bosten appeared at the beginning of the 21st
Century, at 810.38 km® and 1,071.32km’* respectively. The
smallest areas appeared after 2010, at 417.30 km*> and
904.93 km* respectively. The main area where Lake Ebinur
changed was the northwest entrance to the lake; the
expansion area of Lake Bosten in 2002 was mainly in the
north and southeast parts of the lake. In 2013, the lake
contracted inward as a whole, after which the lake began to
expand (as shown in Figure 3). Lake Ulungur was connected with
Lake Jili, but the water storage capacity of Lake Jili was much
smaller than that of Lake Ulungur. Under the inflow conditions
of the same period, the changes in Lake Jili were more complex.
From 1988 to 2020, the multi-year average area of Lake Ulungur
was 849.14 km?®, which was 680.08 km” larger than that of Lake
Jili. Lake Jili showed a significant expansion trend (p < 0.05),
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whereas Lake Ulungur showed an insignificant expansion trend
(p > 0.1). From the perspective of spatial distribution, the area of
Lake Ulungur was relatively stable, but the entrance to Lake Jili
and the southeast part changed significantly (as shown in
Figure 3). Due to the great impact of ecological water
conveyance, the area of Lake Taitema changed significantly
from 1988 to 2020. The multi-year average lake area was
84.82 km?, and the annual growth rate was 8.17 km* a™'. The
expansion trend was significant (p < 0.01). From 1986 to 2020,
the largest area was 402.12 km? in 2017, whereas the smallest area
was almost zero because the lake dried up. Lake Taitema
expanded from the center of the lake to the surrounding
areas, and the lake area increased as a whole (as shown in
Figure 3).

3.1.2 Mountain lakes

The mountain lakes showed an significant expansion trend
(p < 0.01), among which the growth rate of Lake Sayram was the
lowest, only 0.2 km* a™', and the growth rate of Lake Ayakkum
was the highest, at 17.32 km? a™".

Before 2000, the annual growth rate of Lake Sayram was
0.20 km?® a™!, and the area was smaller than its multi-year average
area of 461.52km’ with the smallest area of 459.86 km’
occurring in 1998. After 2000, the areal growth rate was
0.14 km? a!, which was less than before 2000, and the area
became larger than the multi-year average area. From 2004 to
2020, the area stably changed between 463 km?> and 465 km?, and
the lake area was 464.77 km” in 2020. From a spatial point of
view, the changes to this water body happened mainly at the
peripheral boundary (as shown in the figure). The areas of Lakes
Aqqikkol, Ayakkum, and Arkatag increased significantly (p <
0.01), and their areas in 2020 were 1.78, 1.91, and 2.59 times those
before 2000. The multi-year average area of Lake Aqqikkol was
44491 km®. After 2005, the area was larger than the multi-year
average area. The minimum area was 331.43km? and the
maximum was 588.5km? From 1986 to 2020, the area of
Lake Ayakkum expanded from 556.82 km* to 1,062.62 km’.
The expansion rate of its lake area was the fastest among all
mountain lakes, with a growth rate of 17.32 km” a™'. The multi-
year average area of Lake Arkatag was 218.94 km® In 1987 and
1988, the area of Lake Arkatag was 228.47 km* and 252.6 km®
respectively. It then plummeted to 166.05km? in 1989 and
continued to decline to 112.46 km? in 1990, after which it
gradually increased in a fluctuating pattern. From 1989 to
2004, the lake area was smaller than its multi-year average. In
2005 and later, the area of Lake Arkatag showed a significant
upward trend. In 2020, the largest lake area was 290.90 km®.
Before 2005, the area of Lake Aksayquin was 198.10 km?, which
was smaller than its multi-year average, and the smallest area
(160.27 km?®) appeared in 2002. Before 2005, the annual growth
rate of Lake Aksayquin was 0.96 km® a™!, but after 2005, the
annual growth rate became 2.32km’® a™'. The lake area has
exceeded 200 km? since 2006 and has been on the rise,
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Area changes of typical plains lakes in Xinjiang from 1986 to 2020 (A) Lake

Taitema; (F) the plains lakes.

reaching a maximum in 2020. From the perspective of spatial
changes in the lake, the East and west parts of Lake Aqqikkol, the
entrance to Lake Ayakkum, and the southeast part of Lake
Arkatag increased significantly. The water body of Lake
Aksayquin expanded significantly at the southeast entrance,
and the lake size increased as a whole (as shown in Figure 4).

