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Abstract: The farmland around wetlands in the lower reaches of an arid area is susceptible to
salinization. To explore the effects of the groundwater level control at an irrigation cycle scale
on the salt concentration of the topsoil solution, this study carried out groundwater level control
and irrigation experiments using the intelligent groundwater control and in-situ field monitoring
system (also referred to as the groundwater control system) in the experimental base for groundwater
control of the Shiyang River basin. On this basis, this study compared and analyzed the changes in
groundwater depth, soil salinity, soil moisture content, and total water potential in zones with and
without groundwater control (also referred to as the control and non-control zones, respectively).
Results show: (1) When the groundwater depth increased by about 50 cm under the influence of the
groundwater control system, the salt accumulation layer of the soil bulk shifted downward by about
20 cm, and the topsoil bulk salt (at a depth of less than 40 cm) decreased to below 5.0 g/kg; (2) In
summer, the pore water electrical conductivity (ECp) of the topsoil in the control and non-control
zones exhibited alternating rapid decreases and slow increases. In the concentration stage of the soil
solution, the ECp of the topsoil in the non-control zone had significantly higher increased amplitude
than that in the control zone, especially 3–8 days after irrigation. At this stage, the ECp of the topsoil
in the control and non-control zones increased in two (slow and rapid increase) and three (slow,
rapid, and fairly rapid increase) periods, respectively; (3) At the concentration stage of the topsoil
solution, both the moisture content and solution salt content of the topsoil in the control zone were in
a negative equilibrium state, with the absolute values of the equilibrium values gradually increasing.
In contrast, the moisture content and solution salt content of the topsoil in the non-control zone were
in negative and positive equilibrium, respectively, with the absolute values of their equilibrium values
gradually increasing. The groundwater control system can mitigate the concentration rate of the
topsoil solution by increasing the groundwater depth and influencing the water and salt equilibrium
of the topsoil solution, which can create a suitable topsoil salt environment for crop growth. This
study is of great significance for determining an appropriate ecological water level interval and
optimizing groundwater control strategies for farmland around wetlands.

Keywords: arid area; farmland around wetlands; groundwater level control; salt concentration of
topsoil solution; moisture and salt equilibrium

1. Introduction

In recent years, the ecological protection strategy and policies have been implemented
in West China, including returning farmland to wetlands and reducing groundwater ex-
ploitation. Accordingly, the water area in wetlands in the lower reaches of the inland
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river basins in Northwest China has gradually increased, increasing the risk of saliniza-
tion to surrounding farmland [1–3]. Both the ecological environment of wetlands and the
salinization of farmland are sensitive to groundwater levels [4–7]. Therefore, in order to
achieve a win-win situation for the ecological protection of wetlands and the prevention
of salinization of farmland, an effective way is to control the groundwater depth at an
appropriate interval in the boundary zone between wetlands and farmland [8–10]. Accord-
ing to studies and statistics, the arid areas free from serious salinization and those with
a good ecological environment in Northwest China generally have a groundwater depth
of greater than 1.9 m and less than 3 m, respectively [11,12]. Therefore, there is a limited
appropriate interval of the groundwater depth in the boundary zone between wetlands and
farmland. When control measures are taken, the groundwater depth of salinized farmland
responds sensitively and shows repeated increases and decreases in summer due to strong
evapotranspiration and frequent irrigation. In this case, the topsoil solution salt undergoes
a complex process consisting of alternating dilution and concentration [13,14].

The response of topsoil salinity to changes in groundwater depth under the influence
of groundwater control is an important basis for evaluating the control performance and
optimizing the control schemes [15,16]. Researchers at home and abroad have carried out
extensive qualitative and quantitative research on the relationship between groundwater
depth and topsoil salinity by methods of greenhouse tests and field survey statistics. And
the relevant relationship has been basically confirmed [17–21]. On the other hand, according
to characteristics of meteorology, hydrogeology and crop salt tolerance in different areas,
ecological groundwater level depth thresholds for each area have been proposed [22–24].
Based on the in-situ monitoring experiments conducted in the Kashi experimental area
in Xinjiang, Chen YB et al. [25] concluded that there was a linear negative correlation
between the salt content in topsoil and the groundwater depth under a fixed total dissolved
solids (TDS) content of groundwater. Through laboratory experiments, Jia C [26] found
that the topsoil in the Yellow River Delta was prone to salinization when the groundwater
depth was less than 1.6 m. Current studies focus on the effects of groundwater depth on
topsoil salinity in different regions on a scale of seasons or crop growth stages under static
conditions on comprehensive analyses. Meanwhile, the soil salinity mainly refers to the
water-soluble salts in the topsoil bulk in these studies. However, the salts in the soil that
directly harm the crops refer to salt concentration of the topsoil solution, which is affected
by both the moisture and solution salt equilibrium in the topsoil [27,28]. Therefore, it is
necessary to deeply study the effects of groundwater depth on the salt concentration of the
topsoil solution on a smaller scale (within the irrigation cycle) in the practical operation of
the control system to well guide the practice in the farmland around wetland.

