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Abstract: Soil salinization is one of the environmental threats affecting the sustainable development of
arid oases in the northwest of China. Thus, it is necessary to assess the risk of soil salinity and analyze
spatial and temporal changes. The objective of this paper is to develop a temporal and spatial soil
salinity risk assessment method based on an integrated scoring method by combining the advantages
of remote sensing and GIS technology. Based on correlation coefficient analysis to determine the
weights of risk evaluation factors, a comprehensive scoring system for the risk of salinity in the dry
and wet seasons was constructed for the Ebinur Lake Wetland National Nature Reserve (ELWNNR),
and the risk of spatial variation of soil salinity in the study area was analyzed in the dry and wet
seasons. The results show the following: (1) The risk of soil salinity during the wet season is mainly
influenced by the plant senescence reflectance index (PSRI), deep soil water content (D_wat), and
the effect of shallow soil salinity (SH_sal). The risk of soil salinity during the dry season is mainly
influenced by shallow soil salinity (SH_sal), land use and land cover change (LUCC), and deep soil
moisture content (D_wat). (2) The wet season was found to have a high risk of salinization, which is
mainly characterized by moderate, high, and very high risks. However, in the dry season, the risk
of salinity is mainly characterized by low and moderate risk of salinity. (3) In the ELWNNR, as the
wet season changes to dry season (from May to August), moderate-risk area in the wet season easily
shifts to low risk and risk-free, and the area of high risk in the wet season easily shifts to moderate
risk. In general, the overall change in salinity risk of the ELWNNR showed a significant relationship
with changes in lake water volume, indicating that changes in water volume play an important role
in the risk of soil salinity occurrence. Ideally, the quantitative analysis of salinity risk proposed in this
study, which takes into account temporal and spatial variations, can help decision makers to propose
more targeted soil management options.

Keywords: remote sensing; soil salinization risk; plant senescence reflectance index; kriging;
eco-environment
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1. Introduction

As the world’s population grows, there will be increased demand for land available for agricultural
production to meet human needs in the future. For arid regions, saline soil areas are important
agricultural soil reserves [1,2]. However, soil salinization is a serious problem, limiting agricultural
productivity and plant distribution to the detriment of the ecosystem, resulting in the deterioration of
water quality and the reduction of biodiversity in the surrounding waters [3]. Soil salinity formation falls
into two broad categories: natural primary salinization and anthropogenic secondary salinization [4].
Natural primary salinization is the mobilization of salts from the soil or groundwater to the surface by
some or a combination of factors, resulting in a high-salinity environment [5]. Anthropogenic secondary
salinization is the result of improper agricultural water use, which increases the salt levels in the soil
surface layer [4]. The two soil surface salinity processes are similar, while the causes of formation
and risk-driving mechanisms are different [6]. Remarkably, anthropogenic secondary salinization can
mitigate irrigation salinity through improved human agricultural production management systems [7].
The drivers of natural primary salinization, however, exhibit variability across time and space, which
affects the assessment and management of soil salinity [8].

Prior to the 1970s, soil salinization was investigated primarily through sampling in the field,
a time-consuming and laborious task [2]. However, with the rise of remote sensing and geographic
information technology, more options became available for monitoring saline lands [9]. In the absence
of sufficient data, such as surface temperature, vegetation cover, etc., remote sensing (RS) data can
acquire and collect contemporaneous surface information to analyze spatial and temporal variations in
surface information at the regional scale [10]. RS and geographic information system (GIS) technologies
can detect variations in soil salinity, providing important technical support for the dynamic monitoring
and quantitative assessment of soil salinity risk, as they can produce effective information in a macro,
dynamic, and rapid manner [10,11]. Using the advantages of RS and GIS, researchers have done a
great deal of work on salinized soil monitoring and have developed highly accurate and time-sensitive
methods for monitoring salinization [9,12-14]. This has greatly facilitated the development of soil
salinity monitoring over large areas.

Salinity mapping can objectively characterize salinity distribution, but reference to soil distribution
mapping alone is of limited assistance to decision makers [15]. When assessing the capacity of
agricultural practices and environmental impacts, the comprehensive consideration of saline soil
formation mechanisms and influencing factors is more conducive to enhancing the sustainable
use of natural resources [16]. As a result, many researchers have proposed multiple indicators
to quantify the risk of salinization [17,18], providing a basis for evaluating the possible impact of
factors with uncertainty on the soil salinization process. Ren et al. [15] analyzed the spatial and
temporal characteristics and influencing factors of soil salinity at three scales based on sampling
data, remote sensing, geostatistical analysis, and model simulations. They found that, at the regional
scale, the distribution of soil salinity is mainly influenced by topography and groundwater depth.
Castrignano et al. [8] used a probabilistic method based on multivariate ground statistics to model
the spatial variation of soil salinity risk and to delineate areas of high soil salinity risk. Zhou et al. [6]
developed a soil salinity risk assessment method and showed that salinity risk in the Yinchuan Plain
is mainly influenced by subsoil and groundwater salinity, land use, distance from irrigation canals,
and groundwater depth. Of these, the concept of comprehensive soil salinization grading method has
been mentioned several times: it is a scientific method that uses a linear model to weigh and sum a set
of risk factors to generate a salinity risk index and a salinity risk map [8,16,19]. Overall, the composite
index approach is based on the following assumptions: (1) The process of soil salinization is influenced
by multiple factors, known as “driving factors” (or “influencing factors”). We believe that there is a
functional relationship between the “driving factor” and the degree of salinization. (2) Factors can
be assigned different weights depending on the degree to which they drive the salinization process.
(3) The weighting of the driving factors yields values (dimensionless) that can express the degree of
risk of salinization [6].
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Following the proposal of the comprehensive soil salinization grading method, the method has been
widely used in soil risk assessment in various countries and regions [18]. However, soil salinity is driven
by different factors in different study areas, depending on climatic and topographic conditions [16].
In addition, the analysis of salinity risk in the area is inadequate if the data are only available for one
period and do not take into account dynamic factors such as different seasons, vegetation cover, and
water volume [19]. Risk analysis of soil salinity based on temporal and spatial variation provides a
better explanation of landscape characteristics, the interaction of physical attributes of the landscape,
and changes in land use and management [6]. This paper attempts to answer the following questions:
What are the different sources of risk of soil salinity in the wet and dry seasons? Does the risk of
salinization vary with the season? Does the growth of vegetation have an influence on soil salinization?
This paper is focused on these questions and their answers.

