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Abstract

:

Straw strip burial in saline soil is an effective method for tideland reclamation in China, but optimal forms of straw strips for regulating soil water and salinity remain unclear. An indoor soil column test investigated the water and salt distribution in soil treated with four different straw forms under freshwater irrigation. The treatments included no straw layer (CK), straw stalks arranged longitudinally (T5), horizontally (T25), longitudinally combined horizontally in layers (T25+2.5), and randomly (T2.5). The results showed that compared to CK, T25, T5, and T25+2.5 significantly reduced the infiltration rate of irrigation water, leading to prolonged infiltration times. Wetting front curves under T5, T25+2.5, and T25 exhibited similar inverted “V” shapes, while CK and T2.5 showed fluctuating parallel lines. Water retention in the soil was higher under straw strip treatments (T5, T25, T25+2.5) and straw layer treatment (T2.5) compared to CK after 24 h of the first irrigation. T5 demonstrated the most effective salt removal, surpassing other treatments, with a desalination rate of 97.71%. Additionally, T5 had the highest salt leaching efficiency (SLE) in the 0–20 cm soil layer, recommending it as the optimal form for managing saline soils in crop production due to its simplicity and higher SLE. We found that buried straw strips reduced soil water infiltration rate and wetting front propulsion speed, increased soil water content and enhanced salt leaching efficiency in the saline soil. Our findings provide a basis for developing strategies that improve soil quality and irrigation efficiency, mitigate the effects of salinity on crop production, and ensure food security for a rapidly growing global population.
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1. Introduction


Soil salinity is one of the most prevalent environmental hazards to sustainable agriculture development [1,2,3]. Saline soils cover approximately 424 million hectares worldwide [4], including 99 million hectares in China [5,6,7]. Coastal saline soil is considered as a critical agricultural land reserve in eastern China due to its significant contribution to relieving population pressure and satisfying food demand [8]. However, shallow groundwater tables with high salinity and windy conditions in spring and winter in the coastal regions of eastern China result in an accumulation of excessive salt on the soil surface, leading to adverse effects on physicochemical properties of the soil [9,10,11]. Moreover, many specific problems such as low nutrients, scarcity of freshwater, and lower microbial diversity have always been the limiting factors of coastal saline soil, eventually restricting the growth of crops [12]. Therefore, finding effective strategies with less fresh water to manage soil salinity is essential for maintaining food security and sustainable agriculture in eastern China.



Buried straw layers have been reported to improve rainfall infiltration, enhance soil moisture, aggregation, and biological activity, while inhibiting soil evaporation [13], which can stimulate plant growth and development [14], and improve crop productivity and quality [15,16]. Furthermore, due to its wide availability and low cost, the straw layer is usually used as the capillary barrier in the coastal saline land [17,18,19]. Through an indoor soil column experiment investigating the spatiotemporal dynamics of water distribution, Cao et al. [20] observed that the incorporation of a straw layer initially impeded the infiltration rate of soil water. However, the straw layer subsequently facilitated the stabilization of the infiltration rate over time. In another column study, Zhao et al. [21] found that a 5 cm thick straw layer buried at a 40 cm soil depth could reduce the infiltration rate of soil water and wetting front velocity, as well as inhibit the phreatic evaporation and soil salinization. Despite the potential benefits of straw mulching, several studies have reported that using straw mulch alone may not increase crop yields and, in some cases, can actually lead to reduced yields [22]. This may be related to the reduction in soil temperature and hindrance of field operations, such as sowing and harvesting, under traditional straw mulching, which covers the entire soil surface.



Some researchers have suggested that applying straw strip mulching to a portion of the soil surface could resolve the conflict between soil temperature reduction and the restraint of surface water evaporation, as well as maintain soil moisture, thereby improving the yield of crops in the coastal area [23,24,25]. Compared with mulching the entire soil surface, a smaller quantity of straw strips reduced the amount of earthwork excavation and straw materials [26], as well as created an isolation effect to prevent salt accumulation on the soil surface [27]. Meanwhile, the buried straw strips at a specific depth and slope can serve as drainage pipes to remove saltwater and prevent salt accumulation on the soil surface [28]. However, few studies have investigated the appropriate forms of straw layer (or strips) that can serve as a capillary barrier as well as drainage pipes during the initial stages of coastal soil reclamation, for the optimal regulation of soil water and salinity. An indoor simulation test can minimize the uncontrollability and save costs while providing useful operational parameters and a theoretical basis for the application of related technologies prior to field demonstration and application.



