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Abstract: Autumn irrigation is a key measure for alleviating soil salinity and promoting sustainable
agricultural development in the Hetao Irrigation district; however, only a part of farmland is irrigated
in autumn during the non-growth period of crops, which leads to the redistribution of soil water
and salt between autumn-irrigated land (AIL) and adjacent non-autumn-irrigated land (NAIL) after
autumn irrigation. To explore the distribution and variation of soil water and salt in different positions
of AIL and NAIL after local autumn irrigation and reveal the interaction range between AIL and
NAIL, field experiments were carried out for two years in typical test areas. The results showed that
compared with non-autumn irrigation, autumn irrigation improved the distribution uniformity of
soil water and salt profiles in both horizontal and vertical directions; after autumn irrigation, the
water content of the soil at the nearest sampling point to the boundary in the AIL increased the least,
but the desalination rate was the greatest, while the water and salt contents of the soil within 45 m
from the sampling points to the boundary in the NAIL both increased significantly. NAIL received
the drainage of AIL and made the groundwater level after the rise in AIL fell quickly back, but
unreasonable autumn irrigation caused the groundwater level of AIL to remain at a high level before
freezing, exacerbating the risk of groundwater carrying salts to the surface soil during the freezing
and thawing period, detrimental to the growth of crops in the next spring. The research results are
of great significance to the rational use of farmland water resources and the improvement of soil
salinization in cold and dry areas.

Keywords: Hetao Irrigation District; autumn irrigation; dry drainage; water and salt movement

1. Introduction

Irrigation is a major use of water in agriculture. Thus far, about 70% of freshwater on
Earth is used for agriculture, of which about 90% is used for irrigation [1,2]. In arid and semi-
arid regions with insufficient precipitation, irrigation is essential to agricultural productivity.
It can not only meet the water demand of crops, increase food production, and provide
possibilities for regional and even global food security but also increase farmers’ income,
improve agricultural profitability, and promote economic prosperity [3–5]. However, the
use of saline irrigation water and chemical fertilizers increases soil salinity, and, combined
with improper irrigation water and drainage practices, this usually results in increased
soil salinization, threatening crop growth and reducing agricultural productivity [6,7].
According to statistics, more than 20% of irrigated land worldwide is impacted by soil
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salinization, and the total loss caused by irrigation-related salinity is USD 27.3 billion per
year. If left unattended, by 2025, the global irrigation area threatened by soil salinization
may expand to more than 50% [8–10]. Therefore, a correct and profound understanding of
the problem of soil salinization brought on by irrigation is essential for achieving sustainable
agricultural development.

The Hetao Irrigation District (HID) is one of the largest irrigation districts in China,
with an irrigated area of 570,000 ha, and it is an important grain and oil production
base in the country. Surface water flood irrigation is the common irrigation method
for the region, but, due to its location in arid and semi-arid regions, extremely high
evaporation precipitation ratios (about 10:1), shallow water table depths (the average
annual groundwater level is 1.5–2 m), long-term irrigation from the Yellow River (the
average amount of annual total dissolved salts in irrigation water is 0.5 g/L), and imperfect
drainage systems result in the severe salinization of soil in the root zone [11]. In order
to reduce the harm of soil salinization in the root zone to the growth of crops in the
following year and adjust the soil moisture in the field, every year, after harvesting the
crops in the autumn and before the soil freezes, the irrigation district uses water flood
irrigation via the Yellow River to leach out the soil salinity in the root zone. After a
long period of production practice, autumn irrigation has become an important local
irrigation method [12,13]. However, due to the wide range of autumn irrigation methods,
irrigation period concentration (October–November each year), and the large irrigation
quota (approximately one-third of annual water consumption), there has been a sharp
increase in groundwater levels after irrigation. In the case of poor drainage conditions,
groundwater levels easily remain high for a long time before freezing, which, in turn, leads
to the secondary salinization of soil and affects the spring sowing of crops in the following
year [14–16].

