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• About 50.38% of the Aral Sea water area
in 1992 turned into bare land by 2015.

• Climate change had a positive effect on
the water supply of Aral Sea.

• No large-scale increasement of farm-
land in the Aral Sea basin since the
1990s.

• High water consumption of agriculture
led to the continued shrinkage of the
Aral Sea.
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The shrinkage of the Aral Sea started in the 1960s, and it has been continued for decades due to arguably both
human and natural causes. However, the change of the Aral Sea in the post-Soviet era and its correlations with
other changes in the extent of the basin have yet to be fully investigated. Here, we studied the land cover dynam-
ics of the entire Aral Sea basin during 1992–2015 from the perspective of the surrounding environment, in order
to investigate the causes of the Aral Sea further shrinkage in recent years. We used the annual Climate Change
Initiative (CCI) land cover dataset to provide a spatiotemporally consistent delineation of land cover throughout
the period. We found that: (1) In recent years, the Aral Sea continued shrinkage, approximately 50.38% of its
water area in 1992 had dried out and turned into bare land by 2015. (2) The cultivated land area remained stable
with a slight increase during the period, suggesting that no large-scale abandonment or expansion of farming ex-
tent occurred in the post-Soviet era. (3) Among other land types, urban areas are small and slightly expand at a
rate of 0.024 × 104 km2/year, suggesting urbanization, and likely contribute to morewater consumption. Our in-
vestigation also found that climate warming increased the upstream runoff, which has a positive effect on the
water supply of the Aral Sea. The impact of human activity on the Aral Sea is more pronounced than climate
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change. Therefore, the continued shrinkage of the Aral Sea was likely due to high water consumption of agricul-
ture continues to exert the influence that existed in the 1960s. Other factors, such as urbanization have exacer-
bated this effect. The study examined the continued shrinkage of the Aral Sea in post-Soviet era, to provide an
insight into the driving factors of the complex and still controversial Aral Sea crisis.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Located in the arid region of central Asia, the Aral Sea was the largest
terminal water body until the second half of the 20th century (Micklin,
2010). The Aral Sea has shrunk significantly since the 1960s due to exten-
sive farmland irrigation, and most of the lake area has turned into bare
land (Micklin, 1992; Shi et al., 2014;Wurtsbaugh et al., 2017). The reduc-
tion in lake area leads to rising lake surface temperatures and frequent
sandstorms,which pose a serious threat to the surrounding ecological en-
vironment (Small et al., 2001; Indoitu et al., 2015; Jin et al., 2017).

The shrinkage of the Aral Sea is a result of the complex influences
from both human and natural dimensions on the extent of not only
the Aral Sea but also the entire basin (Lioubimtseva, 2014). As the larg-
est inland river basin in the arid region of central Asia, the Aral Sea basin
is a typical area for transnational watershed research (Conrad et al.,
2016; Löw et al., 2018). The population and economic activities in the
basin are closely related to the hydrometeorological conditions of the
Pamir and Tianshan mountains (Lioubimtseva, 2015). Unbalanced
water distribution is a major challenge facing the region (Bekchanov
et al., 2016). Especially after the dissolution of the Soviet Union in
1991, the political and economic changes in central Asia intensified
the water conflicts among countries, making the Aral Sea water use
issue more complicated (Zhou et al., 2015; Jiang et al., 2017;
Strikeleva et al., 2018).

Land cover is an effectiveway of investigating the changes caused by
complex human and natural interactions (Feddema et al., 2005; Foley
et al., 2005; Feng and Li, 2020). Therefore, the study of land cover dy-
namics in the basin extent could provide insights into the shrinkage of
the Aral Sea as well as its driving factors and impacts to the region (De
Beurs et al., 2015; Shen et al., 2019).

Considerable research has been performed to analyze land cover and
its dynamics in the Aral Sea basin; however, further engagements are
needed to better reveal the land cover change in the basin (Saiko and
Zonn, 2000; Löw et al., 2013). Previous studies mainly focused on all
of central Asia or small areas around the Aral Sea and the datasets for
land cover change were inconsistent and discontinuous (Klein et al.,
2012; Kozhoridze et al., 2012; Chen et al., 2013; Hu and Hu, 2019).
There has been inadequate research on long-term land cover changes
in the Aral Sea basin, particularly in the last 30 years (Lioubimtseva,
2014; De Beurs et al., 2015). In addition, inconsistencies and controver-
sies have been recognized in the findings of many previous land cover
studies in the basin, especially regarding the change in cultivated land
(Kienzler et al., 2012; Löw et al., 2018; Zhang et al., 2018). Areas of cul-
tivated lands and their distribution are important subjects related to
land resources and food security (Conrad et al., 2016; Strikeleva et al.,
2018; Liu et al., 2020). It is critical to have a clear understanding of the
state of cultivated land in this region. Furthermore, little focus has
been paid to the contribution of climate and anthropogenic factors to
the shrinking of the Aral Sea starting from the 1990s and going on
until today (Berdimbetov et al., 2020).

Here, we analyze the spatiotemporal pattern changes of land cover
in the entire Aral Sea basin and its possible driving factors from 1992
to 2015 at a successive annual scale. The annual Climate Change Initia-
tive (CCI) land cover dataset was adopted in the analysis to provide a
spatiotemporally consistent delineation of the land cover for the period
(Tsendbazar et al., 2015; Yang et al., 2017; Hua et al., 2018; Liang et al.,
2019). We attempted to address the following questions: 1) How did
the Aral Sea water area change during 1992–2015? 2) How had the
2

land cover in the extent of the basin been altered during the period,
and what effects did the changes, particularly those related to agricul-
ture, contribute to the change of the Aral Sea?

