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ABSTRACT

Secondary salinization poses a significant threat to the sustainable development of water-saving irrigation dis-
tricts. This study aims to explore the spatial and temporal variations in soil salinity and the factors influencing
these changes in water-saving irrigation areas in the inland arid regions of Northwest China. The Manas River
Irrigation District was selected as the study area. A grid measuring 10 km x 14 km grid was designed to
determine the latitude and longitude coordinates of the grid centers, resulting in 66 sample points. Soil samples
were collected from these points in 2013, 2014, 2020, and 2021 from the 0—100 cm layer to obtain salinity data.
Based on existing research and practical conditions in water-saving irrigation areas, 11 factors influencing soil
salinity changes were identified, including irrigation area and irrigation amount. Classical statistical methods
and interpretable machine learning techniques were employed to analyze the distribution characteristics of soil
salinity and the influencing factors. This analysis proposes effective solutions to mitigate potential secondary
salinization in irrigation areas. The results revealed that soil salinity in the irrigation area belonged to moderate
variation (Cy = 46.74 %—51.80 %). The horizontal direction of the irrigation area shows higher salt content in
the upstream and downstream areas, and a gradual decrease in variability with increasing depth characterizes
the vertical direction. From 2013-2021, soil salinization in the irrigation area gradually decreased. In 2013 and
2014, the area was predominantly covered by mild saline-alkali soil, accounting for 75.1 % and 76.6 % of the
total area, respectively. However, in 2020 and 2021, non-saline soils became dominant, covering 60.9 % and
66.5 % of the total irrigation area, respectively. In order of importance, the factors affecting the spatial and
temporal evolution of soil salinity are groundwater depth, annual water surface evaporation, water-saving
irrigation area, underground water diversion amount, mineralization of groundwater, irrigation amount, sur-
face water diversion amount, and annual rainfall. In the oasis irrigation area, maintaining a groundwater depth
of 4.0—6.0 m and an irrigation amount of 5500—6000 m> ha™! can alleviate the problem of secondary salini-
zation that may result from large-scale development of water-saving irrigation. The findings of this study provide
a basis for the prevention and control of soil salinization in water-saving irrigation areas and the development
and management of saline land in oasis areas.

1. Introduction

2013). Xinjiang is rich in agricultural resources and is a significant
agricultural production and supply base and grain production reserve

Northwest China has a temperate continental climate with typical
characteristics of semi-arid or arid. Xinjiang is located in the central
Eurasian continent, located in the northwest border, with a total land
area of 166.49x10* ha, accounting for about 1/6 of the country. The
total amount of water resources is 8.35x10'° m3, which is only 3 % of
the national total, and the shortage of water resources has become an
important factor restricting the region’s development (Shen et al.,

base in China. Regional irrigation water consumption has consistently
accounted for more than 90 % of the total water consumption in the
region (Li et al., 2015). Drip irrigation technology has the characteristics
of high-frequency irrigation, avoiding deep leakage and effectively
improving water use efficiency (Danierhan et al., 2013). In 1996, drip
irrigation technology began to be applied in the Manas River irrigation
area. It has shown significant water-saving and yield-increasing effects
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in production and has been rapidly promoted in arid areas, becoming
China’s most important water-saving irrigation technology (Deng et al.,
2006). However, the widespread application of drip irrigation has
altered water and salt transport and groundwater recharge processes.
This has led to a new spatial distribution pattern of soil salinity, which
may create water-saving irrigation-based secondary salinization prob-
lems in the irrigation areas(Hopmans et al., 2021; Karimzadeh et al.,
2024).

Excessive soil salt content will lead to decreased fertility and seri-
ously affect the expected growth of crops (Salcedo et al., 2022). It has
become essential in restricting agricultural development (Haj-Amor
etal., 2022; Li et al., 2022). Many experts and scholars have explored the
spatial variability of soil salinity from the perspectives of different
scales, watersheds, and environmental conditions. Sun et al. (2022)
studied the spatial and temporal dynamics of soil salinity in arid agri-
cultural areas and found that soil salinity has a robust spatial depen-
dence. The spatial variability of soil salinity in the Adakan region of
central Iran, the Erbil Lake region of Xinjiang, and the Hetao Irrigation
District was characterized by geostatistical methods by previous authors
(Taghizadeh-Mehrjardi et al., 2014; Ren et al.,, 2019; Wang et al.,
2019a). Scudiero et al. (2014) used Landsat 7 surface reflectance data to
retrieve soil salt content and analyzed the spatial distribution of soil salt
in California. The soil salt content is different in different spatial posi-
tions at the same time, and significantly different at different times in the
same spatial position (Yao and Yang, 2010). The above studies focus on
spatial variation of soil salinity to provide a basis for guiding regional
agricultural development and provide methods for researchers working
on the spatial and temporal evolution of soil salinity in water-saving
irrigation areas.