Relying on the experimental base for groundwater control in the lower reaches of
the Shiyang River basin, this study carried out groundwater level control and irrigation
experiments, comprehensively compared and analyzed the data such as moisture content,
groundwater depth, the pore water electrical conductivity (ECp) of soil, and total water
potential and investigated the change processes of salt content of the topsoil bulk, salt
concentration of the topsoil solution and the characteristics of the moisture and solution
salt equilibrium in the topsoil in the control and non-control zones on different time scales.
This study is of great significance for further optimizing the interval of the ecological
groundwater depth and relevant control measures in the boundary zone between wetlands
and farmland on a small scale (within the irrigation cycle).

2. Materials and Methods
2.1. Overview of the Study Area

The experimental base for groundwater control on which this study relies is located
in Dengmaying Lake in the lower reaches of the Shiyang River basin, with geographic
coordinates of 38◦06′2.4” N and 103◦20′1.0” E. This base lies in the transition zone between
a natural oasis and farmland and was a salt marsh before the 1970s. It has average annual
precipitation and evaporation of 123.6 mm and 2063.5 mm, respectively. The lithological
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structure of the aeration zone in the experimental base consists of sandy loam at a depth of
0–80 cm, loam at a depth of 80–150 cm, and silty sands at a depth of 150–180 cm, with the
capillary water supported by phreatic water rising to a height of about 1.7 m. The crops in
the experimental base are dominated by sunflower and corn, and the natural vegetation
primarily includes Kalidium foliatum and reed [29]. In the absence of control measures,
the phreatic water in the experimental base has a depth of 1.0–1.6 m (Figure 1) and a TDS
content of 7.63–13.24 g/L in summer. Meanwhile, during the season, the deep confined
water in the base has a TDS content of less than 1.0 g/L.
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Figure 1. Map showing the contours of phreatic water depth and the distribution of monitoring wells
under no control measures.

2.2. Experimental Design

Six functional zones were arranged in the experimental base in May 2019, including
the freshwater irrigation zone with groundwater level control and the brackish-water
irrigation zone with groundwater level control (Figure 2). This study primarily focused on
the freshwater irrigation zone with groundwater level control (also referred to as the control
zone) and the freshwater irrigation zone without groundwater level control (also referred
to as the non-control zone). The non-control zone was located about 70 m to the south of
the control zone. The terrain around the two zones was flat and the groundwater hydraulic
gradient was small. There was no significant difference in the change characteristics of
meteorology, irrigation and groundwater level and the lithologic structure conditions
between two zones without the influence of the control system. The groundwater level in
the control zone was controlled using the groundwater control system (Figure 3), which
consisted primarily of a collection subsystem and an intelligent control subsystem. The
collection subsystem consisted of a major pumping well and three radial wells around
the major pumping well. Each radial well consisted of a large major vertical water intake
well and 3–4 horizontal radial tubes, which had a length of 4 m and a diameter of 150 cm.
The main pumping well was connected to each radial well by a siphon tube. The highest
part of each siphon tube was located near the main pumping well, where an air vent was
equipped. These siphon tubes were gradually lowered from the position of the highest part
to the position about 50 cm above the bottom of wells, helping achieve that that the air in
tubes discharged completely and that any remaining water in the tubes was automatically
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discharged when the water pumping stopped. The intelligent control subsystem was
composed of electric ball valves, liquid level relays, AC contactors, and signal lines. Ranges
of groundwater depths in wells were set according to requirements for the ecological l
groundwater depth in the control zone. During the operation of the groundwater control
system, when the groundwater depth in a well increased to the lower limit of the threshold
(or decreased to the upper limit of the threshold), the system automatically stopped (started)
pumping. In addition, the system was able to automatically adjust the pumping rate in
response to the changes in the irrigation infiltration volume and lateral recharge, thus
ensuring that the groundwater depth in the experimental area was within the appropriate
depth range of ecological groundwater.

Water 2023, 15, x FOR PEER REVIEW 4 of 19 
 

 

the major pumping well. Each radial well consisted of a large major vertical water intake 
well and 3‒4 horizontal radial tubes, which had a length of 4 m and a diameter of 150 cm. 
The main pumping well was connected to each radial well by a siphon tube. The highest 
part of each siphon tube was located near the main pumping well, where an air vent was 
equipped. These siphon tubes were gradually lowered from the position of the highest 
part to the position about 50 cm above the bottom of wells, helping achieve that that the 
air in tubes discharged completely and that any remaining water in the tubes was auto-
matically discharged when the water pumping stopped. The intelligent control subsystem 
was composed of electric ball valves, liquid level relays, AC contactors, and signal lines. 
Ranges of groundwater depths in wells were set according to requirements for the ecolog-
ical l groundwater depth in the control zone. During the operation of the groundwater 
control system, when the groundwater depth in a well increased to the lower limit of the 
threshold (or decreased to the upper limit of the threshold), the system automatically 
stopped (started) pumping. In addition, the system was able to automatically adjust the 
pumping rate in response to the changes in the irrigation infiltration volume and lateral 
recharge, thus ensuring that the groundwater depth in the experimental area was within 
the appropriate depth range of ecological groundwater. 