In this study, for ELWNNR as a study area, with a combination of fieldwork and laboratory
experiments, soil surface salinity content was used as an important indicator for salinity risk assessment.
Furthermore, RS and GIS techniques were used to obtain spatial datasets of evaluation factors, and a
variety of factors were selected for analysis as drivers of soil salinity. Based on the correlation coefficient
analysis to determine the risk weights of evaluation factors, the comprehensive soil salinization grading
method was introduced to construct a comprehensive risk scoring system, in order to build a soil
salinization risk evaluation model and analyze the spatial variation risk of salinization. It is a logical
next step to explore the risk relationship between dry and wet seasons, so that the temporal and spatial
causality between risk factors and soils can be better understood. Additionally, since ELWNNR is
located in the “wind channel” of Alashankou, the salt dust generated poses a threat to the ecological
environment and agricultural production, with the constant northwesterly winds transporting the salt
dust to reach the oasis in the northern Tianshan Mountains [20]. Exploring the risk of salinization in
the ELWNNR region is of vital importance for ecological improvement and sustainable development
of natural resources.

Ideally, a quantitative analysis of salinity risk that takes into account temporal and spatial variation,
as presented in this study, could help decision makers propose more targeted soil management options.
In the present study, the proposed method was applied to the case of natural primary salinity in
arid regions. However, the natural primary and anthropogenic secondary salts are identical in terms
of landscape formation, except for differences in formation and driving mechanisms. The method
could be applied to irrigated areas with secondary salinity with a view to supporting sustainable
development of agriculture and water resources.

Specifically, this study aimed: (1) to analyze the relationship between soil salinity influencing
factors and surface soil salinity to obtain ELWNNR soil salinity risk; (2) to explore the advantages of
Sentinel-2 MSI and Landsat-8 OLI data in soil salinity factor inversion; (3) to monitor and map soil
salinity risk in wet and dry seasons in Ebinur Lake region; and (4) to compare the differences between
wet and dry season soil salinity risk drivers and analyze their causes.

2. Study Area

Located in the southwest of Junggar Basin, ELWNNR is the convergence center of Bortala and other
inland rivers. It is also one of the important wetlands in Xinjiang Uygur Autonomous Region [21,22].
The landscape types are diverse, with biological rich species that have strong response characteristics
in the evolution of the regional environment [23]. It is not only one of the few concentration areas of
desert species in China’s inland deserts, but also the key area of eco-environment changes in Junggar
Basin [23]. The shrinking water area of ELWNNR and the intensified damage to the eco-environment
have caused a series of environmental problems, which are mainly due to the rapid increase in
population and expansion of the economy in the area around Ebinur Lake basin in recent years, the
increase of water consumption and other factors [22]. With the action of wind, frequent salt dust storms
occur in ELWNNR, making the lake area the main salt accumulation area. Increasingly, soil salinization
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has gradually become one of the main forms of environmental degradation in the ELWNNR [21]
(Figure 1).

Loadsd et IVE 82° 40'0°E 83° 0'0°E 83" 20°0°E 83° 40'0°E

N

a0
oo
i
>z
arvoN
0" 0N

15" 00"\

4

........ [

000N
i
i
300

14° 400N

447 40'0°N

Legend

®  Sampling locations =1 = km B

(wel season) 0 5 10 20 30 40

82° 40°0°E 83 00°E 83" 20'0°F 83° 40°0°E
) ) \

10°0'0°N
10°0'0°N

45° 0°0°N

i
15° 0'0°N

45°00"N
45°00"N

14° 400N
14° 40°0°N

Legend

@  Sampling locations
(dry season)

44°00°N

Legend

400N

EVNNR e e

0 5 10 20 30

SO00E SI00'E S200'E SIO0E SO0E SS00E 82° 40°0°E 83" 0°0°E 83° 20'0°E 83" 40°0°E

Figure 1. Location maps of the study area: (a) location map of Ebinur Lake basin in China, where the
map of China uses the network base map that comes with Arcgis 10.3; (b) Ebinur Lake basin; (c) the
wet season of ELWNNR; (d) the dry season of ELWNNR; (e) large areas of salinized soil; (f) halophytic
vegetation grows in salinized soil; and (g) a large salt crust. ELWNNR, Ebinur Lake Wetland National
Nature Reserve.

3. Data and Methodology

3.1. Investigation and Analysis of Field Data

Based on the spatial distribution characteristics of the ELWNNR landscape and spatial differences
in soil salinity, field samples were collected in May 2018 (wet season) and August 2018 (dry season),
respectively. Soil samples of topsoil (0-10 cm), shallow soil (2040 cm), and deep soil (60-80 cm)
were collected and the relevant parameters were measured (soil salt content and soil water content).
In total, 42 soil samples were collected in May 2018 and 45 soil samples were collected in August 2018.
Soil samples were sealed in plastic bags and taken back to the laboratory. Then, the soil was dried
naturally, ground, and sifted using a 2-mm hole sifter. The ground sample was made into an extract
with a ratio of 1:5 soil water mass, and the total salt content of the sample was determined by a TZS-EC-I
soil salinity meter (Zhejiang Top Instrument Co, Ltd., Hangzhou, China). The soil salinity value was
divided into five grades according to the “working outline of Xinjiang county-level salinization land
improvement and utilization planning” issued by the Xinjiang water resources department and the soil
salinity data of samples [24] (Table 1). Soil moisture was measured by oven drying method. During
field sampling, soil samples were collected using an aluminum specimen box and weighed. The soil
moisture in the aluminum box was then dried in a drying oven. Finally, the dried aluminum specimen
box was weighed and calculated to obtain the water content of the soil (in percent).

