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Abstract: Land degradation poses a critical threat to the stability and security of ecosystems, es-
pecially in salinized areas. Monitoring the land degradation of salinized areas facilitates land
management and ecological restoration. In this research, we integrated the salinization index (SI),
albedo, normalized difference vegetation index (NDVI) and land surface soil moisture index (LSM)
through the principal component analysis (PCA) method to establish a salinized land degradation
index (SDI). Based on the SDI, the land degradation of a typical salinized area in the Central Asia
Amu Darya delta (ADD) was analysed for the period 1990-2019. The results showed that the pro-
posed SDI had a high positive correlation (R? = 0.89, p < 0.001) with the soil salt content based on
field sampling, indicating that the SDI can reveal the land degradation characteristics of the ADD.
The SDI indicated that the extreme and strong land degradation areas increased from 1990 to 2019,
mainly in the downstream and peripheral regions of the ADD. From 1990 to 2000, land degradation
improvement over a larger area than developed, conversely, from 2000 to 2019, and especially, from
2000 to 2010, the proportion of land degradation developed was 32%, which was mainly concentrated
in the downstream region of the ADD. The spatial autocorrelation analysis indicated that the SDI
values of Moran’s I in 1990, 2000, 2010 and 2019 were 0.82, 0.78, 0.82 and 0.77, respectively, suggesting
that the SDI was notably clustered in space rather than randomly distributed. The expansion of
unused land due to land use change, water withdrawal from the Amu Darya River and the discharge
of salt downstream all contributed to land degradation in the ADD. This study provides several
valuable insights into the land degradation monitoring and management of this salinized delta and
similar settings worldwide.

Keywords: land degradation; salinization; remote sensing index; salinized land degradation index
(SDI); Amu Darya delta (ADD)

1. Introduction

Land degradation can lead to reduced land productivity, population displacement,
food insecurity and the destruction of ecosystems [1]. The report from the National Forestry
and Grassland Administration of China (http://www.forestry.gov.cn/, accessed on 24 June
2021) shows that 197 countries have signed the United Nations Convention to Combat
Desertification (UNCCD) as of January 2019; the problem has not been alleviated in recent
decades and has instead progressively worsened [2,3]. Monitoring land degradation and
revealing its characteristics is essential for the management and restoration of land quality.
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Salinization induces land degradation, and this ecological problem is more prevalent
in drylands [4]. In particular, in most irrigated areas of Central Asia, high-salinity water
is used for irrigation, resulting in secondary salinization, which exacerbates land degra-
dation [5]. Moreover, a severe ecological disaster was initiated with the gradual retreat of
the Aral Sea due to the massive expansion of agricultural practices [6]. Consequently, the
ecosystem around the Aral Sea has been almost destroyed, especially in the Amu Darya
delta (ADD) [7-9], which has become one of the most severely degraded areas worldwide
due to salinization [10]. The land degradation of the ADD caused by high levels of soil
salinization has led to ecological and socio-economic problems, such as the withering of
vegetation [5] and reduced agricultural yields [8]. Moreover, the ecology of the ADD is
vulnerable to hydrological changes due to its dry climate. With the expansion of agricul-
tural land, the structure of the water systems in the ADD has changed dramatically [8].
Numerous natural lakes and wetlands have disappeared and transformed into sparse
vegetation or bare land [10,11]. The increasing land degradation is threatening the stability
of ADD ecosystems [10]. However, the characteristics of land degradation in such a saline
region remain unclear.

In recent decades, land degradation has attracted considerable research attention
worldwide. Different indicators (e.g., vegetation index [12], desertification index [13],
etc.) and methods (e.g., Analytic Hierarchy Process (AHP) [14], Entropy Weighting and
Delphi [15], etc.) have been used to monitor land degradation. These studies have facili-
tated the understanding of the mechanism of land degradation at the regional and global
scales. However, the characteristics of land degradation are different for each region (e.g.,
rocky desertification [16], sandy [17], salinization [18], etc.) These studies do not take
into account the main characteristics of regional land degradation when establishing a
land degradation assessment framework or index, which may affect the accuracy of the
monitoring results. Previous studies have confirmed that the factors affecting land degrada-
tion vary region-wise [10,19]. Therefore, selecting indicators that are representative of the
ecological characteristics of the region during the assessment can increase the rationality
of the land degradation assessment. Then, in saline areas, the salinization index (SI) [20],
which reflects information on soil salinity, should be considered when monitoring land
degradation. In addition, indicators such as the normalized difference vegetation index
(NDVI) [21], albedo [22,23] and soil moisture [13,24], extracted from remote sensing data,
have been widely used to monitor regional land degradation. The NDVI is one of the
most widely used indicators to monitor the land degradation, as it can accurately reflect
the vegetation greenness and biomass information [25,26]. The surface albedo is closely
related to the soil exposure. The increase in albedo can be used as an indirect indicator to
detect the soil degradation in drylands [12,27]. Moreover, the land surface soil moisture
index (LSM) can reflect the soil water content and is a key indicator to monitor the land
degradation in drylands [28,29].