Soil properties are influenced by a combination of human activities,
climate, parent material, and topography (Feng et al., 2022). Salt moves
with water, and any factor that affects soil water movement will result in
changes in soil salinity (Corwin, 2021). Zhao et al. (2023) showed that
the main factors affecting soil salinity in cropland during the crop
reproductive period were irrigation, precipitation, and crop cultivation,
and the main factors affecting soil salinity in wasteland were precipi-
tation and topography. Taghizadeh-Mehrjardi et al. (2014) concluded
that soil salinization was mainly affected by irrigation methods, water
quality, and water quantity. Xie et al. (2021) believed that the salt
content of shallow and deep groundwater affected the spatial distribu-
tion characteristics of soil salinity. Wei et al. (2020) investigated the
spatial variability of soil salinity at the watershed scale in a north-
western oasis and found that geographic elevation was a critical factor in
the spatial variability of soil salinity. In drip-irrigated farmland, irriga-
tion can significantly change the soil salinity distribution in the crop root
zone, with the coefficient of variation (Cy) of soil salinity increasing from
45.2 % to 64.5 % after irrigation (Hammad et al., 2023).With the in-
crease in irrigation amount and soil depth, the variability of soil salinity
in the root zone decreased (Hou et al., 2022). So, how does soil salinity
evolve spatially and temporally in water-saving irrigation areas where
drip irrigation under membranes is promoted on a large scale in pro-
duction practice, and what factors influence salinity changes?

The objectives of this study were threefold: (1) to investigate the
spatial distribution of soil salinity and its variations in a large area of
drip irrigation under a membrane, (2) to identify the factors influencing
the distribution of salinity in water-saving irrigation areas and their
contribution, (3) to determine a regulation scheme for the sustainable
development of irrigation areas to analyze soil salinity’s spatial and
temporal evolution. This analysis fills the gaps in the water-saving irri-
gation area in arid area and provides a scientific basis for preventing and
controlling soil salinization and ensuring sustainable development in
irrigation areas.
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2. Materials and methods
2.1. Overview of the experimental area

The Manas River Irrigation District (now referred to as the "Irrigation
District") (84°42’~86°32’E, 44°10°~45°22’N) is located in the core of
the economic belt on the northern slopes of the Tianshan Mountains in
Xinjiang, China, in the hinterland of the Asian-European continent
(Fig. 1). It is located at the southern edge of the Junggar Basin, with a
typical inland arid climate, covering an area of about 1.1x10* km?, the
largest oasis area in Xinjiang, and the fourth largest irrigation area in
China. The irrigation district’s minimum temperature is —42.8 °C, and
the highest is 43.1 °C. The annual average temperature for is 6.5 °C; the
annual frost-free period of 148-187 d, 2745 h sunshine hours. The cli-
matic conditions here are suitable for crop growth and are an important
high-quality cotton production base in China. The average annual
rainfall is 125.0-207.7 mm, and the average annual evaporation is
1500-2100 mm, China’s most typical desert oasis irrigation agricultural
area. The Manas River irrigation district is mainly irrigated by runoff
and groundwater from inland rivers such as the Manas River. This model
of water resources development and utilization is more common in arid
irrigation areas in Northwest China. However, the proportion of agri-
cultural water in the irrigation area continues to be too high, accounting
for about 91.70 % of the total water diversion in the past 30 years. Drip
irrigation under film began to be popularized and applied in the irri-
gation area in 1996 and has become the most important water-saving
irrigation technology in this area. In 2013, the irrigation district of the
irrigation area was 6.80x10° ha, and the area of drip irrigation under
film was 5.71x10° ha. accounting for 83.97 %; In 2021, the irrigation
district of the irrigation area was 8.44x10° ha, of which the area of drip
irrigation under film is 7.75x10° ha, accounting for 91.82 %. Compared
with 2013, the water-saving irrigation area increased by 2.04x10° ha in
2021, accounting for 7.85 %.