The objectives of this study are as follows:




	(1)

	
To determine the effects of different forms of straw layer (or strips) treatments on water and salt distribution in the soil;




	(2)

	
To investigate the leaching process and efficiency under different forms of straw strips;




	(3)

	
To identify the appropriate form for straw strip treatments.










2. Materials and Methods


2.1. Experimental Site


The experiments were conducted from August to February (2020–2021) at the water-saving irrigation laboratory in the College of Agricultural Science and Engineering, Hohai University Nanjing, Jiangsu Province, China. The soil texture in this experiment was salty sand with an EC1:5 of 3.0 mS cm−1 and was brought from the coastal area of Dongtai, Jiangsu Province. The concentrations of Ca2+, Mg2+, Na+, K+, CO32−, HCO3−, Cl− and SO42− in the saline soil with the EC1:5 value of 3.0 mS cm−1 were 2.58 mmol kg−1, 0.82 mmol kg−1, 70.02 mmol kg−1, 0.21 mmol kg−1, 2.32 mmol kg−1, 9.21 mmol kg−1, 84.31 mmol kg−1, and 3.58 mmol kg−1, respectively. The soil was evenly mixed and sifted using a 1 mm sieve, and put in the experimental tank in layers at an interval of 5 cm with bulk density of 1.40 g cm−3. The straw strips (or straw layer) used in this study were made of sorghum straw with a diameter of about 7 mm, made in Binzhou City, Shandong Province, and wrapped with two layers of non-woven fabric textile. A tank experiment was conducted to investigate the processes of wetting front, soil water and salt distribution, as well as salt leaching efficiency under different forms of straw strips (or straw layer). The height, width, and length of each tank were 44 cm, 47.7 cm, and 25 cm, respectively. The abutting gap between the original experimental tank and the newly added polymethyl methacrylate board was plugged with glass glue. Furthermore, triangular support made of steel was used to reinforce the upper edge of the soil trough. The schematic design of the soil tank is shown in Figure 1. To provide a smooth environment in the infiltration process, a perforated glass plate with a width of 47.7 cm and a length of 25 cm was laid at 3 cm away from the bottom of the soil tank to separate into upper and lower parts. The lower part of the soil tank was used for water leakage and water storage. The perforated glass plate holes were arranged at intervals of 10 cm. Two layers of 200 g geotextile were laid above the water storage diaphragm as filter layers to prevent soil loss in the tank.




2.2. Treatments


The following five treatments with straw stalks evenly laid at the 20–25 cm layer below the surface of the soil columns include the following: (1) no straw layer (CK); (2) 5 cm long straw stalks longitudinally arranged to form a straw strip with 10 cm in width, 25 cm in length, and 5 cm in height (T5); (3) 25 cm long straw stalks horizontally arranged to form a straw strip with 10 cm in width, 25 cm in length and 5 cm in height (T25); (4) 2.5 cm long straw stalks longitudinally arranged in the upper layer and 25 cm long straw stalks horizontally arranged in the lower layer to form a straw strip with 10 cm in width, 25 cm in length and 5 cm in height (T25+2.5); and (5) 2.5 cm long straw stalks randomly arranged to form a straw strip with 47.7 cm in width, 25 cm in length and 1.5 cm in height (T2.5). Each of the treatments were replicated three times. The specific schematic straw layer arrangement of each treatment is depicted in Figure 2.




2.3. Experimental Process


2.3.1. Wetting Front


The wetting front is an important index that characterizes soil water movement. The wetting front movement in the soil profile and the wetting front shapes were recorded at 10 min, 20 min, 30 min, 45 min, 1 h, 3 h, 7 h, 24 h after the first irrigation, and 3 h, 6 h, 9 h and 24 h after the second irrigation. Wetting front lines were marked with a marker pen on the polyvinyl chloride film in front of the soil tank. Wetting front data were collected using the Get-Data Graph Digitizer software (version 2.25.0.32).




2.3.2. Irrigation Schedule


At the beginning of the first irrigation, 5937.5 mL of water was poured into the soil tank, and a 5 cm thick water layer was formed on the surface of the soil. Twenty-four hours later, 5937.5 mL of water was added, and about a 5 cm water layer was formed on the soil surface. Forty-eight hours later, 2385.5 mL of water was poured into the soil tank to make the water layer reach 2 cm. Following the above three steps of irrigation, Markov bottles were used to continuously supply water to the soil. The changes in water volumes within the Markov bottles were recorded. The experiment was finished when the water from the straws stably drained.