The combination of the aforementioned (NDVI, LSM, SI and albedo) indicators can
provide a comprehensive understanding of land degradation in salinized areas for the
reference of regional land management [10,12,30]. Thereby, a salinized land degradation
index (SDI), including information on the salinity, vegetation, soil moisture and bareness,
needs to be constructed to reflect the land degradation characteristics of salinized areas.
Recently a method based on the principal component analysis (PCA) was developed to
assess the regional ecological conditions [31-33]. The PCA method is a multidimensional
data compression technique. This method allows the characteristics of the indicators to
be coupled, and the weights of each factor are automatically and objectively assigned
according to the contribution of each factor to the principal component [31,34]. In contrast
to weighting methods such as AHP and Delphi, PCA prevents variations or errors in the
definitions of weights caused by individual subjective experience [35,36]. Therefore, in this
study, we attempted to (1) construct the SDI based on the PCA, (2) assess the reliability
of the SDI in monitoring land degradation in salinized areas and (3) explore the spatial
and temporal patterns of land degradation. Finally, the potential driving factors related
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to land degradation were discussed. Understanding the spatiotemporal characteristics of
land degradation can likely contribute to the management of ADD land and sustainability
of the ecosystem and provide guidance for future studies.

2. Materials and Methods
2.1. Study Area

The ADD is located south of the Aral Sea, downstream of the Amu Darya River
(Figure 1). The region runs through Turkmenistan and Uzbekistan and covers an area of
6.3 x 10* km?2. The runoff from large permanent glaciers in the mountains and melting
snow are the main water sources of the Amu Darya River [37]. The ADD has a typical con-
tinental climate characterised by extreme dryness throughout the year. The average annual
temperature is approximately 13 °C [37]. The potential annual evapotranspiration can be
as high as 1600 mm, and the average annual precipitation is less than 100 mm [37]. Such a
dry climate makes the ADD one of the most ecologically fragile regions worldwide [9].
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Figure 1. Location of the Amu Darya delta (ADD). Colour composite map of Landsat-8 OLI images
in the ADD for 2019 in a colour combination of shortwave-infrared band 1, near-infrared and red
band. Green represents vegetation, and brown represents bare soil.

However, as the main grain-producing region of the Aral Sea basin, dry climate and
land use changes due to agricultural expansion have further exacerbated the salinization
of the ADD [38]. Moreover, the changes in the political system after the disintegration
of the Soviet Union have led to intensified conflicts in the use of water resources among
different countries in the region, resulting in land degradation and a decline in the sta-
bility of the ecological system [39]. In this regard, a series of ecological conservation and
restoration projects have been implemented or are about to be launched to mitigate the
land degradation caused by salinization of the ADD [40]. Within this context, it is essential
to investigate the spatial and temporal characteristics of the land degradation in the ADD,
a typical salinized region, to provide reference for the ecosystem management of the delta.
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2.2. Data and Pre-Processing

The datasets used in this study included satellite images, field soil salinity, temper-
ature and precipitation, land use and water withdrawal and salt discharge data. The
satellite images from the United States Geological Survey (http:/ /earthexplorer.usgs.gov/,
accessed on 5 June 2020), acquired on 19 July and 26 July 1990, July 21 and 30 July 2000,
10 July and 17 July 2010 (Landsat-5 TM) and 4 August and 11 August 2019 (Landsat-8
OLI/TIRS) were used. The selected images were in the growing season, and the time
phase was similar, and there was basically no cloud coverage, which ensured the accuracy
of the remote sensing index calculations [41,42]. The images were first radiometrically
corrected with ENVI 5.1 software to convert the digital numbers to irradiance values
and later atmospherically corrected using the Fast Line-of-sight Atmospheric Analysis of
Spectral Hypercubes (FLAASH) module to eliminate the effects of noise generated during
the imaging process [43,44]. The images acquired at different times were geometrically
corrected using the two polynomials, and the root mean square error was controlled within
0.5 pixels [33]. Finally, the images were clipped based on the ADD boundary, and the water
bodies were masked using the modified normalised difference water index (MNDWI) [45].

The salinity data sampled in the field on 18 March 2019 (see Figure S1 and Table S1 for
details) were used to explore the feasibility of the SDI in assessing the land degradation in
salinized areas. The average annual precipitation and temperature records during 1980-
2016 were derived from Nukus Station in the ADD. The annual statistical data on water
withdrawal and salt discharge data for 1990-2015 were obtained from the Amu Darya
River basin database of the Inter-State Commission for Water Coordination of Central
Asia (ICWC, http:/ /www.cawaterinfo.net/, accessed on 10 June 2020). The land use data
were obtained from the Xinjiang Institute of Ecology and Geography, Chinese Academy of
Sciences and interpreted based on the Landsat images from 1990, 2000, 2010 and 2019 that
have been applied in related studies in the ADD [10,46]. Following this dataset, the land
use types were divided into five categories: cropland, forest, grassland, built-up land and
bare soil.

2.3. Construction of the SDI
2.3.1. 81

Salinization is the major factor influencing the land degradation of the ADD. The
SI extracted from the remote sensing image has been shown to be able to assess the
characteristics of regional salinization [47-49]. In this work, an inversion model that has
been proved to be applicable in the ADD [10,50] was selected to construct the SI. The model
was derived using the following equation [20]:

SI = /PBlue X PRed 1)
where pBlue and pRed are the blue and red bands of the Landsat TM and OLI
imagery, respectively.