Dry drainage (also known as internal drainage) is a method that can alleviate sec-
ondary soil salinization in irrigated farmland. This method mainly discharges excess water
and salt from irrigated land to nearby fallow land (fallow land is land that has been perma-
nently or seasonally fallowed) through groundwater flow and then consumes water in the
soil under evaporation, while salt is stored in fallow land [17]. Compared with traditional
artificial drainage, this method has more advantages in cost and environmental protec-
tion [18]. In the past 30 years, dry drainage has been widely used in Pakistan, Iran, and
China [19–21]. Wu et al. [22] studied the effectiveness of dry drainage using a combination
of remote sensing, a conceptual model, and field experiments in HID and observed that ex-
cess water and salt in the irrigated land migrating to the fallow land through groundwater
and dry drainage was effective in controlling salt levels in the irrigated land. However, the
effect of dry drainage is easily affected by climatic conditions, the ratio of irrigated land to
fallow land, and the evaporation capacity of the land. To further prove the effectiveness
of dry drainage [23,24], Wang et al. [25] conducted field observations for five years in a
2900 ha experimental field at Yonglian Experimental Station in HID and found that fallow
land received excess water and salt from the surrounding irrigated cropland. Moreover, the
salt content of the soil profile increased significantly, and the salt accumulation of irrigated
cropland exhibited an accelerating trend with the weakening of the evaporative capacity
of fallow land. Liu et al. [26] investigated the water–salt migration between cropland
and adjacent wasteland during the growing season in HID, and the results showed that
during the irrigation period, irrigation (and precipitation) promoted the flow of water and
salt from cropland to wasteland. However, during the intervals of irrigation, when the
evapotranspiration of farmland was greater than that of wasteland, the lateral water and
salt flux was reversed. Although the above scholars revealed water and salt movement
between irrigated and fallow lands at different scales, these studies were conducted under
fully irrigated conditions (full irrigation means that all cropped lands are irrigated).
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In recent years, due to the national directive on water conservation, the average annual
water diversion of HID has been reduced from 5.2 billion m3 to 4.0 billion m3, based on
which, the irrigation district has adopted the measure of “partial autumn irrigation”, which
mainly means that farmlands planted with late-season crops, such as sunflower, are not
irrigated in autumn seasons, but are irrigated in spring after the soil melts the following
year [27,28]. Simultaneously, influenced by the planting structure and farmers’ willingness,
the area of non-autumn-irrigated land (NAIL) is increasing, while the area of autumn-
irrigated land (AIL) is relatively decreasing. AIL and NAIL are adjacent to each other and
distributed in an interleaved manner [29]. To a certain extent, the working principle of
NAIL is similar to that of fallow land under full irrigation. After irrigation, NAIL can
receive drainage from surrounding irrigated land, causing the water table in the nearby
irrigated land to fall back quickly, but, because the NAIL will be irrigated in the spring
during the following year, drainage water durations are much shorter compared to fallow
land. Peng et al. [30] studied the characteristics of water–salt movement in farmland after
local autumn irrigation conditions in HID and found that the salts that were washed out of
the AIL entered the NAIL through the flow of groundwater, increasing soil salt content in
the NAIL. Although the study revealed that water–salt movement between AIL and NAIL
was influenced by the proportion of AIL in the whole region, the scope of the interaction
of water–salt movement between AIL and NAIL was not clear. Therefore, the objective of
this study was as follows: to monitor changes in soil moisture, salinity, and groundwater
in different positions of AIL and NAIL before and after autumn irrigation; quantitatively
analyze the redistribution of water and salinity in different locations of AIL and NAIL
and the distance of interaction; and reveal the scope of mutual influence between AIL and
NAIL to provide scientific information for the better management of irrigation water and
the control of soil salinization in the future.

In response to the current situation of autumn irrigation in HID, we conducted field
monitoring of water and salt distributions at different distances between AIL and nearby
ANIL. Our objectives were to (1) reveal the distribution of and changes in soil water and salt
at different distances between AIL and NAIL before and after autumn irrigation, (2) find
the distances at which AIL and NAIL interacted with each other under dry drainage
conditions, and (3) provide a theoretical basis for rational autumn irrigation and soil
salinization prevention.

2. Materials and Methods
2.1. Study Area Description

The study area (40◦55′04′ ′ N, 108◦30′29′ ′ E, 985.9 m) is located in Xixiaozhao Town,
UradQianqi, Bayannur City, Inner Mongolia Autonomous Region, China, and belongs
to the Wulate Irrigation District of HID (Figure 1a,b). Its climate is classified as follows:
mid-temperate continental climate, dry and windy weather, sufficient sunshine, less precipi-
tation, substantial evaporation, and a short frost-free period. The annual mean temperature
of the research region is 6~8 ◦C; the average wind speed is 2.8 m/s; the average sunshine
hours is 3202 h; the annual precipitation is 200~250 mm, with the majority falling between
June and September (accounting for 79% of the annual precipitation); the annual pan
evaporation (E20) is 2173 mm [31]; the frost-free period is about 130 d; the annual average
groundwater depth is 1.8 m; and the maximum freezing depth is 1 m [32]. The soil texture
of the 0~200 cm soil stratum is mainly sandy loam, silty loam, and loamy sand. The specific
physical properties are shown in Table 1. The soil bulk density was determined via the
ring knife method. Soil texture was determined using a HELOS & RODOS fully automated
dry particle size analyzer (Sympatec GmbH, Dresden, Germany) to measure soil particle
gradation, in accordance with the soil texture triangle map of the United States Department
of Agriculture [33].



Land 2024, 13, 773 4 of 18Land 2024, 13, x FOR PEER REVIEW 4 of 18 
 

 
(a) (b) 

Figure 1. The location of Hetao Irrigation District in Inner Mongolia, China, (a) and the location of 
the study area (b). 

Table 1. Soil physical properties of the study area from 0 to 200 cm. 

Land 
Types 

Soil Depth 
(cm) 

Particle Distribution (%) 
Soil Bulk 
Density 
(g cm−3) 

Soil 
Texture Clay (<0.002 

mm) 

Silt 
(0.002–0.05 

mm) 

Sand 
(0.05–2 
mm) 

 0–5 2.29 43.18 54.53 1.51 Sandy loam 
 5–20 2.45 43.30 54.25 1.55 Sandy loam 
 20–40 2.25 55.62 42.13 1.57 Silty loam 

AIL 40–60 1.11 55.66 43.23 1.52 Silty loam 
 60–80 0.79 54.67 44.54 1.53 Silty loam 
 80–100 0.21 27.22 72.57 1.61 Loamy sand 
 100–150 0.21 21.34 78.45 1.62 Loamy sand 
 150–200 0.36 10.38 89.26 1.62 Loamy sand 
 0–5 2.68 40.11 57.21 1.50 Sandy loam 
 5–20 2.26 30.22 67.52 1.55 Sandy loam 
 20–40 3.75 60.60 35.64 1.60 Silty loam 

NAIL 40–60 4.90 54.73 40.37 1.54 Silty loam 
 60–80 1.89 63.22 34.90 1.51 Silty loam 
 80–100 0.85 52.67 46.47 1.55 Silty loam 
 100–150 0.25 21.31 78.44 1.62 Loamy sand 
 150–200 0.27 20.55 79.18 1.63 Loamy sand 

Notes: AIL is autumn-irrigated land and NAIL is non-autumn-irrigated land. 
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Figure 1. The location of Hetao Irrigation District in Inner Mongolia, China, (a) and the location of
the study area (b).