2. Materials and methods

2.1. The Aral Sea basin

The Aral Sea basin (55–75°E, 35–50°N) is located in arid central Asia
andhas twomain river systems: the SyrDarya and theAmuDarya rivers
(Shibuo et al., 2007). The total basin area is approximately
1.23 million km2 and has a typical continental climate (Huang et al.,
2013; Lioubimtseva, 2015). The landform pattern is very simple, mainly
consisting of the Turan Plain in the west and mountainous areas in the
southeast, and the overall terrain gradually decreases in elevation
from the southeast to the northwest (Fig. 1). The average annual precip-
itation in the basin is approximately 270 mm, with precipitation falling
mainly inwinter and spring (Chenet al., 2011), and the average temper-
ature is approximately 9 °C (Harris et al., 2014). Over the years, the an-
nual average total runoff in the Aral Sea basin has been approximately
104 km3; the Amu Darya and the Syr Darya flow through the desert
and finally into the Aral Sea in the western lowlands (Khan and Holko,
2009). The basin lies within the territorial regions of Kazakhstan,
Tajikistan, Uzbekistan, Turkmenistan, Kyrgyzstan, Afghanistan, Iran,
and seven other countries (Conrad et al., 2016). The population in the
basin is nearly 47 million and is roughly concentrated along river
valleys.

2.2. Data sources

2.2.1. Cartographic data
The spatial boundary data of the Aral Sea basin were derived from

the revision of hydrological products provided by the Food and Agricul-
ture Organization of the United Nations (FAO) AQUASTAT database
(Fig. 1). The elevation datawere obtained from the Shuttle Radar Topog-
raphyMission (SRTM) data that aremeasured by the National Aeronau-
tics and Space Administration (NASA) and the National Imagery and
Mapping Agency (NIMA). The spatial resolution of the data was 90 m
(Li et al., 2017).

2.2.2. CCI-LC data
The Climate Change Initiative-Land Cover (CCI-LC) project is spon-

sored by the European Space Agency (ESA) and developed a global
land cover dataset with 300 m spatial resolution and an annual basis
for a period of 24 years from 1992 to 2015 (http://maps.elie.ucl.ac.be/
CCI/viewer/). The dataset is delivered in a geographic coordinate system
(GCS) with a World Geodetic System 84 (WGS84) reference ellipsoid
(ESA, 2017). The key aspect of the CCI-LC dataset consists of its consis-
tency over time (Bontemps et al., 2012). Using Envisat MERIS
(2003–2012) as a baseline, it makes use of the entire data source of
AVHRR (1992–1999), SPOT-VGT (1999–2013), and PROBA-V data for
2013, 2014, and 2015. The typology was defined in 37 original land
cover classes complying with the Land Cover Classification System
(LCCS) developed by the United Nations (UN) Food and Agriculture
Organization (FAO) (Di Gregorio and Jansen, 2005). The accuracy of
CCI-LC productswas evaluated at a global scale, and the reported overall
accuracy reached 79% after independent data verification of ground ref-
erence data and substitute sensors (W. Li et al., 2018). The accuracy of
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Fig. 1. Geographical map of the Aral Sea basin. S1 and S2 represent the Chinaz River and Kerki River stations, respectively. The figure shows the water bodies in 2002. The inset shows the
scope of the box.
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the datasetwas investigated in central Asia and reported that the CCI-LC
has the highest spatial resolution among GLC2000, GlobCover 2009,
MODIS land cover datasets and has better accuracy in the study area
(Yang et al., 2017; Li et al., 2019).

2.2.3. Meteorological and hydrological data
The monthly temperature (1992–2013) and precipitation

(1992–2015) obtained from the Climate Research Unit (CRU),
University of East Anglia, were used to analyze climatic variations
(http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.00/, reference).
The dataset has a spatial resolution of 0.5° (Mitchell and Jones, 2005).
The actual daily evapotranspiration (ET) data were published by the
Diego Team, University of Ghent, Belgium and are available at
http://www.gleam.eu (Martens et al., 2017). Based on the Priestley-
Taylor formula, the actual evapotranspiration of the global land surface
estimated by the Global Land Evaporation Amsterdam Model (GLEAM
v3.3a) has a spatial resolution of 0.25° and a temporal resolution of
1 d, spanning from 1992 to 2015 (López et al., 2017; Khan et al., 2018).

2.2.4. Statistic data
Data on crop yields, grazing quantities, and populations in the

Aral Sea basin were obtained from the Food and Agriculture
Organization (FAO) and mainly included the total population of
Kyrgyzstan, Tajikistan and Uzbekistan; the total number of goats,
sheep, and horses and the livestock production in these countries;
the main crop (wheat, barley, maize, and rice) yields in these coun-
tries; and the gross domestic product values of these countries
(López et al., 2017; Khan et al., 2018). We only included the
3

livestock for Kazakhstan because the Aral Sea basin in the country
mainly covered by grassland, shrubland, and forests. The cropland
of Kazakhstan (10–20 million ha) is much higher than any of other
Aral Sea basin countries (<5 million ha) and only a small fraction
of the Kazakhstani cropland (<20%) are located in the basin extent.
Similarly, only a small fraction of Kazakhstan population is located
in the Aral Sea basin. Therefore, the crop area, yield, and population
metrics of Kazakhstan were not included in Fig. 6 because of the
concern of incomparability between the national-wide metrics of
Kazakhstan and the metrics for the Aral Sea basin. The data from
1992 to 2015 are available at http://www.fao.org/faostat/en/
#data/OA.

