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Abstract: The Hetao Irrigation District is a typical salinized irrigation district in China, and soil
salinization restricts agricultural development. To explore the spatial and temporal variability of
soil water and salt and the coupling relationship in the Hetao Irrigation District, a field experiment
was carried out at the scale of the Yichang Irrigation District branch canal in the downstream of the
Hetao Irrigation District. Fifty-three soil sampling points were established to analyze the spatial and
temporal variability of soil water content and total salt content and the coupling relationship using
geostatistics and the coupling degree model. The results showed that soil water content in the study
area belonged to medium variability and weak variability, and soil total salt content belonged to
strong variability and medium variability. The theoretical models of soil water content and total salt
content semi-variance function in the study area following the Gaussian model, with the block-base
ratio less than 25%, with strong spatial autocorrelation, and the spatial correlation gradually increased
with the increase of soil depth. The total salt content of the soil in the study area was interpolated
with higher accuracy using radial basis functions as compared to ordinary kriging interpolation. In
terms of temporal changes in salinity, the average salt accumulation rate of the 0–100 cm soil layer
in the study area was 20.17% when salinity increased from May to June; the average desalination
rate was 16.37% when salinity decreased from June to August. The main factors affecting soil salinity
in cultivated land during the growing period were irrigation, precipitation, and planting crops,
and the main factors affecting soil salinity in wasteland were precipitation and topography. The
average coupling degree of soil water and salt in wasteland in the study area was lower than that of
cultivated land, ranging from 65.15% to 86.59% of that of cultivated land. The level of coordination is
marginal coordination for cultivated land and marginal disorder for wasteland. The study provides a
theoretical basis for the prevention and control of soil salinization in arid areas.

Keywords: soil water and salt; spatial and temporal variability; geostatistics; coupling relationships;
cultivated and wasteland; branch canal scale

1. Introduction

The Hetao Irrigation District is a typical mega-irrigation district in the Yellow River
Basin of China [1] and the largest self-flowing irrigation district in Asia [2]. Its yellow
diversion control area is 1.162 million hm2 [3], and it is an important production base for
China’s major grain and cash crops [4]. Being located in an arid inland area, it suffers from
strong evaporation and low precipitation all year round, with a high water table, leading to
serious soil salinization problems [5]. This, together with anthropogenic factors such as
farming practices and irrigation, has led to increasing secondary soil salinization [6]. Soil
salinization has become an urgent problem in the Hetao Irrigation District [7].

Soil water and salt are characterized by high spatial variability under the combined
influence of climate, soil type, topography, and human activities [8,9]. Geostatistics is a
widely used method for studying soil spatial variability, describing these properties through
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semi-variance functions [10]. Geostatistics is a reliable approach for examining the spatial
properties and variability of soils [11]. Using geostatistical methods to explore the spatial
variability characteristics of soil water content and salinity can reflect the distribution and
variability characteristics of water and salinity in the area more intuitively and effectively.
It can also recognize and grasp the spatial correlation of soil water content and total salinity
and clarify the dynamic changes of soil water and salt, thus providing a theoretical basis
for the solution of local soil salinization problems [12].

Understanding the spatial and temporal variability of soil water and salinity is a
critical component of managing salinized soils and improving crop yields, as well as
formulating related management strategies [13]. This topic has been the focus of extensive
research by scholars both domestically and internationally [14,15]. Rongjiang Yao et al. [16]
analyzed the spatial variability of soil salinity in different soil layers of typical plots in
the Yellow River Delta. Their study aimed to reveal the spatial variability pattern of
soil salinity, which extended the understanding of spatial and temporal variability of
soil salinity in both horizontal and vertical scales. Jinzheng Zhu et al. [17] investigated
the spatial and temporal variability of soil salinity in green areas of the Tianjin Binhai
Development Zone to establish a theoretical basis for alkali drainage and salt control in the
region’s green areas. Igor Bogunovic et al. [18] studied the spatial variability of soil chemical
properties of agroecosystems in eastern Croatia, examining the short-term and regional
spatial variability of several soil chemical properties to provide quantitative information
for regional planning and environmental monitoring and protection. Xu Dou et al. [12]
studied the spatial variability of soil salinity in a typical zone of the Hetao Irrigation District
and considered the effect of groundwater burial depth on soil salinity, reflecting the degree
and state of salinization within the root layer of soil vegetation. Zhanyong Fu et al. [19]
quantified the soil salinity content, anions, and cations in the pre-monsoon, monsoon,
and post-monsoon seasons of Shenier Island in the Yellow River Delta. They concluded
that soil salinity exhibited significant spatial heterogeneity and seasonality in different
microtopographic types. Yannan Liu et al. [20] analyzed the spatial and temporal variability
of soil water content and salinity at different depths and their relationship, considering
the effects of groundwater burial depth and mineralization on soil salinity. Their findings
provide technical support for the prevention and control of soil salinization in arid zones.