Table 1. Soil physical properties of the study area from 0 to 200 cm.

Land Types Soil Depth (cm)
Particle Distribution (%) Soil Bulk

Density
(g cm−3)

Soil
TextureClay (<0.002 mm) Silt

(0.002–0.05 mm)
Sand

(0.05–2 mm)

0–5 2.29 43.18 54.53 1.51 Sandy loam
5–20 2.45 43.30 54.25 1.55 Sandy loam

20–40 2.25 55.62 42.13 1.57 Silty loam
AIL 40–60 1.11 55.66 43.23 1.52 Silty loam

60–80 0.79 54.67 44.54 1.53 Silty loam
80–100 0.21 27.22 72.57 1.61 Loamy sand
100–150 0.21 21.34 78.45 1.62 Loamy sand
150–200 0.36 10.38 89.26 1.62 Loamy sand

0–5 2.68 40.11 57.21 1.50 Sandy loam
5–20 2.26 30.22 67.52 1.55 Sandy loam

20–40 3.75 60.60 35.64 1.60 Silty loam
NAIL 40–60 4.90 54.73 40.37 1.54 Silty loam

60–80 1.89 63.22 34.90 1.51 Silty loam
80–100 0.85 52.67 46.47 1.55 Silty loam
100–150 0.25 21.31 78.44 1.62 Loamy sand
150–200 0.27 20.55 79.18 1.63 Loamy sand

Notes: AIL is autumn-irrigated land and NAIL is non-autumn-irrigated land.

2.2. Experimental Design

The fields adjacent to the AIL and NAIL were selected as the test area and tested from
October to December 2021 and October to December 2022. The east side of the test area
belongs to Huaimu Village, which comprises AIL, and the west side belongs to Beigedu
Village, which comprises NAIL. AIL and NAIL are separated by the agricultural canal and
the field road (Figure 2). The average ground elevation of the test area was 985.89 m. The
ground elevation of the AIL was slightly higher than that of the NAIL, and the maximum
elevation difference was 5 cm. The shape of the test area was rectangular, measuring
378.6 m long from the east to the west and 30 m wide from the north to the south. The test
area covered about 11,360 m2, with a 50% share of AIL and a 50% share of NAIL. With the
exception of the interface between AIL and NAIL, the other three sides of the AIL were
irrigated land, while the other three sides of the NAIL were non-irrigated land. Before the
autumn harvest, the main crop planted in the experimental field was sunflower, and, after
the autumn harvest, the experimental field was not turned over and leveled. Six soil water
and salt sampling points (parallel to the boundary and 5, 20, 45, 92, 139, and 186 m from the
boundary) were set up in AIL and NAIL, respectively, and they were named with respect
to their distance from the boundary. The six sampling points in the AIL were named Q5,
Q20, Q45, Q92, Q139, and Q186 and each sampling point in NAIL was named W5, W20,
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W45, W92, W139, and W186. There were two replicates perpendicular to the boundary,
with a total of 24 sampling points. A total of five groundwater level observation wells were
laid out in the test area. Two observation wells, Q1 and Q2, were laid out from the west to
the east in the AIL and three groundwater observation wells, W1, W2, and W3, were laid
out from the east to the west in the NAIL. The canals on the east side of wells W1 and W3
are both diversion canals for NAIL. During autumn irrigation, the diversion openings of
these canals are closed, and no water passes through the canals.
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Figure 2. Schematic diagram of the test site’s layout (AIL is autumn-irrigated land and NAIL is
non-autumn-irrigated land).

2.3. Data Collection and Measurement

The test area was irrigated with water from the Yellow River on 18–19 October 2021
and 16–18 November 2022, and the irrigation method was flood irrigation. The irrigation
water volume was determined using a trapezoidal water-measuring weir, which was
4600 m3/ha and 4200 m3/ha in 2021 and 2022, respectively, and the conductivity of the
irrigation water was determined using a DDS-307A conductivity meter (Hangzhou Qiwei
Instrument Co., Ltd., Hangzhou, China), which was 0.73 dS/m and 0.75 dS/m in the
two years, respectively. Before and after autumn irrigation, soil samples were gathered
at the set sampling points on 13 October and 25 November 2021 and 27 October and
15 December 2022, respectively. The soil sampling depth was 200 cm. There was a total of
8 layers: 2, 10, 30, 50, 70, 100, 150, and 200 cm. The soil samples were collected using soil
drills, and soil water content (SWC) and salinity were measured. The SWC was obtained via
the drying method, while soil salinity was described by means of soil electrical conductivity
(SEC) [21]. The soil samples were dried naturally and then fully ground; then, they were
passed through a 1 mm sieve to make a leaching solution with a soil–water ratio of 1:5,
and conductivity (conductivity at 25 ◦C) was determined using a DDS-307A conductivity
meter. Groundwater levels in all observation wells were automatically collected using
a TD-Diver (Model DI801) groundwater level monitor manufactured (Chengdu Yaohua
Technology Co., Ltd., Chengdu, China), and it was set to be collected at 1 h intervals. The
meteorological data of the test period were gathered from the China Meteorological Data
Network (http://data.cma.cn/ (accessed on 10 August 2023)), and these data were used to
compute the daily reference evapotranspiration (ETo) using the FAO-56 Penman–Monteith
equation [34]. The daily values of the temperature, reference evapotranspiration, and
precipitation during the two-year test period are shown in Figure 3. In 2021 and 2022,
the daily mean temperature continued to be lower than 0 ◦C from 29 November and
28 November, respectively, and the soil entered the freezing period. During the two-year
sampling period, the total precipitation was 6.4 mm and 9.4 mm and the total reference
evapotranspiration was 66 mm and 59 mm, respectively.

http://data.cma.cn/
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the 2021 and 2022 experimental periods.