 
Figure 2. Function zones and monitoring points distribution in the experimental base. 

From July to August 2020, an irrigation experiment with groundwater control was 
carried out in the experimental base. The control target for the groundwater depth in the 
control zone was 1.7‒1.9 m. Based on the results from previous pumping test at the irriga-
tion experiment site, the control targets for groundwater depths at the major pumping 
well and wells F01, F02, and F03 were set at 6‒7 m, 4.5‒5.5 m, 4.5‒5.5 m, and 4‒5 m, re-
spectively. The TDS content of the freshwater in the freshwater irrigation zones with and 
without water level control was 0.6 g/L. The two zones had the same irrigation time, fre-
quency, and water volume. With a water volume of 900‒1050 m3/hm2 in each irrigation, 

Figure 2. Function zones and monitoring points distribution in the experimental base.

Water 2023, 15, x FOR PEER REVIEW 5 of 19 
 

 

the total irrigation volume was 4500‒5250 m3/hm2 in the groundwater control period, 
when the groundwater control system operated continuously. 

 
Figure 3. Intelligent groundwater control system for salinization prevention in farmland around 
wetlands. 

2.3. Data Acquisition 
Monitoring profiles A and D for the aeration zone and groundwater monitoring holes 

G06 and G20 were deployed in the control zone and non-control zone, respectively. The 
monitoring points were located in the middle of the radial well and the boundary in each 
zone and could represent the groundwater depth and the distribution of water and salin-
ity in the aeration zone in the two zones (Figure 2). 

A HOBO weather station (made in Onset Company, Boston City, MA, USA)was em-
ployed to monitor meteorological elements, such as temperature and rainfall, in the ex-
perimental base. Solinst LTC sensors (made in Solinst Company, Toronto City, ON, Can-
ada) were arranged in groundwater monitoring holes to automatically monitor the 
groundwater level. 5TE sensors and TEROS 21 soil water potential sensors (made in ME-
TER Company, Pullman City, WA, USA)were deployed at different depths along the mon-
itoring profiles（A–F）of the aeration zone, with the former used to monitor moisture 
content, electrical conductivity, and temperature and the latter used to monitor the matric 
potential. The two sets of sensors were arranged at an interval of 20 cm vertically overall, 
with 5TE sensors densely deployed at a depth of 10 cm. The above elements were moni-
tored at a frequency of 30 min/time. 

Before and after the groundwater control period (on 29 June and 4 September), soil 
samples were collected at depths of 10 cm, 20 cm, 30 cm, 40 cm, 60 cm, 80 cm, 100 cm, and 
120 cm along soil profiles near the representative monitoring points in the two zones. The 
samples were collected for three times in each sampling, and water-soluble salt was tested 
by quality method. The average value of the samples was used as the result. 

2.4. Data Processing 
5TE sensors can directly yield the values of volumetric dielectric constant, tempera-

ture, and volumetric electrical conductivity. Since there is a close correlation between vol-
umetric moisture content and volumetric dielectric constant, this study determined the 
volumetric moisture content of the soil samples by establishing regression curve equa-
tions using the measured values of volumetric moisture content and volumetric dielectric 
constant. The detailed process is as follows: (1) The sandy loam, loam, and silty sands in 
the aeration zone were sampled three times individually using a cutting ring. The dry 
weight and wet weight of the soil samples of each lithology were determined, followed 
by the calculation of their dry bulk density, which was then averaged to determine the 
dry bulk density of each lithology; (2) A certain amount of each lithology was dried, pul-
verized, and sieved (80 mesh) and was then compacted in a plastic bucket; (3) The same 
weight of water was weighed and poured into the three plastic buckets, and the samples 
in the buckets were then stirred evenly and compacted. Afterward, the dielectric constant 

Figure 3. Intelligent groundwater control system for salinization prevention in farmland around wetlands.



Water 2023, 15, 1308 5 of 18

From July to August 2020, an irrigation experiment with groundwater control was
carried out in the experimental base. The control target for the groundwater depth in
the control zone was 1.7–1.9 m. Based on the results from previous pumping test at the
irrigation experiment site, the control targets for groundwater depths at the major pumping
well and wells F01, F02, and F03 were set at 6–7 m, 4.5–5.5 m, 4.5–5.5 m, and 4–5 m,
respectively. The TDS content of the freshwater in the freshwater irrigation zones with
and without water level control was 0.6 g/L. The two zones had the same irrigation time,
frequency, and water volume. With a water volume of 900–1050 m3/hm2 in each irrigation,
the total irrigation volume was 4500–5250 m3/hm2 in the groundwater control period,
when the groundwater control system operated continuously.