2.3.3. Soil Sampling Method


Soil samples were collected from each tank using an auger (2 cm diameter, 40 cm length) at 1 h, 3 h, 6 h, 10 h, 24 h, 48 h after the first irrigation as well as at the end of the experiment. Soil samples for measurements of water content and salt concentration from different layers (5–15 cm, 15–25 cm, and 25–35 cm soil layer, respectively) of the soil tank were collected through the sampling holes (10 cm, 20 cm, and 30 cm) horizontally away from the center of straw strips, as well as directly above them, respectively (Figure 3). After sampling, the sampling holes were backfilled with soil in a similar property to prevent the emergence of preferential flow.




2.3.4. The Measurement of Soil Water Content and EC Value


The soil moisture content was determined using an oven drying method. The soil samples obtained from the soil tank were weighed immediately to obtain the fresh soil sample weights. Then, they were placed in an oven at 105 °C for 24 h, and soil dry weights were recorded [29,30]. The EC1:5 of the naturally air-dried soil sample was determined by using EC-215 Multi-Range Conductivity Meter (HANNA Instruments, Padova, Italy) [31,32].





2.4. Calculations


Soil water content was calculated by applying the following equation:


    S W C % =       S   w   −   S   D       S   D       × 100  



(1)




where SWC represents the percentage of soil water content on a dry basis, SW is the soil sample wet weight, and SD means the soil sample dry weight.



The relationship between the EC1:5 values and salt contents was fitted with the following equation:


  y = 3.0 x  



(2)




where y is the salt content (g kg−1); x is the EC1:5 values (mS cm−1); the coefficient of determination (R2) was 0.98 (p < 0.01).



Salt storage was calculated according to Zhao et al. [21] as follows:


  S S = A × D × H × S ×   10   − 3    



(3)




where SS is the soil salt storage (g), A is the soil column area (cm2), D is the soil bulk density (g cm−3), and S is the salt content after infiltration (g kg−1).



Soil desalination rate was calculated as:


  P   %   =   S B − S A   S B   × 100  



(4)




where P is the salt desalination rate (%), SB is the salt content before infiltration (g kg−1), and SA is the salt content after infiltration (g kg−1).



Salt leaching efficiency was determined by the following formula:


  S L E =   S S B − S S A     W +   U   0   −   U   1     × T    



(5)




where SLE is the salt leaching efficiency (g mm−1 h−1), SSB is the salt storage before infiltration (g), SSA is the salt storage after infiltration (g), W is the total irrigation amount (mm), U1 is the water storage after infiltration (mm), U0 is the initial water storage of the corresponding soil layer (mm), and T is the time for wetting front to reach the bottom layer (h).




2.5. Data Analysis and Statistics


An analysis of variance (ANOVA) was performed using SPSS software (version 18.0, SPSS Inc., Chicago, IL, USA) with the general linear model to test the effects of the treatments on the measured parameters with three replications. Mean comparisons were performed with Duncan’s multiple range test at p < 0.05. The distribution of water content and EC1:5 values were drawn by Surfer software (version 22.0, Golden Software Inc., Golden, CO, USA).





3. Results


3.1. Wetting Front


Temporal variations in wetting front shapes for different treatments were depicted in Figure 4. All the treatments exhibited similar temporal variations in the wetting front. Across treatments, the movement speed of the wetting front was faster at the beginning of the experiment, but gradually slowed down as irrigation time increased. The wetting front speed under T2.5 (treatment with straw layer) was significantly lower than that under the buried straw strips treatments (T5, T25, and T25+2.5). There was no significant difference in the migration speed among T25, T5, and T25+2.5. The wetting fronts took approximately 24 h to reach the upper surface of the straw layer (20 cm) under T25, T5, and T25+2.5 straw strip treatments and CK. In terms of the duration of time for wetting fronts passing through the straw layer or straw strips (20–25 cm), the straw layer treatment (T2.5) was significantly higher than the strip treatments (T5, T25, and T25+2.5), (p < 0.05), and it varied in the order of T2.5 > T25+2.5 > T25 > T5 (Table 1). After passing through the straw strip layers, the wetting front curves under T5, T25+2.5, and T25 exhibited similar inverted V‘‘ shapes, whereas those of CK and T2.5 showed fluctuating parallel lines (Figure 4). The time for the wetting front to move from the lower surface of the straw layer (25 cm) to the bottom of the soil column (35 cm) under T25+2.5, T25, and T5 straw strip treatments was significantly lower than in the CK treatment (p < 0.05, Figure 4).