2.3.2. Albedo

The albedo is a key physical parameter related to the soil exposure [51]. In general,
the albedo is higher in desert areas due to the sparse vegetation and soil exposure, and
areas with high vegetation cover exhibit a lower albedo [23,52]. Therefore, the albedo was
chosen to represent the surface exposure, and it was calculated as follows [51]:

Albedo = 0.356 ppjue + 0.130 preq + 0.373 pair + 0.085 pswiri 2
+0.072 pswirz2 — 0.018

where pBlue, pRed, pNIR, pSWIR1 and pSWIR2 denote the blue, red, near-infrared and
two shortwave-infrared bands of the Landsat TM and OLI imagery, respectively. These
bands are the same as those referred to in the following text.
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2.3.3. NDVI

The NDVI is based on the structure absorbed by the plant leaf surface that reflects the
parameters of the plant biomass and vegetation coverage [53]. This parameter has been
successfully used to monitor land degradation at different scales [54], and its expression is
as follows:

NDVI = (pNIR — PRed )/ (PNIR + PRed) 3)

2.3.4. LSM

The LSM is crucial to regulate the vegetation productivity, and it directly affects
the regional land degradation [55]. The LSM can be calculated using the tasselled cap
transformation through the following formulas [56,57]:

LSMry = 0.0315 ppjue -+ 0.2021 pGreen + 0.3102 preq + 0.1594 prir

4
—0.6806 pSWIR1—0.6109 PSWIR2 ( )

LSMor1 = 0.1511 pgjye + 0.1972 pGreen + 0.3283 preq + 0.3407 pNiR

5
—0.7117 pswir1—0.4559 pswirz ©

where p denotes the corresponding bands of the Landsat TM and OLI imagery.

2.3.5. Constructing SDI Based on PCA

In this study, based on previous studies [33,58,59], the PCA method was used to
synthesize the four selected indicators (SI, albedo, NDVI and LSM) to construct the SDI.
Before using the PCA method to couple the SDI for 1990, 2000, 2010 and 2019, respectively,
it is necessary to normalise the four indicators in the range of 0 to 1 [58] by Equation (6).
The SDI obtained using Equation (7) and higher values of the SDI revealed more severe
land degradation. Figure 2 illustrates the processing for SDL

Inormul = (I - Imin) / (Imax - Imin) (6)
SDI = PC1[f(SI, Albedo, NDVI, LSM)] (7)

where 1,41 is the index value after standardisation, I is the numerical value of this index,
and Inax and I, are the maximum and minimum values of the relevant
index, respectively.

2.4. Spatial Autocorrelation Analysis

A spatial autocorrelation analysis is an effective way to test whether the values of
adjacent samples of a spatial variable are correlated [60]. In this study, the global Moran’s I
index and the local indicator of spatial association (LISA) were used to analyse the spatial
correlation of the SDL

Moran’s I generates a global assessment for spatial autocorrelation, with Moran’s I
values ranging from —1 to 1 [61,62]. Moran’s I value > 0 means that the SDI has a positive
spatial autocorrelation, while Moran’s I value < 0 means that the SDI has a negative spatial
autocorrelation. The closer the value to 1, the stronger the positive spatial autocorrelation,
and the closer the value to —1, the stronger the negative spatial autocorrelation. Moran'’s
I = 0 means that there is no spatial autocorrelation, and the SDI has a random spatial
distribution. The global Moran’s I index was calculated using the following equations:

_ LW — %) —%)

I Py (8)
5221 Zj;éiwij
2 _1¢ 0
¥ =aL =% ©)
- 1&
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1-E(I)
Var(I)

where x; and x; are the values of the SDI at spatial locations i and j, respectively, x is the

Zscore = (11)

mean value of the SDI, S? is the mean squared deviation of the SDI, Wj; is the spatial weight
value, which is expressed by the n-dimensional matrix W(nxn), var(I) is the variance of
Moran’s I, and E(I) is the expected value of Moran’s I.

/ Landsat Images /

|
Geometry Radiometric Atmospheric I
Emendation Calibration Correction :

SDI

Figure 2. Flowchart of construction salinized land degradation index (SDI). MNDWI: modified
normalised difference water index; NDVI: normalised difference vegetation index; LSM: land surface
soil moisture index; SI, salinization index; PCA: principal component analysis; SDI: salinized land
degradation index.

LISA is a local statistical method for spatial variables that reveals the spatial clustering
characteristics of observations within spatially adjacent regions [33,60]. A positive LISA
value indicates that the SDI is similar to the adjacent value and reveals a spatial pattern of
high-high clustering (H-H, high values are near other high values) or low-low clustering
(L-L, low values are near other low values). A negative LISA value indicates that the SDI
is a spatial outlier and can include a high-low outlier value (H-L, a high value is near a
low value) and a low-high outlier value (L-H, a low value is near a high value).