2.3. Data Acquisition

Monitoring profiles A and D for the aeration zone and groundwater monitoring holes
G06 and G20 were deployed in the control zone and non-control zone, respectively. The
monitoring points were located in the middle of the radial well and the boundary in each
zone and could represent the groundwater depth and the distribution of water and salinity
in the aeration zone in the two zones (Figure 2).

A HOBO weather station (made in Onset Company, Boston City, MA, USA) was
employed to monitor meteorological elements, such as temperature and rainfall, in the
experimental base. Solinst LTC sensors (made in Solinst Company, Toronto City, ON,
Canada) were arranged in groundwater monitoring holes to automatically monitor the
groundwater level. 5TE sensors and TEROS 21 soil water potential sensors (made in METER
Company, Pullman City, WA, USA)were deployed at different depths along the monitoring
profiles (A–F) of the aeration zone, with the former used to monitor moisture content,
electrical conductivity, and temperature and the latter used to monitor the matric potential.
The two sets of sensors were arranged at an interval of 20 cm vertically overall, with 5TE
sensors densely deployed at a depth of 10 cm. The above elements were monitored at a
frequency of 30 min/time.

Before and after the groundwater control period (on 29 June and 4 September), soil
samples were collected at depths of 10 cm, 20 cm, 30 cm, 40 cm, 60 cm, 80 cm, 100 cm, and
120 cm along soil profiles near the representative monitoring points in the two zones. The
samples were collected for three times in each sampling, and water-soluble salt was tested
by quality method. The average value of the samples was used as the result.

2.4. Data Processing

5TE sensors can directly yield the values of volumetric dielectric constant, temperature,
and volumetric electrical conductivity. Since there is a close correlation between volumetric
moisture content and volumetric dielectric constant, this study determined the volumetric
moisture content of the soil samples by establishing regression curve equations using the
measured values of volumetric moisture content and volumetric dielectric constant. The
detailed process is as follows: (1) The sandy loam, loam, and silty sands in the aeration
zone were sampled three times individually using a cutting ring. The dry weight and wet
weight of the soil samples of each lithology were determined, followed by the calculation
of their dry bulk density, which was then averaged to determine the dry bulk density of
each lithology; (2) A certain amount of each lithology was dried, pulverized, and sieved
(80 mesh) and was then compacted in a plastic bucket; (3) The same weight of water was
weighed and poured into the three plastic buckets, and the samples in the buckets were
then stirred evenly and compacted. Afterward, the dielectric constant of the soil samples
was measured using the 5TE sensors. After being dried, a small quantity of samples was
measured to determine their wet weight and dry weight, followed by the calculation of
their volumetric moisture content; (4) Water was added to each bucket again, followed by
the operations in step (3); (5) Based on the dielectric constant measured using the sensors
and the volumetric moisture content calculated using the drying method, the equations of
the regression curves of volumetric moisture content (θ) vs. volumetric dielectric constant
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(εb) of the three lithologies were established (Figure 4). Then, a series of volumetric moisture
content values were calculated using the equations and a series of volumetric dielectric
constant values.
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The 5TE sensor can directly yield the electrical conductivity of soil mass. In this study,
the soil pore water electrical conductivity was estimated by the Hilhorst model [30], as
shown in Equation (1):

σp =
εpσb

εb − ε0
(θ > 0.1 m3·m−3) (1)

where σp is the pore water electrical conductivity (mS·cm−1), σb is the volumetric electrical
conductivity (mS·cm−1), θ is the volumetric moisture content (%), εb is the volumetric
dielectric constant and ε0 is the dielectric constant when σb is 0. ε0 was set to 6 in this study.
εp is the dielectric constant of pore water and was calculated by Equation (2):

εp = 80.3− 0.37× (Tsoil − 20) (2)

where Tsoil is the soil temperature (◦C).
In this study, only precipitation data with an odd number of times of precipitation

greater than 5 mm were counted, and 24 h sliding average processing was used for temper-
ature data.

In this study, Microsoft Excel 2019 was used for data organization, and Excel 2019 and
CorelDRAW2018 were employed to plot.

