

  water-15-02296




water-15-02296







Water 2023, 15(12), 2296; doi:10.3390/w15122296




Article



Effect of Autumn Irrigation on Salt Leaching under Subsurface Drainage in an Arid Irrigation District



Jiawei Liu 1,2, Quanzhong Huang 1,2,*[image: Orcid], Ze Li 1,2, Na Liu 1,2, Jinshuai Li 1,2[image: Orcid] and Guanhua Huang 1,2





1



Chinese-Israeli International Center for Research and Training in Agriculture, China Agricultural University, Beijing 100083, China






2



Center for Agricultural Water Research, China Agricultural University, Beijing 100083, China









*



Correspondence: huangqzh@cau.edu.cn







Academic Editor: William Frederick Ritter



Received: 30 May 2023 / Revised: 14 June 2023 / Accepted: 17 June 2023 / Published: 20 June 2023



Abstract

:

Non-growing season irrigation and farmland subsurface drainage play a crucial role in salt leaching and salinization control in arid irrigation areas. This study aimed to investigate the reduction of autumn irrigation quotas and drainage discharge while maintaining soil moisture retention and reducing soil salinization. Field experiments were conducted with different autumn irrigation quotas (160 mm for SD1, 180 mm for SD2, and 200 mm for SD3) combined with subsurface drainage (1.5 m drain depth and 45 m spacing). A control treatment (referred to as CK) without subsurface drainage received 200 mm of irrigation. The results showed that, after 31 days of autumn irrigation, the groundwater depth in all three subsurface drainage plots stabilized to 1.5 m, with the CK being 0.2–0.3 m shallower compared to the SD plots. The mean soil water content in the 0–150 cm soil layer of the SD1, SD2, SD3, and CK after autumn irrigation was 0.36, 0.39, 0.41, and 0.42 cm3cm−3, respectively. The combination of autumn irrigation and subsurface drainage significantly reduced the soil salt content. The mean desalination rates in the root zone (0–60 cm) soil layer were 57.5%, 53.7%, 51.9%, and 45.1% for the SD3, SD2, CK, and SD1, respectively. The mean desalination rate of 60–150 cm was not significantly different between the SD2 and SD3 (p > 0.05), and both were significantly higher than that of the SD1 and CK (p < 0.05). The drainage discharge was 31, 36, and 40 mm in the SD1, SD2 and SD3, respectively. The amount of salt discharge through the drain pipe increased with increasing irrigation quota, which was 1.22 t/ha, 1.41 t/ha, and 1.50 t/ha for the SD1, SD2, and SD3, respectively. Subsurface drainage is an effective way to prevent salt accumulation in the soil, and an autumn irrigation quota of 180 mm is recommended for leaching of salinity in the Hetao Irrigation District. These findings provide valuable insights into optimizing irrigation practices and managing soil salinization in arid regions.
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1. Introduction


Soil salinization is a significant constraint on the functional roles of agricultural soil ecosystems in arid regions globally [1,2]. It considerably inhibits crop growth and leads to increased groundwater salinization, particularly in arid to semiarid environments. Almost 831 million hectares (Mha) of the world’s land area are estimated to be adversely affected by salt, with 52 percent of that area under sodic conditions and 48 percent under saline conditions [3]. As an important agricultural production area, the Hetao Irrigation District, with a total irrigation area of 573,300 ha, is one of the three largest irrigation districts in China [4,5]. The specific hydrogeological and climatic conditions in the Hetao Irrigation District lead to agricultural water utilization depending mainly on the diversion of water from the Yellow River. However, unsuitable irrigation management in the Hetao Irrigation District leads to a tremendous waste of water resources, while the disproportionate ratio of irrigation to drainage in the Hetao Irrigation District causes the groundwater level to rise seasonally [6].



The Hetao Irrigation District is one of the largest salinized irrigation districts in China, with salinized land covering approximately 39.4 × 104 ha, which accounts for 68.72% of the total arable land area. Salinity is introduced to farmland either through irrigation with water from the Yellow River or by capillary rise through groundwater, thus causing a serious problem of secondary salinization in cultivated land [7]. The effective utilization of water resources and reduction of soil salinization levels have become important influencing factors to achieve high-quality development in agriculture and maintain sustainability in ecology [8,9]. Salinity gradually accumulates in soil during the crop growing season in the Hetao Irrigation District, and the soil can reach moderate or severe salinization by the end of the crop growth period [10]. Ren et al. [11] found that the temporal variation in soil salinity was also significant, with the proportion of salt-affected soil at the regional scale increasing from 28% to 42% by the end of the growing season.