3. Results
3.1. Integration of the Remote Sensing Indexes Based on PCA

The SDI of the ADD was calculated by the PC1 of the four indicators. The PC1 results
shown in Table 1 indicated that, during the studied years, the percent eigenvalues of PC1
were higher than 78%, revealing that PC1 integrated most of the information of the four
indictors. Therefore, PC1 was chosen to construct the SDI in this study. The loading values
of the four variables in PC1 were divided into two types according to their signs. The
albedo and SI comprised one type with loading values that were positive, and the NDVI
and LSM comprised the second type with loading values that were negative. The opposite
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signs of the two variables indicated that the corresponding contributions to the SDI value
were opposing.

Table 1. Loadings of the four selected variables on the first principal component (PC1) and associated
contributions in different study years.

1990 2000 2010 2019

Loading of the SI 0.58 0.64 0.57 0.61
Loading of albedo 0.23 0.43 0.23 0.26
Loading of the NDVI -0.32 -0.16 -0.46 -0.24
Loading of LSM -0.71 -0.62 -0.64 -0.71
Eigenvalue contribution 78.61 83.04 86.35 87.67

percentage (%)

SI: salinization index (SI); NDVI: normalised difference vegetation index; LSM: land surface soil moisture index.

The descriptive statistics of the PC1 indicated that the average PC1 value increased
from 0.42 in 2010 to 0.43 in 2000, and the medium value of PC1 also increased from 0.38
to 0.40 (Table 2). From 2010 to 2019, on the contrary, the average PC1 value decreased
from 0.41 to 0.30, and the medium value of PC1 also decreased from 0.38 to 0.28. The
positive skewness in 1990, 2000, 2010 and 2019 indicated that the tail on the right side of the
probability density function was longer or fatter than the left side. Overall, the statistical
results of PC1 showed that land degradation accelerated from 1990 to 2000 and weakened
from 2010 to 2019.

Table 2. Description statistics of PC1.

Minimum Maximum Mean Median Skewness Kurtosis Stal}da}rd
Deviation
1990 0.04 1.15 0.42 0.38 0.48 —-0.33 0.19
2000 0.04 1.21 0.43 0.40 0.31 0.14 0.16
2010 0.03 1.12 0.41 0.38 0.49 —0.71 0.18
2019 0.04 1.12 0.30 0.28 0.42 —0.80 0.18

Furthermore, the correlation coefficient between each indicator and the SDI and that
among the indicators are shown in Figure 3 (at the 0.01 level of significance). For four
years, the SDI exhibited a high correlation with each single indicator. In general, the SDI
exhibited a positive correlation with the SI and albedo and a negative correlation with
the NDVI and LSM (Figure 3). The SI exhibited the highest correlation with the SDI, and
the positive correlations were 0.971, 0.983, 0.973 and 0.972 in 1990, 2000, 2010 and 2019,
respectively. The albedo exhibited the highest negative correlation with the SDI in 2000,
and the correlation was 0.915. The NDVI exhibited the highest correlation with the SDI
in 2019 (—0.885). The correlation coefficients between the LSM and SDI were greater than
—0.72, and the highest correlation with the SDI was observed in 2000 (—0.911).

1990 I 2000 1
S| Abedo NDVI LSM SDI | SI Abedo NDVI LSM  SDI

Sl ) 0819 .
Albedo | 0.819 C

Figure 3. Correlations between pairs of the four selected indicators and their correlations with the
SDI in different study years. SI: salinization index; NDVI: normalised difference vegetation index;
LSM: land surface soil moisture index; SDI: salinized land degradation index. The blue and red
colours represent negative and positive correlations, respectively (the darker the colour, the stronger
the correlation).
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3.2. Spatiotemporal Changes in the Land Degradation

To analyse the spatiotemporal characteristics of the land degradation during the
different periods in the ADD, the SDI values were normalised by Equation (6) (range of
0 to 1). As the SDI approximates a normal distribution, we divided it into five categories
by equal intervals to indicate the different land degradation levels [36,58] —namely, no
degradation (0-0.2), slight degradation (0.20-0.4), moderate degradation (0.4-0.6), strong
degradation (0.6-0.8) and extreme degradation (0.8-1). In summary, the land degradation
level distribution was not uniform in space and varied over space and time. As shown
in Figure 4, in terms of the land degradation level distribution, the extreme and strong
degradation areas were clustered in the west and north of the ADD during the studied
years. Areas with moderate degradation corresponded to a sporadic distribution in the
middle and south of the ADD. Most areas in the middle of the ADD exhibited a slight
degradation. The spatial distribution of the not-degraded areas in the study area showed a
difference in the 4 years: in 1990 and 2000, the not-degraded areas were mainly distributed
along the Amu Darya River, and a small portion appeared in the northwest and northeast
corners of the ADD; in contrast, the not-degraded areas were mainly distributed in the
middle of the study area in 2010 and 2019 and formed a “V” shape.

58°40' 59°0' 59°20' 59°40' 58°40' 59°0' 59°20" 59°40'
- ad Ao e LS Oy

43°20'

43°0"

42°40°

43°20

43°0"

42°40°

- 5

Moderate [ Slight Il No degradation

B Extreme” |Strong |

Figure 4. Spatial distribution of the land degradation levels in the ADD in each study year. Ex-
treme: extreme degradation; Strong: strong degradation; Moderate: moderate degradation; Slight:
slight degradation.