2.4. Research Methods
2.4.1. Changes in Soil Water Content

The variation in SWC was defined as the percentage of SWC variation after autumn
irrigation compared to before autumn irrigation. The calculation formula is as follows:

∆θ = (θ2 − θ1)× 100%/θ1 (1)

where ∆θ is the variation rate of SWC (%), θ2 is the SWC after autumn irrigation (%), and
θ1 is the SWC before autumn irrigation (%). If ∆θ > 0, this indicates an increase (%). If
∆θ < 0, this indicates a decrease (%).

2.4.2. Soil Desalination Rate

The soil desalination rate was defined as the percentage of soil salinity reduction
after autumn irrigation compared to before autumn irrigation. The calculation formula is
as follows:

∆SEC = (SEC1 − SEC2)× 100%/SEC1 (2)

where ∆SEC is the desalination rate (%), SEC1 is the soil salinity before autumn irriga-
tion (dS/m), and SEC2 is the soil salinity after autumn irrigation (dS/m). If ∆SEC > 0,
desalination occurred (%). If ∆SEC < 0, salt accumulation occurred (%).

2.4.3. Estimation of Groundwater Table Depths at Soil Sampling Sites

Groundwater table depth was estimated at each sampling point in the NAIL according
to Darcy’s law:

J = ∆H/L (3)

Zs = Hsg − Hsw = Hsg − (Hi − JLi−s) (4)

where J is the hydraulic gradient between observation wells, ∆H is the groundwater level
elevation difference between observation wells (m), and L is the horizontal distance between
observation wells (m). Zs is the groundwater table at each soil sampling point (s = 5, 20,
45, 92, 139, 186) in the NAIL (m), Hsg is the ground elevation of each soil sampling point



Land 2024, 13, 773 7 of 18

(m), Hsw is the water table elevation of each soil sampling point (m), Hi is the groundwater
level elevation at the observation wells closer to the boundary (i = w1, w2) (m), and Li−s is
the horizontal distance between the observation wells closer to the boundary and the soil
sampling point (m).

2.5. Data Processing Methods

The Kriging interpolation method in Surfer15.0 software was used to plot the spatial
and temporal distribution of soil water and salt and Origin2022 software was used to draw
the change in soil water and salt at different depths. SPSS19.0 software was applied to test
the differentiation of the data (one-way ANOVA).

3. Results
3.1. Distribution Characteristics of Water–Salt in the Soil Profiles
3.1.1. Distribution Characteristics of Water Content in the Soil Profiles

The distribution of SWC was similar for two years in AIL and NAIL before and after
autumn irrigation, as shown in Figure 4. Before autumn irrigation, the SWC of AIL and
NAIL exhibited a Z-shaped (Figure 4a,c) and an inverted C-shaped distribution (Figure 4e,g)
in the vertical direction, respectively. The maximum values appeared in the depth range
of 50 ± 20 cm and 70 ± 30 cm and the minimum values appeared in the 100 cm soil layer
and the surface layer (2 cm). The lowest value of SWC in AIL was not on the surface but
in the 100 cm soil layer, which was a result of the relatively large amount of sand in the
100 cm soil layer (Table 1), resulting in the poor water retention capacity of the soil layer.
The SWC of the 0~200 cm soil layer in AIL and NAIL changed between 9.7~20.3% and
14.3~22.6% in 2021 and between 16.3~25.7% and 16.3~28% in 2022, respectively. After
autumn irrigation, the vertical distribution of SWC in AIL and NAIL was basically the
same as that before autumn irrigation, and the SWC of all soil layers increased (except for
the 2 cm soil layer with a horizontal distance of 92~186 m from the boundary in the 2021
NAIL). However, compared with that before autumn irrigation, for two years, the vertical
maximum difference of SWC in AIL decreased by 13% and 37.4% (Figure 4b,d), while that
of NAIL increased by 61.3% and 12.4%, respectively (Figure 4f,h). This shows that autumn
irrigation improves the vertical distribution uniformity of SWC in AIL but reduces the
vertical distribution uniformity of SWC in NAIL.

In the horizontal direction, before autumn irrigation, there was no significant difference
in SWC at each distance sampling point in the AIL and NAIL (p > 0.05). The SWC varied
between 15~18.3% (Figure 4a) and 20.7~23.2% (Figure 4c) for two years at each sampling
site for the AIL and between 16.6~19.3% (Figure 4e) and 21.8~24.1% (Figure 4g) for NAIL.
After autumn irrigation, the SWC for two years for AIL increased to 25.4 ± 0.2% (Figure 4b)
and 27 ± 0.3% (Figure 4d), and the maximum difference was 84.2% and 67.6% lower than
that before autumn irrigation. For NAIL, the SWC at 5, 20, and 45 m from the boundary
was significantly higher than for the other three sampling points (there was no significant
difference between the other three sampling points) (p < 0.05). The SWC at the three
sampling sites within 45 m from the boundary in 2021 was higher than the mean values
of the other three sampling sites by 14.6, 13.6, and 11.9% (Figure 4f), and it was 13.2%,
13.1%, and 11.7% higher than in 2022 (Figure 4h). The closer the sampling point to the
boundary, the higher the SWC. Compared with before autumn irrigation, the maximum
difference of SWC in the two years increased by 41.1% and 57.6%, respectively. This shows
that autumn irrigation improved the horizontal distribution uniformity of SWC in AIL, but
the horizontal distribution uniformity of SWC in NAIL was worse.
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3.1.2. Distribution Characterization of Salt in the Soil Profiles

