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Abstract

:

Secondary salinization induced by brackish water irrigation has forced agricultural development to increasingly rely on soil management. A two-year field experiment was conducted to explore the effects of different straw incorporation rates (SIRs) within 0 to 20 cm topsoil on the soil water–salt balance, maize yield production, and water use efficiency (WUE) under brackish water irrigation in a naturally non-saline area. Air-dried wheat straw was applied at the rates of 0, 4.5, 9.0, 13.5, and 18.0 t ha−1 (R0–R4) and two salinity levels of irrigation water with the salt content of 1.92 dS m−1 (SL) and 3.20 dS m−1 (SH) were applied for simulating the scenarios of secondary salinization. Results demonstrated that straw incorporation markedly increased the soil water content during two growing seasons, and SIR was directly correlated to the deep percolation, but inversely correlated to the soil water depletion, under both the SL and SH condition. Meanwhile, straw incorporation led to the increase in salt content within the straw incorporation zone, but the total mass of salt deposited in the 0–100 cm soil profile was comparatively reduced as SIR increased due to the increased deep percolation for salt leaching, and such relative alleviation was more pronounced under the SH condition. The significantly increased maize yield and its corresponding WUE were obtained in treatments with high SIR levels. Additionally, an exponential function was used to describe the trend of the yield-increasing rate as SIR increased, and the theoretical maximum of grain and biomass yield calculated from the fitting results were 6483 in 17,282 kg ha−1 under SL, and 5440 and 14,501 kg ha−1 under SH, respectively. Results in this study would be helpful in the adoption of straw incorporation and brackish water irrigation in ways that facilitate soil water availability and reduce the risk of soil salinization.
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1. Introduction


Since agricultural irrigation does not strictly rely on high-quality water, the application of some brackish water from shallow groundwater or from the mixing of seawater with fresh water in estuaries is encouraged to overcome fresh water supply shortages [1,2]. However, without adequate soil management for salt removal on naturally non-saline areas, excessive irrigation with brackish water can cause severe secondary soil salinization by depositing dissolved salts in the upper layer of the soil [3], which significantly threatens sustainable agricultural development and even causes land abandonment [4,5]. Nowadays, secondary soil salinization is not only especially problematic in arid and semi-arid areas where evaporation exceeds precipitation [6], but also increasingly common in semi-humid and humid areas, due to freshwater resources being severely challenged by the continuous development of industrialization and urbanization [7,8]. To mitigate the adverse effect of saline irrigation on crop growth and land property, previous studies have paid much attention to improving irrigation and field management. For irrigation, a micro-irrigation system (i.e., sprinkler and drip irrigation) is used to continually leach the soil volume where plants extract water by adopting deficit or alternative irrigation strategies to control water table increases and recuse the ingress of salts by irrigation water. For field management, tillage practice, surface mulching, or incorporation with organic (e.g., crop residue, biochar, and compost) or inorganic matter (e.g., plastic film, anthracite coal powder, and gravel) methods are commonly applied for reducing soil evaporation and regulating the salt vertical movement. Meanwhile, subsurface drainage or soil interlayers are reportedly useful in managing groundwater levels and reducing salt accumulation [9,10,11,12]. However, such measures are mainly conducted for soil amendment on primary salinization areas, and rarely on non-saline areas, for preventing or alleviating secondary salinization.



In China, the total output of straw resources is about 0.7 billion tons per year [13]. Owing to its low price and high availability in farmland, straw has widely served as a biodegradable and renewable agricultural engineering material [14,15]. Straw incorporation is one approach of straw field returning practice with the function of improving soil properties and thus influencing soil water transport and solute dynamics. Due to the features of the porosity and endurance of straw itself, soil incorporated with straw can maintain a high level of porosity and resistance when the soil structure is affected by the compaction of irrigation water or by aggregate degradation due to ion involvement [16,17]. Pinheiro et al. [18] reported that soil exposed with tillage and plenty of residue inputs led to increases in aggregation and organic carbon content, both of which promoted high soil water storage. Moreover, as crop residual segments cut less than 20 cm long, the hydraulic conductivity of the incorporation layer was promoted by reducing soil bulk density [19].



Straw incorporation is regarded as a useful approach in saline soil amendment. Xie et al. [5] observed that maize straw incorporation in coastal areas can prevent salt surface accumulation and led to a relatively constant salt level in the topsoil (0–20 cm). They also found that salt inhibition efficiency was much more significant in the early growth stages of wheat (seeding, jointing, and booting stage), and the sharp transient changes in salt content were significantly diminished when the straw incorporation rate was over 1 t ha−1. Zhang et al. [20] demonstrated that wheat straw incorporated in surface soil could enhance salt leaching efficiency by blocking upward movement in the salt capillary during evaporation.