3.2. Water and Salt Distribution during and after the Infiltration


3.2.1. Water Distribution across the Soil Layer


The distribution of soil water content in the soil profiles of various treatments was analyzed after 1 h, 24 h, and at the end of the experiment, respectively (Figure 5). After 1 h, for the 10 cm soil layer, there was no significant difference among the various treatments, and their soil water content was 25.5%. For the 20 cm soil layer, the soil water content under straw strip treatments (T25, T5, and T25+2.5) was significantly higher than the T2.5 and CK treatments (p < 0.05, Figure 5A). After 24 h, for the 10 cm soil layer, the soil water content under straw layer (T2.5) and straw strip treatments (T25, T5, and T25+2.5) was the most pronounced and varied in the order of T2.5 > T25+2.5 > T5 > T25 > CK. For the 20 cm soil layer, the soil water content under T2.5 treatment was 17.07%, and it was significantly higher than T25+2.5 treatment (9.14%) (p < 0.05). For the 30 cm soil layer, the soil water content under CK treatment (12.07%) was significantly higher than T5 treatment (6.65%) (p < 0.05, Figure 5B). At the end of the experiment, for the 10 cm soil layer, the soil water content under CK treatment (31.65%) was significantly higher than that of T25+2.5 treatment (25.3%) (p < 0.05). For the 20 cm soil layer, the soil water content under T2.5 treatment was higher than those of the other treatments and varied in the order of T2.5 >T25+2.5 > CK > T5 > T25. For the 30 cm soil layer, the soil water content under CK treatment (31.55%) was significantly higher than those of T25 and T5 treatments (28.12%) (p < 0.05, Figure 5C).




3.2.2. Salt Distribution (EC1:5) across the Soil Layer


The distribution of EC1:5 in the soil profiles of different treatments was analyzed after 1 h, 24 h, and at the end of the experiment, respectively (Figure 6). After 1 h, for the 10 cm soil layer, the EC1:5 value under the CK treatment (1.29 mS cm−1) was significantly higher than that under the T2.5 treatment (0.36 mS cm−1) (p < 0.05, Figure 6A). For the 20 cm soil layer, the EC1:5 value under the CK treatment (5.23 mS cm−1) was significantly higher than that of the T5 treatment (1.89 mS cm−1) (p < 0.05). For the 30 cm soil layer, the EC1:5 value of the T5 treatment (3.6 mS cm−1) was significantly higher than other treatments (p < 0.05). After 24 h, for the 10 cm soil layer, the EC1:5 value of the T2.5 treatment (0.2 mS cm−1) was lower than those of other treatments. For the 20 cm soil layer, the EC1:5 value of the CK treatment was 1.8 mS cm−1, and it was higher than the T2.5 treatment. For the 30 cm soil layer, the EC1:5 value of the straw strip treatments (T25, T5, and T25+2.5) was lower than that of the CK treatment (Figure 6B). At the end of the experiment, for the 10 cm soil layer, the EC1:5 value of the T5 treatment (0.08 mS cm−1) was significantly lower than that of the T25+2.5 treatment (0.4 mS cm−1) (p < 0.05). For the 20 cm soil layer, the average EC1:5 value of the T25+2.5 treatment was 1.6 mS cm−1, and it was significantly higher than that of the T25 treatment (0.13 mS cm−1) (p < 0.05). For the 30 cm soil layer, the EC1:5 value of the T25 treatment was 0.08 mS cm−1, and it was significantly lower than the T25+2.5 treatment (1.8 mS cm−1) (p < 0.05, Figure 6C).