The two-dimensional distribution of soil salinity in AIL and NAIL over two years
was basically the same, as shown in Figure 5. Before autumn irrigation, due to evapo-
transpiration during the time of crop growth, soil salinity in the top layer (0~10 cm) of
both AIL and NAIL was higher in the two years, ranging between 0.95~1.1 dS/m and
0.3~0.42 dS/m (Figure 5a,c) and between 0.68~0.86 dS/m and 0.41~0.54 dS/m (Figure 5e,g),
respectively. With the increase in soil depth, soil salinity decreased significantly in the
10~50 cm soil layer and gradually decreased in the 50~200 cm soil layer, with minimum
values of 0.25, 0.1 dS/m, and 0.29, 0.12 dS/m. The salts in the horizontal direction all
accumulated near 0~5 m from the boundary, and the farther the distance, the fewer the
salts. This may be a result of the accumulation of salt eluted from a distance away from
the boundary with drainage water to the vicinity of the boundary after the last irrigation.
After autumn irrigation, soil salts in the 0~50 cm soil layer exhibited a significant decrease
(Figure 5b,d) and increase (Figure 5f,h) in AIL and NAIL, respectively, and the changes in
soil salts in all other soil layers were small. For the entire profiles, the salinity of the AIL
was close in the horizontal direction, varying between 0.24~0.33 dS/m and 0.11~0.16 dS/m
in the two years, respectively, while the salinity of NAIL in the range of 0~45 m from the
boundary reached the level of moderate salinity (0.4~0.8 dS/m), especially in the surface
soil, which reached the level of severe salinity (0.8~1.6 dS/m). Compared with that before
autumn irrigation, the difference in soil salinity in the horizontal and vertical directions of
the AIL decreased after irrigation by 72.7% and 37.5% and by 67.1% and 71.9% in the two
years, while the difference in soil salinity in the NAIL increased by 66.7% and 55.6% and by
28.1% and 43.9%, respectively. It can be observed that the distribution uniformity of soil
salts in the horizontal and vertical directions of AIL improved after irrigation, while the
distribution of soil salts in the horizontal and vertical directions of the NAIL worsened.
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Figure 5. Distribution of soil salinity (EC1:5) in autumn-irrigated land (AIL, a–d) and non-autumn-
irrigated land (NAIL, e–h) in 2021 and 2022.

3.2. Changes in Soil Profile Water Salinity
3.2.1. Changes in Soil Profile Water Content

The changes in soil profile water content at each sampling point in AIL and NAIL
before and after autumn irrigation are shown in Figure 6. After autumn irrigation, the
average SWC in the root zone (0~50 cm) of the AIL increased by 33.1% and 29.2% in the
two-year test period, which was 58.7% lower (Figure 6a) and 37.7% higher (Figure 6b) than
that in the deeper layer (50~200 cm), respectively. In the second year, the increase in SWC
in the root zone was greater than that in the deep layer. The main reason for this was that
irrigation water did not fully infiltrate and froze in the top layer of the soil (0~10 cm). In
the NAIL, the average SWC in the root zone (0~50 cm) increased by 17% (Figure 6c) and
9.9% (Figure 6d) in two years, respectively, and this was smaller than the changes in the
deep SWC (42% and 14.8%), indicating that the water in the NAIL was more concentrated
in the deeper soil layers after irrigation. In the horizontal direction, the largest increase in
SWC among the AIL was in Q92, with increases of 67.7% and 30.2% in two years, and the
smallest increase was in Q5, with increases of 38.5% and 15.5% in two years, respectively.
The rest of the sampling sites changed in between. Under the influence of AIL irrigation,
the SWC of each sampling point in NAIL increased by 18.3~54.5% and 8.3~19.7% in the
two years, respectively, and the closer the sampling point to the boundary, the greater the
increase in SWC.



Land 2024, 13, 773 11 of 18Land 2024, 13, x FOR PEER REVIEW 11 of 18 
 

0 5 10 15 20 25 30 35

200

160

120

80

40

0

V
er

tic
al

 d
ep

th
 (c

m
)

Q5

（a） 2021

0 5 10 15 20 25 30 35

Q20

0 5 10 15 20 25 30 35
Soil water content (%)

Q45

0 5 10 15 20 25 30 35

Q92

0 5 10 15 20 25 30 35

Q139

0 5 10 15 20 25 30 35

Q186
 

0 5 10 15 20 25 30 35

200

160

120

80

40

0

V
er

tic
al

 d
ep

th
 (c

m
)

Q5

（b） 2022

0 5 10 15 20 25 30 35

Q20

0 5 10 15 20 25 30 35
Soil water content (%)

Q45

0 5 10 15 20 25 30 35

Q92

0 5 10 15 20 25 30 35

Q139

0 5 10 15 20 25 30 35

Q186
 

0 5 10 15 20 25 30 35

200

160

120

80

40

0

V
er

tic
al

 d
ep

th
 (c

m
)

W5

（c） 2021

0 5 10 15 20 25 30 35

W20

0 5 10 15 20 25 30 35
Soil water content (%)

W45

0 5 10 15 20 25 30 35

W92

0 5 10 15 20 25 30 35

W139

0 5 10 15 20 25 30 35

W186
 

0 5 10 15 20 25 30 35

200

160

120

80

40

0

 Before autumn irrigation    After autumn irrigation

V
er

tic
al

 d
ep

th
 (c

m
)

W5

（d） 2022

0 5 10 15 20 25 30 35

W20

0 5 10 15 20 25 30 35
Soil water content (%)

W45

0 5 10 15 20 25 30 35

W92

0 5 10 15 20 25 30 35

W139

0 5 10 15 20 25 30 35

W186

 
Figure 6. Changes in soil water content at each sampling point in autumn-irrigated land (a,b) and 
non-autumn-irrigated land (c,d) before and after autumn irrigation in 2021 and 2022. 
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Figure 6. Changes in soil water content at each sampling point in autumn-irrigated land (a,b) and
non-autumn-irrigated land (c,d) before and after autumn irrigation in 2021 and 2022.