The global water crisis is gradually worsening, with water resources in many regions facing an increasing threat of overuse and misuse [12]. In the last few decades, the average annual amount of water diverted from the Yellow River has been approximately 4.8 billion m3 [13,14]. However, due to the intensifying demand in the Yellow River basin, the plan is to reduce the amount of water diverted from the Yellow River to the Hetao Irrigation District to 4 billion m3 [15]. Autumn irrigation, which is a traditional agricultural water management method used to leach excessive salinization and maintain soil water content, accounts for 36.6% of the total annual irrigation volume in the Hetao Irrigation District. Autumn irrigation is a necessary and effective way to inhibit the soil salinity and provide good soil moisture for the sowing of spring crops in the next year [16,17,18]. Tan et al. [19] found that, after autumn irrigation, the ice cover had a positive effect on soil salinization control and moisture preservation according to the field-scale survey and PCA. Therefore, future reductions in water resources applied to farmland will severely limit agricultural productivity in the Hetao Irrigation District if optimized water management is not adapted. Developing a water-saving autumn irrigation schedule to relieve salinization and improve water use efficiency is critical to the sustainable development of agriculture.



To maintain a balance of soil salinity in the root zone of an irrigation district on a regional scale, the ratio of drainage to irrigation needs to be at least 10–15% [20,21,22]. Subsurface drainage is an important measure for reducing the level of salinization and alkalization in cultivated land [23]. It can effectively control groundwater levels, thereby preventing the accumulation of soil salinity [24,25,26]. By discharging infiltration water with high salinity formed by soil leaching in the outside of the system, subsurface drainage can help to maintain a more stable soil salinity [27]. Mao et al. [28] investigated salt accumulation and leaching patterns in the root zone of the soil using the UBMOD model. They found that the autumn irrigation quota should be determined according to two factors to achieve salinity balance in the Hetao Irrigation District: the hydrological year and the mineralization of the irrigation water. Related experiments and model simulations have shown that combining subsurface drainage with a certain leaching fraction during the crop growth period can significantly improve soil salinity in farmland [29]. Malak Shahi et al. [30] used different arrangements of subsurface drainage to control groundwater levels and investigated the response of evapotranspiration to fluctuations in groundwater levels in paddy fields. Zhang et al. [31] conducted a simulation study on the spatiotemporal variation characteristics of the water and salt in coastal saline soils under flood irrigation and subsurface drainage.



Previous studies have mainly focused on the quantification of water and salt transportation and salinization reduction in the root zone (less than 1 m) under subsurface drainage. Few field experiments have focused on soil water and salt balance in the 0–150 cm soil layer and shallow groundwater responses to different autumn irrigation amounts, especially under subsurface drainage conditions. The objectives of this study were to (1) understand the change in soil water content, salinity of the soil profile, and the dynamics of groundwater when autumn irrigation was applied under subsurface drainage, (2) analyze the water and salt balance in the experimental area, and (3) propose an appropriate autumn irrigation quota for saline soil to ensure the leaching of successive salinity at a certain groundwater level.




2. Materials and Methods


2.1. Experimental Region and Site


The field experiments were conducted at Hetao Experimental Station, located in the Yongji irrigation area of the Hetao Irrigation District, Inner Mongolia (107°39′ E, 41°92′ N, 1045 m above sea level). The area has a mid-temperate semiarid continental climate, with an average annual temperature of 3.8–7.5 °C and a frost-free period of 130–150 d. The average annual rainfall is 140–280 mm, while the pan evaporation ranges from 2032–2587 mm, which results in an evaporation-to-precipitation ratio greater than 10. Approximately 80% of the precipitation occurs from March to October, and the annual groundwater depth ranges from 0.8 m–2.5 m. During the autumn irrigation period, the average temperature is 6.95 °C, and the effective precipitation is 2.0 mm in the experimental area (Figure 1).




2.2. Experiment Description


The soil texture of the experimental site is sandy loam or silty loam, and the basic physical properties of the soil profile are shown in Table 1. The saturated hydraulic conductivity of soil (Ks) at a depth of 0–150 cm was measured in situ using the Guelph permeameter. At the end of the crop growth period, the groundwater depth is shallow, and the total dissolved solid of groundwater is relatively high. Strong evaporation intensifies the salinization of farmland soil, thus leading to moderate or severe levels of salinization. Seven drain pipes were buried at a depth of 1.5 m, with a spacing of 45 m. The diameter of the drain pipe was 110 mm, and its slope was 2‰. Geotextiles and mineral materials, including graded gravel and sand, were used as filtering materials around the drain pipes. The drain pipes were all connected to the collection pipes, and the drainage flow rate of each subsurface drainage plot was recorded in real time by electromagnetic flow meters, as shown in Figure 2. The leaching quotas in the subsurface drainage experimental region were 160 mm (SD1), 180 mm (SD2), and 200 mm (SD3). The leaching quota for the control treatment (CK) was set at 200 mm. The CK plot was located 120 m away from the SD plot, and no subsurface drainage was installed in it. Thus, the influence of subsurface drainage on the CK plot could be considered negligible.