Table 1. Degree of soil salinization.

Degree of Soil Salinization Non-Saline Soil Mildly Saline Soil Moderately Saline Soil Severely Saline Soil Saline Soil
soil salt content g/kg <1 1-6 6-10 10-20 >20
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3.2. Acquisition of Remote Sensing and Digital Elevation Model Data

Optical remote sensing data from the concurrent field surveys Landsat-8 OLI and Sentinel-2 MSI
were selected for this study to invert the drivers of soil salinity risk. Sentinel-2 MSI image data were
acquired in the wet season (20 May 2018) and dry season (28 August 2018), and Landsat-8 image data
were acquired in the wet season (27 May 2018) and dry season (31 August 2018). Landsat-8 OLI and
Sentinel-2 MSI data were obtained from https://earthexplorer.usgs.gov/ and https://scihub.copernicus.
eu/, respectively. Sentinel-2 data and Landsat-8 have their advantages (File S1). Among them, Sentinel-2
MSI has a higher spectral resolution, while Landsat-8 OLI has a thermal infrared band. The RS data
were pre-processed by means of radiometric calibration, atmospheric correction, stitching, cropping,
and geometric correction to obtain images of the study area. In addition, Digital Elevation Model
(DEM) data were downloaded with LocaSpaceViewer4 (Suzhou Zhongketuxin Network Technology
Co. LTID., Suzhou, China) software to provide high-precision data source for slope and aspect direction
inversion (12 m).

Terrain variables derived from DEM indicate the direction of water movement in the soil directly
or indirectly as well as the change of accumulation mode and location of soil salt [25]. Therefore, it is
reliable to take elevation, slope, and aspect (DEM, S_slo, and S_asp) as some of the influencing factors
of salinization process. The elevation, slope, and slope direction of the study area do not vary with the
seasons, and the spatial distribution topographic map is shown in Figure 2. As can be seen in the map
below, Ebinur Lake is at the lowest elevation, while the northern and southeastern parts of the lake are
mountainous and higher. In addition, the slopes in the lake area are less steep, while the mountains
are steeper.

3.3. Selection of Risk Sources for Salinization

On the basis of the existing research results and referring to the actual situation and historical
data of the research area [26-28], the intensity and range of various salinization risk sources were
summarized, and the risk factors that represent the actual situation of the research area were selected.
Considering many factors such as the integrity of the data in the study area and its representativeness,
the authors chose the surface temperature, the surface elevation, the surface slope, the surface aspect,
the normalized differential vegetation index, the plant senescence reflectance index, the land-use and
land-cover change, the surface soil water content, the shallow soil salt content (2040 cm, g/kg), the
shallow soil water content (2040 cm, %), the deep soil salt content (60-80 cm, g/kg), and the deep soil
water content (60-80 cm, %) as risk sources, for a total of 12 factors. The surface soil water content, the
land-use and land-cover change, the soil salt content of soil in shallow depth, the soil water content in
shallow depth, the soil salt content of soil in deep depth and the soil water content in deep depth, i.e. a
total of 12 salinization risk sources, were used to establish salinization risk evaluation index system
(Table 2).

Table 2. Data acquisition of soil salinization risk sources in the study area.

Resolution of

Salinization Risk Source Abbreviations Unit Data Sources Data Acquisition Data Type Reference

the Data
Surface temperature S_tem °C Landsat-8 OLI Inversion 30m Vector data [29]
Surface elevation S_ele m Field acquisition ~ Spatial interpolation - Vector data [30]
Surface slope S_slo % DEM Inversion 12m Raster data [30]
Surface aspect S_asp - DEM Inversion 12m Raster data [30]
Normalized differential vegetation index NDVI - Sentinel-2 MSI Inversion 10m Raster data [31]
Plant senescence reflectance index PSRI - Sentinel-2 MSI Inversion 20m Raster data [32]
Land-Use and Land-Cover Change LuCC - Sentinel-2 MSI Inversion 10 m Raster data [33]
Surface soil water content S_wat % Field acquisition ~ Spatial interpolation - Vector data
Soil salt content at shallow depths SH_sal g/kg Field acquisition ~ Spatial interpolation - Vector data
Soil water content at shallow depths SH_wat % Field acquisition ~ Spatial interpolation - Vector data
Soil salt content at deep depths D_sal g/kg Field acquisition ~ Spatial interpolation - Vector data
Soil water content at deep depths D_wat % Field acquisition ~ Spatial interpolation Vector data

DEM data were downloaded with LocaSpaceViewer4 (Suzhou zhongketuxin network technology co. LTD.,
China) software.
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Figure 2. Topographic map of the study area: (a) The DEM data of the study area; (b) the surface aspect
of the study area; and (c) the surface slope of the study area.
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3.4. Experimental Research Methods

3.4.1. Correlation Coefficient Analysis and Test Method

Correlation analysis is the traditional method of studying correlations between the random
variables, that is, examining whether there is a dependency between the phenomenon and discussing
linearly the direction and extent of the correlation [34]. The T-test can be used to test whether the
correlation coefficient is Significant [35]. The specific calculation formula is as follows:

CON(X,Y)  E((X-px)(Y-py))

= = 1
PXY o0y ey 1)
Vi —2 X pX,Y
f= XY @)
p
1- (pX,Y)

In the Formula (1): X and Y represent different variables, py y is the value that describes the
correlation between X and Y variables. The numerator is the covariance of X and Y, and the denominator
is the product of the standard deviations of the two variables. In the Formula (2): N represents the
total number of variables X and Y. When T < T(n—2), the correlation coefficient is significant.
MATLAB-R2014b (The Mathworks Inc., Natick, MA, USA) software was used to analyze the
experimental data and draw a correlation map.