The study of soil water–salt coupling can better understand the transport and trans-
formation process of water and salt in the soil, which is of great significance for the rational
use of land resources and the prevention of land salinization. Xudong Zhang et al. [21]
reviewed the coupling of heat, salt, mechanics, and gas based on water–salt transport
and provided an outlook on the future direction of soil salinization in a carbon-neutral
environment. Qingfeng Wang et al. [22] studied the coupling effect and mechanism of
water, heat, and salt in permafrost in the source region of the Yellow River on the Tibetan
Plateau, providing a scientific basis for soil salinization research. Yong Guo et al. [23]
studied the soil water and salt dynamic law of different landscape units in arid inland areas
under water-saving irrigation conditions, constructed a BP neural network soil water and
salt coupling model, and provided a theoretical basis for the mechanism of soil water and
salt mutual influence. Congliang Luo et al. [24] established a three-field coupling model of
water–heat–salt in unsaturated sulfuric acid saline soil, which provides a reference for the
treatment of soil salinization and engineering construction in arid zones.

At present, a large number of studies on the spatial and temporal variability and
coupling relationship of soil water and salt have been conducted at domestic and inter-
national levels. However, all of them focus on the large space and farmland scale, and
there are fewer studies on the spatial and temporal variability and coupling relationship
of soil water salinity in cultivated land and wasteland at the scale of a branch canal. The
Hetao Irrigation District is an alluvial floodplain, and there are many salt wastelands in
the irrigation district with irregular distribution. Wasteland, as a storing area of salinity in
the region, has a close and complex hydraulic connection with cultivated land. Therefore,
mastering the spatial and temporal distribution patterns and characteristics of soil salinity
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in cultivated and wastelands is an important prerequisite for preventing and controlling
soil salinization.

In addition, the spatial and temporal variability and coupling relationships presented
by soil water and salt are different at different scales, and the rational delineation of the
scale is conducive to the correct interpretation of the nature of the research object [25]. The
branch canal scale is a scale between the large space and the field. Compared with the
large space, it is more accurate, and can more accurately reflect the hydrological process
and water resources utilization; compared with the point scale in the field, it can avoid
the limitations caused by the small scale. The study of branch canal scale can also take
into account the influence of topography, soil, vegetation, and other surface features on
hydrological processes, which is more flexible and operable and can be flexibly adjusted
according to the actual situation to meet the different research and management needs.
Therefore, in this study, the Zuo Er Branch Canal in the Yi Chang Irrigation District was
selected for the experiment, focusing on the spatial and temporal variability characteristics
of soil water and salinity in cultivated land and wasteland and the coupling relationship, to
provide a theoretical basis for the improvement and prevention of salinization in the Hetao
Irrigation District.

2. Materials and Methods
2.1. Study Area

The experiment was conducted from May to August 2022 in the Yichang Irrigation
District. The study area is located in Wuyuan County, downstream of the Hetao Irrigation
District in the Yellow River Basin of China, in an irrigation and drainage unit controlled
by the Zuo Er Branch Canal, as shown in Figure 1. The study area is about 2.78 km wide
from east to west and 5.24 km long from north to south, with a total area of 1553 hm2,
of which 1121 hm2 is cultivated and 129 hm2 is wasteland. The geographical location of
the study area is 108◦19′7′′ E~108◦21′19′′ E, 41◦6′41′′ N~41◦9′39′′ N, and the altitude is
1021.23~1025.97 m. The study area has a temperate continental monsoon climate with dry
and windy conditions, variable temperature, sufficient sunshine, strong evaporation, scarce
and concentrated rainfall, large temperature difference between day and night, and a short
frost-free period. The average annual temperature is 6.1 ◦C, the frost-free period is 133 d,
the number of sunshine hours is 3230.9 h, the precipitation is 177 mm, and the rainfall is
concentrated from June to August each year. The average groundwater depth in the study
area from May to August 2022 was 1.7 m. The main physicochemical properties of the soil
in the study area are shown in Table 1.