3.2 The periodic variation of lake area

3.2.1 Plains lakes

The abrupt-change test results showed that (as shown in
Figure 5), except for Lakes Jili and Taitema that had only one
mutation year, there were two mutation years in plains lake
area from 1986 to 2020, and the abrupt-change trends were
mostly insignificant. Lake Ebinur showed abrupt shrinkage in
2008 and 2017; the former was a significant change (p < 0.05),
but the latter was insignificant. The average lake area
increased by 4.2% after the transition year 2017. There was
an significant expansion mutation in 1991 in Lake Bosten (p <
0.01), in which the average area increased by 7.4%. In 2009, an
insignificant shrinkage mutation occurred, and the average
area decreased by 3.5%. The area of Lake Ebinur showed
periodicity at 7, 12, and 21 years, and that of Lake Bosten
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Ebinure; (B) Lake Bosten; (C) Lake Ulungur; (D) Lake Jili; (E) Lake

showed periodicity at 9, 14, and 21 years (Figure 6). In these
cases, the wavelet variance at 13 and 14 years was the largest
respectively (Figure 6), indicating that the main periodicity of
area change for Lakes Ebinur and Bosten was 13 and 14 years
respectively. The 12-years cyclic oscillation of Lake Ebinur
after 2007 was significantly greater than before 2007, whereas
the 12-years cyclic oscillation of Lake Bosten was relatively
stable. Lake Ulungur had a significant shrinkage mutation in
1995 (p < 0.05) and an insignificant expansion mutation in
2018, in which the average area increased by 3.4%. Lake Jili
had an significant expansion mutation in 2016 (p < 0.01), in
which the average area increased by 3.4%. The area of Lake
Ulungur showed periodicity at 9, 17, and 21 years and that of
Lake Jili at 11, 14 and 21 years (Figure 6), with a main period
of 21 years. For the 21-years cycle, the negative-positive phase
change of Lakes Ulungur and Jili occurred in 2001, indicating
that Lakes Ulungur and Jili showed a shrinking trend before
2001 and an expanding trend after 2001. This was consistent
with the analysis results of the mutation test. After 2000, the
11-years and 14-year periodic oscillations of Lake Ulungur
were significantly smaller than before 2000, whereas the
periodic oscillations of Lake Bosten were relatively stable.
Lake Taitema showed an significant expansion mutation in
2009 (p < 0.01), in which the average area increased by 6.2%.
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The lake area showed periodicity at 8, 17, and 21 years, with a
main period of 21 years.

3.2.2 Mountain lakes

Compared with plains lakes, the periodic change rule of
mountain lakes was relatively simple. The abrupt-change test
results showed that (as shown in Figure 7) significant
mutations had occurred in mountain lakes (p < 0.01), and
the mutation years were mainly concentrated around 2009.
Lakes Sayram, Aqqikkol, Ayakkum, Arkatag, and Aksayquin
had significant expansion mutations in 2009, 2008, 2008,
2011, and 2012 respectively. From 2009 to 2020, the areas
of Lakes Ayakkum and Aqqikkol increased by 46.3% and
35.9% respectively, whereas the area of Lake Sayram
increased by only 0.9% from 2010 to 2020. The main
periodicity of lake area change in mountain lakes was
21 years (Figure 8). The area of Lake Sayram showed
periodicity at 7, 17, and 21 years. Lakes Aqqikkol and
Arkatag showed periodicity at 13, 17, and 21 years. Lakes
Ayakkum and Aksayquin showed periodicity at 17 and
21 years. The 7-years cycle oscillation (Figure 8) of Lake
Sayram showed an increasing trend before 2003 and a
weakening trend after 2003. The decadal changes showed
that the area of mountain lakes showed a downward trend
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before 2003-2006 and an upward trend afterwards. This was
consistent with the analysis results of the mutation test.