3.3. Analysis of Salt Desalination Rate and Leaching Efficiency under Different Treatments


Compared with CK, the straw strip treatments significantly reduced salt storage in the soil profile, and increased the salt leaching effect (p < 0.05) (Figure 7). After 24 h, salt storage (0–10 cm) under T25+2.5 and T5 (19.27 g) was significantly higher than T2.5 treatment (14.76 g). The variations in desalination rate followed the order of T2.5 (92.35%) > CK (91.10%) > T25 (90.67%) > T5 (87.11%) > T25+2.5 (86.37%) (Figure 7a). For the 0–20 cm soil layer, the salt storage under T5 was 79.23 g and it was lower than other treatments; the desalination rate under T5 (86.39%) was significantly higher than that of CK treatment (81.02%) (p < 0.05). After 48 h, the salt storage (0–10 cm) under T5 treatment (7.95 g) was lower than CK treatment (12.03 g); the desalination rate under T5 treatment (97.02%) was significantly higher than CK treatment (90.77%) (p < 0.05). For the 0–20 cm soil layer, the salt storage under CK was 21.56 g, and it was significantly higher than the T25+2.5 and T25 treatments (11.79 g) (p < 0.05), and the desalination rates varied in the order of T25+2.5 (89.72%) > T25 (89.51%) > T5 (87.08%) > T2.5 (84.12%) > CK (83.91%) (Figure 7b). At the end of the experiment, the salt storage (0–10 cm) under T5 treatment (5.64 g) was lower than CK treatment (7.23 g); the desalination rate under T5 treatment was 98.34% and it was significantly higher than that of the CK treatment (94.47%) (p < 0.05). For the 0–20 cm soil layer, the salt storage under the CK treatment was 7.94 g, and it was significantly higher than the T5 treatment (6.87 g); the desalination rate under T5 treatment (97.71%) was significantly higher than that of the T25+2.5 treatment (93.12%) (p < 0.05, Figure 7c).



In addition, at the end of experiment, the salt leaching efficiency (SLE) under T5 treatment was 0.143 g mm−1 h−1, and it was significantly higher than T25+2.5 treatment (0.0789 g mm−1 h−1) (p < 0.05; Figure 8).





4. Discussion


The problem of soil salinity is exacerbated by the irrigation with saline water and the utilization of uncultivable saline soils to fulfill the demand of a growing global population [33,34]. Straw mulching has been employed in agricultural production as a practical and efficient technique for mitigating salt accumulation and reducing soil water loss [35]. However, its extensive application in practice is impeded by the substantial requirement of excavation earthwork and straw materials. Compared to mulching the entire soil surface, narrowing the straw layer to a strip configuration can effectively reduce the requirements for earthwork excavation and straw materials. Additionally, straw strip mulching has the capacity to maintain soil moisture and improve the capillary blocking effect [36], thereby effectively preventing salt accumulation on the soil surface compared to the absence of mulching [18,24,37,38]. Despite the abundance of research on the effects of straw mulching on soil water and salt dynamics, there is a lack of information regarding water and salt distribution, as well as leaching efficiency in relation to different forms of straw strip configurations.



4.1. Wetting Front


The present study showed that the straw layer and straw strip treatments significantly reduced the advance of the wetting front and the infiltration rate during the wetting front crossing the whole soil profile (Figure 4), compared with CK (no straw layer or straw strips buried in the soil profile). The wetting fronts took approximately 56 h to reach the bottom of the soil profile for T25, T5, and T25+2.5 straw strip treatments, whereas those for CK took 51 h (Table 1). In agreement with this result, Zhang et al. [39] found that wetting front migration speed was significantly increased in the CK treatment (without straw layer) compared to straw layer treatments. This is because the addition of straw layers could introduce soil heterogeneity and create a discontinuous capillary at the soil interface, thereby causing a sudden change in matrix potential [20]. Therefore, when the soil profile and straw layer were dry, there was no effective hydraulic connection in the coarse-textured profiles (straw layer). Soil water reaching the upper surface of the straw layer did not immediately infiltrate downward but continued to do so only when the water above the straw layer accumulated to levels where the capillary break effect vanished [40,41].