Table 1. Soil physical properties in the study area.

Soils Layer (cm) Soils Type Soil Bulk Density
(g·cm−3)

Field Moisture
Capacity (%)

Saturated Water
Capacity (%)

0–10 Silty loam 1.55 ± 0.12 24.17 ± 0.04 28.63 ± 0.04
10–20 Silty loam 1.41 ± 0.09 29.72 ± 0.04 33.79 ± 0.04
20–40 Silty loam 1.44 ± 0.04 31.11 ± 0.03 35.53 ± 0.02
40–60 Silt 1.40 ± 0.02 31.32 ± 0.01 35.64 ± 0.01
60–80 Silt 1.33 ± 0.04 36.07 ± 0.02 40.73 ± 0.01

80–100 Silt 1.37 ± 0.02 33.06 ± 0.02 38.91 ± 0.03
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2.2. Experimental Design

The grid method (600 m × 600 m) was used to lay out the soil sampling points;
considering that the ratio of cultivated to wasteland in the study area was 8.69, 44 soil
sampling points were laid out for cultivated land and 9 for wasteland soil sampling points.
Due to multiple factors such as topography, human activities, planting types, and ditch
distribution, field sampling locations were adjusted. Finally, 53 sampling points were laid
out and recorded by GPS technology (Figure 1). Sampling was conducted once a month
from May–August 2022. Soil sampling points were sampled at 20 cm intervals using soil
augers and were added a layer in the surface layer for a total of 6 layers (0–10 cm, 10–20 cm,
20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm). The samples were taken while a portion of
the soil samples were packed in an aluminum box to determine the soil mass water content
using the drying method. A portion of the soil samples taken was air-dried and sieved
through a 1 mm sieve to make a soil–water ratio of 1:5 soil leachate, and the conductivity
was determined using a conductivity meter (Leici DDS-307A, Shanghai, China).

2.3. Research Methodology
2.3.1. Soil Total Salt Content Calculation

The conversion of soil conductivity to total soil salinity is calculated using the equation [26]

C = 3.7657EC1:5 − 0.2405 (1)
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where C is the soil total salt content, g/kg; EC1:5 is the conductivity of soil extract with the
soil—water ratio of 1:5, dS/m.

2.3.2. Coefficient of Variation

The ratio of the standard deviation to the mean is the coefficient of variation, which
can reflect the magnitude of spatial variability in soil water content and total salinity [27]
and is calculated as the equation

Cv =
σ

µ
× 100% (2)

where σ is the standard deviation of the sample; µ is the mean of the sample; Cv is the
coefficient of variation, %. weak variability for Cv ≤ 10%, moderate variability for 10% <
Cv < 100%, and strong variability for Cv ≥ 100% [28].

2.3.3. Semi-Variance Function

The semi-variance is defined as half of the estimated squared difference between
sample values at a given distance [29] and can represent the spatial variance structure of a
variable with the equation

γ(h) =
1

2N(h)

N(h)

∑
i=1

[Z(xi)− Z(xi + h)]

2

(3)

where γ(h) is the semi-variance; N(h) is the lag distance, which is equal to the logarithm
of point h; Z(xi) is the measured value of the variable at point xi; Z(xi + h) is the measured
value of the variable at the deviation h from point xi. The semi-variance function in this
paper is fitted with a Gaussian model, and the expression is the equation

γ(h) = C0 + C(1− e(−
h
a )

2
) (4)

where h is the lag distance; C is the arch height; C0 is the block gold value; C0 + C is the
abutment value; a is the variable range, indicating the maximum correlation distance of
spatial variables.

2.3.4. Ordinary Kriging Interpolation and Radial Basis Functions Interpolation

Ordinary kriging provides the best linear unbiased estimate [30], and, in this paper,
ordinary kriging is used to interpolate to obtain the spatial distribution of soil water
content and salinity in the study area. Assuming that there are n measurement points in the
neighborhood of the estimated point x0, i.e., x1, x2, . . ., xn, the ordinary kriging interpolation
equation is

Z∗(x0) =
n

∑
i=1

λiZ(xi) (5)

where Z(xi) is the observation selected for kriging interpolation near the estimation point x0;
Z*(x0) is the kriging estimate at x0; λi is the weight of the ith observation on the estimation
point x0.