Data on thewater volume,water surface area, water level of the Aral
Sea, and the volume of water delivered to the Aral Sea and water re-
source distribution were obtained from the Portal of Knowledge for
Water and Environmental Issues in Central Asia (CAWATERinfo). Data
early start from 1960 and are available at http://www.cawater-info.
net/index_e.htm.

2.3. Methods

2.3.1. Land cover reclassification and change detection
To reveal the spatial distributions and temporal transitions of the

land covers at a general level, the original CCI land cover types were ag-
gregated to a schema consisting of 8 classes using ArcMap 10.3
(Table 1), including water bodies, cultivated land, forest, sparse vegeta-
tion, bare land, wetland, urban land, and others (Wei et al., 2018;
Li et al., 2019).

http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.00/
http://www.gleam.eu
http://www.fao.org/faostat/en/#data/OA
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http://www.cawater-info.net/index_e.htm


Table 1
Reclassification and description of land cover products.

Reclassification CCI land cover classification legend

1. Water
bodies

210 Water

2. Cultivated
land

10, 11,
12

Cropland, rainfed

20 Cropland, irrigated or post-flooding
3. Forest 30 Mosaic cropland (>50%)/natural vegetation (tree,

shrub, herbaceous cover) (<50%)
40 Mosaic natural vegetation (tree, shrub, herbaceous

cover) (>50%)/cropland (<50%)
50 Tree cover, broadleaved, evergreen, closed to open

(>15%)
60, 61 Tree cover, broadleaved, deciduous, closed to open

(>15%)
70, 71,
72

Tree cover, needle leaved, evergreen, closed to open
(>15%)

80, 81 Tree cover, needle leaved, deciduous, closed to open
(>15%)

90 Tree cover, mixed leaf type (broadleaved and needle
leaved)

100 Mosaic tree and shrub (>50%)/herbaceous cover
(<50%)

170 Tree cover, flooded, saline water
4. Sparse
vegetation

110 Mosaic herbaceous cover (>50%)/tree and shrub
(<50%)

120, 122 Shrubland
130 Grassland
150 Sparse vegetation (tree, shrub, herbaceous cover)

(<15%)
5. Bare land 200,

201, 202
Bare areas

6. Wetland 180 Shrub or herbaceous cover, flooded,
fresh/saline/brackish water

7. Urban land 190 Urban areas
8. Others 220 Permanent snow and ice
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To analyze the changes and transitions between the land cover clas-
ses, we applied the state transition matrix. State transition refers to the
transfer of objective features from one state to another (Sang et al.,
2011). The land cover transfer matrix can reflect the structural charac-
teristics of land cover and the transformation status and direction
among different types (Pijanowski et al., 2002).
Fig. 2. Land cover spatial distribution of the

4

2.3.2. Trend analysis and Mann-Kendall test
In this study, theMann-Kendall (M-K) test and linear trend analysis

were used to analyze the changes in land cover types, climate, and
human activity factors. A least-squares linear regression was used for
fitting (De Beurs et al., 2015). The slope of the linear trend was calcu-
lated as follows:

Slope ¼ n
Pn

i¼1 xiyi−
Pn

i¼1 xi
Pn

i¼1 yi

n
Pn

i¼1 xi2− ∑n
i¼1 xi

� �2 ð1Þ

where n is the number of the year; yi and xi are the values of the depen-
dent variable and the independent variable (time) in the ith year,
respectively.

The nonparametric M-K test is broadly used to explore possible
change trends of ecological and hydrological data, with the advantage
that there is no specific assumption on data distribution (X.F. Wang
et al., 2019). For the sequenceX=(x1, x2,…, xn), theMann–Kendall sta-
tistic S is given by Eqs. (2) and (3):

S ¼
Xn−1

i¼1

Xn
k¼iþ1

sign xk−xið Þ ð2Þ

sign xk−xið Þ ¼
1 xk−xið Þ > 0
0 xk−xið Þ ¼ 0
−1 xk−xið Þ < 0

8<
: ð3Þ

where n is the number of samples, and xi and xk are time points i and k,
respectively. The significance of the trend is calculated using the statistic Z:

Z ¼
S−1ð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þ

p
if S > 0

0 if S ¼ 0
Sþ 1ð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þ

p
if S < 0

8<
: ð4Þ

Var (S) is the variance of S; Z > 0 represents the increasing trend of
the sequence; conversely, it indicates that the sequence shows a down-
ward trend (Mann, 1945; Kendall, 1975). The significance levels of
trends were tested with p-values.

2.3.3. Correlation analysis
To further explore the driving factors of land cover, Pearson correla-

tion analysis (rxy) was used to examine the correlation between land
Aral Sea basin in 1992 (a) and 2015 (b).