2.3. Measurements


Autumn irrigation was conducted one time on 25 October 2020. The autumn irrigation stage starts from 18 October and ends on 26 November. Soil samples were collected at both the initiation and end of the autumn irrigation period from multiple sampling points. The sampling points were chosen according to the distance from the drain pipes in the subsurface drainage plots (SD1–SD3), which were 0, 2, 6, 13, and 22.5 m, respectively. Soil samples were taken from the upper layer (0–10 cm and 10–20 cm) every 20 cm from 20 to 120 cm and at 30 cm from 120 to 150 cm. Three replicates were collected for each treatment. Soil water content was measured using the thermos-gravimetric method. The soil samples were naturally dried, ground, and then passed through a 2 mm fine sieve, and the soil extract was prepared according to the ratio of soil to water mass at 1:5; they were then shaken and left to stand for more than 2 h [32]. The electrical conductivity EC 1:5 (ms cm−1) of the extract was measured by a conductivity meter. The soil salt content (SSC, g kg−1) was calculated by the empirical formula SSC = 2.882EC1:5 + 0.183 [33].



The irrigation channels were designed with a standard concrete trapezoidal cross-section, and flow meters were used to monitor the flow of channels, thereby controlling the amount of irrigation water in each plot. The electrical conductivity (EC, μs cm−1) of the Yellow River water used for irrigation was measured at 710 μs/cm, which was converted to mineralization according to the empirical formula TDS = 0.69 × EC/1000 (TDS is the total dissolved solids, g L−1) [34,35]. The total dissolved solid content of the irrigated water was 0.49 g/L. The electrical conductivity of the drainage water was sampled and measured every day for each SD during the autumn irrigation period. Four groundwater observation wells were set up at distances of 2 m, 6 m, 13 m, and 22.5 m from the drain pipe, respectively, in three subsurface drainage plots. Hobo water level logger-U20 (Onset Computer Corp., Bourne, MA, USA) devices were installed in the observation wells for daily monitoring of groundwater depth at different horizontal distances from the drain pipe. The drainage volume of different subsurface drainage plots was recorded and counted daily during the autumn irrigation period. Soil evaporation (Ea) was measured by weighing microlysimeters. The microlysimeters were divided into two parts: the inner tube and the outer tube; both were made of PVC. The height of both the inner and outer tubes was 200 mm, and the diameters were 160 mm and 200 mm, respectively. The soil in the microlysimeters was replaced every 2–3 days to ensure consistent moisture content with the farm. The bottom of the inner tube was fixed with a 12-mesh double layer gauze. Three replicates of microlysimeters were set up in different plots and weighed every day at noon using an electronic balance.




2.4. Data Analysis Methodology


Soil water storage is calculated as follows:


    W   n   =   ∑  n = 1   8    10   H   n   ×   θ   n     ,  



(1)




where     W   n     is the water storage of the n soil layer per unit area (mm),     H   n     is the thickness of the corresponding soil layer (cm), and     θ   n     is the water content of soil in the corresponding soil layer (cm3 cm−3).



The change in soil water storage and desalination rate is defined as the percentage variation in soil water content and salt content relative to the initial condition. The two indicators are used to evaluate the joint performance of autumn irrigation and subsurface drainage in water storage change and desalination. The change in soil water storage is given by


  ∆   S   w c   =     W   i + 1   −   W   i       W   i     × 100 % ,  



(2)




where   ∆   S   w c     is the change rate of soil water storage (%),     W   i     is the soil water storage at the beginning of the stage (mm), and     W   i + 1     is the soil water storage at the end of the stage (mm).



The soil desalination rate is calculated using Equation (3):


  D s a =   S S   C   i   − S S   C   i + 1     S S   C   i     × 100 % ,  



(3)




where   D s a   is the desalination rate (%),   S S   C   i     is the soil salt content at 12 o’clock noon on that day (g), and   S S   C   i + 1     is the soil salt content at 12 o’clock noon on the next day (g).



The net deep percolation (    N   p    ) is calculated through the soil water balance. The water balance equation is expressed as:


    N   p   =   P   r   + I −   E   a   − D − ∆ W ,  



(4)




where     P   r     is the effective precipitation (mm),   I   is the irrigation (mm),     E   a     is the soil evaporation (mm),   D   is the subsurface drainage (mm), and   ∆ W   is the variation in soil water storage (0–150 cm) between the end and beginning of the autumn irrigation period (mm).



The average daily soil evaporation is calculated using the following Equation (5):


    E   a v   = 10 ×     m   i + 1   −   m   i     S × ∆ T ×   ρ   w     ,  



(5)




where     E   a v     is the average daily soil evaporation (mm),     m   i + 1     is the weight of the microlysimeter at the end of the monitoring interval (g),     m   i     is the weight of the microlysimeter at the beginning of the monitoring interval (g),   S   is the bottom surface area inside the microlysimeter (cm2),   ∆ T   is the total number of days in the monitoring interval, and     ρ   w     is the density of water, which is assumed to be a constant value of 1 g cm−3.



The total amount of salt drained from the subsurface pipe is calculated using the following Equation (6):


    S   d   = ∑ 1   0   − 2   × T D   S   d i   ×   D   i   ,  



(6)




where     S   d     is the amount of salt drained out of the plot from the subsurface pipe (t ha−1),   T D   S   d i     is the daily total dissolved solid amount (TDS) of drainage water in different subsurface drainage plots (g/L), and     D   i     is the daily subsurface drainage in different subsurface drainage plots (mm).