Figure 5 shows the percentage of the study area occupied by the five land degradation
levels in 1990, 2000, 2010 and 2019. In general, the largest areas in the ADD were slight
degradations in the years 1990-2019, which accounted for more than 26% of the total area
covered by the Landsat images. From 1990 to 2000, the areas with extreme, strong and no
degradation decreased, whereas the areas with slight and moderate degradations increased.
From 2000 to 2010, the areas with extreme, strong and no degradation expanded; among
which, the expansion of the no degradation regions was significant. In contrast, the areas
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with slight and moderate degradations exhibited a decreasing trend; in particular, for the
areas with a slight degradation, the dynamic degree was 7%. From 2010 to 2019, a small
increase from 13.30% to 15.56% of the total area was observed in the area with moderate
degradation, and the areas of the other four levels did not change considerably.

1990 2000

-l .
\ 28.8% 22.6% ’ \ 34.0%

2010 2019

13.3%

15.6%

\ 27.2% 21.1% \ 26.0% 20.6%

M Extreme |Strong| | Moderate [ slight [l No degradation

Figure 5. Proportion of land degradation levels in different study years. Extreme: extreme degrada-
tion; Strong: strong degradation; Moderate: moderate degradation; Slight: slight degradation.

Using a spatial analysis, the land degradation spatial distribution changes from 1990
to 2000, 2000 to 2010, 2010 to 2019 and 1990 to 2019 were mapped (Figure 6). We defined
the figure elements as follows: development of land degradation across levels 1 or 2 corre-
sponded to “Developed” (e.g., a change from “No degradation” to “Slight degradation” or
“Moderate degradation”), a development across levels 3 or 4 corresponded to “Seriously
developed” (e.g., a change from “No degradation” to “Strong degradation” or “Extreme
degradation”), an improvement of the land degradation across levels 1 or 2 corresponded
to “Improvement” (e.g., a change from “Extreme degradation” to “Strong degradation” or
“Moderate degradation”), an improvement across levels 3 or 4 corresponded to “Significant
improvement” (e.g., a change from “Extreme degradation” to “Slight degradation” or “No
degradation”), and no change during the study periods corresponded to “Stable”. The
areas of land degradation dynamics for the four periods are shown in Table 3.

Table 3. Area and proportion of land degradation developed or an improvement of the ADD during
different time periods.

Type 1990-2000 2000-2010 2010-2019 1990-2019
km2 o/o km2 0/o km2 0/o km2 (70
Seriously 130.0 1.1 110.1 0.9 403 0.3 217.8 18

developed

Developed 26875 225 37288 313 24380 205 29017 243
Stable 5291.8 444 50940 427 70617 592 53858 452
Improvement 3653.8 30.6 2886.0 24.2 2354.3 19.7 3314.7 27.8
Significant 160.5 1.4 104.8 0.8 29.8 0.3 103.4 0.9

improvement
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Figure 6. Spatial distribution of land degradation developed or improvement in the ADD in different
time periods.

Overall, the stable areas accounted for a large proportion (more than 42%) during
the four study periods (Table 3), and these areas were mainly located west and southeast
of the ADD. From 1990 to 2000, the improvement areas covered 3653.78 km? (30.6%),
and these areas were mainly clustered north of the ADD (Figure 6). Additionally, the
developed areas covered 2687.53 km? (22.5%), and these areas mainly occupied the south
and middle regions of the ADD. A smaller proportion (1.4%) of significant improvement
areas was observed in the northern part of the ADD. In comparison, the proportion of
the seriously developed areas was smaller (1.1%), and these areas were mainly located
in the northwest corner of the ADD. From 2000 to 2010, the developed areas covered
3728.76 km? (31.3%), and the areas were mainly concentrated in the northern part of the
study area. The improvement areas covered 2886.02 km? (24.2%) from 2000 to 2010 and
were mainly located in the eastern and central parts of the ADD. The areas of seriously
developed and significant improvement exhibited smaller proportions—0.92% and 0.88%,
respectively—and the seriously developed areas were mainly observed downstream of the
ADD. Compared with those in 2000-2010, during 2010-2019, the areas with developed,
and the improvements exhibited decreasing trends and occupied 20.5% and 19.7% of the
total area, respectively. Moreover, these regions were mainly clustered in the downstream
of the ADD. The seriously developed and significant improvement areas occupied less
than 0.4% of the total area. From 1990 to 2019, the developed areas covered 2901.65 km?
(24.3%) and were mainly concentrated north of the ADD and in the downstream region of
the Amu Darya River. The improvement regions, which occupied 27.8% of the total area,
were mainly observed in the west and east of the ADD. The seriously developed regions,
with an area of approximately 217.75 km?, were mainly concentrated in the north of the
ADD, and the areas with significant improvement were smaller, accounting for only 0.9%
of the total area.
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3.3. Spatial Autocorrelation Analysis of the SDI

To further clarify the spatial and temporal variabilities in the land degradation, the
spatial autocorrelation of the SDI was examined.

The mapping of the global spatial autocorrelation of the SDI is shown in Figure 7.
Most of the SDI values are distributed in the first and third quadrants, with H-H and L-L
clustered in the first and third quadrants, respectively, indicating a strong positive spatial
correlation between the spatial units in these two quadrants. The Moran’s I values in 1990,
2000, 2010 and 2019 were 0.888, 0.856, 0.891 and 0.851, respectively, which were high values
greater than zero. The results showed that the SDI of the ADD exhibited significant spatial
clustering, which indicated a strong positive spatial correlation. The Moran’s I values of the
SDI decreased, increased and later decreased again in 1990, 2000, 2010 and 2019, exhibiting
an overall decreasing trend during the study period.