2.2. Sample collection and processing

The Manas River Irrigation District base map (vector boundary map),
which cooperates with the irrigation district’s water management
department, was used to lay out long-term observation wells for ground
level and groundwater mineralization. ArcGIS 10.8 (https://www.esri.
com/zh-cn/home) was used to design a 10 kmx14 km grid, totaling
66 (Fig. 2). The selected centroid points have the following points:
Centroid points should be located in the farmland area to ensure that the
sample can represent the farmland characteristics in the grid ; The se-
lection of grid centroid takes into account the uniform distribution of
farmland and avoids the deviation of sampling results ; The selection of
the centroid position ensures the availability and accessibility of farm-
land data, which includes actual geographic data and access rights.
Derive the grid center of mass latitude and longitude coordinates to
determine the location of the sampling points. Soil samples from agri-
cultural fields near the grid’s center of mass were collected at the
beginning of April (before sowing on agricultural fields) and at the end
of October (after harvesting the crops) in 2013, 2014, 2020, and 2021,
respectively. These years represent different climatic stages or trends,
especially the changes of key climatic factors such as precipitation and
evaporation, which have an important impact on the distribution and
dynamics of soil salinity. The layers were obtained according to
0—20 cm, 20—40 cm, 40—60 cm, 60—80 cm, 80—100 cm and filled in
aluminum boxes. The samples were brought back to the laboratory to be
naturally air-dried, ground, and sieved to remove impurities. The fitting
equation of conductivity and soil salt content was obtained by conduc-
tivity method and dry residue method. The conductivity of the extract
was measured by a conductivity meter (DDS-11A digital display,
Shanghai Leici). The formula for calculating the salt content is as
follows:


https://www.esri.com/zh-cn/home
https://www.esri.com/zh-cn/home
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Fig. 1. The geographical location of the Manas River Irrigation Area in China (a) and Xinjiang (b), as well as the distribution status in the Manas River Basin (c).
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for Shihezi City, Shawan City, and Manas County. Obtain data on the
irrigated area (IA), water-saving irrigation area (WSIA), underground
water diversion amount (UWDA), and surface water diversion amount
(SWDA) for each township and mission in the Manas River Irrigation
District. Kriging interpolation was performed on the data using ArcGIS
10.8 to extract the data corresponding to the 66 grids. Further, calculate
the irrigation amount of each grid = (surface water diversion amount +
underground water diversion amount) / irrigation area. Groundwater
depth and mineralization of groundwater data were obtained from 66
long-term observation wells in three counties and cities. Annual rainfall
and annual water surface evaporation were obtained from nine meteo-
rological stations of the meteorological bureaus of three counties and
cities and the water-saving irrigation experimental station of Shihezi
University. Similarly, ArcGIS 10.8 is used to interpolate the data and
extract the data corresponding to 66 grids. Sampling point elevation
data were obtained using a GARMIN (https://www.garmin.com.cn/)
handheld GPS during sampling in 2013. The ring knife method was used
to test the 0—20 cm soil bulk weight at each sampling. In agricultural
production, 0—20 cm soil layer is usually considered to be the main
tillage layer, which is the most densely distributed area of crop roots.
The soil properties of this soil layer have a direct impact on the growth
and development of crops (Mut et al., 2022).

2.3. Research methods

2.3.1. Classical statistical methods

The classical statistical method assumes that the variables are purely
random and that the samples are independent and obey a known
probability distribution. In the vertical direction, the soil is divided into
five uniform soil layers, and the Irrigation district is divided into 66
uniform regions in the plane. The spatial variation of soil salinity was
described by calculating the mean, standard deviation, variance,
maximum, minimum, coefficient of variation, and significance test. The
dispersion degree of salt in different soil layers and grids is reflected by
the coefficient of variation (Cy). Cy <10 % is considered weak variance,
10 %< Cy< 100 % is considered moderate variance, and Cy> 100 % is
considered substantial variance (Rosemary et al., 2017).