Crop growth also takes advantage of the improved soil water storage and lowered salt-stress from straw incorporated soil. The crop transpiration could be indirectly improved by reducing the water consumption in non-productive soil evaporation and thus meaning more water is available for root water uptake [21,22,23]. Meanwhile, alleviated salt-affects due to enhanced soil leaching and reduced salt accumulation in the root zone are of great benefit to water and nutrition extracts during crop growth. Based on the advantages mentioned above, a trial study is valuable for straw incorporation as a practical approach to relieve repeated soil salt accumulation and preserve crop production during the secondary salinization process. However, these studies do not clarify the relationship of the straw incorporation rate on soil water transport and salt dynamics and consequently the influence on plant growth under saline water irrigation. Also, straw incorporation is not likely to be sustainable over the long-term, since the decomposition of straw could compete with crops for soil available nitrogen [24], thus diminishing the capacity of improving soil properties, and such adverse effects could be enhanced with straw incorporation at a high rate [25].



Based on these evidence from the above-mentioned literature, we established a two-year plot experiment by combining five straw incorporation rates (0, 4.5, 9, 13.5, and 18 t ha−1) with two salt levels (1.92 and 3.20 dS m−1 salt content) of irrigation water in non-saline soil filled lysimeters to simulate the condition of secondary salinization. Meanwhile, maize (Zea mays L.), classified as a moderately salt-tolerant crop [19], was planted to test the response of yield production to different experimental combinations. The main objective of this study was to measure the effects of different straw incorporation rates on soil moisture and salinity dynamics as well as on crop yield and water utilization under irrigation with brackish water of different salt levels.




2. Materials and Methods


2.1. Experimental Site


Our experiment was conducted during the growing season of summer maize in 2017 and repeated in 2018 at the Key Laboratory of Efficient Irrigation-Drainage and Agricultural Soil-Water Environment in Southern China, Ministry of Education in Nanjing (118°60′ E, 31°86′ N, and 144 m above sea level). This study area experiences a subtropical humid monsoon climate, where the mean annual temperature and precipitation are 15.7 °C and 1081 mm [26], respectively. Due to prolonged exposure to sunlight and increased solar radiation in summer, the average potential evapotranspiration in summer (July to September) is 530 mm which makes up approximately 40% of the total annual amount [27]. The groundwater table of the study site tested in a borehole fluctuates in a range of 2 to 6 m below the soil surface. Before initiating the experiment, the properties and taxonomic classification of the studied soils among the 0 to 100 cm depths were determined (Table 1).




2.2. Experimental Design and Agronomic Procedures


This experiment was implemented by employing lysimeters (Key Laboratory of Efficient Irrigation-Drainage and Agricultural Soil-Water Environment in Southern China of Ministry of Education, Nanjing, China) at the same location during the 2017 and 2018 growing seasons of summer maize (June to September). Each lysimeter was 200 cm in width, 250 cm in length, and 300 cm in depth. Steel plates with a 1 cm thickness were installed to separate each lysimeter and projected 20 cm above the soil surface to prevent runoff. The bottom of each lysimeter was paved with a 20 cm layer of coarse gravel, which allowed the connection of a Marriott bottle system (Key Laboratory of Efficient Irrigation-Drainage and Agricultural Soil-Water Environment in Southern China of Ministry of Education, Nanjing, China) to maintain the groundwater table at 1.4 m during the whole experimental period. In the groundwater level control system, an electronic sensor detects the variation of the water table in the Plexiglas column (Figure 1). When the water table depth falls below 1.4 m, the electronic sensor turns on the electric motor to pump water into the system. Similarly, when the water table is above 1.4 m, the electric motor draws the water off the system. The water amounts of supply or drainage were recorded using a water meter connected to the electric motor. Furthermore, a sizeable automatic rain-shelter was used to cover all the lysimeters during the rainy days to exclude rainfall effects.



In this experiment, wheat straw was incorporated with five rates from 0 to 18 t ha−1 at the interval of 4.5 t ha−1 (0.0 t ha−1, R0; 4.5 t ha−1, R1; 9.0 t ha−1, R2; 13.5 t ha−1, R3; 18.0 t ha−1, R4). The water salinity treatments consisted of irrigation with low salinity water (1.92 dS m−1, SL) and high salinity water (3.20 dS m−1, SH). The split-plot design in randomized complete blocks was adopted, a total of 10 treatments (two water salinity levels as the main plots and five incorporation rates as the subplots) were considered, with three replications for each. Winter wheat straws were harvested and collected from a nearby farm on May 28, 2017 and June 3, 2018, and the straws were chopped into 10 to 20 cm pieces and air dried until a constant weight before being mixed manually into the top 20 cm of soil before each growing period. The low and high saline irrigation water were obtained by mixing the pure water (EC of 0.016 to 0.035 dS m−1) supplied by the laboratory with salt obtained by drying groundwater (EC from 1.7 to 11.9 dS m−1) pumped from wells near the experiment site.