3. Results


3.1. Distribution of Water Content in Soil Profile


The autumn irrigation significantly increased the soil water content for both the CK and SDs, as shown in Figure 3 and Figure 4. Before autumn irrigation, the soil water content of the top layer was very low (i.e., 0.21 cm3cm−3 for the CK treatment) due to evapotranspiration during the crop growth season. The soil water content in the CK gradually increased with increasing soil depth, with a drastic increase occurring between depths of 40 cm and 80 cm. The highest measured soil water content was 0.44 cm3cm−3, which was obtained at depths below 100 cm. After autumn irrigation, the soil water content in the 0–150 cm soil layer of the CK treatment increased significantly by up to 0.37–0.45 cm3cm−3. Figure 4 shows the two-dimensional soil profile water content distributions before and after irrigation at different horizontal distances (0–22.5 m) along the drain pipe in the SDs. Before autumn irrigation, there were no significant differences in soil water content among the SD1, SD2, and SD3. The water content of the topsoil layer (0–20 cm) for the SDs demonstrated an extremely low value (less than 0.24 cm3cm−3). Although the water content showed an increase with increasing soil depth, it was still less than 0.30 cm3cm−3 for the soil water content at a depth of 60 cm. The maximum value of 0.45 cm3cm−3 was measured at a depth of 1.5 m. The shallow groundwater table made a significant contribution to the water supply of the upper soil layer due to the capillary rise [36]. As seen in Figure 4d,f, the average soil water content for the root zone (0–60 cm depth) of the SD1, SD2, and SD3 rose to 0.36, 0.39, and 0.39 cm3cm−3 after autumn irrigation, respectively. Similarly, the mean soil water content of the lower layer (60–150 cm depth) for the SD1, SD2, and SD3 rose to 0.37, 0.40, and 0.42 cm3cm−3, respectively.



The average soil water content in the SDs increased with increasing irrigation quotas. It was 7.7% and 8.8% higher in the root zone (0–60 cm) for the SD2 and SD3 than for the SD1, and it was also 9.9% and 13.6% higher in the lower layer (60–150 cm) for the SD2 and SD3 than for the SD1, respectively. After autumn irrigation, the average water content of the 0–150 cm soil layer for the CK was 0.42, which was 15.4%, 6.3%, and 2.9% higher than that for the SD1, SD2 and SD3, respectively. The water content of the soil profile increased with horizontal distance (0–22.5 m) from the center of the drain pipe after autumn irrigation. The water content of the soil profile showed different distribution characteristics for the SDs, with higher irrigation quotas resulting in slower soil water drainage. The contours for soil water content within a value of 0.34 cm3cm−3 were 17.5 m, 7.5 m, and 5 m away from the drain pipe for the SD1, SD2, and SD3, respectively.



The comparison of changes in the soil profile water storage after and before autumn irrigation at different irrigation treatments is shown in Figure 5. A positive value indicated an increase in the soil water storage, while negative values indicated a decrease. After autumn irrigation, the average change in the soil water storage in the root zone (0–60 cm) increased by 50.5%, 58.2%, 59.9%, and 66.0% for the SD1, SD2, SD3, and CK, respectively. The change in the soil water storage in the root zone increased gradually with increasing horizontal distance from the drain pipe in the SDs. Within the horizontal distance of 0–13 m from the drain pipe, the average change in the soil water storage in the 0–60 cm soil layer was 45.8% for the SD1 and 50.8% and 51.9% for the SD2 and SD3, respectively. Within 13–22.5 m from the pipe, the average change in soil water storage in the 0–60 cm soil layer was 62.0% for the SD3, followed by 59.6% for the SD2 and 51.4% for the SD1. The average change in the soil water storage at depths of 60–150 cm under the SD1, SD2, SD3, and CK was −0.01%, −0.9%, 0.1%, and 10.9%, respectively. The average change in the soil water storage in the 60–150 cm soil layer of the CK treatment was much higher than that of the SDs, thus indicating that subsurface drainage is an effective technique to divert groundwater away and decrease the groundwater level. The change in soil water storage in the 60–150 cm soil layer of the SDs after autumn irrigation showed a similar change pattern with the 0–60 cm soil layer along the horizontal direction, although there was no significant intertreatment difference. For example, the change in the soil water storage in the 60–150 cm soil layer under the SD2 at distances of 0, 2, 6, 13, and 22.5 m away from the drain pipe was −4.8%, −4.3%, −3.3%, −0.5%, and 0.6%, respectively. The change in the 60–100 cm soil water storage was greater than zero at distances 22.5 m away from the drain pipe in all the SDs. The spacing of the subsurface drainage should be controlled within 45 m.