2.3.2. Random Forest (RF) salt model and SHAP algorithm

RF is a machine learning model consisting of multiple decision trees
integrated to train and test samples, developed from traditional classi-
fication and regression trees. It has higher prediction accuracy and
better generalization performance than a single decision tree. Therefore,
it has the advantages of high efficiency and avoiding over-fitting when
simulating and predicting salt changes (John et al., 2022). This study
used the random forest method to construct the salt model. The coeffi-
cient of determination (Rz), mean absolute error (MAE), and root mean
square error (RMSE) were used to characterize the model’s interpreta-
tion of soil salinity. The formula is as follows:

> =y
RR=1-5—— (@)
> (i - X)?
i=1
1 n
MAE == |x—yi ®
n=
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RMSE = nZ(xl %) “@

i=1

where x; denotes the measured value; y; denotes the predicted value;
Xdenotes the mean value of the measured value; and n denotes the
number of measured samples.

The Shapley Additive Explanations (SHAP) algorithm constructs an
additive interpretation model inspired by the Shapley value. It can
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provide a SHAP value for each feature, indicating the contribution of the
feature to model prediction. By setting the threshold of the SHAP value,
the features that have an important influence on the model prediction
results can be screened out. In the calculation process, the Shapley value
is used to reflect the contribution of features to the model’s prediction
ability, and the specific expression of the nonlinear mapping is further
optimized. The model produces a prediction value for each prediction
sample, and the output SHAP value is the value assigned to each feature
in the sample (Meng et al., 2020). Therefore, in analyzing the factors
influencing spatial and temporal changes in soil salinity in the irrigation
district, the SHAP value directly reflects the importance of these factors
in the spatial and temporal distribution of salinity. The higher the SHAP
value of a feature, the more significant the impact on soil salinity in the
irrigation district. The positive and negative SHAP values can also reflect
the positive or negative relationship between the influencing factors and
soil salinity. The calculation formula is as follows:

sli(p — Is| — 1)!

¢;|val | = i “(val(sU {x;}) —val(s)) (5)

Sg{xw}/{v}

where ¢;(val) is the Shapley value of feature j, representing the
contribution to the result; s is a subset of features used in the model; x is
the vector to explain the sample eigenvalues; p is the number of features;
W represents the weight; val(s) is the output value under feature s.

g=a0+> . ©)

where g is an explanatory model; m is the number of input features;
¢; is the Shapley value of feature j; ¢, is the predicted mean of all
samples.

2.4. Data analysis

Experimental data were analyzed using SPSS 26.0 (IBM, Inc.,
Armonk, NY, USA) for descriptive statistics, Kolmogorov-Smirnov (K-S)
test, Pearson correlation analysis, and analysis of covariance. Trend
analysis, extraction of relevant information, and editing and output of
salt distribution graphs were performed using ArcGIS 10.8, and some
data processing and graphs were performed using Origin 2021 (Origin
Lab, Northampton, MA, USA).

3. Results and discussion

3.1. Spatial distribution and variation of soil salinity in oasis water-saving
irrigation district

3.1.1. Descriptive statistics

Table 1 shows the descriptive statistics and K-S normality test of salt
in different soil layers in the irrigation district. In 2013, 2014, 2020, and
2021, the variation coefficient C, of soil salinity in the Manas River
irrigation area’s 0—100 cm soil layer ranged from 46.74 % to 51.80 %,
which belonged to moderate variation. The maximum value, minimum
value, average value, standard deviation, and coefficient of variation of
salt all showed an overall decreasing trend with the increase of soil
depth. The soil salinity in the irrigation district showed the distribution
characteristics of surface accumulation in the vertical direction. The
average salt content of the surface soil in the irrigation district in four
years was 3.17 g kg™, which gradually decreased to 2.68 g kg™! in
100 cm. Among them was a small salt accumulation in the 60 cm soil
layer, with a salt content of 2.80 g kg™!. The KS significance was greater
than 0.05, indicating that the soil salt content in each soil layer obeyed
the normal distribution under the 95 % confidence interval.

3.1.2. Spatial distribution patterns
The years 2013, 2014, 2020, and 2021 are characterized by a higher
salt content distribution in the upstream and downstream areas of the
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Table 1

Descriptive statistics and K-S test of soil salinity.