3. Results
3.1. Changes in Groundwater Depth

The groundwater control system mitigated the salt accumulation in the topsoil primar-
ily by increasing the groundwater depth. Figure 5 shows the changes in the groundwater
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depths in the typical monitoring holes G06 and G20, which were located in the control and
non-control zones, respectively. According to this figure, during the non-control period
of groundwater (from mid-April to the end of June), the two zones exhibited the same
changing trends of the groundwater depths, which decreased rapidly and then increased
slowly after each irrigation and showed a downward trend overall with an increase in
irrigation frequency. During this period, the groundwater depths in the two zones were
maintained at about 1.9 m, indicating a low risk of salinization. During the control period
of groundwater (from July to August), the groundwater depth in the non-control zone
continued to show a downward trend due to irrigation effects and remained at about 1.5 m
after mid-July. In contrast, the groundwater depth in the control zone briefly decreased
and then rapidly increased after each irrigation under the influence of the groundwater
control system, thus remaining at about 1.9 m during the control period. As shown by the
comparison between Figures 1 and 6, the groundwater depth in the control zone increased
from 1.3–1.6 m to 1.8–2.1 m under the influence of the control system. Therefore, the control
system effectively controlled the groundwater depth in the control zone at a certain range.
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3.2. Changes in Soil Bulk Salt Content before and after the Control Period

The soil bulk salt content (which refers to the content of water-soluble salts in this
study) is an important indicator reflecting the degree of soil salinization and can be used to
determine the condition of soil salt accumulation over a period of time [31,32]. Figure 7
shows the variable quantity of the soil bulk salt content at different depths in the control
and non-control zones before and after the groundwater control period (on 1 July and 1
September, respectively; positive and negative values denote an increase and a decrease,
respectively). For the control zone, the topsoil bulk salt content decreased by 0~10 g/kg,
while the soil bulk salt content at a depth of more than 40 cm increased by 0–8 g/kg,
with the maximum increased amplitude of up to 9 g/kg occurring at a depth of 60 cm
(Figure 7). For the non-control zone, the topsoil bulk salt content at a depth of 0–15 cm
decreased by 0~5 g/kg, and the soil bulk salt content at a depth of more than 15 cm
increased by 0~6 g/kg, with the maximum increased amplitude occurring at a depth of
30–40 cm. Therefore, the groundwater control system effectively restricted the topsoil
salt accumulation, with the depth of the soil accumulation layer depth increasing from
30~40 cm to about 60 cm. As shown by the soil bulk salt content at different depths in
the two zones after the groundwater control (Figure 8), the topsoil bulk salt content in the
non-control zone was greater than 5 g/kg, while that in the control zone decreased to below
the salt-tolerance threshold (5.0 g/kg) for crops.
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Water is the carrier for salt migration, and water potential provides the energy basis for
water migration. Water always flows from places with high water potential to those with
low water potential [33,34]. In this study, the total water potential of the topsoil involved
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primarily the gravitational potential energy and matrix potential, and the gravitational
potential energy of the surface was set to 0 kpa. As shown in the distribution of the total
water potential along the soil profiles in the late stage of the groundwater control period
(Figure 9), the total water potential along the aeration zone profile of the non-control zone
gradually decreased from deep to shallow parts, thus forming energy channels for the
transport of water and salts from the groundwater to the topsoil. In contrast, the total
water potential along the aeration zone profile of the control zone was similar at a depth
of 40–60 cm. As a result, no continuous energy channels for the transport of water and
salts from the groundwater to the topsoil were formed. These results indicate that the
groundwater control system effectively reduced the transport amount of water and salts
from the groundwater to the topsoil.
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Table 1 shows the variable quantity of the soil moisture content at different depths in
the control and non-control zones 2 days and 10 days after irrigation within an irrigation
cycle during the groundwater control period. According to this table, the soil moisture
content at different depths in the two zones decreased to varying degrees, especially at
a depth of 20 cm. This result indicates that the topsoil in the two zones experienced
fairly intense evaporation and had similar evapotranspiration capacities. The decreased
amplitude of moisture content in the control zone was high at a depth of 40 cm and
low at a depth of 60 cm, while that in the non-control zone was low at depths of both
40 cm and 60 cm. This result reflects that the top of the supported capillary water in the
non-control zone had a depth of 20–40 cm, while that in the control zone had a depth of
40–60 cm. Therefore, the depth of the top of the supported capillary water increased under
the influence of the groundwater control system, further indicating that the groundwater
control system can effectively reduce the amount of water and salts transported from
groundwater to topsoil.

Table 1. Soil moisture content and its variable quantity at different depths in the control and non-
control zones 2 days and 10 days after irrigation (unit: %).

Depth/cm
Control Zone Non-Control Zone

2 Days after
Irrigation

10 Days after
Irrigation

Variable
Quantity

2 Days after
Irrigation

10 Days after
Irrigation

Variable
Quantity

20 28.32 21.32 −7.00 29.50 22.90 −6.60
40 30.91 21.57 −9.34 30.99 27.02 −3.96
60 31.34 25.36 −5.98 31.30 28.59 −2.71
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3.3. Changes in the Pore Water Electrical Conductivity of the Topsoil during the Groundwater
Control Period