3.4.2. The Land Use Degree Index

Land use index is a parameter used to quantify land use/land cover change (LUCC), which mainly
reflects the breadth and depth of land use [36]. The degree of land use is divided into several grades
according to the natural balance state of the land natural complex, and the grading index is given.
Quantitative expression of the land use degree index:

L =100x (Ai X Ci) 3)

n
i=1

In the formula: L is the index of soil utilization degree; A; is the i grade land use degree grading
index of the study area; C; is the percentage of land use grading area in the region; # is the gradation
number of land use degree.

3.4.3. Spatial Interpolation Method

There are two main classifications of spatial interpolation methods: deterministic interpolation
methods and geostatistical methods [37]. Kriging’s method is a geostatistical method that gives the best
linear unbiased prediction (BLUP) and is therefore also known as a spatially optimal unbiased estimator
in geo-statistics [37,38]. This method is commonly used in soil science and geology. The spatial variation
of soil regionalization variables is caused by structural factors and random factors, and structural
factors (climate, terrain, soil parent material, hydrogeological conditions, etc.) are the reasons for the
spatial continuity of variables [39]. In this study, Kriging’s geo-statistics method is used to express the
physical properties of soil spatially, which not only has the function of producing prediction surface,
but also can provide some measure for the certainty or accuracy of prediction (File 52).

3.4.4. Comprehensive Soil Salinization Grading Method

The soil salinization comprehensive score method is a comprehensive evaluation system that
takes into account multiple driving factors [6]. The continuous summation operation in the soil
salinization comprehensive score method reflects the interaction between the evaluation indicators
and the minimum factor limiting rate law. The model also takes into account the influence of the
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values of the evaluation indicators, the weights of the evaluation indicators, the interactions between
the evaluation indicators, and the minimum factor limiting rate law on soil quality, which is more
realistic [40]. The formula is as follows:

SQ=[ | (KixQi) @)

n
i=0

SQ" = (SQ — SQ_min) / (SQ_max — SQ_min) (5)

In Formula (4), SQ is the soil salinization risk score, K; is the weight, and Q; is the different driving
factors. In formula (5), SQ’ is the soil salinization risk score after normalization, with SQ_min as
the minimum and SQ_max as the maximum. In this paper, Q; is a different driving factor of soil
salinization. By establishing the evaluation standard of each element, the risk level is divided by the
normalization method.

4. Results and Analysis

4.1. Statistical Analysis of Soil Samples

The salt content of the soil surface is the first factor in characterizing the risk of soil salinity;
therefore, the statistical results of the surface salinity data are shown in Figure 3. Violin diagrams
combine the characteristics of box diagrams and density diagrams and are mainly used to represent
the distribution patterns of the data. The thick black line in the middle indicates the interquartile range
and the thin black line in the middle indicates the 95% confidence interval. On the whole, there was
little difference in the distribution of salinity between the dry and wet seasons, but the maximum
value of surface salinity in the wet season was greater than in the dry season. The pie chart shows the
distribution of the different types of salinized soils during the wet and dry seasons according to the
salinized soil classification criteria in Table 1. The distribution of the values basically conforms to the
normal distribution law. In the wet season, the number of mildly saline soil samples was the most,
14 in total, with an average of 3.1; in the dry season, the number of moderately saline soil samples was
the most, 13 in total, with an average of 7.7.

4.2. Spatial Distribution of Salinization Influencing Factors

4.2.1. Vector Factor Analysis

To generate visual spatial maps of salinity risk parameters, spatial interpolation of salinity risk
factor data in the study area was used to transform point data into spatial data using the kriging spatial
interpolation method. As the spatial expression of the kriging method on the physical properties of the
soil provides predictive accuracy, selected kriging methods are suitable to reflect the spatial variation
in the physical properties of the soil [11]. In this work, the root-mean-square and standardized median
errors of the spatial distribution plots were less than 5.5 and —0.28, respectively. The spatial distribution
diagram of influencing factors of salinization by GIS interpolation in wet season is shown in Figure 4.
The spatial distribution diagram of influencing factors of salinization by GIS interpolation in dry season
is shown in Figure 5.
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Figure 3. Description of sampling point data distribution of the salt content of soil surface: (a) violin
plots showing the descriptive statistics of soil salinity for the wet and dry seasons; and (b,c) pie chart
showing the distribution of salt values at different levels (five levels).

4.2.2. Remote Sensing Factor Analysis

In this study, optical remote sensing data of pre-processed Landsat-8 and Sentinel-2 data
(radiometric calibration, atmospheric correction, etc.) were selected to invert soil salinization risk factors
including NDVI, S_tem, PSRI, and LUCC. As is known, NDVI is an index of planting, and its sensitivity
will be reduced when Leaf Area Index (LAI) value is high, that is, when vegetation is dense [41,42].
PSRI is used to maximize the sensitivity of carotenoids to chlorophyll ratios (e.g., «-beta-carotene
and p-beta-carotene). The increase of PSRI predicted the increase of canopy stress, the onset of
vegetation senescence, and the maturation of plant fruits, indicating the health and degree of stress of
vegetation to some extent [43]. Previous studies have shown that it was reliable to take NDVI, S_tem,
and LUCC as the risk factors of salinization [44]. Maximum likelihood method was used to obtain the
land-use/land-cover (LUCC) raster-plot of the study area [45]. To ensure its reliability, the precision
of remote sensing inversion results was verified by combining the confusion matrix method and
field investigation. The spatial distribution diagram of influencing factors of salinization by remote
sensing in wet season is shown in Figure 6. The spatial distribution diagram of influencing factors of
salinization by remote sensing in dry season is shown in Figure 7.
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Figure 4. Data of salinization risk factors obtained by GIS interpolation in wet season: (a) spatial
distribution of the SH_wat risk factors; (b) spatial distribution of the SH_sal risk factors; (c) spatial
distribution of the D_wat risk factors; (d) spatial distribution of the D_sal risk factors; and (e) spatial
distribution of the S_wat risk factors.
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Figure 5. Data of salinization risk factors obtained by GIS interpolation in dry season: (a) spatial
distribution of the SH_wat risk factors; (b) spatial distribution of the SH_sal risk factors; (c) spatial
distribution of the D_wat risk factors; (d) spatial distribution of the D_sal risk factors; and (e) spatial
distribution of the S_wat risk factors.