Moreover, as shown in Table 1 and Figure 4, the time for wetting fronts passing through the straw layer or strips (20–25 cm) under the buried straw strip treatments (T5, T25, and T25+2.5) was significantly lower than that under the full-cover straw layer treatment (T2.5). The reason is that the T2.5 treatment, entirely covered with straw sticks in the 20–25 cm depth soil layer, allowed for better water absorption [39] and delayed transit through the straw layer compared to the partially laid straw strip treatments (T5, T25, and T25+2.5). Furthermore, as indicated by Meng et al. [42], water infiltration rates tended to decrease with the increase in the number of small pores. In agreement with this, in our experiment, the migration velocity of the wetting front for the straw layer (T2.5) was significantly lower than those of straw strip treatments (Table 1). This difference might be related to the varied number of small pores [43]. For the T2.5 treatment, the embedded straw layer randomly arranged with shorter stalks might result in an enhanced number of small pores compared to the embedded straw strips regularly arranged with longer stalks (Figure 2). During and after passing through the straw strip layers, the wetting front curves under T5, T25+2.5, and T25 showed similar inverted V‘‘ shapes, whereas those under CK displayed relatively straight parallel lines. In straw strip treatments, the hydraulic barrier effects’ caused by the straw strip could impede water infiltration into the deeper soil profile beneath the straw strip [40]. As a result, the soil profile not beneath the straw strip showed a relatively higher velocity of the wetting front, leading to the formation of inverted V‘‘ shapes. In the case of the CK treatment, the homogeneous hydraulic parameters of the same soil type along the horizontal direction resulted in a similar water infiltration rate into the deeper soil profiles, leading to the formation of relatively straight parallel lines of wetting fronts. Moreover, compared to CK, the wetting front lines for T2.5 during and after transitioning through the straw layer (or straw strips) showed much more severe fluctuations (Figure 4). This behavior might be related to the vertical heterogeneous structure of the straw layer. In this study, the buried straw layer could be considered a capillary barrier within the soil during infiltration. Due to the relatively higher soil water content in the fine-textured layer (soil profile) and the high-saturated hydraulic conductivity of the underlying coarse-textured layer (straw layer), water may infiltrate into the coarse-textured layer through preferential flow pathways, especially in the presence of minor inequalities in soil structure or disturbances in the straw layer [40]. This led to the instability of the capillary barriers, consequently presenting a fluctuating state for wetting front lines.




4.2. Water and Salt Distribution


The buried straw strip not only changed water infiltration rate, but also affected the distribution of soil water content (Figure 5) as well as EC values (Figure 6) in the soil profile [44,45]. After 24 h, compared with CK, the soil water content under straw strip treatments (T5, T25 and T25+2.5) and straw layer treatments (T2.5) was significantly higher in the 0–20 cm soil layer (Figure 5). Moreover, the average salt contents under T2.5 treatment was significantly lower than those of straw strip treatments in the 0–35 cm soil layer (Figure 6, p < 0.05). In agreement with our results, Xu et al. [46] indicated that, compared with CK, straw layer treatment made a longer retention time of wetting front and higher water content in the upper soil layer. Similarly, Zhao et al. [18] demonstrated that situating the straw layer with phosphor-gypsum in the 0–30 cm soil layer increased the water-holding time of the soil above the isolation layer. The phenomenon might be due to the capillary barrier effects and the hydraulic barrier effects caused by the embedding straw layer or straw strips in the soil profiles [39]. Under such circumstances, compared with CK, more salt could be discharged in the straw layers and straw strip treatments, because of the promotion for the exchange and absorption of soluble salt ions in the soil profile [47]. In the same soil depth, the distribution of soil water content and EC1:5 values also varied with treatments (Figure 5 and Figure 6). For example, compared with straw strip treatments, CK and straw layer treatment (T2.5) showed much more uniform soil water content and EC1:5 distribution. This is because, for the CK and T2.5, beneath the soil profile, there was no straw layer or it was fully covered with a straw layer, whereas for the straw strip treatments, the uneven displacement of straw in the soil profile would result in the heterogeneous physical properties of the soil profile in the horizontal direction (Figure 5 and Figure 6), ultimately influencing water flow and solute transport in soil profiles [48].




4.3. Salt Leaching Efficiency


Salt leaching efficiency is related to the soil and straw properties, such as structure and texture [49,50]. At the end of our experiment, we observed that T5 had remarkably higher values of SLE than those of T2.5, owing to the significantly lower salt concentration and shorter leaching time for T5 compared with T2.5 (Figure 8). Moreover, among the different arrangements of the straw strip treatments (T25, T5, and T25+2.5) and CK, T2.5 had the significantly highest salt leaching efficiency. Considering that the time for the wetting front to reach the bottom of the soil tank for all the straw strip treatments was almost the same (Table 1), the significantly higher values of T5 were mainly related to the significantly lower salt concentration. This indicated that the arrangement of the straw segments in T5 that formed parallel vertical gaps between the straw segments may benefit the leaching of solute salt compared with T25, where parallel horizontal gaps were formed, as well as T25+2.5, where a combination of vertical gaps in the top layer and horizontal gaps in the lower layer was formed. Taking into consideration the lower cost of raw materials, as well as the convenience of production [51], T5 has the potential for wide application in actual production, whereas in the future, the effects of impeding the upward movement of soil water and solute content by different straw layer treatments should also be considered in actual applications.