Soil depths (cm) Max Min Mean Vr Cy Skew Kurt P-KS
(gkg™H (gkg™M (gkg™ (%)

0 6.97 0.32 3.17 1.48 46.74 0.50 0.46 0.056*
20 6.22 0.35 2.66 1.34 50.28 0.65 0.14 0.076*
40 6.36 0.25 2.74 1.35 49.42 0.63 0.13 0.065*
60 6.48 0.33 2.80 1.40 49.90 0.60 0.29 0.076*
80 6.30 0.23 2.66 1.38 51.80 0.63 0.24 0.072*
100 6.46 0.22 2.68 1.37 51.23 0.66 0.18 0.061*

Note: * represents a significant level of 10 %.

irrigation district (Fig. 3). In 2013 and 2014, the soil salt content in the
high salt area was about 5.5—6.0 g kg~ '. In 2020 and 2021, the soil salt
content in the low-salt area was about 1.0—1.5 g kg L. In 2013, the soil
salt in the southeast of the irrigation area was 4-6 g-kg 1. In 2014, the
soil salinity in the southeast of the irrigation area was 4-5.5 g-kg . In
2020, the soil salt in the southeast of the irrigation area was
2.5-3.5 g-kg 1. In 2021, the soil salt in the southeast of the irrigation
area was 2-3.5 g-kg L. Over time, soil salinity in the 0—100 cm soil
layer of the irrigation district showed a decreasing trend year by year.
Classification criteria according to soil salinization (Bouksila et al.,
2013), in 2013 and 2014, the irrigation district was dominated by mild
saline-alkali soil, accounting for 75.1 % and 76.6 % of the total area,
respectively. The irrigation district was dominated by non-saline soils in
2020 and 2021, accounting for 60.9 % and 66.5 % of the total irrigation
district, respectively. Wang et al. (2019b) and Li et al. (2023) studied the
variation characteristics of soil salinity in cotton fields with long-term
continuous drip irrigation in an oasis area by using the
spatial-temporal variation method and fixed-point monitoring method,
respectively. The results showed that the soil salinity decreased from
year to year with the increase of drip irrigation years. The study of Zong
et al. (2023) found that the application of drip irrigation under a
membrane in an oasis irrigation area was a rapid desalination stage

within 1—4 a, a smooth desalination stage from 5—11 a, and a salinity
stabilization stage from >12 a. Zong et al. (2023) concluded through the
long-term drenching effect, cations and Cl~ decreased in a negative
exponential power function curve, and the reduction of the sodium
adsorption ratio and Cl™/SO3~ contributed to the yearly salinity
reduction in agricultural soils. The above analysis supports the results of
this paper on the change of soil salinity in the irrigation district, but the
literature only studies several farmlands, fails to reflect the spatial and
temporal evolution of the overall salinity in the irrigation district, and
fails to deeply explore the reasons for the decrease of soil salinity in drip
irrigation farmland.

3.2. The main influencing factors of spatial and temporal distribution of
soil salinity in oasis water-saving irrigation area

3.2.1. Screening of main influencing factors

Pearson correlation analysis was carried out on water-saving irri-
gation area (WSIA), irrigation area (IAR), irrigation amount (IAM),
underground water diversion amount (UWDA), surface water diversion
amount (SWDA), groundwater depth (GD), mineralization of ground-
water (MG), annual rainfall (AR), annual water surface evaporation
(AE), elevation, soil bulk density (SBD) and soil salinity (Fig. 4). Pearson
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Fig. 3. Spatial distribution of average salinity in 0—100 cm soil layer in irrigation area in 2013 (a), 2014 (b), 2020 (c), and 2021 (d).
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Fig. 4. Pearson correlation coefficient between influencing factors and soil salinity. (WSIA indicate: Water-saving irrigation area; UWDA indicate: Underground
water diversion amount; GD indicate: Groundwater depth; MG indicate: mineralization of groundwater; AR indicate: Annual rainfall; AE indicate: Annual water
surface evaporation; Elevation; SBD: Soil buck density; IAR indicate: Irrigated area; IA indicate: Irrigation amount; SWDA indicate: Surface water diversion amount.

correlation coefficient was used to evaluate the correlation between
influencing factors and soil salinity. When the Pearson correlation co-
efficient |r|> 0.8, it is considered that the two variables are highly
correlated. 0.5< |r|< 0.8, it is considered that the two variables are
moderately correlated; 0.3< |r|< 0.5, the two variables can be consid-
ered low correlation. If |r|< 0.3, it can be considered that the two var-
iables are irrelevant (Valenta et al., 2019). Therefore, the three factors of
elevation, soil bulk density, and irrigation area, which have a low cor-
relation with soil salinity, were removed.