3.3 Intra-year variation of lake area

3.3.1 Plains lakes

Due to the influence of winter snow cover, this study selected
the change in lake area from May to October to analyze changing
lake area at a monthly scale. The change in plains lake area had
obvious seasonality (as shown in Figure 9). The multi-year
average area of Lake Ebinur shrank from May to October,
with a maximum of 493.24 km® in May and a minimum of
423.41 km?® in October. On the contrary, Lake Bosten showed an
overall expansion trend, with a smaller lake area from May to
August and a larger lake area in September and October. The
variation trend of the monthly-scale standard deviation of the
areas of Lakes Ebinur and Bosten was also opposite: the standard
deviation of the area of Lake Ebinur increased from May to
October (a minimum of 21.86 km® in May, a maximum of
61.77 km® in July), whereas the standard deviation of the area
of Lake Bosten showed a decreasing trend (a maximum of
99.10 km? in May, a minimum of 54.24 km* in October). This
showed that from May to October, the area of Lake Ebinur
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shrank and fluctuated greatly, whereas the area of Lake Bosten
expanded and stabilized. The areas of Lakes Ulungur and Jili
reached a maximum in May (860.78 km* and 167.67 km’
respectively), and the overall lake area decreased sequentially
through spring, summer, and autumn. In addition, the standard
deviation of the area of Lake Ulungur increased from May to
October, showing a trend of first increasing, then decreasing, and
then increasing again. The standard deviation fluctuated between
11.03 km? and 86.86 km?. The standard deviation was the largest
and the average area was the smallest (821.40 km?®) in July.
Abnormally small areas occurred mostly in July. The standard
deviation of Lake Jili’s area was small from May to October, with
a maximum in May (9.40 km?) and a minimum in October, only
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3.61 km®. Therefore, the area of Lake Ulungur was larger, and the
monthly-scale variation fluctuated greatly, whereas the area of
Lake Jili was one-fifth that of Lake Ulungur, and the monthly-
scale variation in lake area was stable. The overall area of Lake
Taitema shrank from May to June, with a minimum (110.53 km?)
in June, and then expanded month by month, reaching a
maximum (181.47 km®) in October. The multi-year average
monthly area of Lake Taitema was 47.08 km® smaller than
that of Lake Jili, but the area change in Lake Taitema was
greatly affected by runoff and human disturbances. Therefore,
the average standard deviation of Lake Taitema was 135.94 km?
larger than that of Lake Jili and was the largest among the plains
lakes.
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FIGURE 6

Results of wavelet analysis of typical plains lakes area in Xinjiang from 1986 to 2020 (A) Lake Ebinure; (B) Lake Bosten; (C) Lake Ulungur; (D) Lake

Jili; (E) Lake Taitema.

3.3.2 Mountain lakes

Compared with plains lakes, mountain lakes had less
obvious seasonality and smaller monthly-scale standard
deviations. The multi-year average area of Lake Sayram
showed a trend of decreasing, increasing, and then
decreasing again: the multi-year annual average area
reached a maximum in September (462.64 km?), and the
standard deviation was the smallest, only 1.72 km?* the
area in June was the smallest (453.02 km?), with the
largest standard deviation (18.92 km?). Excluding factors
such as ice and snow coverage and lake freezing, the
change in Lake Sayram area was relatively stable. The
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multi-year average area and standard deviation of Lakes
Aqqikkol and Ayakkum showed a trend of first decreasing,
then increasing, and then decreasing again. In summer, ice
and snow melt water made the lake expand, the area
fluctuated greatly, and the lake area and standard
deviation reached their maximum values (the area was
456.12 km> and 825.33km’® respectively; the standard
deviation was 94.42km> and 180.80 km®> respectively).
From May to October, the rates of change in the areas of
Lakes Aqqikkol and Ayakkum were 7.60% and -1.20%
respectively. It is clear that the area of Lake Aqqikkol