5. Conclusions


The current study investigated the appropriate forms of the straw strips (or layers) for the optimal regulation of soil water and salinity in the coastal saline soil. The experimental results showed that the straw layer (or straw strip) treatments changed spatial distribution patterns of water and salt in the soil profile, and enhanced salt leaching efficiency compared with CK. Our results showed the following:




	
At the end of the experiment, the average water content (0–20 cm) under the straw layer (T2.5) was significantly higher than the CK treatment. Compared with CK, the salt content under straw strip treatments (T25, T5, and T25+2.5) and the straw layer (T2.5) were significantly lower in the 0–20 cm soil layer.



	
Among the straw layer (or straw strip) treatments, the T5 and T2.5 treatments showed higher desalination rates and salt leaching efficiency in the 0–20 cm soil layer than T25 and T25+2.5 treatments.



	
T5 treatment can be arranged more easily in actual production and showed a shorter infiltration time for irrigation water, as well as higher salt leaching efficiency in the 0–20 cm soil layer than the other straw treatments. Therefore, T5 is recommended as the optimal treatment compared to others.








The findings can serve as a foundation for strategy formulation aimed at enhancing soil quality, optimizing salt leaching efficiency, and alleviating the impact of salinity on crop production.
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Figure 1. The schematic design of the soil tank. 
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Figure 2. Arrangement of the straw strips (layer) by sorghum stalks for five treatments. (1) T5, in which 10 cm width of straw strip with 5 cm long sorghum stalks were longitudinally arranged in the 20–25 cm soil layer; (2) T25, in which 10 cm width of straw strip with 25 cm long sorghum stalks horizontally arranged in the 20–25 cm soil layer; (3) T25+2.5, straw strip with the upper layer was longitudinally arranged using 2.5 cm long sorghum stalks and the lower layer horizontally arranged using 25 cm long sorghum stalks in the 20–25 cm soil layer; (4) T2.5, in which 25 cm width straw layer randomly arranged with 2.5 cm long sorghum stalks (the straw layer wrapped with two layers of non-woven fabric (200 g)) in the 20–25 cm soil layer; (5) CK, no straw layer. 
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Figure 3. Soil sampling position. 
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Figure 4. Temporal variations in the wetting front under five treatments. (a) T5, in which 10 cm width of straw strip with 5 cm long sorghum stalks were longitudinally arranged in the 20–25 cm soil layer; (b) T25, in which 10 cm width of straw strip with 25 cm long sorghum stalks horizontally arranged in the 20–25 cm soil layer; (c) T25+2.5, straw strip with the upper layer was longitudinally arranged using 2.5 cm long sorghum stalks and the lower layer horizontally arranged using 25 cm long sorghum stalks in the 20–25 cm soil layer; (d) T2.5, in which 25 cm width straw layer randomly arranged with 2.5 cm long sorghum stalks (the straw layer wrapped with two layers of non-woven fabric (200 g)) in the 20–25 cm soil layer; (e) CK, no straw layer. 
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Figure 5. Soil water content distribution in the 5–35 cm soil profile under different treatments after infiltration. (A) After 1 h of the first irrigation, (B) after 24 h of the first irrigation and (C) at the end of the experiment. CK, no straw layer; T25, in which 10 cm width of straw strip with 25 cm long sorghum stalks horizontally arranged in the 20–25 soil layer; T5, in which 10 cm width of straw strip with 5 cm long sorghum stalks were longitudinally arranged in the 20–25 cm soil layer; T25+2.5, straw strip with the upper layer was longitudinally arranged using 2.5 cm long sorghum stalks and the lower layer horizontally arranged using 25 cm long sorghum stalks in the 20–25 cm soil layer; T2.5, in which 25 cm width straw layer randomly arranged with 2.5 cm long sorghum stalks (the straw layer wrapped with two layers of non-woven fabric (200 g)) in the 20–25 cm soil layer. 






Figure 5. Soil water content distribution in the 5–35 cm soil profile under different treatments after infiltration. (A) After 1 h of the first irrigation, (B) after 24 h of the first irrigation and (C) at the end of the experiment. CK, no straw layer; T25, in which 10 cm width of straw strip with 25 cm long sorghum stalks horizontally arranged in the 20–25 soil layer; T5, in which 10 cm width of straw strip with 5 cm long sorghum stalks were longitudinally arranged in the 20–25 cm soil layer; T25+2.5, straw strip with the upper layer was longitudinally arranged using 2.5 cm long sorghum stalks and the lower layer horizontally arranged using 25 cm long sorghum stalks in the 20–25 cm soil layer; T2.5, in which 25 cm width straw layer randomly arranged with 2.5 cm long sorghum stalks (the straw layer wrapped with two layers of non-woven fabric (200 g)) in the 20–25 cm soil layer.