The experiment involved the cultivation of the summer maize variety, SuYu29, which was seeded manually on June 20, 2017 and June 21, 2018. Soil preparation included plowing (20 cm) and harrowing with all residue of the previous crop removed from plots, and all the incorporation practices were applied prior to seeding. Maize was sown at the density of 24 plants in each lysimeter with a plant and row spacing of 40 cm and 38 cm, respectively. A total of 500 kg ha−1 compound fertilizer (N:P2O5:K2O = 30:5:5) was incorporated with the surface soil during plowing in each lysimeter as the base before sowing, and no additional fertilizer was applied after that. Weed and pest controls were performed according to local agronomic practices. During these two growing seasons, all the fertilizer and agronomic management practices were the same except an individual irrigation with 80 mm fresh water for salt leaching in each plot on June 10, 2018.




2.3. Irrigation Schedule


According to the growth characteristics and water requirement of summer maize at different growth stages [28,29], three maize growing periods—from sowing to jointing stage, from jointing to tasseling stage, and from tasseling to maturing stage—were designed with different irrigation amounts for maintenance of the water content in the root zone within the range from 50% to 90% of the field capacity [30]. In this study, the single irrigation amount was designed at 30, 40, and 60 mm for those three periods in each plot, respectively. The amount of water applied to each lysimeter was measured using a water meter, and water in different salinity levels was irrigated with separate pipes. The growth stages of maize were defined as 50% or more of the plants being at or beyond that stage. Detailed information about the irrigation amount and date is given in Table 2.




2.4. Data Collection and Measurements


2.4.1. Maize Yield and Root Mass Density


At harvest (September 27 2017 and September 30 2018), 10 plants in each treatment (3–4 plants in each lysimeter) were randomly selected for determination of the maize biomass yield. The maize biomass yield was a sum of the aboveground parts (grain, stalks, leaves, husks, and cobs), and each component was dried in an oven at 105 °C for 30 min to cease biological enzyme activity and then at 75 °C until constant mass. In terms of grain yield, another 10 maize plants in each treatment were air dried until a constant weight, and then the separated and cleaned grain was weighed. In this study, grain and biomass yield are reported on a t ha−1 basis.




2.4.2. Soil Water and Salt Content


Soil gravimetric water content was measured by using the oven-drying method, and soil samples for the moisture test were collected approximately every 10 days from sowing to harvest in each lysimeter. A 2 cm, a caliber soil auger with 110 cm in length was used to collect soil samples at the depth of 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm at three random points in each lysimeter. After every sampling event, holes caused by soil auger were re-filled with the surrounding soil to prevent the emergence of preferential flow. For soil salt content testing, air-dried soil samples, which were collected at one day before every irrigation and at harvest, were milled and then sieved through a 1.0 mm screen, and soil particles were wetted and mixed with pure water (EC of 0.016 to 0.035 dS m−1) at a 1:5 soil:water ratio. The electrical conductivity of the extracted leachate was measured using an electrical conductivity meter (DDBJ-350, INSEA Ltd., Shanghai, China). For the analysis of the salt balance in the soil profile, measured electrical conductivity values (EC1:5) were converted to the mass of salt content in the calculated soil profile. The relationship between ECe and EC1:5 using the empirical formula developed in the same site by Lu et al. [31] is:


ECe = 9.33EC1:5 + 1.25



(1)




These ECe values were further converted to the electrical conductivity that would exist in the soil solution (ECsw) using the following equation [32]:


ECsw=SPθECe



(2)




where SP is the soil saturation percentage, %; θ is the volumetric soil water content (cm3 cm−3), which was converted from measured gravimetric water content by using observed average bulk density within certain depth, %.



The concentration of total dissolved salt (TDS, g L−1) in the soil extract was calculated from their ECsw values based on the following relationship [33]:


TDS={0.64 × EC (EC≤5dS m−1)0.80 × EC (EC>5dS m−1)



(3)







The mass of soil salt was considered in terms of the soil salt concentration and the soil depth [34]:


SS=A × H × TDS × θ



(4)




where SS is the salt mass within the soil depth of H, kg; A is the horizontal area of each lysimeter, m2; H is the depth of the soil profile, m.





2.5. Evapotranspiration


The evapotranspiration of summer maize was calculated based on following equation [35]:


ET=P+I−R−D−ΔW



(5)




where ET is the evapotranspiration, mm; P is the precipitation, mm; I is the irrigation amount, mm; R is the surface runoff, mm; D is the bottom water flux, mm; and △W is the soil water depletion in the 0–100 cm soil profile from sowing to harvest, mm. Since rainfall was excluded by the automatic rain shelter in this study, the value for precipitation during two growing seasons was 0 mm. Each plot was separated by iron or concrete walls, which were 20 cm above the soil surface, thus no runoff events occurred during this study. The groundwater control system was also used for estimating the deep percolation after every irrigation event by recording the discharge amount from the water meter (Figure 1).