3.2. Distribution of Salt Content in the Soil Profile


The main purpose of autumn irrigation was to leach salt out of the root zone and eliminate salt accumulation as much as possible. The soil salt content of the top layer (0–20 cm) before autumn irrigation was high (e.g., with soil salinity greater than 6.1 g/kg for the CK treatment) (as shown in Figure 6). As a result of continuous evapotranspiration from the late growth stages of sunflower to autumn irrigation, the salt was continuously transported up the root zone through capillary rise and accumulated in the top layer of the soil. The distribution of the soil salt content gradually decreased with increasing soil depth, and a significant decrease in the soil salt content occurred at depths of 30 cm to 60 cm. The soil salt content in the 60–150 cm soil layer was in the range of 2.02–2.3 g/kg. Figure 7 presents the two-dimensional soil profile salt content distribution in the cross sections (0–22.5 m) of the subsurface drainage plots (SDs) from the center of the drain pipe during the autumn irrigation period. The salt content of the topsoil layer for the SDs demonstrated high values within the range of 3.28–5.59 g/kg. The average soil salt contents in the 20–60 cm and 60–150 cm layers were 2.48 g/kg and 1.80 g/kg, respectively. Considering the relatively high soil salt content after sunflower harvest, it was necessary to conduct autumn irrigation for soil leaching in combination with subsurface drainage to remove excessive soil salts and reduce soil salinization.



All treatments showed the successful leaching of salinity out of the soil profile, although the effectiveness varied among treatments. After autumn irrigation, the mean soil salt contents in the 0–60 and 60–150 cm soil layers for the CK were 1.96 g/kg and 1.98 g/kg, respectively. The soil salt content in the 0–60 cm profile was reduced to 2.03 g/kg, 1.75 g/kg, and 1.56 g/kg for the SD1, SD2, and SD3, respectively. The mean soil salt content for the 60–150 cm layer under the SD1, SD2, and SD3 was 1.69, 1.79, and 1.72 g/kg, respectively, with the latter two being 5.9% and 1.8% higher than the former. The distribution of the soil salt content under the SD1–SD3 after autumn irrigation showed a trend of gradually increasing with the horizontal distance from the center of the drain pipe (Figure 7d,f). The soil profile reached nonsaline levels (<2.0 g/kg) at a horizontal distance within 12.5 m, 15.5 m, and 18 m from the center of the drain pipe under the SD1, SD2, and SD3, respectively.



The comparison of the desalination rate of the 0–150 cm soil profile after and before autumn irrigation for different irrigation treatments is shown in Figure 8, where positive values indicate desalination and negative values indicate salt accumulation. The mean desalination rates of the soil in the root zone (0–60 cm) for the SD3, SD2, CK, and SD1 were 57.5%, 53.7%, 51.9%, and 45.1%, respectively. The desalination rate of the root zone showed a decreasing trend with increasing horizontal distance from the drain pipe in the SDs. Within the horizontal distance of 0–13 m from the drain pipe, the desalination rate in the 0–60 cm soil layer was 60.9% for the SD1 and 63.1% and 70.1% for the SD2 and SD3, respectively. Within the horizontal distance of 13–22.5 m from the pipe, the desalination rate in the 0–60 cm soil layer was 54% for the SD3, followed by 51.8% for the SD2 and 44.2% for the SD1. The desalination rate for the deep soil layer (60–150 cm) showed a significant reduction compared to the root zone, with average desalination rates of 15.9%, 14.0%, 10.2%, and 5.8% under the SD3, SD2, SD1, and CK, respectively. In addition, the desalination rate of the 60–150 cm soil layer at a distance of 22.5 m from the pipe decreased by 27.9–39% from that above the pipe. For example, the desalination rates at a depth of 60–150 cm in the SD3 at distances of 0, 2, 6, 13, and 22.5 m away from the drain pipe were 40%, 43.3%, 24.8%, 15.4%, and 7.1%, respectively.




3.3. Groundwater Depth Dynamics during the Autumn Irrigation Period


The change in groundwater depth was affected by the subsurface drainage and different autumn irrigation quotas (as shown in Figure 9). Before irrigation, the fluctuation in groundwater depth ranged from 0.8 to 1.0 m. During the autumn irrigation period, the change in the groundwater table could be classified into stable, rising, and falling phases for all experimental plots. The groundwater table for all plots rose rapidly on 25 October, and it reached its shallowest depth on 28 October. The decrease in groundwater depth in the CK was the fastest, and it took the longest time to increase after reaching its minimum depth. As the irrigation quota increased, the duration of groundwater at depths less than 60 cm increased, with the CK treatment having a significantly longer duration than the SD treatments (p < 0.05). From 25 October to 11 November, the difference in groundwater depth between horizontal distances of 22.5 m and 2 m away from the drain pipe was 16–21 cm. Then, from 12 November to 26 November, the gradient of the groundwater table along the cross section of the drain pipe gradually decreased. The groundwater depth of the subsurface drainage plots stabilized at 1.5 m on the 31st day after irrigation, while the groundwater depth of the CK plot gradually stabilized at 1.20 m.