The salts in the soil that directly harm the crops refer to those dissolving in the soil
solution. Therefore, it is more scientific to determine whether crops suffer salinity stress
based on the soil pore water salt concentration [27,28]. There is a significantly positive cor-
relation between pore water electrical conductivity and pore water salt concentration [35].
Therefore, the ECp of the soil can be used as the most direct indicator to reflect the ef-
fect of the groundwater control system on the soil salinity. The weighted average ECp of
the soil at depths of 10 cm, 20 cm, and 40 cm was used to obtain the ECp of the topsoil.
Figure 10 shows the variation amplitude of the ECp of the topsoil (base value: the ECp after
the irrigation on July 13; positive and negative values denote an increase and a decrease,
respectively) during the groundwater control period with the highest evaporation and
irrigation frequency. According to this figure, the ECp of the topsoil in the control and
non-control zones increased overall although it increased first and then decreased after each
irrigation. This change process was the result of the effects of alternating irrigation-induced
dilution and evapotranspiration-induced concentration of the topsoil solution. The ECp of
the topsoil changed as follows: With an increase in the irrigation times, its decreased ampli-
tude gradually decreased during the period of decrease (the irrigation-induced dilution
stage), while its increased amplitude gradually increased during the period of increase (the
evaporation-induced concentration stage). This occurred for the following reason. With the
growth of crops, the soil evapotranspiration rate and the concentration rate of the topsoil
solution gradually increased. Meanwhile, the accumulative topsoil salinity increased, and
the irrigation-induced dilution gradually weakened. The overall increased amplitude of the
ECp of the topsoil in the non-control zone was significantly greater than that in the control
zone. This phenomenon occurred primarily in the evaporation-induced concentration
stage, indicating that the groundwater control system mitigated the increasing rate of the
topsoil pore water salt concentration primarily by reducing the increased amplitude of the
ECp of the topsoil in the evaporation-induced concentration stage.
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3.4. Changes in the ECp of the Topsoil in the Concentration Stage
3.4.1. Change Characteristics of the ECp of the Topsoil

Crops suffer the highest risks of salinity stress in the concentration stage of the topsoil
solution, which is also a critical period when the groundwater control performance can
be verified. As shown in Figure 10, the ECp of the topsoil generally reached the minimum
2 days after irrigation, which was, therefore, taken as the start of the concentration stage
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of the topsoil solution. The changes in the ECp of the topsoil in the concentration stage
of the topsoil solution after irrigation on August 2 were analyzed as follows. Figure 11
shows the changing rates of the ECp of the topsoil in the control and non-control zones
(base value: the ECp of the topsoil at the start of the salt concentration stage; positive and
negative values denote an increase and a decrease, respectively). According to this figure,
the average daily growth rate of the ECp of the topsoil in the control zone (3.01%) was
significantly less than that in the non-control zone (4.21%) 3–10 days after the irrigation.
The growth rates of the ECp of the topsoil in the control and non-control zones were 24.11%
and 33.71%, respectively 10 days after the irrigation. The ECp of the topsoil in the control
zone increased in two periods: the period of slow increase 3–5 days after the irrigation,
with an average daily growth rate of 1.01%, and the period of rapid increase 5–10 days
after irrigation, with an average daily growth rate of 4.22%. The ECp of the topsoil in the
non-control zone increased in three periods: the period of slow increase 3–6 days after
the irrigation, with an average daily growth rate of 2.59%; the period of rapid increase
6–8 days after the irrigation, with an average daily growth rate of 6.89%; and the period of
fairly rapid increase 8–10 days after the irrigation, with an average daily growth rate of
4.79%. Therefore, the increased amplitude of the ECp of the topsoil in the control zone was
significantly lower than that in the non-control zone 3–8 days after the irrigation, which
was also a critical period when the groundwater control system mitigated the concentration
rate of the soil solution.
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3.4.2. Analysis of Moisture and Salt Equilibrium in Topsoil Solution

The change in the salt concentration of soil solution is essentially the moisture and
salt equilibrium in the topsoil solution under the combined effects of evapotranspiration,
irrigation, and groundwater, which is relevant with moisture content and salt content of
soil solution. The water and salts in soil migrate as follows within an irrigation cycle.
After irrigation, the infiltration interface (zero flux plane) gradually shifts downward.
The water and salts above the zero flux plane move upward due to evapotranspiration,
while those under the zero flux plane infiltrate downward under the action of gravity.
As evapotranspiration progresses, the groundwater can recharge water and salts to the
topsoil through the supported capillary water in the case of a low groundwater burial
depth. The product of the pore water electrical conductivity of the soil and volumetric
moisture content (ECe; σp·θ) is similar to the product of the salt concentration and volume
of soil water. Therefore, the change in the product represents the change in the total salt
content of the soil solution [26].