3.2.2. Changes in Soil Profile Salinity

The changes in soil salinity in the 0~200 cm soil layer before and after autumn irri-
gation at each sampling point of AIL and NAIL are shown in Figure 7. As observed in
Figure 7a,b, the degree of soil desalination at each sampling point in AIL decreased with
an increase in vertical depth. The closer the sampling point to the boundary (Q5), the
greater the desalination rate of the soil profile, which was 54.5% and 45.3% in the two
years, respectively, while the desalination rates of the remaining sampling points were
between 34.5~51.8% and 21.6~33.2%, respectively. Salts washed from the AIL entered the
groundwater and migrated to the NAIL through lateral flow. Soil salts in the root zone
(0~50 cm) of the NAIL accumulated due to evaporation. The salt accumulation rates in
two years were 10.3% and 17.9%, respectively, which were about 2.9 and 2.8 times that
of the deeper soil (Figure 7c,d). All sampling points were affected by fluctuations in the
water table: the greater the depth of fluctuation, the greater the salt accumulation rates in
the soil profile. For example, in 2021, the W5, W20, W45, W92, W139, and W186 sampling
sites accumulated 14.8, 14, 11.7, 3.1, 3.1, and 1.2% salt after irrigation and, in 2022, they
accumulated 25, 24.4, 23.9, 6.3, 3.1, and 1.7% salt, respectively. Further analyses revealed
that the salt accumulation rate in the soil profile of the sampling points within 45 m from the
boundary was significantly higher than that of the sampling points beyond 92 m (p < 0.5),
which was about 5.5 and 6.6 times higher than the average salt accumulation rate of the
sampling points beyond 92 m. Therefore, there was a range limit for the effect of autumn
irrigation on soil salinity in the adjacent NAIL, which was between 45 and 92 m.



Land 2024, 13, 773 12 of 18Land 2024, 13, x FOR PEER REVIEW 12 of 18 
 

0.4 0.8 1.20

200

160

120

80

40

0

V
er

tic
al

 d
ep

th
 (c

m
)

Q5

（a） 2021

0.4 0.8 1.20

Q20

0.4 0.8 1.20
EC1:5  (dS/m)

Q45

0.4 0.8 1.20

Q92

0.4 0.8 1.20

Q139

0.4 0.8 1.20

Q186
 

0.4 0.8 1.20

200

160

120

80

40

0

V
er

tic
al

 d
ep

th
(c

m
)

Q5

（b） 2022

0.4 0.8 1.20

Q20

0.4 0.8 1.20
EC1:5  (dS/m)

Q45

0.4 0.8 1.20

Q92

0.4 0.8 1.20

Q139

0.4 0.8 1.20

Q186
 

0.4 0.8 1.20

200

160

120

80

40

0

V
er

tic
al

 d
ep

th
 (c

m
)

W5

77cm
96cm

126cm
150cm

2021（c）

0.4 0.8 1.20

W20

0.4 0.8 1.20
EC1:5  (dS/m)

W45

157cm

0.4 0.8 1.20

W92
163cm

0.4 0.8 1.20

W139

0.4 0.8 1.20

W186
 

0.4 0.8 1.20

200

160

120

80

40

0

V
er

tic
al

 d
ep

th
(c

m
)

W5

31cm 40cm
56cm

81cm

（d） 2022

0.4 0.8 1.20

W20

 Before autumn irrigation    After autumn irrigation

0.4 0.8 1.20
EC1:5  (dS/m)

W45

103cm

0.4 0.8 1.20

W92

125cm

0.4 0.8 1.20

W139

0.4 0.8 1.20

W186

 
Figure 7. Changes in soil salinity (EC1:5) at each sampling point in autumn-irrigated land (a,b) and 
non-autumn-irrigated land (c,d) before and after autumn irrigation in 2021 and 2022 (the blue dotted 
line is the highest influence depth line of groundwater levels after autumn irrigation). 

3.3. Changes in Groundwater Levels and Salinity 
3.3.1. Changes in Groundwater Levels 

As illustrated in Figure 8, the change process of groundwater level in each 
observation well during the two-year test period was the same, exhibiting a first 
increasing and then decreasing change. Before autumn irrigation, the depths of the 
groundwater level in each observation well were substantial and similar to one another, 
and they varied between 2.72–2.81 m and 2.42–2.59 m in the two years. The hydraulic 
gradient between the observation wells in AIL and NAIL was small and groundwater 
flow was weak (Figure 9). This was mainly due to the study area not being irrigated since 
spring irrigation, long-term diving evaporation, and the adjustment to the groundwater’s 
constant movement. After autumn irrigation, the infiltration of irrigation water resulted 
in a rapid increase in groundwater levels in AIL and reached a peak on the third day after 
irrigation, but, due to the obvious water level differences between AIL and NAIL, the 
larger hydraulic gradient promoted the groundwater’s continuous flow from AIL to NAIL. 
The groundwater level of AIL decreased while the groundwater level of NAIL increased 
(Figure 9). On day 10, after irrigation, in 2021, the groundwater level of AIL and NAIL 
was between 0.01~0.42 m and 0.75~1.96 m, respectively. In contrast, in 2022, it was 
between 0.01~0.28 m and 0.43~1.17 m (before soil freezing), respectively. With time, the 
hydraulic gradient between the observation wells became smaller, and the groundwater 
level decreased synchronously. Until the 30th day after irrigation, the groundwater level 
varied between 1.52~1.6 m and 1.72~2 m (before soil freezing) and between 1.91~1.94 m 

Figure 7. Changes in soil salinity (EC1:5) at each sampling point in autumn-irrigated land (a,b) and
non-autumn-irrigated land (c,d) before and after autumn irrigation in 2021 and 2022 (the blue dotted
line is the highest influence depth line of groundwater levels after autumn irrigation).