To avoid the covariance that still exists in the influencing factors
after the initial screening, which affects the accuracy of the constructed
salt simulation model. In this paper, the variance expansion factor (VIF)
test is carried out on eight factors after preliminary screening, such as
water-saving irrigation area (Table 2). When VIF< 10, it means there is
no multicollinearity problem (Kyriazos and Poga, 2023). The maximum
VIF value is the amount of underground water diversion, which is 6.913,
so there is no collinearity problem.

Characteristics of inter-annual changes in eight influencing factors
include water-saving irrigation area, underground water diversion
amount, surface water diversion amount, groundwater depth, ground-
water mineralization of groundwater, annual rainfall, annual water
surface evaporation, and irrigation amount in irrigation districts
(Figs. S1-8). In 2013, 2014, 2020, and 2021, the underground and
surface water diversion amounts in the irrigation district increased and
decreased, with an overall increasing trend. In 2021, compared with
2013, it increased by 38.48 % and 2.21 % respectively. The water-
saving irrigation area, mineralization of groundwater, and ground-
water depth increased year to year by 26.30 %, 22.32 %, and 14.94 %,

Table 2

Collinearity statistics of influencing factors.
Impact Factor VIF
WSIA 1.287
SWDA 3.321
UWDA 6.913
GD 2.175
MG 2.013
AR 1.554
AE 1.928
IAM 4.881

respectively, in 2021 compared with 2013. The annual rainfall, annual
water surface evaporation, and irrigation amount showed a decreasing
trend, which decreased by 2.40 %, 6.74 %, and 9.86 % in 2021
compared with 2013.

3.2.2. RF salinity modeling and analysis of the main influencing factors of
spatial and temporal distribution of soil salinity in irrigation district

The RF salt simulation model is shown in Fig. 5. The RF model’s
coefficient of determination (Rz) was greater than 0.66 in both the
training and validation sets. The total sample’s absolute error (MAE) was
0.35 g kg~ !, and the root mean square error (RMSE) was 0.43 g kg~ .
The model prediction error was small (Fu et al., 2020; Hong et al., 2020).
The model can more accurately simulate the spatial and temporal
changes of soil salinity in oasis water-saving irrigation areas.

The results of the SHAP interpretation algorithm based on the RF
model are shown in Fig. 6. Groundwater depth, annual water surface
evaporation, water-saving irrigation area, and underground water
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Fig. 5. Scatter plot of observed and predicted values of soil salt content vali-
dation set and training set based on RF model.
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Fig. 6. The importance of influencing factors on the spatial and temporal distribution of soil salinity.

diversion amount are the most critical factors affecting the spatial and
temporal distribution of soil salinity in oasis water-saving irrigation
district. The SHAP values were 0.41, 0.19, 0.10, and 0.09, respectively.
The rest are mineralization of groundwater, irrigation amount, surface
water diversion, and annual rainfall. The ranking may reflect the rela-
tive differences in the contribution of various factors to soil salinization
under different situations or conditions, but it does not mean that the
lower ranking factors are not important.

Among the factors affecting soil salinity’s spatial and temporal dis-
tribution, the high-value sample points of GD, WSIA, UWDA, and AR
showed a negative contribution (Fig. 7). The finding explored that
deeper groundwater depth, larger water-saving irrigation area, more
considerable underground water diversion amount, and more annual
rainfall in the oasis water-saving irrigation district can alleviate soil salt
accumulation. The AE, MG, IAM, and SWDA of high-value sample points
show positive contributions. The larger the AE, MG, IAM, and SWDA in
the irrigation district, the more soil salinity accumulation may be pro-
moted in the water-saving irrigation district.