Fig. 3. Changing trends of water bodies (a), cultivated land (b), urban land (c), forest (d), sparse vegetation (e), and bare land (f) during 1992–2015 respectively. P< 0.01 indicates a 99%
statistical significance level.
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cover types and different meteorological and human activity variables
(Welford, 1970). All correlation coefficients were between −1 and 1.
A negative correlation means that there is an inverse relationship be-
tween variables. Double-tailed values are used to test the significance
of these correlations. The formula is as follows:

rxy ¼ ∑n
i¼1 xi−xð Þ yi−yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
i¼1 xi−xð Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 yi−yð Þ2
q ð5Þ

where n represents the number of samples; xi and yi represent the ob-
served values at point i corresponding to variables x and y, respectively;
x and y¯ represent the sample averages of x and y, respectively.

2.3.4. Multiple stepwise regression analysis
Changes in surface elements, such as water bodies, are often related

tomany factors. To quantitatively describe the influence of each variable
on the result, we introduced the multiple stepwise regression method
5

(Xu et al., 2016). The regressionmodel and the significance test formula
are as follows. Suppose the dependent variable Y is dependent on the in-
fluence of k independent variables x1, x2…xn. Then, the structural form
of the multiple regression model is:

Y ¼ b0 þ b1x1 þ b2x2 þ⋯þ bkxk ð6Þ

where b0 is a constant, b1, b2,…, bk is called the partial regression coef-
ficient. The F statistic is used to test the trend significance.When F value
at the significance level of 0.05, it means that each explanatory variable
has a significant impact on the dependent variable.

3. Results

3.1. Land cover distribution in the Aral Sea basin

The land cover types mainly include water bodies, cultivated
land, sparse vegetation, and bare land in the basin. The Aral Sea is



Fig. 4. Land cover type conversion map of the Aral Sea basin from 1992 to 2015.
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the largest water body in the basin. The cultivated lands are mainly
distributed in the Tashkent, Dushanbe, and Fergana Valley areas,
where the majority of the population is located in the basin
(Fig. 2). The distribution of forest is relatively random, and most of
the distributions are close to the distribution of cultivated land. The
sparse vegetation with the largest area is mainly distributed in
Kazakhstan, and bare land is concentrated around the lower reaches
of Amu Darya. Snow and ice are mainly distributed in the southeast
of the basin (Pamir and Tianshan mountains).
Table 2
Transitionmatrix of land cover change in the Aral Sea basin during 1992–2015. Tomake the resu
years) as the starting value in 1992 (horizontal axis) and averaged annual data from2011 to 201
percentages in parentheses represent the area converted from land type i to land type j as a perc
are shown in bold.

1992/km2 (percent) 2015/km2 (percent)

Water bodies Cultivated land Forest Sparse veg

Water bodies 22,297.5
(44.98%)

245.6
(0.50%)

170.0
(0.34%)

1870.9
(3.77%)

Cultivated land 177.5
(0.07%)

229,557.3
(96.54%)

529.8
(0.22%)

2893.1
(1.22%)

Forest 223.1
(0.23%)

1410.1
(1.44%)

87,637.0
(89.55%)

5672.0
(5.80%)

Sparse vegetation 204.6
(0.02%)

14,128.9
(1.36%)

25,255.4
(2.43%)

997,014.7
(95.79%)

Bare land 371.3
(0.08%)

2184.3
(0.46%)

744.3
(0.16%)

37,836.7
(8.01%)

Wetland 0.1
(0.01%)

0.1
(0.01%)

0 3.0
(0.36%)

Urban land 0 0 0 0

Others 0 0 0 0

Sum 23,274.1
(1.21%)

247,526.2
(44.98%)

114,336.6
(5.96%)

1,045,290
(54.53%)

6

3.2. Land cover changes from 1992 to 2015

Spatiotemporal changes in land cover types in the Aral Sea basin are
shown in Figs. 3 and 4. From1992 to 2015, thewater area of the Aral Sea
decreased at an average rate of 0.146 × 104 km2/year (p< 0.01), which
was the most significant change in the basin (Fig. 3a). In particular, the
southern Aral Seawater area decreased sharply, and 50.38% of thewater
body areas dried out and were transformed into bare land (Table 2). Al-
though the Aral Sea has shrunk to a large amount of bare land,
ltsmore reasonable,we averaged the land cover data for each year from1992 to 1996 (five
5 (five years) as the end value of 2015 (vertical axis)when creating the transfermatrix. The
entage of the total area of land type i in 1992–2015. The larger values in land cover transfer

etation Bare land Wetland Urban land Others Sum

24,977.2
(50.38%)

13.0
(0.03%)

1.4
(0.00%)

0 49,575.6
(100.00%)

1975.6
(0.83%)

189.7
(0.08%)

2466.0
(1.04%)

0 237,789.1
(100.00%)

2492.7
(2.55%)

9.4
(0.01%)

418.8
(0.43%)

0 97,863.1
(100.00%)

3579.7
(0.34%)

20.7
(0.00%)

642.3
(0.06%)

0 1,040,846.4
(100.00%)

430,836.0
(91.26%)

25.2
(0.01%)

111.9
(0.02%)

0 472,109.7
(100.00%)

0 788.2
(95.98%)

30.0
(3.64%)

0 821.2
(100.00%)

0 0 1266.7
(100.00%)

0 1266.7
(100.00%)

0 0 0 16,599.9
(100.00%)

16,599.9
(100.00%)

.4 463,861.2
(24.20%)

1046.2
(0.05%)

4937.0
(0.26%)

16,599.9
(0.87%)