The main land cover types of ELWNNR are water, vegetation, lakeside area, mountain area,
bare area, and desert area. Land-use type maps were obtained through field surveys and visual
interpretation using the maximum likelihood method, and the accuracy of land-use type maps was
assessed using the confusion matrix method [46]. Kappa accuracy of 94.58% for wet season land
use type maps and 90.64% for dry season land use type maps were obtained. It was found from the
two land use maps that the lake body area of Ebinur Lake has significantly decreased from the wet
season [37] to the dry season (August), and there is a significant difference in water quantity between
the dry season and the wet season, which is consistent with the research findings of Wang et al. [47].
The change of water quantity will lead to the change of other types of features, such as the increase of
lakeside area. The vegetation growth environment will also be affected by the weakening effect of
Ebinur Lake water on groundwater recharge [48].
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Figure 6. Data of salinization risk factors obtained by remote sensing in wet season: (a) spatial
distribution of the LUCC risk factors; (b) spatial distribution of the NDVI risk factors; (c) spatial
distribution of the PSRI risk factors; and (d) spatial distribution of the S_tem risk factors. NDVI,
normalized difference vegetation index; S_tem, land surface temperature; PSRI, plant senescence
reflectance index; LUCC, land-use/land-cover.

82°300"E 83°50"E 83°400"E 82°300°E 83°5'0"E 83°400'E
L
N N
AL AL
z LS z s
2 £ B
s
2 a N b
/ z ” N Z
z s z \ s
£ Legend L2 £ Legend g \_ F3
2+ I Water % 21 High : 0975 \ R oy
o | 0 vegetation * 3 W ¥
[] Lakeside area v By
I Mountain area
I Bare area (s ]
[ Desert area e B8 Low:0 quases vz s
T T T T T T
82°30'0"E 83°5'0"E 83°40'0"E 82°30'0"E 83°5'0"E 83°40'0"E
29300"E 0510"E AT
82300 $30E el o 82°300"E 83°50°E 83°400"E
}N\ N
-4 A z
£ L2 z L2
] > S 4
21 s 2 =1 2
¥ C = d
\ z £ z
z b \ > z s
£ Legend ™\ & LS Z] Legend e L2
F < o s I " =
3 High': 0.82 " ‘\"\”&\ 3 b High : 40.58 ~ 3
& X, a8
| ¥ Uy N =
8 h
' - )
Low : -0.99 042585 17 255 ;‘k Low :-9.57 %ﬁ_ynm
e ——
T T T
T T T 29300°E °30°E °400"E
82°300°E $3°90°E $3°400°E 82°300"E 83°50"E 83°400"E

Figure 7. Data of salinization risk factors obtained by remote sensing in dry season: (a) spatial
distribution of the LUCC risk factors; (b) spatial distribution of the NDVI risk factors; (c) spatial
distribution of the PSRI risk factors; and (d) spatial distribution of the S_tem risk factors. The abnormal
area is due to the distribution of a few cloud areas in the spatial distribution of the dry season
temperature in the Landsat-8 image (August 2018). NDVI, normalized difference vegetation index;
S_tem, land surface temperature; PSRI, plant senescence reflectance index; LUCC, land-use/land-cover.
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4.3. Spatial Data Analysis

According to the different risk assessment factors selected, the statistical results of soil surface
salinity and salinization risk assessment factors of all samples are listed. Specific values for soil physical
property data are given in the Supplementary Materials (S_sal, S_wat, SH_sal, SH_wat, D_sal, and
D_wat) (File S3), where the values in the LUCC represent only different feature types. The results are
shown in the Table 3.

Table 3. Statistical characteristic values of risk assessment factors of salinization in dry and wet seasons.

May 2018 (Wet Season)

Salinization Risk Source Mean Median Standard Deviation Variance Minimum Maximum
S_sal 8.44 6.8 7.94 63.14 0.1 64.4
S_ele 219.85 207.5 65.86 438.61 182 269
S_wat 6.92 3.46 15.03 26.03 0.28 16.54
S_slo 1.25 1.08 1.13 1.29 0 4.76
S_asp 143.15 112.5 136.28 18,572.86 -1 353.66

LUCC 4.33 5 1.09 1.2 2 5
PSRI 0.18 0.16 0.04 0.002 0.14 0.31
NDVI 0.38 0.34 0.12 0.015 0.29 0.78
S_tem 49.13 51.31 5.59 31.29 32.58 55.13
SH_sal 2.59 2.3 1.80 3.27 0 6.9
D_sal 2.07 1.95 1.48 2.19 0 59

SH_wat 7.09 6.56 4.87 23.74 0.35 21.93
D_wat 8.86 8.10 5.80 33.72 0.51 2493

August 2018 (Dry Season)

Salinization Risk Source Mean Median Standard Deviation Variance Minimum Maximum
S_sal 10.18 6.7 13.46 181.28 0 62
S_ele 211.91 205 24.74 612.35 187 289
S_wat 3.23 2.09 343 11.79 0.02 15.64
S_slo 1.37 0.95 1.29 1.68 0 4.76
S_asp 153.81 135 127.21 16,184 -1 355.66
LUCC 4.24 5 1.13 1.28 2 5
PSRI 0.04 0.02 0.06 0.004 -0.03 0.29
NDVI 0.12 0.09 0.12 0.016 0.01 0.59
S_tem 31.29 31.61 3.14 9.9 2491 37.14

SH_sal 2.57 22 2 4.015 0 7.2
D_sal 2.02 1.8 1.62 2.65 0 6.7
SH_wat 5.74 4.73 4.46 19.92 0.52 20.02
D_wat 8.79 6.65 12.75 162.7 0.32 35.87

The numbers in LUCC: 1 is water; 2 is vegetation; 3 is lakeside area; 4 is mountain area; 5 is bare area; and 6 is desert
area. A value of —1in S_asp indicates no slope and the sampling point is flat.