[image: Agriculture 14 00994 g005]







[image: Agriculture 14 00994 g006] 





Figure 6. Electrical conductivity (EC1:5) distribution in the 5–35 cm soil profile under different treatments after infiltration. (A) After 1 h of the first irrigation, (B) after 24 h of the first irrigation and (C) at the end of experiment. CK, no straw layer; T25, in which 10 cm width of straw strip with 25 cm long sorghum stalks were horizontally arranged in the 20–25 cm soil layer; T5, in which 10 cm width of straw strip with 5 cm long sorghum stalks were longitudinally arranged in the 20–25 cm soil layer; T25+2.5, straw strip with the upper layer was longitudinally arranged using 2.5 cm long sorghum stalks and the lower layer horizontally arranged using 25 cm long sorghum stalks in the 20–25 cm soil layer; T2.5, in which 25 cm width straw layer randomly arranged with 2.5 cm long sorghum stalks (the straw layer wrapped with two layers of non-woven fabric (200 g)) in the 20–25 cm soil layer. 
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Figure 7. Salt storage and desalination rate in the 0–10 cm and 0–20 cm soil layers under different treatments after infiltration. (a) After 24 h of the first irrigation, (b) after 48 h of the second irrigation and (c) at the end of experiment. CK, no straw layer; T25, in which 10 cm width of straw strip with 25 cm long sorghum stalks horizontally arranged in the 20–25 cm soil layer; T5, in which 10 cm width of straw strip with 5 cm long sorghum stalks were longitudinally arranged in the 20–25 cm soil layer; T25+2.5, straw strip with the upper layer was longitudinally arranged using 2.5 cm long sorghum stalks and the lower layer horizontally arranged using 25 cm long sorghum stalks in the 20–25 cm soil layer; T2.5, in which 25 cm width straw layer randomly arranged with 2.5 cm long sorghum stalks (the straw layer wrapped with two layers of non-woven fabric (200 g)) in the 20–25 cm soil layer; SI, the salt storage after infiltration; P, the salt desalination rate. Within treatments, different small letters show a significant difference at the p < 0.05 level. The data bar is SE. 
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Figure 8. Salt leaching efficiency (SLE) at the 0 10 and 10–20 cm soil layer under different treatments after infiltration. Within treatments, different small letters show a significant difference at the p < 0.05 level. The data bar is SE. 






Figure 8. Salt leaching efficiency (SLE) at the 0 10 and 10–20 cm soil layer under different treatments after infiltration. Within treatments, different small letters show a significant difference at the p < 0.05 level. The data bar is SE.



[image: Agriculture 14 00994 g008]







 





Table 1. Infiltration time under the different treatments.
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	Treatment 1
	Time for Wetting Front to Transit from 5 cm to 20 cm in Depth from the Top of the Soil

(h)
	Time for Wetting Front to Transit from 20 cm to 25 cm in Depth from the Top of the Soil

(h)
	Time for Wetting Front to Transit from 25 cm to 35 cm in Depth from the Top of the Soil

(h)





	CK
	24.06 ± 0.11 b
	3.16 ± 0.03 c
	24.43 ± 0.02 c



	T25
	24.12 ± 0.02 b
	5.13 ± 0.11 b
	26.38 ± 0.04 b



	T5
	24.05 ± 0.03 b
	5.05 ± 0.02 b
	26.57 ± 0.05 b



	T25+2.5
	24.17 ± 0.05 b
	5.34 ± 0.03 b
	26.36 ± 0.02 b



	T2.5
	25.55 ± 0.03 a
	6.57 ± 0.04 a
	29.17 ± 0.08 a







1 Note: CK, no straw layer; T25, horizontally straw buried at the 20–25 cm depth; T5, longitudinally straw buried at 20–25 cm depth; T25+2.5, combined straw buried at the 20–25 cm depth; T2.5, randomly arranged straw buried at the 20–25 cm depth. Data are mean ± SE. Different letters within a column indicate significant differences at the 0.05 level.
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