1,916,871.7
(100.00%)



Fig. 5. Spatiotemporal variation in annual temperature, precipitation, and actual evapotranspiration in the Aral Sea basin from 1992 to 2015. The point coverage area indicatedwas based
on a 90% statistical significance level. * represents significant correlations at levels of P-value < 0.05.
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Fig. 6. Annual changes in crop area (a), crop yields (b), population (c), and livestock number (d) in themajor countries of the Aral Sea basin (Uzbekistan, Tajikistan, Kyrgyzstan). The data
were derived fromthe FAO (http://www.fao.org/faostat/en/#data/OA). The CCI LC derived cultivated land area for theAral Sea basinover theperiod is also illustrated in (a) for comparison.
We only included the livestock for Kazakhstan because the Aral Sea basin in the country mainly covered by grassland, shrubland, and forests.
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approximately 37,836.7 km2 of bare land has been converted into sparse
vegetation in the north-central part of the basin, resulting in a slight de-
crease in the area of bare land in the entire basin during 1992–2015
(Fig. 3f).

The area of cultivated land changed from 237,789.1 km2 in 1992 to
247,526.2 km2 in 2015, with an average growth rate of
0.061 × 104 km2/year (p < 0.01) (Fig. 3b). The cultivated land area in-
creased slightly close to Syr Darya, which had the similarity trend of
the cropland area reported by the FAO (Fig. 6a), and it wasmostly trans-
formed from sparse vegetation. The urban land area increased signifi-
cantly during the period, with an average rate of 0.024 × 104 km2/year
(R2=0.945, P<0.01) (Fig. 3c). Approximately 2466.0 km2 of cultivated
land in the upper and middle reaches of the basin was developed as
urban land as a result of urbanization processing in the region, but the
areas were relatively small (1.04%) and insignificant when compared
to the total cultivated areas. Despite these area losses, the total culti-
vated land area was stable with a slightly increasing trend over the
24 years (Fig. 4).

It also reported that approximately 25,255.4 km2 of spare vegetation
in the northeast part of the basin was transformed into forest (Table 2).
The wetland area is small, and the change is insignificant (Fig. 2).

3.3. The effect of climate and human activities on land cover change

3.3.1. Changes in climate variables
Fig. 5 shows the interannual variations of the spatiotemporally aver-

aged climate variables of temperature, precipitation, and actual
8

evapotranspiration in the Aral Sea basin over the period of
1992–2015. The annual mean temperature indicated a significant in-
creasing trend at a rate of 0.065 °C/year (P < 0.05), and the whole
area was uniformly significant (Fig. 5a). Precipitation and actual evapo-
transpiration fluctuated and slightly increased at rates of 0.594 mm/
year and 0.366 mm/year (Fig. 5c, e); specifically, they increased signifi-
cantly in the vegetated area adjacent to the northern part of the basin
(Fig. 5d, f).

Generally, climatic warming and drying trends were found in the
Aral Sea basin. Furthermore, these results suggested that reduced pre-
cipitation in the bare land areas and increased temperature caused an
increased water deficit, while water conditions were slightly better in
the northern vegetated areas because there was more precipitation
(Figs. 2, 5b, d, f).
3.3.2. Changes in human activities
As shown in Fig. 6, we selected crop area, crop yield, population,

and livestock number to represent human activities. The cropland
area of the major countries in the Aral Sea basin was relatively sta-
ble from 1992 to 2015, which was consistent with the change of
cultivated land on the whole (Fig. 6a). In addition, the improve-
ment of tillage efficiency is beneficial to the increase in crop yield
(Fig. 6b). Uzbekistan's population has increased significantly
(Fig. 6c). Livestock number has increased slightly in all countries
except Kazakhstan, where there was an inflection point near 2000
(Fig. 6d).

http://www.fao.org/faostat/en/#data/OA


Fig. 7. Pearson's linear correlations between land cover types, climate and human activity factors from 1992 to 2015. T-Temperature; P-Precipitation; ET-Actual evapotranspiration;
People-Total population; Grazing-Total quantity of goats, horses, and sheep; Crops-Total production of barley, wheat, corn, and rice; GLP and TCP represent the gross domestic product
of livestock and crops, using 2004–2006 as a benchmark value of 100. Significant correlations of P < 0.05 (*) and P < 0.01 (**) are displayed.
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3.3.3. Attribution analysis of land cover change
To explore the relationship between different land cover types, cli-

mate, and human activity factors, correlation analysis was conducted,
and the results are shown in Fig. 7. All data satisfy the parameter as-
sumption of normal distribution. These results suggested that the vari-
ation in surface land cover type area may be more closely related to
human activity factors, which indicates the high consistency of the var-
iation to a large extent. There is no doubt that changes in urban land
areas and cultivated land areas that are directly controlled by human ac-
tivities are more closely related to human beings (Fig. 7b, f). However,
as the largest water body in the basin and had experienced nearly all
of the water area loss in the basin, Aral Sea water change may be af-
fected by both climate and human activities and require more in-
depth research. Therefore, the contribution of the influencing factors
to the changes in the Aral Sea water area is further discussed using a
multiple stepwise regression model (Table 3).