Radial basis functions interpolation is an exact deterministic interpolator with the
interpolation equation [31]

Z =
n

∑
i=1

λiΦ(|x − xi|) + p(x) (6)

where Z is the predicted value; p(x) is a polynomial function; λi is the real valued weight;
|x − xi| denotes the Euclidean distance between x and the center point xi; and Φ is the
radial basis functions.
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2.3.5. Soil Salt Accumulation Rate and Desalination Rate Calculation

The rate of soil salt accumulation is the rate of increase in total soil salt in a given
period compared to the previous period and is calculated by the equation

t =
Si − Si−1

Si
× 100% (7)

where t is the soil salt accumulation rate; Si is the total soil salt in period i; Si − 1 is the total
soil salt in period i − 1.

The rate of soil desalination is the rate of reduction of total soil salinity in a given
period compared to the subsequent period and is calculated by the equation

w =
Si − Si+1

Si
× 100% (8)

where w is the soil desalination rate; Si is the total soil salinity in period i; Si + 1 is the total
soil salinity in period i + 1.

2.3.6. Soil Water and Salt Coupling Coordination Degree Model

To clarify the degree of soil water and salt interaction in the study area, the soil water
content and total salt content data were normalized, drawing on the coupling theory in
physics [32]. The soil water and salt coupling coordination degree model equation was
constructed as

C = 2
[

(u1u2)

(u1 + u2)(u1 + u2)

] 1
2

(9)

T = αu1 + βu2 (10)

D =
√

C·T (11)

where C is the soil water and salt coupling degree, C ∈ [0, 1]. The larger value of C indicates
that the soil water and salt influence each other to a greater extent. u1 is the soil water
content, and u2 is the soil total salt content. T is a comprehensive soil water and salt
evaluation index. α, β is the coefficient of determination to be used to calculate the T value.
Considering that soil water content and total salt content have the same importance, the
coefficient of determination in this study was set to α = β = 0.5. D is the soil water and salt
coupling coordination degree, and its evaluation criteria are shown in Table 2.

Table 2. Degree of coupling coordination and coordination level.

Coupling Coordination Degree D Coordination Level

0 < D ≤ 0.1 Extreme disorder
0.1 < D ≤ 0.2 Serious disorder
0.2 < D ≤ 0.3 Moderate disorder
0.3 < D ≤ 0.4 Low disorder
0.4 < D ≤ 0.5 Marginal disorder
0.5 < D ≤ 0.6 Marginal coordination
0.6 < D ≤ 0.7 Low coordination
0.7 < D ≤ 0.8 Moderate coordination
0.8 < D ≤ 0.9 Good coordination
0.9 < D ≤ 0.1 High coordination

2.4. Data Processing

The statistical characteristics of the data were analyzed using Excel 2016 software. Nor-
mality was tested using Minitab 18.0 software, and the Box-Cox transformation was applied
to non-normally distributed data. For the data that conformed to normal distribution after
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transformation, spatial correlation analysis was conducted using GS+9.0, and the optimal
semi-variance function theoretical model was fitted. Ordinary kriging interpolation and
radial basis functions interpolation were applied to the soil total salt content data in ArcGIS
10.3, and the optimal interpolation method was selected to map the spatial distribution of
soil total salt content. Soil water and salt coupling coordination degree analysis was plotted
using Origin 2021 software.

3. Results
3.1. Statistical Characterization of Soil Water Content and Total Salt Content

The soil water content and total salt content of the study area were divided into four
layers for the study; because the salinization degree of the top 0–20 cm of the soil was more
serious, it was refined into two layers, and the final stratification results were 0–10 cm,
10–20 cm, 20–40 cm, and 40–100 cm.

As can be seen from Figure 2a, the mean value of soil water content varied from
17.977% to 27.833%. The mean values of water content in each month increased gradually
with the depth of the soil layer, indicating that the deeper soils were recharged by ground-
water, while evaporative losses were also smaller. The coefficient of variation of soil water
content ranged from 8.185% to 23.085%, which is weak and medium variability. Figure 2b
shows that the mean values of soil total salt content varied from 2.173 to 8.426 g/kg, and the
mean values of the total salt content in each month decreased gradually with the increase
of soil depth. The coefficient of variation of soil total salt content ranged from 66.293% to
153.873%, which is medium variability and strong variability. The coefficient of variation of
the total salt content was much larger than that of water content, indicating that the spatial
dependence of soil water content was weaker than that of the total salt content.
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3.2. Spatial Correlation Analysis of Soil Water Content and Total Salt Content of Each Soil Layer in
Different Periods