3.4. Water and Salt Balance of the Experimental Area


Both the irrigation quota and subsurface drainage had a significant effect on the water and salt balance of the experimental field during the autumn irrigation period, as shown in Table 2 and Table 3. The effective precipitation was only 2 mm during the autumn irrigation period according to the meteorological data. The evaporation for the SD1, SD2, SD3, and CK treatments was 52, 57, 61, and 67 mm, respectively. The subsurface drainage volumes recorded by the electromagnetic flow meters during the autumn irrigation period were 31, 36, and 40 mm under the SD1, SD2, and SD3, respectively. The amount of water drained by the subsurface drainage increased with increasing irrigation quota. It was 15.7% and 26.8% higher than the SD1 when compared with the SD2 and SD3, respectively. The net deep percolation from the CK treatment reached 65 mm, which accounted for 32.4% of the irrigation water. The net deep percolation of the SD3, SD2, and SD1 was 36 mm, 26 mm, and 20 mm, respectively. Moreover, the average water storage in the soil profile gradually increased with increasing autumn irrigation quota. The highest increase in water storage for the depth of 0–150 cm was 70 mm, which was obtained in the CK treatment. The increases in water storage for the SD2 and SD3 were 63 mm and 65 mm, which were 5.7% and 9.3% higher than that of the SD1, respectively.



The average total dissolved solid (TDS) concentration of the Yellow River water used for autumn irrigation was 0.49 g/L. The amount of irrigation-introduced salt by the SD1, SD2, SD3, and CK was 0.79 t/ha, 0.89 t/ha, 0.99 t/ha, and 0.99 t/ha, respectively (Table 3). During the autumn irrigation period, salt in the soil profile was leached into the deep layer or groundwater reservoir [37]. The daily salt discharge of each SD plot was obtained by multiplying the TDS of the drainage by the daily discharge volume. The salt discharge through the drain pipe increased with increasing irrigation quota and was 1.50 t/ha, 1.41 t/ha, and 1.22 t/ha for the SD3, SD2, and SD1, respectively. In addition, the salt discharge from the drain pipe in the SD3 was 6.4% and 23.0% greater than that in the SD2 and SD1, respectively. The amount of salt leaching into the deep soil and the groundwater reservoir was 20.17, 22.55, 22.96, and 23.19 t/ha for the SD1, SD2, SD3, and CK, respectively. All groundwater in the experiments received a certain amount of salinity, and the groundwater in the CK plot received the highest amount of salinity. This demonstrated that agricultural irrigation constitutes a continuous source of saline water for groundwater.





4. Discussion


4.1. Effect of Different Treatments on Soil Water


The groundwater table, as well as the average TDS concentration of groundwater and evapotranspiration, are directly related to soil water–salt changes [38,39]. Therefore, controlling the groundwater table is key to preventing soil salinization [40]. Large amounts of irrigation can cause a rise in the groundwater table, and salt migration to the topsoil layer through groundwater evaporation can result in soil resalinization after irrigation. The autumn irrigation quota in the Hetao Irrigation District is generally very high, and the hydraulic conductivity of the saline–alkaline soil is poor [41,42]. Additionally, subsurface drainage can drain shallow groundwater out of farmland, thus accelerating the rate of decline in the groundwater level after autumn irrigation. At the end of the autumn irrigation period, the groundwater depth in the subsurface drainage area gradually stabilized at 1.5 m, while in the CK area, it gradually stabilized at 1.20 m. The combination of subsurface drainage and effective autumn irrigation can promote the flow of soil water and salt transport downward, thereby lowering the salinization level of saline soil [43,44].



During the autumn irrigation period, the infiltration rate of the soil profile decreased gradually with increasing distance from the drain pipe [36,45]. An analysis of the soil water content variation before and after irrigation revealed that the distribution and changes in the soil water content were mainly influenced by irrigation quotas and subsurface drainage, which is consistent with the finding of Heng [29]. After autumn irrigation, the mean soil water content of the 0–150 cm soil layer was significantly higher in the CK treatment than in the other treatments (p < 0.05). There was no significant difference in the soil water content between the SD3 and SD2 (p > 0.05), while both treatments had significantly higher soil water contents than the SD1 zone (p < 0.05). Additionally, the change in water storage for the 0–150 cm soil layer increased with increasing horizontal distance from the drain pipe. However, the gradient of soil water content change was decreasing as the distance exceeded 13 m (e.g., from 13 to 22.5 m), as the hydraulic gradient caused by the drain pipe decreased with increasing distance. The soil freezing period follows the autumn irrigation period [46]. During the soil freezing period, the freezing sharp develops downward from the soil surface, and the soil water continues to migrate and accumulate in the top frozen layer, which is driven by the upward gradient of soil water potential. Simultaneously, salt tends to move from unfrozen layers upward toward frozen layers during the freezing period [47,48,49]. The soil water storage within the 60–150 cm depth was effectively reduced via subsurface drainage after autumn irrigation, and the movement of water from the lower nonfreezing zone to the upper layer during the freezing period of the farmland was better reduced. Thus, this could reduce the accumulation of surface soil salts due to strong evaporation during the freezing and thawing period.