Moran's |: 0.888

Moran's |: 0.856

6 T 6 T
1990 | 2000 :
4 ! 4 |
Q| ' oo | i
® 2 [ L HH| @2 [ Ll
DO -------SEEEEEST - D0 |------ GRS
S >
>, | LH H-L >, | LH H-L
- ' - '
4 | i 4 } i
_6 1 1 i 1 1 _6 1 1 i 1 1
6 -4 -2 0 2 4 6 6 4 -2 0 2 4 6
SDI SDI
Moran's |: 0.891 Moran's |: 0.851
6 T 6
2010 | 2019
4 e 4 r
a2t ' oo L
wn 2 L-L H-H w 2 L-L
@) 0 f------- - - §, 0 f--n-----
L-H H-L
()] i ()] i L-H
3-2 . 3-2
4k i 4t
_6 1 1 | 1 1 _6 1
6 -4 -2 0 2 4 6 6 4 -2 0 2 4 6
SDI SDI

Figure 7. Moran scatter plot of the SDI in the ADD for each study year.

3.4. Spatial and Temporal Changes in Land Use and Salinization

Figure 8 displays the land use maps for 1990, 2000, 2010 and 2019. These land use
maps indicated that croplands were the dominant land use type in the ADD. Grassland
and forest were distributed in the north of the ADD and bare soil mainly in the edge
and north of the ADD. Figure 8b displays the spatial variations in the land use types.
The combinations with no land use type transformations, smaller conversion areas and
built-up land transformations were merged into “Stable and others”. From 1990 to 2010,
the conversion of land use categories was mainly between grasslands and croplands. The
conversion from grassland to cropland (GL to CL) was prominent in the northern part
of the ADD, where the area of grassland decreased by 158.74 km? and 338.93 km? from
1990 to 2000 and 2000 to 2010, respectively (Table 4). However, the conversion of land use
categories from 2010 to 2019 was mainly cropland to grassland (CL to GL), which was
distributed in the northern and western parts of the ADD. The area of cropland decreased
by 602.26 km?, and the area of grassland increased by 492.37 km? during this period. In
addition, there was partial degradation of grassland to bare soil (GL to BS) in the northern
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part of the ADD from 2010 to 2019. The conversion of land use categories throughout the
study period was mainly from grassland to cropland and cropland to grassland.
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Figure 8. Land use change maps from 1990 to 2019. CL: cropland; GL: grassland; FR: forest; BS: bare
soil. (a) land use maps for 1990, 2000, 2010 and 2019; (b) changes between different periods.

Table 4. Areas and percentages of different land use types from 1990 to 2019 in the ADD.

1990 2000 2010 2019
Type km2 % kl‘n2 % ka % ka %

Bare soil 2165.71 1842  1968.62 1674 194680 1656  1989.45 16.92
built-up land 205.52 1.75 528.64 4.50 570.81 4.85 588.47 5.00
Cropland 6593.86  56.08 662491 56.34 695242 59.13 6350.16  54.01
Grassland 2412.67 2052 225393 19.17 191546 1629  2407.83  20.48
Forest 380.66 3.24 382.32 3.25 372.93 3.17 422.51 3.59

Figure 9 reveals the spatial distribution (Figure 9a) and variation (Figure 9b) of the
SI over the study time period. The values of the SI were larger at the edges and north
of the ADD and smaller in the centre. The SI in the northern part of the ADD decreased
from 1990 to 2000, while it increased significantly from 2000 to 2010. From 2010 to 2019,
the SI increased slightly in the central part of the ADD and decreased in the northeast.
Throughout the study period (1990-2019), the SI increased significantly in the northern
part of the ADD and decreased at the edges. To reveal the relationship between land use
change and salinization, the mean SI values for each land use type (built-up land and water
were excluded) were calculated in Figure 10. The mean value of the SI for the land use type
was the largest in 2000 compared to the other three years, indicating higher soil salinization.
The mean value of the SI for the land use type was the largest in 2000 compared to the
other three years, indicating higher soil salinization, with a decreasing trend in the SI from
2000 to 2019. Within each year, bare soil had the largest mean value of the SI, followed by
grassland and forest.