To investigate the spatial correlation of soil water content and salinity in each layer, the
geostatistical software GS+9.0 was applied to perform autocorrelation analysis of spatial
data for water content and total salinity. C0 is the block gold value indicating the spatial
variation due to stochastic factors, C is the structural variance indicating the variation due
to structural factors, and C0 + C is the abutment value, indicating the total variation [33].
The block-base ratio, also known as the spatial structure ratio, is defined as the ratio of
the block gold value (C0) to the abutment value (C + C0), which can reflect which of the
two structural influences (natural factors) or random influences (human factors) plays the
dominant role in spatial variation [34]. The block-base ratio ranges from 0 to 1. When
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the block-base ratio is less than 25%, it exhibits a strong spatial correlation; it exhibits a
medium spatial correlation within 25% to 75%, and, if it is greater than 75%, the spatial
correlation is weak and is mainly affected by stochastic factors [35].

Theoretical models of semi-variance functions were fitted to the soil water content
and total salinity of each layer during different periods, and the results were consistent
with the Gaussian model. The correlation parameters are presented in Table 3, and the
coefficients of determination ranged from 0.463 to 0.919 and 0.501 to 0.927, respectively,
indicating a significant level of correlation. Its residual errors are less than 1.646 × 10−6

and 0.373, respectively, and the Gaussian model is considered to be a valid and good fit.
From Figure 3a, we can see that the block-base ratio of water content for each month ranged
from 1.020% to 20.388%, and from Figure 3b, we can see that the block-base ratio of soil
total salinity ranged from 0.923% to 18.990%, both of which were less than 25%, and it can
be considered that soil water content and total salinity have strong spatial autocorrelation.

Table 3. Theoretical model of semi-variance function for soil water content and total salt content and
related parameters.

Test
Index

Soils
Layer/cm

Theoretical
Model

Decision Factor R2 Residual Error RSS

May June July August May June July August

Water content

0–10 Gaussian 0.691 0.516 0.536 0.587 3.954 × 10−7 4.017 × 10−7 4.868 × 10−7 5.707 × 10−8

10–20 Gaussian 0.919 0.492 0.463 0.668 7.046 × 10−8 1.541 × 10−7 9.292 × 10−7 3.588 × 10−7

20–40 Gaussian 0.736 0.646 0.503 0.493 1.646 × 10−6 6.214 × 10−7 2.884 × 10−7 3.680 × 10−7

40–100 Gaussian 0.584 0.782 0.472 0.811 3.829 × 10−7 1.925 × 10−8 1.273 × 10−7 2.056 × 10−8

Total salt
content

0–10 Gaussian 0.501 0.595 0.613 0.860 0.307 0.030 0.135 0.011
10–20 Gaussian 0.550 0.791 0.708 0.759 0.338 0.075 0.199 0.174
20–40 Gaussian 0.582 0.787 0.544 0.927 0.341 0.058 0.019 0.052

40–100 Gaussian 0.566 0.707 0.823 0.797 0.373 0.179 0.033 0.062
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Soil water content and total salinity both have strong spatial correlation, and the
block-base ratio shows the same trend, i.e., with the increase of soil depth, the block-
base ratio gradually decreases, and spatial correlation gradually increases, mainly caused
by structural factors (e.g., climate, soil type, topography, etc.) causing variability, and
random factors (e.g., tillage, irrigation, human activities, etc.) have less influence. The
autocorrelation of deep soil water content and total salinity is stronger, and the influence of
random factors on deep soil is weaker than that on surface soil. The reason is that random
factors such as tillage, irrigation, and human activities affect the surface soil first, and after
the surface soil is weakened, the effect on the deep soil is reduced.
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3.3. Spatial Distribution Characteristics of Soil Salinity

To investigate the spatial distribution characteristics of soil salinity in the study area,
the total salt content data were interpolated using ArcGIS 10.3 software. Different inter-
polation methods give different results, and the more mainstream interpolation methods
are ordinary kriging interpolation and radial basis functions interpolation. Therefore, in
this study, the mean error (ME) and root mean square error (RMSE) were used to assess
the accuracy and reliability of ordinary kriging interpolation and radial basis functions
interpolation for the total salt content of the 0–100 cm soil layer in the study area. As shown
in Table 4, the ME of the radial basis functions interpolation of the total salt content of
the soil in the 0–100 cm soil layer in the study area was 75.93% of the ordinary kriging
interpolation, which was more accurate; the RMSE was 103.04% of the ordinary kriging
interpolation, and the degree of dispersion of the errors of the two methods was relatively
close to each other. In summary, radial basis functions provided a more reliable calculation
of the total salt content of the soil in the study area.