Considering the possible effects on theAral Sea, climate independent
variables include temperature (T) and precipitation (P), human activity
variables include population, crop yield, livestock number. In addition,
Table 3
Multiple stepwise regression analysis of Aral Sea water area. ** represents significant correlatio

Multiple stepwise regression model

Aral Sea water area = −23.085urban** − 4.152cultivated** − 0.945population** − 0.3

9

we added cultivated land and urban land that may have a potential im-
pact on the water body into independent variables.

The regression results show that urban and cultivated land has a sig-
nificant negative relationship with the Aral Sea, with coefficients of
23.085 and 4.152 respectively (p < 0.01). Population increase has a
slightly negative effect on the Aral Sea. In addition, the effect of rising
temperature on the Aral Sea was insignificant, with a coefficient of
only 0.003. The fitting result is satisfactory (R2 = 0.984, P-
value < 0.05), and the results indicate that human activities are the
main factors for the shrinking of the Aral Sea, and the influence of cli-
matic factors such as temperature and precipitation is small (Table 3).

4. Discussion

4.1. Continued shrinking of the Aral Sea

The Aral Sea is the largest water body in the basin and has experi-
enced nearly all of the water area loss in the basin (Figs. 3a, 4). Our re-
sults show that the Aral Sea continued decreasing in recent years
ns at levels of P-value < 0.01.

R2 F-value P-value

33 T + 167.917 0.984 7.412 0.014



Fig. 8. Changes in the volume (a), surface area (b), and water level (c) of the Aral Sea from 1960 to 2018. A is the point of division into the northern and large Aral Sea; B is the point of
division of the large Aral Sea intowestern and eastern parts. The variation in theAral Sea before and after 1992was compared. The datawere derived from theCAWATERinfo (http://www.
cawater-info.net/index_e.htm).
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(Fig. 8). From 1992 to 2018, the water volume and water level in the
Aral Sea decreased at rates of 7.493km3/year and 0.439 m/year respec-
tively. This was relatively slow compared with the period from 1960
to 1991 (Fig. 8a, c). The Aral Sea water surface areas decreased slightly
Fig. 9. Framework of the mecha
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faster after 1992 than before (Fig. 8b). Overall, the average rate of de-
cline is lower than in the Soviet era (Spoor, 1998; Micklin, 2016; Zou
et al., 2019). However, the exact reason for the continued decline is
still unknown (Wang et al., 2020).
nism of Aral Sea shrinkage.

http://www.cawater-info.net/index_e.htm
http://www.cawater-info.net/index_e.htm


Fig. 10. Standardized changes in temperature (a) and precipitation (b) from 1960 to 2015. Four scales of global, northern hemisphere, central Asia, and Aral Sea basin are selected for
measurement.
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The shrinkage of the Aral Sea started in the 1960s and its volume de-
creased approximately 800 km3 by 1992 (Fig. 8a). In 1986, the Aral Sea
was divided into the South Aral Sea and the North Aral Sea (Zhang et al.,
2019). The North Aral Sea was stabilized through the construction of a
hard wall dam completed in 2005 (Fig. 8b, c) (Micklin, 2004;
Massakbayeva et al., 2020). Around 2007, the South Aral Sea was
completely divided into the east basin and the west basin, and the
water level in the west basin dropped significantly (Fig. 8c)
(Lioubimtseva, 2014; Shi et al., 2014). The exposure of the surface to
bare land increases the ecological risk of the surrounding area, resulting
in the heating of air, aggravation of sand and dust, and desertification,
which will have irreversible consequences on the ecological environ-
ment (Small et al., 2001; Micklin et al., 2014).

Agricultural activities have been considered an important factor af-
fecting the shrinkage of the Aral Sea since the 1960s (Micklin, 1992;
Micklin, 2016); therefore, what changes have occurred in the agricul-
tural area in the post-Soviet era, and has there been a significant expan-
sion that has caused the Aral Sea to shrink further?

4.2. Cultivated land increased slightly in the post-Soviet era

Primarily, there has been much controversy over the area of culti-
vated land in the Aral Sea basin (Kienzler et al., 2012; Chen et al.,
2013; Zhang et al., 2018). The inconsistency is mainly reflected in the
following two aspects: (1) the cultivated land areas derived from statis-
tical data and early remote sensing products (such asMODIS land cover
products) were found to be very inconsistent (Fritz and See, 2008; Li
et al., 2019). The cultivated land area reported by early remote sensing
is generally slightly higher than the statistical data (Chen et al., 2018;
Li et al., 2019); and (2) the area of changed cultivated land reported
by remote sensing datasets also shows different changing trends. For
example, the farmland areas obtained by MODIS and the CCI-LC prod-
ucts are opposite (Chen et al., 2013). According to MODIS data, the
area of cultivated land in the Aral Sea basin decreased by approximately
18.1 thousand km2 between 2000 and 2010,while the CCI-LC results in-
dicated relative stability, with a slight increase of 2000 km2 (Klein et al.,
2012). This may be due to many factors, e.g., the classification schemes,
Table 4
Results of Mann–Kendall trend test performed for climatic and hydrological factors. T-temperat
to the Aral Sea from the Syr Darya basin and Amu Darya basin, respectively.

Data T P AET Kizilshlak

Z 2.343 0.719 0.670 2.655
P-value 0.019 0.472 0.503 0.008
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classificationmethod, connotation of land use types, and resolution size
result in inconsistencies among land-cover datasets (Hua et al., 2018).
Other researchers have also concluded that MODIS and CCI land cover
products have inverse time series trends elsewhere (Fritz et al., 2011;
Liu et al., 2019; L. Wang et al., 2019).