3.3. Changes in Groundwater Levels and Salinity
3.3.1. Changes in Groundwater Levels

As illustrated in Figure 8, the change process of groundwater level in each observation
well during the two-year test period was the same, exhibiting a first increasing and then
decreasing change. Before autumn irrigation, the depths of the groundwater level in each
observation well were substantial and similar to one another, and they varied between
2.72–2.81 m and 2.42–2.59 m in the two years. The hydraulic gradient between the observa-
tion wells in AIL and NAIL was small and groundwater flow was weak (Figure 9). This was
mainly due to the study area not being irrigated since spring irrigation, long-term diving
evaporation, and the adjustment to the groundwater’s constant movement. After autumn
irrigation, the infiltration of irrigation water resulted in a rapid increase in groundwater
levels in AIL and reached a peak on the third day after irrigation, but, due to the obvious
water level differences between AIL and NAIL, the larger hydraulic gradient promoted the
groundwater’s continuous flow from AIL to NAIL. The groundwater level of AIL decreased
while the groundwater level of NAIL increased (Figure 9). On day 10, after irrigation, in
2021, the groundwater level of AIL and NAIL was between 0.01~0.42 m and 0.75~1.96 m,
respectively. In contrast, in 2022, it was between 0.01~0.28 m and 0.43~1.17 m (before soil
freezing), respectively. With time, the hydraulic gradient between the observation wells
became smaller, and the groundwater level decreased synchronously. Until the 30th day
after irrigation, the groundwater level varied between 1.52~1.6 m and 1.72~2 m (before soil
freezing) and between 1.91~1.94 m and 2~2.08 m for the two years in the AIL and NAIL,
respectively (Figure 8). The following could be observed: NAIL received the drainage
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of the AIL, which could cause the groundwater level after the rise of the AIL to quickly
decrease, but earlier autumn irrigation was more capable of ensuring that the groundwater
level of AIL fell below the designed critical depth of the HID before freezing (about 1.5) [35].
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Figure 9. The change process of the hydraulic gradient between observation wells in autumn-irri-
gated land and non-autumn-irrigated land before and after autumn irrigation in 2021 and 2022. 
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Figure 8. The change process of groundwater levels at each observation well in autumn-irrigated 
land and non-autumn-irrigated land before and after autumn irrigation in 2021 and 2022. 
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3.3.2. Changes in Groundwater Salinity

As observed in Figure 10, the groundwater salinity of each observation well in the
two years had the same change rule, increasing at the beginning of autumn irrigation and
decreasing at the end of the autumn irrigation process. Before autumn irrigation, ground-
water salinity in each observation well for two years was between 0.75~0.89 dS/m and
0.83~1.15 dS/m. After autumn irrigation, groundwater salinity increased in all observation
wells, and the increase in groundwater salinity in NAIL was greater than that in AIL; this
may have been caused by the leaching of salts from AIL into the groundwater and their
flow toward NAIL through the horizontal flow and the further dissolution of salts in the
soil during the rise of the groundwater.
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Figure 10. The change in groundwater salinity (EC1:5) at each observation well in autumn-irrigated 
land and non-autumn-irrigated land before and after autumn irrigation in 2021 and 2022. 
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4. Discussion
4.1. Effect of Autumn Irrigation on Soil Moisture

In the study area, where the water table was shallow, soil moisture conditions in
different horizontal areas were influenced by irrigation, precipitation, evapotranspiration,
groundwater movement, and freeze–thaw cycles, with irrigation being the main driver
affecting the distribution and change in soil moisture in AIL and NAIL [36,37]. In this study,
after autumn irrigation, the infiltration of irrigation water resulted in smaller differences
in soil moisture between horizontal and vertical directions in AIL, which concurs with
the findings of Feng et al. [38]. The closer the sampling point to the boundary (Q5), the
stronger the hydrodynamic conditions (Figure 9), the faster the water movement, and the
greater the drainage (salt discharge). However, in NAIL, the continuous evaporation of
topsoil and the increase in deeper soil water increased the difference in soil moisture in
the vertical direction [30]. With the increase in the distance from the boundary, the water
content of the soil profile gradually decreased. For example, the SWC of W5, W20, and
W45 after irrigation was significantly higher than that of the other three positions (there
was no significant difference between the other three positions) (p < 0.05), similar to the
results of Yin et al. [39]. The autumn irrigation period in HID is short and is followed by a
freezing period. The freezing effect prompts the water in the deep soil to carry salt upward,
and the water moves and amasses within the frozen soil layer [14]. Following autumn
irrigation, the deeper soils of NAIL received increased leaching water recharge, which
increased the flow of water from deeper to shallower layers throughout the freezing period
and aggravated the salinization process of surface soil when the soil melted the next year.