Table 4. Ordinary kriging interpolation and radial basis functions interpolation error parameters.

Methods Soils Layer/cm
ME RMSE

May June July August Mean May June July August Mean

Ordinary kriging 0–100 0.072 0.133 0.114 0.073 0.108 3.318 6.219 2.648 3.086 3.818
Radial basis functions 0–100 0.026 0.065 0.136 0.156 0.082 3.411 6.358 2.784 3.183 3.934

The spatial distribution of the total salt content of the soil interpolated by radial basis
functions for different periods is shown in Figure 4. In terms of the spatial distribution
of salinity, the salinity in the study area has a generally consistent distribution, i.e., the
salinity is higher in the central part of the study area and relatively lower in the northern
and southern parts. The soil salinity is higher in the central part of the study area due
to the lower topography, increased groundwater recharge, and the existence of localized
wastelands, which are influenced by multiple factors. The southern boundary of the
study area is a trunk canal, the terrain is higher, the groundwater depth is deeper, and
the groundwater recharge to the soil is less. Meanwhile, the northern part of the study
area is close to the dry ditch, the drainage conditions are good, and the water carries the
salts into the drainage ditch, so the soil salinity is lower. In terms of temporal changes
in salinity, salinity increased in the study area from May to June, with an average salt
accumulation rate of 20.17% in the 0–100 cm soil layer. The groundwater depth is shallow
in June, the groundwater recharges the soil more, the soil salinity is higher; at the same
time, the crops are just starting to grow, the ground surface is bare, and the strong soil
evaporation makes the salts stagnate the surface of the soil, thus increasing the soil salinity.
The average desalination rate of the 0–100 cm soil layer was 16.37% from June to August in
the study area due to precipitation irrigation and crop growth.

3.4. Distribution Pattern of Soil Salinity in Cultivated and Wasteland

To investigate the distribution pattern of soil salinity in the cultivated and wasteland
in the study area, two representative areas were selected for cultivated land and wasteland,
respectively, and vertical distribution maps of their total salt content were drawn. As shown
in Figures 5 and 6, the total salt content of cultivated land ranged from 0.5 to 10 g/kg and
that of wasteland ranged from 2 to 40 g/kg during the growing period in the study area,
and the salt content of cultivated land was 25% of that of wasteland.
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The range of total salt content variation in the cultivated land is small, as can be seen
in Figure 5. Cultivated land “a” (Figure 5a) was planted with maize, and the downward
washing of surface soil salts was mainly affected by irrigation and precipitation. In July, due
to multiple instances of irrigation and precipitation, more salts were washed downward,
and the increase in the total salt content of the soil in the 20–40 cm layer was 65.23% of that
in the 10–20 cm layer. Cultivated land “b” (Figure 5b) was planted with sunflowers, with no
irrigation during the growing period, and the downward washing of salts in the surface soil
was mainly influenced by precipitation, so the washing of salts was less, and the variation
of the total salt content in different soil depths was smaller. It can be seen that the main
factors affecting the total salt content of cultivated land are irrigation, precipitation, and
planting crops.

From Figure 6, it can be seen that the total salt content of wastelands varied in a wide
range. The desalination rate of wasteland “a” (Figure 6a) was 71.16% and that of wasteland
“b” (Figure 6b) was 41.88% in the 0–100 cm soil layer from May to August. The reason for
this is that wasteland “a” is adjacent to cultivated land, and the neighboring cultivated
land is irrigated during the growing period of the crop. Irrigation water from the cropland
leaks downward, and then lateral recharge occurs to the wasteland. This is followed by
deep seepage from the wasteland, which carries the salts downward, resulting in high
desalination rates. Wasteland “b” is at a distance from cultivated land, and the hydraulic
exchange with cultivated land is more lagging. Salts from the cultivated land are leached
into the groundwater and move towards the wasteland, which has a lower topography,
and then migrate upwards under the action of capillary forces. Because the surface of
wasteland “b” is exposed, soil evaporation is strong, the surface soil retains more salts, and
salt washing mainly depends on precipitation, so the desalination rate is low. It can be
seen that the main factors affecting the total salt content of wasteland soil are precipitation
and topography.