2.6. Richards Growth Equation


A version of the exponential function known as Richards equation [36] was used to describe the relationship between SIR and the increasing rate of maize yield compared to the non-straw treatment. The increasing rate was calculated as follows:


YIR = YRi/YR0 − 1



(6)




where YIR is the yield-increasing rate, %; YR0 represents the maize yield of the non-straw treatment, kg ha−1; and YRi indicates the maize yield of the Ri treatment (I = 1, 2, 3, 4).



The form of the Richards equation in this study is:


y = ymax(1 − e−ax)b



(7)




where y is the yield-increasing rate (YIR), x is the SIR, ymax is the maximum value of the increasing rate, and the parameter, a, is related to the rate of change, whereas b describes the placement of the inflection point. The Richards equation produces a sigmoid curve in which there is an exponential increase until an inflection point followed by a gradual increase to an upper asymptote [37]. The upper limit described by ymax represents the maximum increasing rate, and the maximum yield can be deduced from corresponding ymax based on Equations (6) and (7).




2.7. Water Use Efficiency


Water use efficiency was defined at the grain yield level and at the biomass level, which were calculated with following equations [38]:


WUEg = Y/ET



(8)






WUEb = BY/ET



(9)




where Y is the grain yield, kg ha−1; BY is the biomass yield, kg ha−1; and ET is the evapotranspiration during the whole growing season of summer maize, mm.




2.8. Statistics Analysis


Data were analyzed by the statistical software of SPSS 20.0 (SPSS, Chicago, IL, USA). Three-way ANOVA was applied to test the effects of irrigation water salinity, straw incorporation rate, growth season (saline irrigation in the first growing season affects the soil salinity in the second growing season), and their interactions on the soil water and salt balance, as well as yield-related variables. Means effects of the above three factors were analyzed using the Duncan mean separation procedure at the 0.05 significant level. Regression analysis was conducted to quantify the relationships between the SIR and response variables (variation of soil salt content, maize yield increasing rate) by using Origin Pro 8.0 (OriginLab, Northampton, MA, USA).





3. Results


3.1. Water Balance and Soil Moisture


As shown in Table 3, the main effects of the irrigation water salinity (IWS), straw incorporation rates (SIR), and cultivation years were significant on soil water depletion (SWD), deep percolation (DP), and evapotranspiration (ET). Compared to the first growing season (2017), the average values of SWD, DP, and ET in the second growing season (2018) increased by 10.1%, increased by 35.8%, and decreased by 4.1%, respectively. For straw incorporation, a significant reduction in SWD and ET, and a significant increment in DP were observed as SIR increased. The minimum value of SWD and ET, as well as the maximum DP, were all observed in the R4 treatment. In terms of IWS, high saline water irrigation (SH) caused more SWD and DP, but less ET than low saline water irrigation (SL). The mean value of SWD, DP, and ET of all the SH treatments increased by 31.0%, increased by 85.4%, and decreased by 7.2% compared to the corresponding values under the SL condition, respectively.



It can be seen in Table 3 that the interaction effect of IWS × SIR was significant for both SWD and DP, and the interaction of IWS × YEAR only showed a significant effect on SWD. As suggested in Figure 2a,b, treatments under SL have significantly less SWD and significantly more DP than those under SH in both years, especially when the SIR was at a high level. For instance, on the two-year average basis, when compared to the non-straw incorporation treatment (R0), the values of SWD decreased with R4 by 27.3% and 40.1%, and the values of DP increased with R4 by 155.2% and 71.9% under SL and SH conditions, respectively. Besides, higher IWS values enhance the effect of straw incorporation on SWD as in the second growing year, since all the maximum SWD values were observed under the SH condition in 2018. While, in 2017, no significant changes were observed in the SWD between SL and SH in R3 and R4 treatments (Figure 2b).



Since the total irrigation amounts in different treatments were designed at the same level (320 mm) for all treatments, the variations of ET were only dominated by SWD and DP according to Equation (5). As shown in Figure 3, the deviation of ET (△ET = SWD − DP) in 2017 as affected by straw incorporation was generally higher than the corresponding values in 2018, and the average value of △ET among the five SIR levels under the SL condition was about 39.7% and 32.3% higher than it was under the SH condition in 2017 and 2018, respectively. In both years, the increase of DP was accompanied with the decrease of SWD as the SIR increased, and the minimum value of △ET under both the SL and SH condition was obtained in the R4 treatment. Notably, under the SH condition, the △ET values even became negative as the DP values were higher than SWD in the R4 treatment, and such negative values of △ET were further enlarged in 2018.