The dynamic characteristics of salinization during land use change were illustrated in
Figure 11. The ASI represents the difference in the SI over the study period (the following
year minus the previous year). We counted a percentage of areas with ASI <0 and ASI <0
over the course of each land use type transfer. The SI increased during all land use type
changes from 1990 to 2000 (more than 50% of the area with ASI > 0), which was related to
the maximum SI value in 2000 mentioned earlier. The 2000-2010 SI values decreased for
BS-CL and GL-CL (ASI < 0 over 80% of the area). The area with ASI < 0 dominated the
land use change process from 2010 to 2019. During the conversion of bare soil to cropland
(BS-CL), forest (BS-FR) and grassland (BS-GL) from 1990 to 2019, the area with ASI < 0
exceeded 50%, indicating a decrease in the SI.
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4. Discussion
4.1. Effectiveness of the Proposed SDI

In this study, we established a new SDI by integrating the SI, albedo, NDVI and LSM
indices based on the PCA method. The SDI was used to explore the land degradation
characteristics for a typical salinized area, i.e., the ADD. We found that the regions with
extreme land degradation were mainly distributed downstream and at the periphery of the
ADD (Figure 4). The SDI-based results supported previous findings that the ecological risks
and vulnerabilities are higher in the downstream and peripheral regions of the ADD [10,46],
thereby demonstrating that the SDI can reflect the land degradation conditions of the ADD.
To further evaluate the effectiveness of the proposed SDI, we evaluated its effectiveness by
field survey data (Figure S1 and Table S1). The relationship between the SDI and soil salt
content shown in Figure 12 indicates that the soil salt content was significantly positively
correlated with the SDI (R? = 0.89, p < 0.001). The relationships between the four indices
derived from Landsat imagery in 2019 and field-measured soil salinity are also presented
in Figure 52. There was a positive correlation between the SI, albedo and measured soil
salinity (R? = 0.41 and 0.43, respectively) and a negative correlation between the NDVI,
LSM and measured soil salinity (R = 0.29 and 0.19, respectively). In contrast to the single
indices, the SDI showed a stronger agreement with the measured soil salinity. In general,
although the land degradation is influenced by multiple aspects of the environment, this
positive correlation suggests that the SDI can capture the salinity features pertaining to the
land degradation, which provides potential evidence for the effectiveness of the index in
monitoring the land degradation in salinized areas. In addition, the SI extracted from the
remote sensing data exhibits a positive correlation with the SDI (Figure 3). The reliability of
the SDI is also reflected in the other three indicators. High vegetation cover and sufficient
soil moisture reduce the risk of land degradation, and this finding is supported by the
negative correlation between the SDI and NDVI and LSM in our study (Figure 3). An
increase in the albedo values leads to a higher SDI, which is related to the exposure
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information represented by the albedo and may be attributed to a strong coupling between
the soil salinity information and albedo (Table 1 and Figure 3). These characteristics have
also been reported previously [33]. These results indicate that the SDI can help reliably
and efficiently monitor the land degradation of salinized areas. In addition, the SDI is
composed of accessible remote sensing indicators and can thus be extended to other similar
ecological environments [35,59,63].
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Figure 12. Relationship between the SDI and field-measured soil salt content.

4.2. Factors Influencing the Land Degradation in the ADD

Climate variables mainly affect the land degradation through changes in the precipi-
tation and temperature [10,64]. The annual mean precipitation (AMP) and annual mean
temperature (AMT) of Nurkus Weather Station are shown in Figure 13. It can be noted that
the AMP decreased and AMT increased in the ADD in the past 40 years. From 1990 to 2019,
land degradation developed over an area of more than 3000 km? (Table 3). Previous studies
have raised concerns regarding the withering of grasslands and sparse vegetation caused
by warming and dry climates in the ADD, warning that these aspects could accelerate land
degradation [10,65].
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Figure 13. Changes in the annual mean precipitation and temperature measured at Nurkus
Station from 1980 to 2016.
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Amu Darya River is the main source of water for ADD living and irrigation. Over-
watering has disrupted the water system of the ADD, leading to the disappearance of
an amount of lakes, followed by local climate change, which has reduced the ecosystem
stability of the ADD, particularly in the downstream region [7,10]. The widespread use of
diffuse irrigation has caused individuals to compensate for inefficient irrigation by collect-
ing large amounts of water, resulting in a reduction in the ecological water that sustains the
ecosystems and the gradual withering of vegetation without sufficient water to support
growth [9,66,607], exacerbating the land degradation. The extent of the land degradation
followed the same trend as that of the water withdrawal from Amu Darya River. With
the decline in the water withdrawal in 1990-2000 (Figure 14), the improvement in ADD
land degradation was most pronounced, while, in 2000-2019, as the water withdrawal
increased, the land degradation developed in a larger area than the improvement area. A
more critical situation is that the reservoir built in the upper reaches of the Amu Darya
River intercepted a large amount of the water [66], resulting in a decrease in the supply
of ecological water downstream. The ecological effects caused by these factors were con-
firmed by our research: The land degradation downstream of the ADD was significantly
degraded compared with the region in the study period (Figures 4 and 6). In addition, the
higher levels of land degradation in the outer delta, farther from Amu Darya River, were
likely caused by the lack of water supply to the ecosystem and the difficulties in the land
management in the transboundary area [46,68]. This finding indicates that, to alleviate the
ADD land degradation and the ecological crisis in the Aral Sea basin, further effort and
cooperation is necessary in the rational allocation of water resources.
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Figure 14. Annual changes in the water withdrawal and salt discharge in the ADD from 1990 to 2015.