Our results and various sources show that cultivated land was rela-
tively stable in the Aral Sea basin in the post-Soviet era. These sources
include the CAWATERinfo website, which is a portal of knowledge for
water and environmental issues in central Asia, the cropland area statis-
tics from FAO (Food andAgricultureOrganization of theUnitedNations)
(Fig. 6a), the Soviet Statistical Yearbook (data after 2000), and the
GlobeLand30 (high resolution: 30 m) products, which is a high-
resolution land cover product for 2000 and 2010 (Chen et al., 2018;
Liang et al., 2019; Liu et al., 2020). In general, it has been demonstrated
that the newly released annual CCI-LC data not only provide continuous
and long-term land cover sequences but are more accurate in many
areas (for example, Tsendbazar et al., 2015; Yang et al., 2017; Liang
et al., 2019).

We believe that MODIS land cover products have a biased descrip-
tion of cultivated land in this region, and our results indicate that the
concept of relatively stable and insignificant expansion of cultivated
land in the Aral Sea basin is trustworthy. Moreover, we question the
conclusion that there was large-scale abandoned farming in the post-
Soviet era (Chen et al., 2013; Klein et al., 2012; Hua et al., 2018).

4.3. Interpretation of the driving factors of the Aral Sea shrinkage

Climate, hydrology, ecosystems, and human activities in the Aral Sea
basin are tightly interconnected (Lioubimtseva, 2014). On a regional
scale, the allocation of water resources in the upper, middle, and
lower reaches of the basin determines the water area of the Aral Sea
(X. Li et al., 2018; Massakbayeva et al., 2020). The analysis of Aral Sea
dynamics is shown in Fig. 9. As a closed inland lake, the inflow of the
Aral Sea mainly depends on the runoff of the Syr Darya and Amu
Darya (which is the main tributary of the Aral Sea and accounts for ap-
proximately 68% of the total runoff entering the Aral Sea basin (Singh
et al., 2012; Hagg and Bolch, 2015)), originating from the Pamir and
ure; P-precipitation; AET-actual evapotranspiration; STS and ATS represent water delivery

Nijnii Chinaz Kerki STS ATS

0.395 −0.634 −1.017 −0.691 −1.752
0.693 0.526 0.309 0.489 0.080



Fig. 11.Water volume of each country draws from its source (a) and proportion of waterwithdrawal types (b) in Aral Sea basin. The average data from 1980 to 1995 represents the status
and distribution of the overall water intake.
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Tianshan mountains in the upper reaches (Lioubimtseva, 2015; Chen
et al., 2018). The expenditure is mainly lake evaporation (Micklin and
Aladin, 2008; Singh et al., 2012).

Since the middle of the 20th century, meteorological data have
shown that there has been a stable and significant warming trend in
both the large-scale global and the small-scale Aral Sea basin (Li et al.,
2015; Huang et al., 2017), and the changes in the Aral Sea basin have
been more prominent (Fig. 10a). Our results showed that from 1992
to 2015, the temperature of the Aral Sea basin gradually increased at
an average rate of approximately 0.065 °C/year (P<0.05) (Table 4). Cli-
mate warming is more significant in mountainous areas, and the main
manifestations are the rapid increases in air temperature, precipitation
increases, and rapid changes in the mountain cryosphere (Hagg et al.,
2013; Chen et al., 2016; X. Li et al., 2018). These phenomena lead to
the increased runoff in the upper reaches of the Amu Darya and Syr
Darya (Fig. 12a, b) and are favorable factors to alleviate water scarcity
in the basin (Khan and Holko, 2009; Chen et al., 2018).

However, the large water supply demand in the middle and upper
reaches and the lake evapotranspiration enhanced by climate warming
have negative effects on the Aral Sea (Micklin and Aladin, 2008;
Massakbayeva et al., 2020). Our results showed that the shrinking of
the Aral Sea in the post-Soviet era is significantly negatively correlated
with human activities such as agriculture and urban expansion
(Table 3; Fig. 7a). The water used by human activities mainly includes
the water drawn by agriculture, industry, and cities in the basin
(Fig. 11), among which agriculture is the largest water consuming sec-
tor (about 84% of total water consumption, see Fig. 11a) and has long
been considered to be the chief culprit for shrinking the Aral Sea
(Shibuo et al., 2007; Zou et al., 2019). Before 1992, the Aral Sea was
threatened by a massive increase in irrigated farmland in the basin
(Micklin, 2010; Lioubimtseva, 2014). Our results show that the scale
of cultivated land only increased slightly during 1992–2015 (Figs. 3b,
4, 6a); however, high correlation was found between the changes of
the cultivated land and the water extent of the Aral Sea (Table 3), sug-
gesting that the agriculturalwater consumption continued to contribute
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to the shrinkage of the Aral Sea. The same conclusions were also re-
ported by Li et al. (2021) and Liu et al. (2020). Therefore, the Aral Sea
was still shrinking because large areas of farmland remain and had
exceeded the tolerance of the Aral Sea. High farmland water demand
continued to exert the influence that existed during the Soviet era
(Lioubimtseva, 2015; Conrad et al., 2016). In addition, the massive in-
crease in the urban population led to the acceleration of urbanization,
such as in Tashkent and Dushanbe, which are the major cities in the
basin (Fig. 6c). Studies have shown that urbanization in these cities in-
creased the amount of water used for human production and living
(Luan and Li, 2021). However, the proportion of urban land cover is
rare, and the utilization ofwater resources is far less than that of agricul-
tural water consumption (84%), but it has a slight aggravating effect on
the whole (Fig. 11b).