The straw incorporation rate (SIR) significantly affected the moisture content of the 0–100 cm soil layers. Except the layer of 80–100 cm, the moisture content among the 0–80 cm soil layer were significantly related to the irrigation water salinity (IWS), and a significant effect of the growing season (YEAR) on the moisture content was obtained in the soil layers of 0–20 and 20–40 cm (Table 4). Meanwhile, there was no significant two- or three-order interaction effects detected in all five soil layers. In either 2017 or 2018, the moisture contents of the soil profile were generally lower in SL than in SH, especially in the straw incorporation zone (0–20 cm), where the moisture content in SH was about 13.7% higher than that in SL. In terms of straw incorporation, increasing the SIR led to a significant increase of the soil moisture among the whole soil profile, but such increase became less pronounce and even non-significant among the 80–100 cm layer, where the effect of R2, R3, and R4 on the moisture content was at the same significance level.




3.2. Salt Balance and Salt Content


Since brackish water was irrigated in 2017, the initial values of the soil salt mass content (SSB) in 2018 were significantly increased (Table 5). The main effects of the three factors (IWS, SIR, and Year) were all significant on the soil salt mass at harvest (SSH), while the increment of the soil salt mass (SSH-SSB) was only significantly affected by IWS and SIR, and the salt storage rate (SSR) was only significantly related to the SIR. Besides, no significant interaction effect was obtained in the above soil salt related parameters. The value of SSH under SH was significantly higher than under SL, and such a significant increase was passed to the values of SSH-SSB, since the values of SSB under SL and SH in 2018 were insignificantly different. The application of straw incorporation effectively mitigated the soil salt buildup caused by saline water irrigation, and the degree of such mitigations was enhanced by increasing SIR. The minimum values of SSH, SSH-SSB, and SSR were all obtained in the R4 treatment, where the values of SSH, SSH-SSB, and SSR were about 12.9%, 20.8%, and 18.8% lower than the non-straw incorporation treatment (R0).



As present in Figure 4, in either 2017 or 2018, the salt content in both the straw incorporation layer (0–20 cm) and non-straw incorporation layer (20–100 cm) gradually increased with time due to periodical brackish water irrigation. Under both the SL and SH condition, the soil salinity was directly correlated to the SIR within he 0–20 cm soil layers and inversely correlated to the SIR within the 20–100 cm layer. At the end of each growing season, the R4 treatment presented the highest salt content within the 0–20 cm soil layers and the lowest salt content within the 20–100 cm soil profile. In addition, linear regression was applied to specify the degree of salt accumulation among those two layers. For the 0–20 cm layer, the slope of the lines progressively increased from the non-straw treatment (R0) to high-straw treatment. Conversely, the slope of the lines decreased with the increase of the SIR among the 20–100 cm soil layer where straw was not incorporated. Furthermore, such an increase or decrease in the slopes was even more evident with high salt irrigation water (SH). In consideration of the two growing seasons, although the salt content of each treatment in 2017 was lower than the corresponding values in 2018, the degree of the soil salt increase did not present a clear difference between these two years according to the slopes of those regression functions.




3.3. Maize Yield and Water Use Efficiency


In Table 6, significant differences between the grain yield, biomass yield, and their corresponding water use efficiencies (WUEg and WUEb) were observed as affected by IWS, SIR, and YEAR, while the variation of HI was just significantly related to the IWS. Concerning the effect of IWS, the grain yield and biomass yield under SL were higher than the corresponding values under SH by 11.0% and 13.5%, respectively. Meanwhile, water use efficiency was significantly higher under SL than under SH (by 16.15% at the grain level and 4.9% at the biomass level). Moreover, at both the grain and biomass level, the values of the yield and water use efficiency showed a positive relationship with the SIR, while such values were generally lower in 2018 than in 2017.



A significant interaction between IWS and year was observed at both the grain and biomass level for the yield and water use efficiency. Meanwhile, the significant interaction of IWS × SIR was only present in WUEg and WUEb (Table 6). As shown in Figure 5a, increasing the salt level in irrigation water caused a significant reduction in the maize yield; the average grain yield among R0 to R4 under SH were 4.8% and 1.5% lower than the corresponding values under SL in 2017 and 2018, respectively. Similarly, in Figure 5b, the relevant decrease in biomass yield were 7.2% and 16.9% in 2017 and 2018, respectively. With increasing SIR, both the grain yield and biomass yield were raised in a more significant trend under the SH condition than SL, and the maximum values of the grain yield and biomass yield were both obtained in the R4 treatment under the SL condition for both 2017 and 2018. In terms of water use efficiency, either the WUEg or WUEb was positively associated with the SIR both under SH and SL, and such a promotion effect from increasing the SIR was enhanced under the SH condition. For example, in 2017, the WUEb and WUEg under SL in the R4 treatment were 21.5% and 19.3% higher than the non-straw treatment (R0), respectively, and the relevant increases of the SH condition were raised to 29.8% and 26.0%, respectively. Notably, under the same SIR, although the values of WUEb and WUEg were generally higher in SL than in SH during this two-year experiment, such a difference was only significant in 2018 (Figure 5c,d).