3.5. Soil Water–Salt Coupling Coordination Degree in Cultivated and Wasteland

To investigate the degree of correlation between soil water and salt in cultivated and
wasteland, soil water content and total salt content data in the study area were analyzed
for coupling coordination degree. From Figure 7, it can be seen that the average coupling
degree of soil water and salt during the growing period ranged from 0.66 to 0.82 for
cultivated land and from 0.43 to 0.71 for wasteland. The average coupling degree of soil
water and salt in wasteland was lower than that in cultivated land, ranging from 65.15% to
86.59% of that in cultivated land. From Figure 8, it can be seen that the average soil water
and salt coupling coordination degree during the growing period ranged from 0.46 to 0.57
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in cultivated land and from 0.39 to 0.5 in the wasteland. The average coupling coordination
degree of soil water and salt in the 0–100 cm soil layer during the growing period was 0.52
for cultivated land and 0.45 for wasteland. From Table 2, it can be seen that the coordination
level of cultivated land was marginal coordination, and the coordination level of wasteland
was marginal disorder.
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The relationship between soil water and salt was more harmonized in cultivated
land compared to wasteland. The reason is that cultivated land is controlled by human
management, and both irrigation and crop growth affect soil water–salt distribution. When
irrigation is carried out, the irrigation water carries salts into the field, and the migration of
water is accompanied by the transportation of salts, revealing the soil water–salt transporta-
tion law of “salt follows water”. In addition, crop growth absorbs water, which also helps
to reduce the salt in the surface layer of the soil. Therefore, the soil water–salt coupling
degree of cultivated land is relatively large. In contrast, there is no human intervention in
the wasteland, soil moisture mainly depends on precipitation recharge, and the distribution
and migration of soil salts are subject to the constraints of natural conditions. Since there is
no crop growth in the wasteland, the coupling degree between soil moisture and salinity is
relatively small.
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4. Discussion

In recent years, due to the complexity of the natural environment and the influence of
anthropogenic factors, the Hetao Irrigation District land use type is more complex, and the
interleaved distribution of cultivated land and wasteland is a significant feature. Soil water
and salt have different variation characteristics and coupling relationships in cultivated
and wasteland.

Zhuoran Wang et al. [36] explored the spatial variability of soil salinity in coastal saline
lands of the Yellow River Delta, China, at macro, meso, and micro scales and found that
at the macro scale, the variability of soil salinity diminished with increasing soil depth.
Based on this study, soil samples were collected at the branch canal scale, and soil water
content and total salt content data were analyzed to conclude that the soil water content
is of medium variability and weak variability, and the soil total salt content is of strong
variability and medium variability. Lijuan Chen et al. [37] used traditional statistical and
geostatistical analysis to study the spatial distribution characteristics of soil water and salt
and the causes of soil salinization in the Minqin oasis area and found that the variability of
soil salinity was significantly greater than the variability of water content. This is consistent
with the results of this paper, which show that the spatial dependence of soil water content
is weaker than total soil salt content.

Rahul Tripathi et al. [38] fitted a semi-variance function model for various soil prop-
erties and determined the optimum semi-variance function theoretical model for soil
conductivity as the Gaussian model by using the cross-validation method. On this basis in
this study, the semi-variance function theoretical model was fitted for soil water content and
total salt content and found to be following the Gaussian model. Zhiwei Zhang et al. [39]
investigated the spatial variability of surface soil water content on shaded and sunny slopes
of alpine meadows on the Tibetan Plateau and showed that the theoretical modes of the
optimal semi-variance function of soil water content in the 0–20 cm soil layer were different
and that there was a strong spatial correlation of soil water content. On this basis, this study
found that both soil water content and total salt content had a strong spatial correlation.
Yanan Liu et al. [20] analyzed the spatial variability of soil water and salt in the Hetao
Irrigation District based on geostatistics and concluded that the spatial correlation of soil
water content and salinity increased with the increase of soil depth, and the results of this
paper are consistent with these findings.