Table 3 shows that the numerical distribution of all salinization influencing factors is relatively
uniform. In terms of terrain factor data, elevation ranges from 182 m to 269 m at wet season sampling
sites and from 187 m to 289 m at dry season sampling sites, with maximum elevation differences do not
exceed 102 m; the mean slope values at the sampling points were all less than 1.5; and there was little
difference in mean slope orientation between the dry and wet season soil sampling sites, with slope
orientations ranging from -1 to 360 (see the legend in Figure 2 for specific directions). In terms of
vector factor data, the average wet season surface water content is 6.98% and the average dry season
surface water content is 3.23%, indicating that wet season surface water content is higher than dry
season surface water content; the mean values of SH_sal and D_sal are much lower than the mean
value of S_sal (both wet and dry seasons); the regularity of the distribution of soil water content is that
the mean value of D_wat is greater than SH_wat than S_wat (both wet and dry seasons). In terms of
remote sensing factor data, the vegetation is in an active growth phase during the wet season with
abundant precipitation. It can be seen from the data that the mean values of NDVI and PSRI are both
higher in the wet season than in the dry season (the mean values of NDVI and PSRI were 0.38 and 0.18
in the wet season and 0.12 and 0.04 in the dry season, respectively); the mean value of S_tem in the wet
season is higher than the mean value of S_tem in the dry season; and the soil use types distributed at
the sampling sites were mainly vegetated areas, lakefront areas, mountainous areas, and bare areas.
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4.4. Risk Weighting Analysis of Driving Factors

The magnitude of the role of risk evaluation factors in the overall composition of soil salinization
risk is called the risk weight [49]. To assess the risk level of soil salinization in the study area, it is
first necessary to consider the risk weights of the evaluation factors. With the aim of minimizing the
excessive involvement of human subjective factors, this study used the correlation coefficient method
to determine the weights of each evaluation factor for salinization risk [34]. Furthermore, the land use
degree index was used to quantify the LUCC and to perform correlation analysis, which can further
improve the reliability of the model. The correlation between soil salinization driving factors and
surface salt was then established, and the correlation charts of dry and wet seasons were obtained,
respectively (Figure 8).
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Figure 8. Correlation of salinization risk in wet season and dry seasons. * significantly correlated at the
level of 0.05 (unilateral); ** significantly correlated at the level of 0.01 (unilateral).

In the wet season, the high correlation between SH_sal and D_sal reached 0.780; NDVI and LUCC
were the next highest at —0.675; and LUCC and S_tem also reached 0.650. In the dry season, the
correlation between SH_sal and D_sal was highest at 0.855; the correlation between PSRl and NDVIwas
next at 0.764; and the correlation between SH_sal and SH_wat also reached 0.647. Overall, the relevance
of LUCC to NDVI was higher in both the dry and wet seasons, suggesting that, when land use patterns
change, the vegetation cover changes accordingly. In addition, the D_sal and SH_sal correlations were
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higher in both the dry and wet seasons, indicating to some extent the spatial continuity of soil physical
properties. Surface soil salinity (S_sal) is the main form of spatial expression of soil salinization risk
and can serve as the primary sequence for evaluating soil salinization risk [15]. Thus, correlation
coefficients and absolute values between the driving factor and S_sal were obtained. The weighting
coefficient of salinization risk of 12 evaluation factors was obtained after the standardized treatment,
as shown in Table 4.

Table 4. Weight of soil salinization risk assessment factors in dry and wet seasons.

Wet Season Dry Season
Correlation Value  Absolute Value Weight % Correlation Value ~ Absolute Value Weight %

S_ele —0.026 0.026 1.19 -0.076 0.076 3.50
S_wat -0.107 0.107 4.92 0.065 0.065 2.99
S_slo -0.026 0.026 1.19 -0.058 0.058 2.67
S_asp —-0.128 0.128 5.88 -0.153 0.153 7.04
LUCC -0.223 0.223 10.25 -0.292 0.292 13.45

PSRI 0.304 0.304 13.98 0.158 0.158 7.27
NDVI 0.255 0.255 11.72 0.146 0.146 6.72
S_tem -0.175 0.175 8.04 0.13 0.13 5.98
SH_wat 0.246 0.246 11.31 0.147 0.147 6.77
D_wat 0.287 0.287 13.20 0.289 0.289 13.31
SH_sal 0.279 0.279 12.83 0.396 0.396 18.24
D_sal 0.118 0.118 5.42 0.261 0.261 12.02
Account 2.174 1 2.171 1

In the wet season, the weight coefficients of salinization risk assessment factors were in the order:
PSRI > D_wat > SH_sal > NDVI > SH_wat > LUCC > S_tem > S_slo > D_sal > S_wat > S_ele >
S_asp. From the experimental results, the PSRI has the highest weight among the risk drivers of soil
salinization in the wet season. In the dry season, the weight coefficients of salinization risk assessment
factors were in the order: SH_sal > LUCC > D sal > D_wat > PSRI > S_slo > SH_wat > NDVI >
S_tem > S_ele > S_wat. The SH_sal has the highest weight among the risk drivers of soil salinization
in the dry season. In general, LUCC, SH_sal, SH_wat, and D_wat are important drivers in both the
dry and wet seasons. LUCC with a weight of 10.25% in the wet season and 13.45% in the dry season
goes some way to suggest that changing the utilization mode of soil in the study area would be a
means of improving salinized soils. SH_sal has a weight of 12.83% in the wet season and 18.24% in
the dry season. From the experimental results, it was found that SH_sal has a greater effect on the
soil salinization process relative to D_sal. For soil water, both SH_wat and D_wat have an important
influence on the salinization process occurring on the surface. Furthermore, for the study area, S_tem
and S_wat have a small weighting share and are not the main drivers of soil salinization in the area.
Furthermore, the results show that the S_ele, S_slo, and S_asp directions have little effect on the soil
salinization process in the study area. This may be due to the flat terrain of the ELWNNR areas, which
does not play a major role in driving the process of soil salinization in the ELWNNR areas.