Relations between the yield-increasing rate (YIR) and SIR are shown in Figure 6, and the parameters of fitting functions are presented in Table 7. With the increase of the SIR, the values of YIR at both the grain and biomass level increased sharply when the SIR was at a lower level (R1 and R2), while the degree of such increases slowed when the SIR was at a relatively higher level (R3 and R4), and this changing process was closely described by one kind of exponential function (Richards equation). Straw incorporation resulted in YIR variation, especially when the irrigation water salinity and soil salt content increased. Compared to the data in 2017, the YIRmax values for the grain yield and biomass yield in 2018 increased by 88.1% and 5.3% under SL, and 76.1% and 8.9% under SH. The corresponding maximum values of the yield calculated from YIRmax under SL and SH in 2017 were 6490 and 5819 kg ha−1 for the grain yield, and 17,928 and 15,755 kg ha−1 for the biomass yield, respectively. Accordingly, the relevant maximum yields in 2018 under SL and SH were 6476 and 5061 kg ha−1 for the grain yield, and 16,636 and 13,246 kg ha−1 for the biomass yield, respectively.





4. Discussion


The addition of crop residues tends to reduce soil bulk density and increase soil porosity [25], thereby elevating the soil saturated water content [39], which in turn increase the soil water storage in the straw incorporation zone in comparison to non-straw soil. The external surfaces of wheat straw consist of hydrophobic waxes, which could cause water repellency when applied in soil [40], and high values of water repellency can significantly modify water movement in soil aggregates, concealing the effects of matric potential and generating restrictions on water infiltration behavior [41]. Furthermore, water repellency is a soil moisture-dependent index, and a decrease in moisture content can increase the severity of water repellency. In our study, during the irrigation stage, the increased water content in the 0–20 cm soil layer could reduce the effect of water repellency, and water movement was returned to a normal pattern. However, during the evaporation stage, the water repellency becomes a more significant factor in limiting soil water dynamics as the water content decreases, which in turns maintain the water content within straw incorporation zone at a relatively high level. This is why the average water content within the 0–20 cm layer was significantly increased with an increasing SIR, but such increments gradually declined and even disappeared as the soil layer depth increased (Table 4). The deeper percolation present under a high SIR treatment could mainly be attributed to the increased water content in the soil profile. Under the same IWS, the highest amounts of deep percolation in the two experimental years were both obtained in the R4 treatment, where the maximum values of the average water content in the 0–100 cm soil profile were also observed. This finding is in agreement with what has been reported by Liu et al. [42], who pointed out that the antecedent moisture has a crucial contribution to deep percolation, especially under a high wet initial water status (around field water capacity). Under the same irrigation amount, the reduction in SWD along with the increase in DP, and the variation of ET (△ET) in our study presented in descending order with increasing SIR, especially in the SH condition, where the value of DP was even beyond the SWD value in the SIR range from R3 to R4. However, the accurate value of the equilibrium points between SWD and DP under different salt levels of irrigation water needs to be further studied through experiments with highly subdivided SIR. Furthermore, the groundwater level was constant at 1.4 m in this study, so the varied depth of the water table should also be considered as a factor to study the relationship between SWD, DP, and ET in the future.



It is well established that saline water irrigation leads to an increase in the content of exchangeable sodium, which causes the dispersion of soil stable aggregates and thus reduces hydraulic conductivity and the infiltration rate [43]. Here, we found that the values of SWD were lessened considerably under the SH condition accompanied by significant increases in deep percolation, and such a phenomenon was further enhanced in the second growing season. Meanwhile, the adverse effect of saline water irrigation on soil properties was relieved by straw incorporation, and the increased hydraulic conductivity was reflected in the increasing values of SWD as the SIR increased. Similar alleviations by crop residue application in low-permeability saline soil were reported by Mahmood et al. [44] and Zhang et al. [17]. Besides, soil water content within the straw incorporation zone (0–20 cm) was affected by the IWS, consistently showing a significant difference in both years, indicating that the positive effect of straw incorporation on the soil property was still available when the soil was subjected to secondary salinization.



Saline water irrigation is the most common human activity that results in secondary soil salinization [4]. Previous studies have proved that the soil salt accumulation caused by saline water irrigation is mainly the result of less soil leaching [20] and salt capillary upward movement due to soil evaporation [45]. In the current study, the SSR value gradually reduced with the increase of the SIR, primarily because the increased deep percolation in the higher straw incorporation treatment took away more salt from the brackish irrigation water. Additionally, using high salinity water for irrigation could reduce the soil water extraction of the crop, thereby further increasing the volume of deep percolation [46]. However, the mass of salt input was also increased, causing the factors of IWS and year to present a non-significant main effect on the SSR values (Table 5).