Soil salinization regions worldwide have a significant common point:
the groundwater depth is relatively shallow (Corre et al., 2002; Masoud

High

GD .u-oﬂ.bm*.-n«p .« @b

WSIA P .
UWDA e E
MG & v ,05:!
IAM .—-.*.. =
SWDA R

-1.0 -0.5 0.0 0.5 1.0
SHAP value (impact on model output)

Fig. 7. SHAP summary map of influencing factors of spatial and temporal
distribution of soil salinity.

et al., 2018; Pauloo et al., 2021; Zeng et al., 2021). Through investiga-
tion found the Manas River irrigation area shows high salt content dis-
tribution characteristics in the upstream and downstream regions. In the
downstream of the Manas River, a natural Manas Lake is formed by
overflowing springs near Xiaokai Township and Sidaohezi Township,
where groundwater is relatively deep. Zhang et al. (2011) confirmed
that the soil salt content was the highest near the lowest spring water
overflow in the Qitai irrigation area of Xinjiang. In the upper reaches of
the Manas River, there are 12 interconnected plain reservoirs, such as
Daquangou and Moguhu Lake, to regulate and store water in the irri-
gation area. The leakage of plain reservoirs leads to a shallow ground-
water depth in the region, so the soil salt content is relatively high. The
finding was consistent with Wang et al. (2020) and Jan (1994) on the
high soil salt content near the plain reservoir. The Manas River Irrigation
District is in the arid area of northwest China, far from the ocean. It is
drought, little rain, and intense evaporation all the year round. That
quickly causes soil salt to accumulate on the surface, showing the phe-
nomenon of ’surface accumulation’ (Wichelns and Qadir, 2015).

The evolution of soil salinity results from the interaction of many
natural and human factors (Zhou et al., 2010; Tian et al., 2019). On a
small scale, it is more disturbed by human factors; on a large scale, it is
more affected by natural factors such as groundwater, topography, and
climatic conditions (Zhang et al., 2014a). Based on a large number of
measured data, this study used an interpretable machine learning model
to obtain the order of importance of the influencing factors of soil
salinity temporal and spatial evolution in oasis irrigation district: GD>
AE> WSIA> UWDA> MG >IAM> SWDA> AR. This is similar to the
results of groundwater, climate and artificial irrigation affecting the
evolution of soil salinity (Panagopoulos et al., 2006; Dai et al., 2011;
Zhang et al., 2014b; Nachshon, 2018). However, this study quantified
the contribution of each influencing factor on top of that using the SHAP
algorithm.

3.3. Technical measures to alleviate the possible secondary salinization in
an oasis water-saving irrigation district

3.3.1. Groundwater depth control measures

The SHAP characteristic dependence diagram (PDP diagram) shows
the response of SHAP value to the change of main influencing factors,
the influence threshold of influencing factors on the spatial and
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temporal distribution of soil salinity, and the influence of interaction
between influencing factors on SHAP value (Fig. 8). The influence of
groundwater depth on soil salt content showed a nonlinear decline-
steady trend. Groundwater depth <4.0 m showed a positive contribu-
tion, and the effect of rising groundwater depth on soil salinity aggre-
gation was significant. The threshold range of groundwater depth
affecting the spatial and temporal distribution of soil salinity in an oasis
water-saving irrigation district is about 4.0—6.0 m. When the ground-
water depth is greater than 6 m and increases, the SHAP value of soil salt
content tends to be gentle, showing a negative contribution. Under the
interaction of groundwater depth and irrigation amount, the sample
points affected by lower irrigation amount significantly positively
contributed to soil salt content.

In previous studies, the methods for determining critical ground-
water depth in irrigation districts can be summarized as statistical
analysis methods based on field measurement data, theoretical model
calculation methods, and indirect methods based on remote sensing
data. Qi et al. (2012) established the correlation between oasis ecolog-
ical vegetation growth and groundwater depth through measured data
and analyzed and determined that the threshold of groundwater depth
in arid areas is 3.5—4.0 m. Abliz et al. (2016) used FEFLOW to simulate
the change of groundwater burial depth in different periods, and com-
bined it with the spatial distribution law of vegetation to obtain that soil
salinity increased significantly with the decrease of groundwater burial
depth when the groundwater burial depth was <4.0 m in Xinjiang Keria
Oasis. Qi et al. (2021) established a correlation between soil salinity and
groundwater depth obtained by remote sensing and obtained that the
buried depth of 4.8—6.1 m is the threshold value of groundwater level
in Qian’an County, Hebei Province. This is similar to the results of this
study, which used the SHAP algorithm to interpret the predictions of the
RF salinity simulation model to identify a range of water table thresh-
olds of approximately 4.0—6.0 m in water-saving irrigation district.