4.5. Spatial Distribution and Accuracy Verification of Soil Salinization Risk

The risk of soil salinization indicates the potential for soil salinization hazards and can provide
early warning of soil salinization erosion [49]. In view of the soil salinization degree, distribution
status and eco-environment status of the ELWNNR, the classification method adopted by relevant
research is more suitable for the classification standard of soil salinization risk [6,44,50]. The risk level
of salinization is mainly divided into five levels: risk-free area, low-risk area, moderate-risk area,
high-risk area, and very high-risk area (Table 5).

Table 5 shows that the largest area at risk of salinization in the wet season is the moderate-risk area
with 36.96% of the area. The moderate-risk area is also the largest in the dry season with 57.79% of the
area. To visualize the area at risk of salinization, the soil salinization evaluation model was established
by the integrated soil quality scoring method, and the spatial distribution of the soil salinization risk
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was obtained using the kriging interpolation method. Finally, the spatial distribution of soil salinization
risk was mapped according to the classification criteria.

Table 5. Criteria of soil salinity risk classification and area-statistics at each risk rating in study area.

Wet Season Dry Season
Risk Level Degree of Risk Risk-Value Range
Acreage/m®  Proportion of Area/%  Acreage/m?>  Proportion of Area/%
1 Risk-free area <0.1 301.14 8.86 477.06 14.04
2 Low-risk area 0.1-0.3 405.03 11.92 5429 15.98
3 Moderate-risk area 0.3-0.4 1255.27 36.96 1962.7 57.79
4 High-risk area 0.4-0.5 1090.9 3212 245.5 7.22
5 Very high-risk area >0.5 343.9 10.12 168.05 4.94

3396.24 1 3396.21 1

Figure 9 shows that there are significant spatial differences in the risk of soil salinity in different
areas of the study area. The ELWNNR is primarily at moderate risk. The high-risk and very high-risk
areas are concentrated in the southern and western parts of the lake. Compared to other areas, the area
has flat topography, low groundwater hydraulic gradients, and high groundwater content, creating a
saline aggregate environment. The mountain region is primarily a risk-free area in the northern part of
the study area. The main reason for this is the high terrain in the mountains and the very low water
content of the shallow subsurface soil, which makes soil salinization less likely. In addition, the area is
located in the inlet of the Atasu-Alazan Pass, where the ground surface is mostly sharply grained and
lacks soil conditions for soil salinity. The results indicate that the risk of soil salinity is higher in the
wet season than in the dry season.

Soil surface salinity (S_sal) is an important feature to verify the distribution of soil salinity risk,
and the correlation between salinity risk and surface soil salinity can explain the reliability of the model
(Ali et al., 2012). Therefore, surface soil salinity values (S_sal) and soil quality composite score (SQ)
values were correlated (Spearman correlation) using SPSS software (International Business Machines
Corporation, USA) for the dry and wet season sampling sites, as shown in Table 6.

Table 6. Accuracy verification of soil salinization risk.

Number Mean Value of S_sal Standard Deviation of S_sal = Mean Value of SQ  Standard Deviation of SQ  Correlation
87 9.7968 12.68 0.46 0.28 0.703 **

** Significantly correlated at the level of 0.01 (unilateral).

Based on fieldwork and correlation test results, the risk of salinization in the study area has a
high temporal and spatial correlation with soil salinity. This indicates the credibility of the soil quality
scoring method assessment analysis constructed in this study. In further research in this study area,
the thinking and research methodology of this study can be referenced and salinization risk weights
considered to provide an a priori empirical and technical reference for analysis in predicting soil
salinization risk.

4.6. Soil Salinization Risk Transfer in Dry and Wet Season

How does the risk of regional salinization vary from the wet season (May) to the dry season
(August)? To further analyze the trends in soil salinity shifts during the wet and dry seasons, we
depicted Sankey diagrams capable of highlighting changes in the risk of soil salinity during the wet
and dry seasons (Figure 10). Sankey diagrams, a mapping method with the advantage of visual
representation, can show changes in risk levels of soil salinity over the wet and dry seasons through
changes in flow between different categories over time.

Figure 10 shows how the risk of soil salinity in the ELWNNR varies from one category to another,
and the flow of the lines indicates the direction of change in salinity risk. Additionally, the risk of
salinity in the wet season is dominated by moderate, high, and very high risk, while the risk of salinity
in the dry season is dominated by low and moderate risk. Some of the moderate-risk areas in the wet
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season changed to no-risk and low-risk areas in the dry season, while the high-risk areas in the wet
season mainly changed to moderate-risk areas in the dry season. Overall, the risk of soil salinization is
higher during the wet season and decreases with the transition to the dry season.
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Figure 9. Spatial risk profile in wet and dry seasons.
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Figure 10. Salinization risk transfer diagram.

5. Discussion

5.1. Influence of Lake Water Volume on Soil Salinization

The ELWNNR area has a wide variation in lake water volume during the dry and wet seasons,
with the wet season lake water volume significantly higher than the dry season lake water volume.
To explore the influence of the water volume of Ebinur Lake on the risk of salinization, the water
volume change and salinization risk transfer in the dry and wet seasons of Ebinur Lake wetland reserve
were analyzed as follows (Figure 11).