During the experiment, the rate of salt increase was raised with an increasing SIR at the 0–20 cm soil layer but decreased at the 20–100 cm soil layers (Figure 4). This finding can mainly be attributed to the heterogeneous and time-dependent distribution of saline soil water. On the one hand, the straw incorporation layer (0–20 cm) has an increased water-holding capacity [25], which can store more saline water and result in heavier salt accumulation during water evaporation. On the other hand, the irrigation amount increased with maize growth stages, and correspondingly increased the deep percolation, which alleviated the salt load within the soil profile below the straw incorporated zone, especially in the original no-saline soil, where the salt upward movement is negligible.



When soil was subjected to secondary salinization, straw incorporation reduced the total salt buildup caused by saline irrigation in the 0–100 cm soil profile but increased the salt content within the straw-incorporation zone (0–20 cm) compared to non-straw treatment (Figure 4). In that regard, our result is partly inconsistent with the findings of other studies describing the salt distribution in natural saline soil, in which surface soil with straw incorporated presents a capacity for salinity inhibition [5]. This inconsistency could be related to the initial soil salinity, since the interruption of the salt upper movement from straw incorporation may not show an obvious performance when the initial soil salt mass is relatively lower than the salt input by brackish water irrigation. However, in this study, we only tested two salt levels of irrigation water, but the groundwater which we used as an irrigation resource may naturally present a dynamic change in its salinity. Thus, in future study, it is necessary to design some irrigation strategies in which the irrigation water salinity is varied during the crop growing season to better simulate a real case scenario.



Commonly, high salinity in the root zone can restrict root water and nutrition uptake, and consequently reduce crop production [47,48]. However, in both years, the maximum yield and the highest salt content within the 0–20 cm layer were both obtained in the R4 treatment. This phenomenon could be the reason why the crop did not respond to the extremes of low or high salinity in the rooting depth but integrated water availability and took water from wherever salt was less accumulated. In the R4 treatment, the soil profile (20–100 cm) below the straw-incorporation layers maintained a suitable soil-water availability (73.1%–98.6% of the field capacity) and the lowest salt content during the entire experiment, which alleviated salt-stress in the high-salinity upper soil (0–20 cm) by ensuring a sufficient and low-salinity water supply for maize growth. Despite the salt stress, the degraded soil structure by salt involvement could reduce the volume of soil pores, thereby increasing the suction pressures of soil water, and making the crop exert more energy to extract the water, instead of using that energy for yield production [49].



The harvest index (HI) showed a non-significant difference among SIR treatments and less significance among IWS. This could be explained by the equal proportion variation of the grain yield and aboveground biomass yield. Moreover, the value of HI is highly dependent on the crop species and field management techniques [50,51], but such factors were controlled in the same condition for all lysimeters in our study. According to the mathematical regression results, the maximum values of the grain and biomass yield derived from the Richards function were at a reasonable level (around 6 t ha−1 for the grain yield and around 16 t ha−1 for the biomass), and the calculated yields were in an acceptable range considering the usual degree of variability of the field data [52]. It suggests that the Richard equation could be a practical way to describe the effect of the SIR on both the grain and biomass yield, since there must be an upper limit for yield production no matter how many favorable field measures are adopted. Besides, a higher value of YIRmax was obtained in SH treatments than in SL treatments, and it was higher in 2018 than in 2017 (Table 7), revealing that the effect of straw incorporation in promoting a yield increase was intensified in a higher soil salt condition.



It is well known that the ET mainly consist of soil evaporation and plant transpiration, and the transpiration amount is directly correlated to crop growth [53]. In the present study, higher yields at both the grain and biomass level were obtained in those lower ET treatments with lower IWS and higher SIR (Table 3 and Table 6), suggesting that non-productive soil evaporation occupied a higher proportion of the soil water consumption in those treatments with higher ET. The increased soil evaporation in treatments with SH and a high level of SIR could be explained by (1) the lower IWS treatments that had less salt stress on crop growth and the greater part of the soil water was supplied for transpiration, and the (2) straw incorporation block water upward movement along the soil capillary and limited evaporation from surface soil [22]. Since straw incorporation remarkably increased WUEg and WUEb compared to the non-straw condition, it is possible to improve WUE by modifying the balance between crop transpiration and soil evaporation when soil water dynamics are restricted by the salt effect [38]. Furthermore, in 2018, straw incorporation treatments showed a more significant reduction in salt accumulation, which consequently raised the ratio of transpiration to ET compared to 2017, explaining why straw incorporation had a stronger effect on reducing the loss of WUE as soil salinity increased.