fluctuated more obviously. The overall area of Lake
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Arkatag increased from spring to autumn, with the smallest
area in May (159.26 km?®), the largest area in September
(229.94km?), and an area rate of change of 24.92%. The
standard deviation of the area of Lake Arkatag reached a
minimum of 30.7994 km® (May) and a maximum of
36.8794km>  (September). Among Lakes Aqqikkol,
Ayakkum, and Arkatag, Lake Arkatag had the smallest
area and was most affected by meltwater, and hence the
area fluctuated greatly. The multi-year average area of Lake
Aksayquin increased month by month. The lake area was the
smallest in May (181.04 km?) and the largest in September
(229.94 km?). The rate of change in lake area was 11.54%,
with the standard deviation showing a decreasing trend and
the area fluctuating greatly.

Frontiers in Environmental Science

4 Discussion

4.1 Influencing factors of plains lake area
changes

4.1.1 Effects of human activities on lake area

Human activities were frequent in the plains lake basins.
Domestic water and agricultural irrigation affected the changes in
lake water volume and area (Chai et al., 2013; Wufu et al., 2020).
Therefore, this study mainly analyzed the relationship between
lake area change and human activities in the plains area. By
identifying changes in population, farmland area, and GDP in the
plains lake basins, the influence of human activities on changes in
lake area was elucidated.
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Results of the wavelet analysis of typical mountain lake areas in Xinjiang from 1986 to 2020 (A) Lake Sayram; (B) Lake Aqgikkol; (C) Lake

Ayakkum; (D) Lake Arkatag; (E) Lake Aksayquin

From the analysis results of the structural equation model
(Figure 10), among the human activity factors, the farmland area
and population of the Lake Ebinur basin had significant (p < 0.1)
negative and positive effects on lake area respectively (path
coefficients of —4.43 and 2.94 respectively). Compared with
the impact of climatic factors, the main reason for the
reduction in Lake Ebinur area was interception of surface
runoff. Since the early 1950s, the area of Lake Ebinur had
changed with the population and farmland area of the basin
(Zhang et al., 2015b; Zhang et al., 2017; Zhang et al., 2021): from
the early 1970s to the mid-1990s, population and farmland
growth was slow, the lake area changed slightly, and the lake
area was basically maintained at about 600 km? except for dry
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years. At the beginning of the 21st Century, the population and
farmland area increased significantly, resulting in a continuous
degradation trend of the lake area, which reached its lowest value
of 417.29 km® in 2015. In recent years, the farmland area and
population stabilized, and the lake area began to revert and
remained at about 600 km”. The changes in farmland area, GDP,
and population in the Lake Bosten basin had significant negative,
positive, and positive effects on lake area (p < 0.01) respectively
(path coefficients of —3.44, 2.42, and 0.37 respectively). Since
1993, the farmland area, GDP, and population of Bortala Mongol
Autonomous Prefecture have shown an increasing trend. This
was inconsistent with the overall trend of changes in lake area,
which was mainly due to direct correlation between the inflow
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Results of structural equation model analysis of the influencing factors of typical plains lake area changes in Xinjiang.