Figure 12 shows the total water potential at a depth of 40 cm was greater than that at a
depth of 20 cm 2–10 days after irrigation, with the difference obviously increasing 8–10 days
after irrigation. The total water potential at a depth of 40 cm was greater than that at a
depth of 60 cm 2–5 days after irrigation, with small difference, and the former was almost
equal to the latter 5–10 days after irrigation. These results indicate that the zero flux plane
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shifted downward at a depth of 40–60 cm 2–5 days after irrigation. Meanwhile, the topsoil
supplied water and salts to the atmosphere and the surface due to evapotranspiration, and
a small amount of water and salts was input into the topsoil from the lower part due to the
low groundwater burial depth. Consequently, the moisture content in the topsoil gradually
decreased (Figure 13), indicating that the evapotranspiration rate of the topsoil water was
greater than its input rate from the lower part. The ECe of the topsoil gradually decreased
(Figure 14), indicating that the sum of the salt precipitation rate on the soil surface and the
salt absorption rate of crops was greater than the input rate of salts from the lower part.
Therefore, both the moisture content and salt content of the topsoil solution were in negative
equilibrium 2–5 days after irrigation. The burial depth of the zero flux plane increased
to greater than 60 cm 5–10 days after irrigation, during which the topsoil continuously
supplied water and salts to the atmosphere and the surface due to evapotranspiration.
Meanwhile, the groundwater control system increased the groundwater depth during
this period (Figure 15). As a result, the water and salt input from the lower part almost
disappeared. The total water potential distribution 10 days after the irrigation (Figure 9)
also verifies the disappearance of the water and salt input into the topsoil from the lower
part. 5–10 days after irrigation, the decreased rate of the topsoil moisture content increased
(Figure 13), and the decreased amplitude of the ECe increased (Figure 14), indicating the
fairly high evapotranspiration intensity of the topsoil. Meanwhile, the salt concentration of
the soil solution increased gradually and the salt precipitation rate on the surface increased
in the absence of water and salt input from the lower part. Furthermore, the absolute values
of the negative equilibrium values of the moisture content and salt content of the topsoil
solution both increased 5–10 days after irrigation.
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Figure 16 shows changes in the total water potential at different depths in the non-
control zone. According to this figure, the total water potential at a depth of 40 cm
was greater than that at a depth of 20 cm 2–10 days after irrigation, with the difference
gradually increasing; the total water potential at a depth of 40 cm was greater than that
at a depth of 60 cm 2–6 days after irrigation, with the difference gradually decreasing;
the total water potential at a depth of 60 cm was greater than that at a depth of 40 cm
6–10 days after irrigation, with the difference gradually increasing. These results indicate
that the zero flux plane shifted downward at a depth of 40–60 cm 2–6 days after irrigation.
Meanwhile, the topsoil supplied water and salts to the atmosphere and the surface due
to evapotranspiration, and water and salts were input from the part under the topsoil
due to the low groundwater depth (Figure 15). Consequently, the moisture content in the
topsoil gradually decreased (Figure 13), indicating that the evapotranspiration rate of the
topsoil water was greater than its recharge rate from the lower part. The ECe of the topsoil
gradually increased (Figure 14), indicating that the sum of the salt precipitation rate on
the soil surface and the salt absorption rate of crops was less than the input rate of salts
from the lower part. Therefore, the moisture content and salt content of the topsoil solution
were in negative and positive equilibrium, respectively 2–6 days after irrigation. The burial
depth of the zero flux plane increased to greater than 60 cm 6–10 days after irrigation,
during which the topsoil continuously supplied water and salts to the atmosphere and the
surface and water and salts were input from the lower part due to the small groundwater
depth (Figure 15). The total water potential distribution of the soil profile 10 days after
the irrigation (Figure 9) also verifies the presence of the water and salt input into the
topsoil from the lower part. The decreased rate of the topsoil moisture content increased
6–10 days after irrigation (Figure 13), indicating a decreased input rate of water under a
stable evapotranspiration rate of the topsoil. With an increase in the salt concentration of



Water 2023, 15, 1308 14 of 18

the soil solution, the salt crystallization rate of the topsoil increased. However, the increased
amplitude of the ECe of the topsoil increased, which occurred because the salt concentration
of the input water from the lower part continuously increased (Figure 17). As a result, the
absolute values of both the negative equilibrium value of the moisture content and the
positive equilibrium value of the salt content of the topsoil solution increased 6–10 days
after irrigation.
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As shown by the above analyses, the topsoil in control and non-control zones continu-
ously supplied water and salts to the atmosphere and the surface due to evapotranspiration
in the concentration stage of the soil solution. The moisture and salt equilibrium in the
control zone changed as follows in the concentration stage. In the early concentration
stage, a small amount of low-salinity water was input into the topsoil from the lower part,
and both the moisture content and salt content of the topsoil solution were in negative
equilibrium. In the late concentration stage, the water and salt input from the lower part
disappeared, and the absolute values of the negative equilibrium values of the moisture
content and salt content increased. The moisture and salt equilibrium in the non-control
zone changed as follows in the concentration stage. In the early concentration stage, the
water with a stable salt concentration was input into the topsoil from the lower part, and the
moisture content and salt content were in negative and positive equilibrium, respectively.
In the late concentration stage, the salt concentration of the water input from the lower part
gradually increased, and the absolute values of both the negative equilibrium values of the
moisture content and the absolute positive equilibrium values of the salt content of topsoil
solution increased.
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4. Discussion