4.2. Effect of Different Treatments on Soil Salt


Studies indicate that resalination of soil in late crop growth stages is mainly caused by a shallow groundwater depth and high evapotranspiration rates [36,50]. In the present study, soil salinity was leached out of the root zone through autumn irrigation and subsurface drainage. This management is a useful irrigation practice for reducing salt stress on crops in the next growing season, especially in arid and semiarid zones with severe farmland soil salinization [46,49]. The desalination rate of the 0–60 cm soil layer in each plot was significantly higher than that of the 60–150 cm soil layer during autumn irrigation (p < 0.05), which is consistent with the results of Feng et al. [51]. Meanwhile, there was no significant difference in the mean desalination rate of the 60–150 cm layer between the SD2 and SD3 (p > 0.05), but the mean desalination rate of this layer for both treatments was significantly higher than that of the SD1 and CK (p < 0.05). As the distance decreased, the amount of water discharged through the drain pipe increased, thereby leading to an increase in the quantity of salinity that was discharged along with the water. The amount of water discharged through the drain pipe increased with decreasing distance, thus enhancing the quantity of salinity discharged along with water [52,53]. This study found that increasing the autumn irrigation quota extended the period during which the groundwater depth was maintained at a shallow depth condition (0–60 cm). A high potential evaporation rate promoted the upward transportation of soil water; therefore, an inappropriate autumn irrigation quota could lead to the reduced effectiveness of soil salinity leaching in salt-affected agricultural land.



There is a considerable amount of salt leaching into the deep soil or groundwater reservoir when using large amounts of water for irrigation during the non-growth period of crops (autumn and preplanting irrigation). Although irrigation can redistribute soil salinity within the soil profile, the salinization of the leached soil cannot be significantly reduced without drainage measures [54]. In addition, water for irrigation may introduce new sources of salt into the soil. During the freezing–thawing period, some of the salinity will be transported upward and accumulate in the topsoil due to strong evaporation before the sowing period of crops [19]. The ratio of drainage to irrigation (RDI) is a useful indicator used for evaluating the condition of salinization/salt accumulation or desalinization in irrigation districts, particularly in arid and semiarid regions. For irrigation-dominated farming, maintaining a suitable RDI is crucial to prevent the salinization of farmland and to maintain sustainability in the development of agricultural planting [22,55]. The average value of the RDI in the Hetao Irrigation District has been measured at 12–15% [56]. The RDI values under the SD1, SD2, and SD3 were 19.6%, 20.1%, and 19.9%, respectively, which were significantly higher than the average RDI for the Hetao Irrigation District.



Subsurface drainage significantly promotes the efficiency of leaching and the drainage of salinity compared to the existing open ditch system in the Hetao Irrigation District [57]. Subsurface drainage reduces the amount of water from deep percolation during the autumn irrigation period, which inhibits the downward redistribution of salt in saline soil and prevents the upward transport of salts during the freezing period. There was no significant difference in the amount of salt discharged through the subsurface drainage system between the SD3 and SD2. Irrigation with a quota of 180 mm was the best irrigation schedule among the SDs. The deep leaching salt in the SDs was significantly lower than that in the CK treatment (p < 0.05). We found that, compared to the SD1, and although the SD2 had a 20 mm reduction in its irrigation quota, its effect on the 0–150 cm soil depth moisture retention did not significantly decrease. Furthermore, the SD2 showed no significant difference from the SD3 in terms of soil salt leaching. In order to address the water resource crisis and to minimize drainage and deep percolation, subsurface drainage combined with 180 mm autumn irrigation is the optimal way to reduce the level of salinization at the experimental site.





5. Conclusions


The effects of autumn irrigation on soil water and salinity balance in the Hetao Irrigation District are site-specific and influenced by irrigation quotas and subsurface drainage. Based on our research findings, the following key conclusions can be drawn:




	(1)

	
Autumn irrigation significantly improved the soil water content and storage, which increased with the amount of water applied. After autumn irrigation, the mean soil water content in the 0–150 cm depth for the SD1, SD2, and SD3 was 0.363, 0.394, and 0.407 cm3cm−3, respectively, which was 15.4%, 6.3%, and 3.0% lower, respectively, than that of the plots without subsurface drainage (CK).




	(2)

	
Autumn irrigation combined with subsurface drainage effectively reduced soil profile salinity, with different treatments showing varying leaching effects. The mean desalination rates in the root zone (0–60 cm) for the SD3, SD2, CK, and SD1 were 57.5%, 53.7%, 51.9%, and 45.1%, respectively. Furthermore, the soil salt content distribution under the SD1–SD3 after autumn irrigation showed a trend of gradually increasing with the horizontal distance from the center of the drain pipe.




	(3)

	
The groundwater table of the SD plots was stabilized at 1.5 m on the 31st day after irrigation in the SDs, while the groundwater table of the CK plots gradually stabilized at 1.20 m correspondingly.




	(4)

	
The ratio of drainage to irrigation was 19.6%, 20.1%, and 19.9% for the SD1, SD2, and SD3, respectively. The salt discharge through the drain pipe increased with increasing irrigation quota and was 1.50 t/ha, 1.41 t/ha, and 1.22 t/ha for the SD3, SD2 and SD1, respectively.