2000 == water
1800 A Risk-free area
1600 —#&— Low risk area
1400 - —=—Moderate risk area
:JS 1200 1 —#—High risk area
3
E 1000 A —e—Very high risk area
800 1
600
400 1
200 A
0

‘Wet season Dry season

Figure 11. Relationship between lake water volume and soil salinization risk transfer.

During the transition from wet season to dry season, the amount of water in the lake decreased by
about 100 km?. At the same time, the risk of soil salinization has changed. The risk-free, low-risk and
moderate-risk areas showed an upward trend, among which the risk-free and low-risk areas increased
by about 100 km?. The regions of high-risk and very high-risk regions showed a downward trend,
among which the very high-risk region decreased by about 100 km?. The decrease of lake water reduces
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the “water action” of salt accumulation environment in the ELWNNR. In addition, Table 3 shows that
the S_sal in the dry season is higher than that in the wet season, indicating that the surface salinity
from wet season to dry season is a process of accumulation and increase, but the risk of salinization is
gradually reduced. The ELWNNR area was reduced to 1070 km? of lake water at one point before 1950
due to climate change. Following 1950 and the impact of human activities, the lake continued to shrink,
reaching a minimum of 500 km? in 1987 [48]. Changes in the volume of water in the lake have caused
increased soil salinization and dramatic ecological changes [51]. The area became a national nature
reserve in April 2007, and the ecological and salinization status of the area has improved as a result
of policy and human protection. The present results demonstrate the direct role of changes in water
volume on the risk of salinity in the ELWNNR. This indirectly shows that, through macro-regulation of
water for human production and consumption in the Ebinur Lake basin, it is possible not only to play
an important role in ecological conservation, but also to significantly reduce the risk of salinization in
the region.

5.2. Effects of Soil Salinity on Eco-Environment

Soil salinization is one of the main causes of land degradation in arid and semi-arid areas of the
world, which affects vegetation growth and increases ecological risks [52]. The causes of soil salinization
vary from season to season. Therefore, understanding the drivers of soil salinization is important
for improving soil quality and ecology and increasing crop yields. The salinized environment has
multiple effects on vegetation such as permeation, oxidation, and ionotoxicity [53]. Salt acts as a growth
inhibitor for most plants because excess salt ions in the soil solution cause indirect loss of vegetative
nutrients in addition to direct toxicity [54]. The degree of soil salinization directly affects crop yields
and traits and is one of the main causes of reduced agricultural yields. In addition, the accumulation of
salt on the surface of the ELWNNR has become the main cause of salt dust weather in the area north of
Tianshan, causing air pollution and other problems. Therefore, understanding the main drivers of soil
salinization and mapping the distribution of soil salinization risk can help to understand the extent
of local soil salinization and provide theoretical support for land use planning and soil salinization
control, thus ensuring environmental protection and agricultural development in the ELWNNR.

5.3. Applicability of Risk Factors

This study successfully constructed an assessment model of salinization risk, but there are still
some deficiencies and the uncertainty of the assessment results. Soil salinization is usually caused by
the combined action of nature and human activities. ELWNNR is a restricted area with few people, so
the researchers did not select the human factor as a driving factor. In addition, the main driving factors
of salinization will be different due to the different geological conditions, natural conditions, and human
conditions in different regions. The generalization ability of the assessment model of salinization
risk constructed needs to be further verified. The data sources were relatively complex, including
raster data, vector data, attribute data, and point, line, and surface data in this study. Some of them
were obtained by remote sensing quantitative inversion and the others were generated by GIS spatial
interpolation. Therefore, there may be some uncertainty about the effective assimilation of these data.
Future research will further improve the data to reduce the interference of human influence, as well as
further improve the assimilation mechanism of these data. The further optimization of the quantitative
assessment model of salinization risk is expected to provide a data basis for the management of land
resources and the protection of eco-environment in the oasis in arid areas, and provide a reference for
the risk decision in the sustainable development of the region.

6. Conclusions

Based on the risk weight of evaluation factors determined by correlation coefficient analysis
method, this paper introduces a comprehensive scoring method to construct a comprehensive scoring
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system of salinization risk in the study area and constructs the soil salinization risk evaluation model.
The following conclusions can be drawn from this study.

1. The correlation coefficients of risk assessment factors of salinization in the study area were
obtained. During the wet season, the weighting factor of the soil salinization risk evaluation
factor was greatest with the plant senescence reflectance index (PSRI), followed by the deep soil
water content (D_wat) and the shallow soil salinity content (SH_sal). During the dry season, the
weighting factor for the salinization risk evaluation factor was highest for shallow soil salinity
content (SH_sal), followed by land use and land cover change (LUCC) and deep soil water content
(D_wat).

2. The risk of salinization differs between the wet and dry seasons in the study area. The wet
season is characterized by a relatively high risk of salinization, mainly in the form of moderation
risk, high risk, and very high risk. Among them, moderate-risk areas account for 36.96% of the
ELWNNR area, followed by high-risk areas at 32.12%. In contrast, the dry season experiences
mainly low to moderate risk of salinization. Among them, moderate-risk areas account for 57.79%
of the protected area, followed by low-risk areas at 15.98%. These results show that the dry season
is better for agricultural production than the wet season due to lower risk of soil salinity.

3. From the Sankey diagram’s transfer matrix, it was found that, as the season moves from wet to
dry (from May to August), moderate-risk area (in the wet season) shifts to low risk and risk-free
(in the dry season). Similarly, the area of high risk in the wet season shifts to moderate risk in the
dry season. This is mainly because the reduction in the volume of water in the lakes decreases the
“water action” of the salt-accumulating environment from wet to dry seasons.
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