4.2. Effect of Autumn Irrigation on Soil Salinity

Irrigation not only affects the distribution of water in soil but also changes the distri-
bution of salt in soil, especially in cold-arid regions [40,41]. In addition, irrigation water
may also introduce new salts to the soil [42]. In this study, the soil desalination rate of
the soil layer above 50 cm was significantly higher than that of the soil layer below 50 cm
in the AIL after irrigation, and the difference in soil salinity in the vertical direction was
decreased; in contrast, the further accumulation of salts in the surface soil of NAIL in-
creased the difference compared to that of the deeper soil layer. In terms of the entire soil
profile, the AIL as a whole exhibited desalination, while the NAIL as a whole exhibited
an accumulation of salts, which was consistent with the findings of Peng et al. [30]. Over
the two-year experimental period, although the time of soil sampling was different, the
precipitation and reference evapotranspiration caused by temporal difference was small
(Figure 3), and the groundwater level in both years had already dropped to 1.7~2.0 m and
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1.8~2.0 m by post-irrigation sampling (Figure 8). Therefore, different soil sampling times
had little effect on the change of water–salt in the soil profile (0~200 cm). In the horizontal
direction, there was no significant difference in soil profile salinity at different locations
in the AIL after autumn irrigation (p > 0.5), but soil salinity was significantly greater in
the proximal zone of NAIL (distance from the boundary of the NAIL was less than 45 m)
than in the distal zone (distance from the boundary of NAIL was more than 92 m). This is
a different conclusion compared to the study of Yuan et al. [43], which noted that the soil
profile’s salt in the near-distance zone of non-irrigated land after irrigation was less than
that in the far-distance zone. The cause for this distinction was the different topography of
the two test areas. Yuan et al.’s test area had a relatively large elevation difference, and the
larger elevation difference tended to make it easier for soil profiles with low topography to
become drenched with lateral water flow seepage from areas of high topography. It has
been shown [23,41,44] that there exists a critical value for the dry drainage control salt effect
of non-irrigated land when the critical value is exceeded: the drainage salt control ability of
some non-irrigated land is reduced or even has no effect. The results of the current study
are consistent with the above studies. This study observed the following: the influence
distance of AIL irrigation on adjacent NAIL was between 45 and 92 m from the boundary
of NAIL. As for the specific impact distance, further research is needed.

4.3. Effects of Autumn Irrigation on Groundwater

Groundwater levels and salinity are closely linked to soil water–salt conditions. When
the groundwater level and groundwater mineralization are more substantial, soil salinity in
the root zone is more severe [45,46]. Thus, controlling the groundwater table is essential in
order to prevent and control soil salinization. Substantial water infiltration after irrigation
will cause the groundwater level to increase sharply. Surface soil salts migrate to deeper
soils and groundwater due to leaching [12], while drainage is an important way to control
the dynamics and changes in the groundwater levels [47]. It has been shown that in HID,
the groundwater level is below the designed critical depth (about 1.5 m) before the freezing
period, which can prevent the salt in the surface soil from exceeding the crop salt tolerance
standard in the next spring period [35]. In this study, it was observed that after autumn
irrigation, NAIL received the drainage of AIL, which caused the groundwater level of AIL
to rapidly decrease below the groundwater-designed critical depth in the irrigation area
before the freezing period (in 2021); this is consistent with an earlier study [30]. However,
in the 2022 test results, it was further observed that the groundwater levels of AIL did
not decrease below the irrigation area designed critical depth before the freezing period.
The primary causes of this phenomenon are diverse. On the one hand, the larger autumn
irrigation quota and the proximity of the autumn irrigation time to the freezing period
resulted in the groundwater levels being higher in AIL before the freezing period, and the
groundwater did not have sufficient time to discharge; on the other hand, relatively low
air temperatures after autumn irrigation (Figure 3) resulted in low-temperature soil water,
high soil water viscosity, and slow movement, which resulted in a slow groundwater level
decrease rate. Therefore, in order to reduce the secondary salinization of soil, which is
caused by high groundwater levels before the freezing period, under the conditions of dry
drainage, determining a reasonable autumn irrigation system is particularly important for
controlling the depth of the water table in AIL before the freezing period, and methods for
determining this system form a new research area.

5. Conclusions

(1) Autumn irrigation improved the uniformity of soil water–salt distributions in AIL
but reduced the uniformity of soil water–salt distributions in adjacent NAIL. After
autumn irrigation, the maximum difference between the average values of two-year
soil water content (salinity) in the horizontal and vertical directions decreased by
75.9% and 25.2% (55.1% and 69.5%) for AIL, respectively, while it increased by 49.4%
and 36.9% (61.2% and 36%) for NAIL, respectively.
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(2) During the two-year experimental period, autumn irrigation increased the water
content of soil profiles in AIL by 38.5~67.7% and 15.5~30.2% and it decreased the salt
content by 34.5~54.5% and 21.6~45.3%, respectively. The closer the sampling point
to the boundary (Q5), the greater the drainage and salt discharge. In contrast, in
NAIL, the soil profile’s water (salt) content increased by 18.3~54.5% and 8.3~19.7%
(1.2~14.8% and 1.7%~25%) in the two years, respectively. The closer the sampling
point to the boundary, the greater the increase in water–salt content in the soil profile.

(3) After autumn irrigation, the W5, W20, and W45 sampling sites all exhibited large
increases in soil profile salinity, with increases of 11.7~14.8% and 23.9~25% within two
years, respectively. The average salt accumulation rate was about 5.5 and 6.6 times
that of the average salt accumulation rate of sampling points W92, W139, and W186.
It can be observed that there was a range limit of the effect of AIL irrigation on the
salinity of the soil in NAIL, which was between approximately 45 and 92 m from
the boundary. If the limit distance was exceeded, the dry salt discharge effect of the
increased NAIL was weakened.

(4) NAIL received drainage from AIL, causing post-irrigation AIL’s groundwater level to
decrease rapidly, especially from earlier autumn irrigation, which could reduce the
depth of AIL’s groundwater level before freezing to less than 1.5 m. This meets the
requirements for the groundwater-designed critical depth in HID. When the autumn
irrigation time is delayed to the eve of soil freezing, the depth of the groundwater
table in AIL is still above 1.5 m, which will aggravate the risk of salt presence in
surface soil during the freeze–thaw period.
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