and outflow of Lake Bosten. For example, from 2000 to 2017, the
water storage capacity of Lake Bosten and the changes in lake
area showed obvious consistency changes. Since 2015, the
slowdown in the growth rates of population and farmland in
this region contributed to lake expansion. Population changes in
the Lake Ulungur basin had a significant (p < 0.1) negative effect
on lake area (path coefficient of -0.75). Population and farmland
in this region had been increasing for a long time. The shrinkage
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in lake area after the 1990s was mainly due to increasing
farmland area, extensive agricultural water use, and a
population surge. After 2009, even though the area of
farmland and the population continued to increase, the lake
area gradually reverted under the influence of water-saving
irrigation practices and ecological water diversion in recent
years. Lake Jili is replenished by the Ulungur River, which
belongs to the freshwater lake with water intake and output.
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Its change pattern was basically the same as that of the Lake
Ulungur area. Human activities amplified the fluctuations in lake
area caused by climate change. We want to emphasize that the
findings that the unbalanced changes might be attributed to
different reasons (i.e., climate change and human activities) are
based on limited evidence and therefore preliminary. Indeed,
human activities such as agricultural irrigation also played a role
in affecting the lakes (Ma et al., 2010). In view of changes in
farmland area, GDP, and population, strengthening research into
the carrying capacity of water resources in plains lake basins,
strictly  controlling ~ population, and  strengthening
comprehensive management of water resources are the
fundamental components of ecological protection of plains
lakes. The main amount of water in Lake Taitema came from
the discharge of the Daxihaizi Reservoir and the replenishment of
the Cherchen River. In the 1970s, Lake Taitema was once dried
up by human activities. Since 2000, the ecological environment
downstream of the Tarim River and Lake Taitema has been
restored through ecological water conveyance. The area of Lake
Taitema from 2000 to 2020 was affected by the inflow and
outflow of the Tarim River. The cumulative water inflow of
the Tarim River was 2.081 billion cubic meters, with an average
annual water inflow of 94 million cubic meters. The lake area
reached its maximum in 2017 and had been decreasing in recent
years with a decrease in the amount of water discharged. For Lake
Taitema, in the case of a high flow year, the current complete
ecological reservoir (Daxihaizi Reservoir) control system and the
ecological gates of each section had to be manually regulated and
operated to avoid all the ecological water flowing into Lake

Taitema at one time. It is necessary to formulate a further

Frontiers in Environmental Science

14

and more reasonable water resource regulation plan according
to the relationship between the discharge volume and the lake
area and to use the ecological gates of the sections below and at
the Daxihaizi Reservoir to regulate the inflow to the lake during
flood periods. The intent is to avoid large wastage of water under
local high-intensity evaporation conditions.

4.1.2 Effects of climatic factors on lake area
The of
precipitation of lake basins in Xinjiang were tested by Mann-

varjation  characteristics temperature and

Kendall trends. Because Lakes Ulungur and Jili operate as a unit,

this subsection discusses them as the Ulungur River Basin as a

whole.
Rising must

temperatures be by

precipitation to maintain lake area. The temperature and

compensated for

precipitation of plains lakes were generally increasing during
the study period. If precipitation did not compensate for the loss
of lake area, the temperature rise would lead to a decrease in lake
area. From 1985 to 2020, the annual average temperature of the
plains lake basins showed an significant upward trend (p < 0.01),
with growth rates of 0.03, 0.05, 0.04, and 0.03, respectively, and
mutation years of 1996, 1994, 1994, and 1997, respectively. The
temperature of plains lakes showed periodicity at 9, 17, and
21 years, with the main period being 21 years. For the 21-years
cycle, the negative-positive phase change in temperature
occurred in 1999, 1998, 2001, and 2000, indicating that the
temperature of the plains lakes was declining before 2000 and
rising after 2000. This was consistent with the mutation years
around 2000 and the significant upward mutation trends. The
basins of Lakes Ebinur and Bosten had less precipitation and
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stronger evaporation, which was mainly supplied from river flow.
Rising temperature caused evaporation and had an impact on
lake area (Jing et al., 2020). The structural equation model results
(Figure 10) showed that the effect of temperature change on the
areas of Lakes Ebinur and Bosten constituted an insignificant (p >
0.1) effect (path of 0.02
0.08 respectively), the effect of temperature change on the

positive coefficients and
area of Lake Ulungur was almost zero, and the effect of
temperature change on the area of Lake Taitema was
insignificant (p > 0.1) (path coefficient of -0.03). These results
showed that the effect of temperature change on the area of plains
lakes was largely insignificant (p > 0.1).