Ruping Wang et al. [40] used ordinary kriging interpolation to study the spatial
distribution characteristics of spring soil salinization in the Hetao Irrigation District and
found that salinized soils in the 0–20 cm soil layer had a wider distribution range. On
this basis, this paper carried out ordinary kriging interpolation and radial basis functions
interpolation on soil total salt content data in the study area. Comparing the ME and MSRE
of the two interpolation methods, it is concluded that the total salt content of the soil in the
study area is more accurate when interpolated by radial basis functions.

Liang Li et al. [41] found that wasteland is a temporary drainage area during irrigation
of cultivated land, and salt transport between cultivated wasteland is generally a process
of salt loss from cultivated land and salt accumulation in wasteland during crop growth.
On this basis, this study investigated the factors affecting soil salinity in cultivated and
wasteland and found that the main factors affecting soil salinity in cultivated lands are
irrigation, precipitation, and planting crops, and the main factors affecting soil salinity in
the wasteland are precipitation and topography. Wang et al. [42] conducted a 5-year exper-
imental study in the Hetao Irrigation District and found that during irrigation activities,
fallow areas act as drainage reservoirs, receiving excess water and salts from surrounding
irrigated cultivated lands. Guoshuai Wang et al. [43] analyzed water and salt transport
in different land types in the Hetao Irrigation District and found that of the groundwater
salinity at the wasteland–dune interface, 53% accumulated in the wasteland groundwater
and the remaining 47% in the lakes. On the basis of some scholars, this study analyzed the
soil water and salt coupling relationship between cultivated and wasteland and concluded
that the average coupling coordination degree of soil water and salt of wasteland in the
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study area was lower than that of cultivated land, which made the soil water and salt
interaction relationship between cultivated and wasteland clearer.

This study can provide a theoretical basis for salinized irrigation districts. Since
the relationship between soil water and salt is more uncoordinated in wasteland than in
cultivated land, wasteland can be treated differently according to the topography to reduce
soil salinity. For the wasteland adjacent to cultivated land, as the salts can be easily washed
away, it can be considered for improvement into cultivated land, so that the soil salts can be
better washed away under long-term irrigation, and the effect of reducing soil salts can be
obtained. For the wasteland at a certain distance from the cultivated land, since the salt is
not easily washed away, it can be left untreated and assume the role of salt drainage. Surface
cover of cultivated and wasteland can be treated differently, with cultivated land covered
with mulch and wasteland planted with salt-tolerant plants to reduce soil evaporation. The
water table should also be controlled to reduce surface evaporation, thus reducing soil
salinity. In addition, a rational agricultural planting structure and regional distribution are
essential to reduce soil salinity.

This study has an important role in controlling salinity for effective salt drainage
under the characteristics of cultivated–wasteland interpolation distribution in the Hetao
Irrigation District. However, the current study has less quantitative research on salt
migration between cultivated and wasteland. From the perspective of actual irrigation
management, a large number of management decisions are made at the regional level, and
it is a good choice to invert the salt transport between cultivated and wasteland in the
region by combining remote sensing.

5. Conclusions

Soil water content in the study area belonged to medium variability and weak vari-
ability, and soil total salt content belonged to strong variability and medium variability.
The theoretical models of soil water content and total salt content semi-variance function
in the study area following the Gaussian model, with a block-base ratio of less than 25%,
with strong spatial autocorrelation, and the spatial correlation gradually increased with the
increase of soil depth. The total salt content of the soil in the study area was interpolated
with higher accuracy using radial basis functions than ordinary kriging interpolation. In
terms of temporal changes in salinity, the average salt accumulation rate of the 0–100 cm
soil layer in the study area was 20.17% when salinity increased from May to June; the
average desalination rate was 16.37% when salinity decreased from June to August. The
main factors affecting soil salinity in cultivated land during the growing period were
irrigation, precipitation, and planting crops, and the main factors affecting soil salinity in
wasteland were precipitation and topography. In practical agricultural measures, different
treatments are considered for different types of wasteland to reduce soil salinity. Wasteland
immediately adjacent to cultivated land can be considered for improvement into cultivated
land. Wasteland at a certain distance from cultivated land can be left untreated and assumes
the role of salt drainage. The average soil water and salt coupling degree of wasteland in
the study area was lower than that of cultivated land, ranging from 65.15% to 86.59% of that
of cultivated land. The level of coordination of cultivated land was marginal coordination,
and the level of coordination of wasteland was marginal disorder. The relationship between
soil water and salt was more harmonized in cultivated land compared to wasteland.
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