3.3.2. Irrigation amount control measures

Irrigation amount affects the spatial and temporal distribution of soil
salinity in an oasis water-saving irrigation district at a threshold of about
5500—6000 m> ha~!. When the irrigation amount was <5500 m> ha™?!,
there was a positive contribution to soil salinity in agricultural fields,
and the positive contribution decreased with increasing irrigation
amount. The positive contribution of sample points affected by high
groundwater salinity is significant.

According to the summary data of the annual irrigation report of
Shihezi City, Shawan City, and Manas County, the irrigated area of
Manas River Irrigation District in 2021 was 3.41 x 10° ha, of which
cotton accounted for 87.07 %, wheat accounted for 5.74 %, and the
others were crops such as maize, grapes, and processed tomatoes. Since
the application of drip irrigation under mulch technology was attempted
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in the Manas River Irrigation District in 1996, a large number of scholars
have carried out research on the irrigation system of drip-irrigated
cotton and wheat in the northern border through irrigation tests and
water balance calculations. It was determined that the irrigation amount
during the cotton growth period was about 4200—4500 m® ha™! (Gao
et al., 2019), and the irrigation amount during the wheat growth period
was about 4050—4120 m® ha~! (Mekonnen, 2017). The above results
have played a positive role in guiding agricultural production in oasis
areas. However, the long-term application of irrigation amount deter-
mined only from the perspective of crop physiological water demand in
arid oasis areas may cause soil secondary salinization. Therefore,
scholars have researched stubble or winter irrigation and determined
the non-fertile period salt washing and entropy lifting amount of
900—1200 m® ha~!. The sum of the irrigation, as mentioned earlier,
amount of cotton and wheat in the growth period and the non-growth
period of salt washing and entropy extraction is similar to the results
of the suitable irrigation amount of the Manas River Irrigation District,
which is 5500—6000 m® ha~! considering the secondary contribution to
soil salinity in this study. As for how much surface water and ground-
water are respectively, and how much surface water and groundwater
salinity will not cause secondary soil salinization, further research is
needed.

4. Conclusions

The soil salinity in the water-saving irrigation district of the oasis was
moderately variable in different years and soil layers (Cy, = 46.74 %—
51.80 %). The salt content in the horizontal direction is higher in the
upstream and downstream areas of the irrigation district, while the
variability in the vertical direction gradually decreases with increasing
depth. The random forest model can accurately simulate soil salinity’s
temporal and spatial changes in an oasis irrigation district. The impor-
tance of the factors affecting the spatial and temporal evolution of soil
salinity in the irrigation district are ranked as groundwater depth,
annual water surface evaporation, water-saving irrigation area, under-
ground water diversion amount, groundwater mineralization, irrigation
amount, surface water diversion amount, and annual rainfall. Positive
contribution to soil salinity accumulation in water-saving irrigation
districts at groundwater depths <4.0 m. Under the interaction of
groundwater depth and irrigation amount, the positive contribution of
lower irrigation amount to soil salinity content was significant. When
the irrigation amount was <5500 m® ha™?, there was a positive contri-
bution of soil salinity accumulation in the irrigation district. Under the
interaction of irrigation amount and mineralization of groundwater, the
higher mineralization of groundwater has a significant positive contri-
bution to soil salt content. The suitable groundwater depth is 4.0—6.0 m
and the suitable irrigation amount is 5500—6000 m® ha! in the water-
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Fig. 8. The main influencing factors of spatial and temporal distribution of soil salinity.
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saving irrigation district dominated by cotton and wheat. In conclusion,
groundwater depth and annual water surface evaporation are the most
critical influences on the spatial and temporal variability of soil salinity
in the inland arid zone of Northwest China. Therefore, although soil
salinity in the water-saving irrigation district represented by the Manas
River Irrigation District gradually decreases with time, the prevention
and management of soil salinization in the Northwest Oasis can still not
be ignored due to the intense evaporation in the arid zone. However,
production through scientific groundwater depth control, reasonable
irrigation systems, and other regulatory measures can alleviate water-
saving irrigation districts’ secondary salinization problems and ach-
ieve sustainable development.
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