Annual precipitation at plains lakes showed an insignificant
increase (p > 0.1), with rates of change of 0.25, 0.85, 0.11, and 0.48,
respectively. The mutation years were 1998, 1992, 1992, and 2018,
and the mutation trends were insignificant (p > 0.1). The effect of
very low precipitation at Lake Taitema on lake area was negligible.
Therefore, the correlation between climate and the area of Lake
Taitema was not further analyzed in this section. The precipitation at
plains lakes mostly showed periodicities at 17 and 21 years, with
main periods of 7, 6, 11, and 21 years respectively. The precipitation
at Lake Ebinur decreased before 2002 and increased after 2002.
Before 1998 and before 2010, precipitation at Lakes Bosten and
Ulungur showed an increasing trend, but a decreasing trend after
1998 and after 2010. Precipitation at Lake Taitema showed a
decreasing trend before 2011 and an increasing trend after 2011.
The periodicity of precipitation changes at Lakes Ebinur and
Taitema was relatively consistent with the mutation years and
the significant mutation upward trend, whereas Lakes Bosten and
Ulungur gave the opposite result. The effects of precipitation on the
areas of Lakes Ebinur and Taitema were both insignificant (p > 0.1)
positive effects (path coefficients of 0.21 and 0.18 respectively),
whereas Lake Bosten had an insignificant positive effect (path
coefficient of 0.06), and Lake Ulungur had an significant negative
effect (path coefficient of —0.48). The results of the structural
equation model showed that the precipitation increase for Lakes
Ebinur and Taitema promoted the expansion of the lakes, but that
the precipitation changes for Lakes Bosten and Ulungur had less
impact on lake expansion and even led to shrinkage of the lakes
under the influence of human activities (Jing et al., 2018).

At an intra-year scale, changes in temperature and precipitation
led to a strong seasonality in plains lake areas. The problem of water
resource development and distribution should be solved, and
agricultural water consumption in plains lake basins should be
adjusted in spring and summer to ensure ecological water
utilization (Zheng et al., 2021).

4.2 Influencing factors of mountain lake
area changes

Due to their geographical location, mountain lakes have been
less affected by human activities, and therefore this study analyzed
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climate change as the main factor for changes in mountain lake area
(Wufu et al, 2020). The Central Kunlun mountain lakes are
composed of Lakes Arkatag, Ayakkumu, and Aqgqikkol, and
hence this study discussed all three as the Middle Kunlun
Mountain Lakes.

From 1985 to 2020, the annual average temperature of
mountain lake basins showed an significant increase (p < 0.001),
with growth rates of 0.04, 0.03 and 0.06, respectively, and the
significant mutation increase years were 1994, 2000, and 1998,
respectively. The temperature of mountain lakes showed
periodicity at 17 and 21 years, with a main period of 21 years.
For the 2l-years cycle, negative-positive phase changes in
temperature occurred in 2001, 2001, and 2005, indicating that
plains lakes temperature declined before the early 21st Century
and then rose. This was consistent with the mutation years around
2000 and the significant upward mutation trend. The effects of
temperature changes on mountain lake area were all significantly
positive (p < 0.05) (path coefficients of 0.38, 0.42, and
0.58 respectively), of which the Middle Kunlun Mountain Lakes
and Lake Aksayquin showed significant positive effects (p < 0.001)
(Figure 11). This showed that the increase in temperature was closely
related to increases in lake area in mountain basins (Yang et al., 2020;
Liu et al,, 2022). The temperature of mountainous areas increased
significantly around 2000. The increase in lake inflow due to melting
of ice and snow contributed to an increase in lake area around 2010,
which also indicated that lake area has a certain lag phase for
temperature changes.

From 1985 to 2020, annual precipitation in the mountain lake
basins showed an insignificant increase (p > 0.1) with growth rates of
0.98,0.05, and 0.05, and the significant mutation increase years were
2001, 2001, and 1988 respectively. The precipitation at Lake Sayram
showed periodicity at 6 and 21 years, the Middle Kunlun Mountain
Lakes at 13 and 21 years, and Lake Aksayquin at 5, 17, and 21 years.
The main periods were 6, 13, and 5 years, respectively. Precipitation
in the Lake Sayram basin and the Middle Kunlun Mountain Lakes
basin showed a decreasing trend before the beginning of the 21st
Century and then an increasing trend; precipitation in the Lake
Aksayquin Basin showed an increasing trend before 1992, decreased
from 1992 to 2008, and has increased since then. The effect of
precipitation changes on mountain lake area was insignificant (p >
0.1), and there was even a negative effect (precipitation at Lake
Sayram had a negative effect on lake area, with a path coefficient
of —0.16), which was mainly caused by rainfall weakening the
positive effect of temperature.