The temperature is high and the evapotranspiration capacity is strong in summer in
the northwest arid region. The risk of soil salinization is high in lower watershed area
with small groundwater depth. Figure 18 shows July to August 2020 in the test base
was the period with the highest temperature and the highest evapotranspiration capacity.
And the groundwater depth was small in the non-control zone (Figure 5). Irrigation and
precipitation can effectively wash the topsoil salt and reduce the accumulation of salt in the
topsoil. However, water resources are shortage in the northwest arid region, and the single
precipitation of more than 10 mm is rarely seen. Increasing the depth of groundwater can
effectively reduce transport amount of water and salt from groundwater to the topsoil,
reducing the moisture content and the evapotranspiration of the topsoil. Then the topsoil
salt accumulation rate slows down. In the control period, the depth of groundwater in
control zone was greater than that in non-control zone (Figure 5). The topsoil moisture
content and total water potential in control zone were smaller than that in non-control
zone(Figures 9 and 13).
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The groundwater depth is an important and easily controlled factor that affects the
topsoil salinity [36,37]. To prevent soil salinization and protect crops from salt damage,
some researchers proposed the critical depth of groundwater. Wang Y et al. [23] proposed
that the critical depth of groundwater at which no severe salinization occurred in the
Luocheng irrigation area of the Heihe River basin was 1.29 m. Lee H [24] proposed that the
optimal groundwater depth at which soil salinization and over-wetting can be avoided was
1.5–2.0 m. With the effect of the groundwater depth on the topsoil salinity as the theoretical
basis, domestic and foreign researchers investigated the critical depth of groundwater
primarily based on the time scale of seasons or crop growth stages [38–40]. Many studies
have concluded that there is a negative correlation between the groundwater depth and the
topsoil salinity [20,21,41,42], which is consistent with the conclusion drawn in this study. In
other words, after the groundwater depth increases from 1.3–1.5 m to 1.7–1.9 m, the topsoil
salinity decreases to below 5 g/kg and the salt accumulation layer shifted downward from
40 cm to 60 cm (Figures 7 and 8).

The arid areas of Northwest China are characterized by high temperatures, evapotran-
spiration, irrigation frequency, and soil salt accumulation rate in summer. Accordingly,
crops in these areas face a high risk of salinity stress in summer. As the most direct indicator
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affecting crop growth, soil solution salt concentration is affected by changes in both the
moisture content and the salt content of soil solution and thus has a very complex change
process. In summer, the soil solution salt undergoes alternating dilution and concentration.
In the concentration stage, the topsoil solution salt concentration gradually increases, and
the crops face the highest risk of salinity stress. Therefore, to effectively guide the evalua-
tion of groundwater control effects and the optimization of control measures, it is necessary
to analyze the effect of the groundwater depth on the topsoil solution salt concentration
on an irrigation cycle scale. Present studies on the changes in the topsoil solution salt
concentration under the influence of the groundwater control system (i.e., after the ground-
water depth increases) mostly focus on the stage of salt leaching caused by irrigation and
infiltration [43,44], with the purpose of guiding the salt leaching through rational irrigation.
However, few studies have been carried out on the differences in the changes of the topsoil
solution salt concentration and the characteristics of the moisture content and salt content
equilibrium in the concentration stage of the topsoil solution. Based on an in-situ control
and un-control zones in the field, this study revealed that the groundwater control system
contributes to the significant decrease in the increased amplitude of the topsoil solution
salt concentration in the concentration stage, especially 3–8 days after irrigation. This study
also found out that the total topsoil solution salt content shifts from positive to negative
equilibrium after the groundwater depth increased under the influence of the groundwater
control system, thus effectively reducing the risk of salinity stress to crops.

5. Conclusions

(1) Under the continuous action of groundwater control system in summer with high
temperature in arid regions, the groundwater depth increases in the control zone and
the depth of the salt accumulation layer moves down, creating a suitable topsoil salt
environment for crop growth.

(2) On an irrigation cycle scale, the groundwater control system contributes to the signifi-
cant decrease in the increased amplitude of the topsoil ECp in the concentration stage
of the topsoil solution, especially 3–8 days after irrigation.

(3) The groundwater control system mitigates the concentration rate of the topsoil so-
lution by increasing the groundwater depth, reducing salt transport amount from
the groundwater to the topsoil and influencing the water and salt equilibrium of the
topsoil solution. In the concentration stage of the soil solution, in the control zone
both the moisture content and salt content of the topsoil solution are in negative
equilibrium and in the non-control zone the moisture content and salt content of the
topsoil solution are in negative and positive equilibrium, respectively.
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