Excessive farmland water use and insufficient water supply to the
Aral Sea persisted in the post-Soviet era, especially in the Amu Darya
basin. From 1992 to 2019, the rate of decrease of the water delivery to
the Aral Sea from the Amu Darya basin was 0.434 km3/year, which
was much higher than that of the Syr Darya basin to the Aral Sea
(Fig. 13a, b). Downstream runoff site data also showed a significant re-
duction in AmuDarya runoff (Fig. 12d, the decreasing rate is 0.318 km3/
year). The loss of water in the AmuDarya basin is the direct cause of the
Aral Sea's shrinkage (Wang et al., 2016). Specificmanifestations include
Uzbekistan's cotton cultivation and alternative water supply measures
consuming approximately 52% of the water from the Amu Darya
(Fig. 11a) (Micklin and Aladin, 2008; Liu et al., 2020; Ruan et al.,
2020); Turkmenistan has diverted approximately 20% of the water
from the Amu Darya into the Karakum Canal to irrigate farmland
(Allouche, 2007; Micklin et al., 2014; Strikeleva et al., 2018). Other fac-
tors such as the construction of large hydropower stations and reser-
voirs, including the Tuyamuyun Reservoir (near the entrance to the
lower AmuDarya), Toktogul Reservoir (an immensewater conservancy
project in the upper reaches of the Syr Darya), and Rogun Dam (located
in Tajikistan and restored in 2008), have exacerbated the effect
(Eshchanov et al., 2011; Li et al., 2017; Zhou et al., 2019).



Fig. 12. Annual runoff changes (km3/year) in the upper and lower reaches of the Syr Darya and Amu Darya basins were collected. The upstream sites were the Kizilshlak River (40.29°N,
69.75°E) and Nijnii Pyanj River (37.19°N, 68.59°E), which are runoff series of mountain exit stations. The downstream sites were the Chinaz River (40.94°N, 68.76°E) and Kerki River
(38.38°N, 65.42°E). ** represents significant correlations at levels of P-value < 0.01.
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Overall, climate change has a positive effect on the water supply of
the Aral Sea, and the Aral Sea is still shrinking largely because high
water consumption of agriculture continues to exert the influence that
existed during the Soviet era. Other reasons, such as the increased
Fig. 13.Volume changes ofwater delivery to theAral Sea (km3) from the Syr Darya basin (a) and
P-value < 0.05.
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water demand for urbanization have exacerbated this effect. The
amount of water flowing into the Aral Sea is insufficient to maintain
the existing water surface and is lost continuously every year (Singh
et al., 2012; Shi et al., 2014).
AmuDarya basin (b) during1992–2018. * represents significant correlations at levels of
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4.4. Limitations and future work

CCI-LC is a medium-resolution land cover product, and its annual
temporal resolution provides the ability to detect the trend of land
cover changes, especially the general land cover classes in a large region.
However, limited by its spatial precision, it could not accurately repre-
sent the detailed spatial structure of certain land cover types and their
changes over time (Yang et al., 2017). The aggregation of the land
cover classes applied in the analysis could reduce the impacts from
the uncertainties for the detailed classes (Fritz and See, 2008; W. Li
et al., 2018), but it limited the analysis to only the transitions among
the general classes. The current analysis presumed that the water con-
sumption for agriculture and urbanization is linearly related to their
area, and further analysis could be conducted to investigate and adjust
the relationship. More work could be done to better reveal the changes
in ecosystems and human activities, such as the shift in planting crops,
and their contributions to the shrinkage of the Aral Sea.

Aral Sea shrinkage is a complex process involving water circulation
(Li et al., 2019). It would be very interesting to produce land cover
data for an expanded time frame and conduct more in-depth analysis
for a longer or even the full time frame of the Aral Sea shrinkage in
the future.

5. Conclusions

This paper analyses the dynamics of land cover during1992–2015 and
its driving factors in the Aral Sea basin based on the continuous and con-
sistent long-term CCI-LC sequence combined with hydroclimatic and
human activity data, with a particular focus on the shrinking of the Aral
Sea and the change of cultivated land. We conclude the following:

(1) In recent years, the water area in the Aral Sea had been continu-
ously decreasing every year but at a slower rate than during the
Soviet times, and approximately 50.38% of its water area in
1992 dried out and turned into bare land by 2015. The relative
stability with a slight increase in the cultivated land area leads
us to firmly believe that there was no large-scale abandoned or
expanded agriculture in the post-Soviet era.

(2) The impact of farmland irrigation on the shrinkage of theAral Sea
could be traced back to the 1960s. From 1992 to 2015, the area of
cultivated land was relatively stable. Climate change had a posi-
tive effect on the water supply of the Aral Sea, and the Aral Sea
is still shrinking largely because high water consumption of agri-
culture continues to exert the influence that existed during the
Soviet era. Other factors, such as the increased water demand
for urbanization has exacerbated this effect, making the amount
of water flowing into the Aral Sea insufficient to maintain the
existing water surface and continuing to be lost every year.

This work provides a useful reference for local managers and gov-
ernment departments when making decisions and for understanding
land cover change in the Aral Sea basin.
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