In addition, the impacts of land-use changes on the land degradation cannot be ig-
nored [10,69,70]. The consolidation and management of croplands can contribute to the
mitigation of land degradation, and our research supports this perspective. We demon-
strated that the area with no degradation occupied a larger proportion of cropland during
most of the study period, while the area with extreme land degradation was mainly dis-
tributed on bare soil (Figure 15). In general, the risk of land degradation was reduced when
land with sparse vegetation and bare soil was reclaimed as cropland, as crops contribute
to higher ecosystem productivity and stability. Land degradation is more severe in the
northern part of the ADD, where part of the cropland has been abandoned and converted
into grassland or bare soil (Figure 8). Previous studies have indicated that the ADD is
facing an ecological threat posed by the degradation of grasslands and croplands to bare
soil [10,46]. Compared to the other land use categories, bare soil has a higher soil salinity
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(Figure 10), and the conversion of land use types to bare soil not only reduces the biomass
but also increases the risk of soil salinization.
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Figure 15. Percentage graphs showing the proportion of each land degradation level in different
land use types. Extreme: extreme degradation; Strong: strong degradation; Moderate: moderate
degradation; Slight: slight degradation.CL: cropland; FR: forest; GL: grassland; BS: bare soil.

However, to reduce the salt content of croplands, a large amount of water is acquired
from Amu Darya River to rinse the cropland soil, which further aggravates the water deficit
of other ecosystems. In addition, the excess salinity from croplands is discharged by widely
distributed channels to the Amu Darya River, as well as to the lakes downstream of the
delta, resulting in increased salinity in the river water and a significant accumulation of
salinity downstream (Figure 9) [10]. The increase in the discharge was the most significant
after 2000 (Figure 14). The extreme land degradation distribution patterns were noted to be
clustered downstream of the ADD (Figures 4 and 6). These ecological effects caused by the
large accumulation of salt in the downstream region were confirmed by our research. In
addition, with the disintegration of the Soviet Union, the socialist economy turned into a
market economy, and the gradual influx of the rural population into cities led to certain
croplands eventually transforming into unused lands with a low biodiversity [71], thereby
accelerating land degradation.

The 15th initiative of the Sustainable Development Goals (SDGs) aims to achieve land
degradation neutrality by 2030. To effectively alleviate land degradation of the ADD and
promote the further realisation of SDGs, based on the abovementioned factors influencing
the SD], the following corresponding measures and countermeasures are proposed. First,
salinization treatment technology should be implemented to alleviate the promotion of
land degradation caused by salinity, and reservoirs for storing salt can be built to reduce
the ecological pressure caused by the transportation of salt from the alkali drainage canal
that discharges into the downstream area of the ADD. Second, a drip irrigation system can
be promoted to achieve precision irrigation and enhance the irrigation efficiency to relieve
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the pressure of water resources required to maintain the stability of the land degradation.
Furthermore, farmers are encouraged to maintain the stability and biodiversity of croplands
through agricultural subsidy policies. In addition, ecological conservation projects can be
considered to mitigate the impacts of climate change on the land degradation.

5. Conclusions

We coupled multiple remote sensing indices (SI, NDVI, albedo and LSM) to construct
a new SDI by using the PCA method. The proposed index integrated the soil salinity,
soil bareness, soil moisture and vegetation coverage and made it possible to identify the
characteristics of the regional land degradation, especially in salinized areas. To test the
reliability of the SDI, the index was applied to the typical ADD region to monitor the spatial
and temporal dynamics of the land degradation.

The results indicated that the NDVI and LSM adversely influenced the land degrada-
tion, while the SI and albedo had positive effects. The SI was strongly positive correlated
with the SDI, with an average correlation coefficient of 0.97. Regions with extreme and
strong land degradation were mostly clustered west and north of the ADD. The temporal
and spatial dynamics of the SDI indicated that the land degradation in the ADD developed
by approximately 26% (including seriously developed and developed areas) from 1990
to 2019, and the degradation was mainly concentrated in the downstream region of the
ADD. The areas exhibiting improvement accounted for approximately 28% of the total
area of the ADD and were mainly centred in the eastern and central parts. Among them,
the area of land degradation developed from 2000 to 2010 was the largest (approximately
32%), while the improvement area was 25%. The results of spatial autocorrelation analysis
showed that the SDI values of Moran’s I in 1990, 2000, 2010 and 2019 were 0.89, 0.86, 0.89
and 0.85, respectively, which showed that the SDI was clearly clustered in space rather
than randomly distributed.

The drying climate and excessive water withdrawal from the Amu Darya River exac-
erbated the land degradation in the ADD, especially in 2000-2019; as the water withdrawal
increased, the land degradation developed into a larger area than the improvement area.
The expansion of unused land increases the risk of land degradation, with higher levels of
land degradation on unused land than on other types during the study period. In addition,
a large amount of salt discharged from croplands downstream of the ADD results in the
downstream being the most degraded area of land.

Clarifying the characteristics of land degradation of salinized areas is conducive to the
restoration and promotion of sustainable terrestrial ecosystems. Our study revealed land
degradation characteristics at the interannual scale of the ADD based on the SDI, which
provided an efficient decision-making basis for regional land management. Nevertheless,
some limitations still exist in this research. For example, the seasonal and continuous
dynamics of land degradation have not been taken well into consideration due to the
limited temporal resolution of the Landsat satellites. Constructing a SDI with the high
temporal resolution MODerate resolution Imaging Spectroradiometer (MODIS) has the
potential to enable the seasonal and continuous temporal monitoring of land degradation
on a large scale, which is further work that deserves to be advanced.
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