In mountain and plateau areas, which have been less affected by
human activities, lake area changes were more closely related to
climate change. Although both temperature and precipitation
showed an overall upward trend from 1986 to 2020, the increase
in temperature was more significant (p < 0.001), and lake expansion
and contraction trends were more closely related to changes in
temperature. This illustrated the sensitivity of mountain lakes to
climate change. However, the impact of climate change on mountain
lakes was also becoming more and more significant. In recent years,
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rising water level has brought about serious collapse of the lakeshore,
causing harm to roads around the lake. The increase in precipitation
has increased erosion of grasslands and the Earth’s surface, reducing
the erosion resistance of soil, and large amounts of nitrogen,
phosphorus, and organic nutrients have been integrated into the
lake with rainwater, exacerbating lake eutrophication. Therefore,
strengthening local ecological restoration and grassland recovery
and comprehensively controlling sources of lake pollution are
important tasks for ecological environmental protection in
mountain lake basins.

5 Conclusion

Taking the top ten lakes in Xinjiang as examples, this study
analyzed the temporal and spatial dynamics of lakes in Xinjiang
from 1986 to 2020 by using lake area, climatic factors, and
ecological and environmental factors. The main conclusions of
the study are as follows:

1) Except for Lakes Jili and Taitema, the plains lakes showed an
insignificant (p > 0.1) expansion trend. Lake Jili showed a
significant expansion trend (p < 0.05), and Lake Taitema
showed an significant expansion trend (p < 0.01). Most of the
plains lakes showed periodicity at 14 or 21 years. Except for the
area changes in Lakes Jili and Taitema, which had only one
mutation year, the plains lakes had two mutation years of area
change between 1986 and 2020, but the mutation trends were
mostly insignificant.

2) The mountain lakes showed significant expansion trends (p <
0.01) and significant expansion mutations occurring in 2009,
2008, 2008, 2011, and 2012, respectively. Most mountain lakes
showed periodicity at 17 or 21 years. The decadal change pattern
revealed that the area of mountain lakes showed a downward
trend before 2003-2006 and then an upward trend. This was in
line with the results of the abrupt-change test.

3) Human activities were the leading factor influencing lake area
changes in plains lake basins. Changes in temperature and
precipitation did not have a significant effect on area changes
in plains lake basins (p > 0.1). Among anthropogenic factors,
farmland area, GDP, and population change had significant (p <
0.1) effects on lake area, and the slowing growth rates of
population and farmland area contributed to lake expansion.
Therefore, the protection strategy for plains lakes must adjust the
development and allocation of water resources according to the
dominant influencing factors of different lakes.

4) Due to their geographical location, mountain lakes have been less
affected by human activities. Climate change was the dominant
factor in changes in mountain lakes. The effects of temperature
change on mountain lakes were all significantly positive (p <
0.05). When the temperature increased significantly, melting of
ice and snow led to increasing inflow into the lake and increasing
lake area. Rainfall weakened the positive effect of temperature.
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Therefore, for mountain lakes, ecological and environmental
protection measures are needed against damage caused by rising
water level and erosion of shores and soils by precipitation.
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SUPPLEMENTARY FIGURE S1
Spatial distribution of area changes in typical years at typical lakes in
Xinjiang from 1986 to 2020.

SUPPLEMENTARY FIGURE S2

Variation of temperature and precipitation at typical lakes in Xinjiang
from 1985 to 2020 (A) Lake Ebinure; (B) Lake Bosten; (C) Lake Ulungur;
(D) Lake Taitema; (E) Lake Sayram; (F) Lake Arkatag; (J) Lake
Aksayquin.

SUPPLEMENTARY FIGURE S3

Results of wavelet analysis of temperature in typical plains lake basins in
Xinjiang from 1985 to 2020 (A) Lake Ebinure; (B) Lake Bosten; (C) Lake
Ulungur; (D) Lake Taitema.
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