To prevent the accumulation of salts in agricultural irrigation districts with shallow groundwater and to cope with the worsening world water crisis, it is essential to combine irrigation for salinity leaching with subsurface drainage. Based on our findings, an autumn irrigation quota of 180 mm combined with subsurface drainage is the optimal irrigation management approach for moderately saline soil in the Hetao Irrigation District.
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Figure 1. Temperature and precipitation during the autumn irrigation period in 2020. 
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Figure 2. The location of the experimental site and its schematic layout of the subsurface drainage experiment. 
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Figure 3. Distribution of soil water content in the control treatment (CK) before and after autumn irrigation. 
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Figure 4. Two-dimensional soil water content (SWC) distribution in the cross sections (0–22.5 m) of subsurface drainage plots (SDs) from the center of drain pipe. (a–c) are the SWC distributions of the soil profile for SD1–SD3 before autumn irrigation. (d–f) are the SWC distributions of the soil profile for SD1–SD3 after autumn irrigation. 
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Figure 5. The comparison of soil water storage change among different treatments, different distances from the drain pipe, and different depths of the soil profile after autumn irrigation. 
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Figure 6. The comparison of the distribution of soil salt content in the control treatment (CK) before autumn irrigation and after autumn irrigation. 
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Figure 7. Two–dimensional soil salt content (SSC) distributions in the cross sections (0–22.5 m) of subsurface drainage plots (SDs) from the center of drain pipe. (a–c) are the SSC distributions of the soil profile for SD1–SD3 before autumn irrigation. (d–f) are the SSC distributions of the soil profile for SD1–SD3 after autumn irrigation. 
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Figure 8. The comparison of desalination rates among different treatments, different distances from the drain pipe, and different depths of the soil profile after autumn irrigation. 
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Figure 9. The variation in groundwater depth of CK and SDs with different spacing from the subsurface drainage pipe during the autumn irrigation period. 
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Table 1. Basic physical properties of soil profile at 0–150 cm depth in the experimental area.
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Depth (cm)

	
Soil Particle Size Distribution (%)

	
Bulk Density (g∙cm−3)

	
Field Capacity

(cm3∙cm−3)

	
Saturated Hydraulic Conductivity (cm/day)




	
Sand

	
Silt

	
Clay






	
0~10

	
54.55

	
39.83

	
5.62

	
1.51

	
0.31

	
32.7




	
10~20

	
57.80

	
36.75

	
5.45

	
1.56

	
0.32

	
20.5




	
20~40

	
48.40

	
46.47

	
5.43

	
1.49

	
0.34

	
44.1




	
40~60

	
53.64

	
42.14

	
4.22

	
1.51

	
0.30

	
80.9




	
60~80

	
56.32

	
39.82

	
3.86

	
1.47

	
0.32

	
85.9




	
80~100

	
27.47

	
67.61

	
4.92

	
1.49

	
0.32

	
70.1




	
100~120

	
60.1

	
32.9

	
7

	
1.48

	
0.31

	
50.2




	
120~150

	
51.6

	
42.9

	
5.5

	
1.50

	
0.33

	
55.6
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Table 2. Water balance components (mm) for the control treatment (CK) and subsurface drainage treatments (SDs) during the autumn irrigation period.
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	Treatment
	Precipitation

(mm)
	Irrigation

(mm)
	Evaporation

(mm)
	Net Deep Percolation

(mm)
	Subsurface

Drainage (mm)
	ΔW (mm)





	SD1
	2
	160
	52 ± 2 d
	20 ± 3 d
	31
	59 ± 1 c



	SD2
	2
	180
	57 ± 1 c
	26 ± 2 c
	36
	63 ± 1 b



	SD3
	2
	200
	61 ± 1 b
	36 ± 3 b
	40
	65 ± 3 b



	CK
	2
	200
	67 ± 2 a
	65 ± 3 a
	0
	70 ± 2 a







Notes: The significance was calculated separately for the different treatments to the control. Means followed by a common lowercase letter are not significantly different at the 0.05 level by the least significant difference test.
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Table 3. Salt balance of CK and SDs during autumn irrigation period.
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	Treatment
	Si

(t/ha)
	Sd

(t/ha)
	Sl

(t/ha)
	Ss

(t/ha)





	SD1
	0.79
	1.22
	20.17 ± 0.60 b
	20.6 ± 0.63 c



	SD2
	0.89
	1.41
	22.55 ± 0.36 a
	23.07 ± 0.49 a



	SD3
	0.99
	1.50
	22.96 ± 0.37 a
	23.47 ± 0.44 a



	CK
	0.99
	0
	23.19 ± 0.41 a
	22.20 ± 0.39 b







Notes: Si is the salt added with irrigation water (t ha−1), Sd is the salt drained out of the plot from the subsurface pipe (t ha−1), Sl is the salt leaching into the deep soil (below the depth of 150 cm) and the groundwater reservoir, and Ss is the decrease in 0–150 cm soil salt storage during autumn irrigation (t ha−1). The significance was calculated separately for the different treatments to the control. Means followed by a common lowercase letter are not significantly different at the 0.05 level by the least significant difference test.
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