5. Conclusions


Over a two-year experiment, our results suggest that increasing the straw incorporation rate in topsoil can effectively preserve crop growth as the soil is subject to secondary salinization caused by brackish water irrigation. With an increasing straw incorporation rate, (1) soil moisture among the 0–100 cm depth was increasingly raised by decreasing soil water depletion and increasing deep percolation; (2) the total mass of salt deposited in the entire soil profile (0–100 cm) was reduced, but an obvious increase of the soil salt content was present in the straw incorporated zone (0–20 cm) over time, and such variations were greater when the irrigation water salinity was increased; and (3) the reduction of the maize yield at both the grain and biomass levels caused by brackish water irrigation was significantly alleviated, and their corresponding water use efficiencies were consequently improved. However, large-scale and multi-factor field research is recommended to further optimize the application of straw incorporation for sustainable prevention and control of secondary salinization.
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Figure 1. Sketch of the experimental lysimeter with the water level control system. 
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Figure 2. Soil water depletion (a) and deep percolation (b) response to straw incorporation rates (SIRs) and irrigation water salinity (IWS) in 2017 and 2018. Note: SL indicates the low salinity water (1.92 dS m−1); SH indicates the high salinity water (3.20 dS m−1). Lowercase letters indicate significant differences between different YEAR and IWS combinations for the same SIR treatment and uppercase letters indicate significant differences between different IWS and SIR combinations for the same YEAR. Data without the same letter differ significantly at the p = 0.05 level. 






Figure 2. Soil water depletion (a) and deep percolation (b) response to straw incorporation rates (SIRs) and irrigation water salinity (IWS) in 2017 and 2018. Note: SL indicates the low salinity water (1.92 dS m−1); SH indicates the high salinity water (3.20 dS m−1). Lowercase letters indicate significant differences between different YEAR and IWS combinations for the same SIR treatment and uppercase letters indicate significant differences between different IWS and SIR combinations for the same YEAR. Data without the same letter differ significantly at the p = 0.05 level.



[image: Agronomy 09 00341 g002]







[image: Agronomy 09 00341 g003 550]





Figure 3. Effect of irrigation water salinity (IWS) and straw incorporation rate (SIR) on soil water depletion (SWD), deep percolation (DP), and the variation of evapotranspiration (△ET). △ET refers to the deviation of SWD and DP. Note: R0, R1, R2, R3, and R4 indicate the straw incorporation rates of 0, 4.5, 9.0, 13.5, and 18.0 t ha−1, respectively; SL indicates the low salinity water (1.92 dS m−1); SH indicates the high salinity water (3.20 dS m−1). 
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Figure 4. Soil salinity (EC1:5) variation within the straw incorporation layer (0–20 cm) and non-straw incorporation layer (20–100 cm) in 2017 (a) and 2018 (b). Note: R0, R1, R2, R3, and R4 indicate the straw incorporation rates of 0, 4.5, 9.0, 13.5, and 18.0 t ha−1, respectively; SL indicates the low salinity water (1.92 dS m−1); SH indicates the high salinity water (3.20 dS m−1). 
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Figure 5. Grain yield (a), biomass yield (b), and water use efficiency at grain (c) and biomass (d) level response to straw incorporation rates (SIR) and irrigation water salinity (IWS) in 2017 and 2018. Note: SL indicates the low salinity water (1.92 dS m−1); SH indicates the high salinity water (3.20 dS m−1). Lowercase letters indicated significant differences between different YEAR and IWS combinations for the same SIR treatment and uppercase letters indicate significant differences between different IWS and SIR combinations for the same YEAR. Data without a same letter differ significantly at the p = 0.05 level. 






Figure 5. Grain yield (a), biomass yield (b), and water use efficiency at grain (c) and biomass (d) level response to straw incorporation rates (SIR) and irrigation water salinity (IWS) in 2017 and 2018. Note: SL indicates the low salinity water (1.92 dS m−1); SH indicates the high salinity water (3.20 dS m−1). Lowercase letters indicated significant differences between different YEAR and IWS combinations for the same SIR treatment and uppercase letters indicate significant differences between different IWS and SIR combinations for the same YEAR. Data without a same letter differ significantly at the p = 0.05 level.



[image: Agronomy 09 00341 g005]







[image: Agronomy 09 00341 g006 550]





Figure 6. Relationships between the water use efficiency and straw incorporation rate in 2017 and 2018. Note: GYSL and GYSH indicates the grain yield increasing rate under the SL and SH irrigation water conditions, respectively; BYSL and BYSH indicates the biomass yield increasing rate under the SL and SH irrigation water conditions, respectively. 
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Table 1. Soil properties and taxonomic classification at different depths (0–100 cm) in May 2017. Soil texture are determined by the USDA (United States Department of Agriculture) textural soil classification system.
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Depth (cm)

	
Bulk Density (g cm−3)

	
Field Capacity (cm3 cm−3)

	
pH

	
Willing Point (cm3 cm−3)

	
Mechanical Composition (%)

	
Soil Texture




	
Sand

	
Slit

	
Clay






	
0–20

	
1.29

	
0.39

	
6.57

	
0.15

	
31.92

	
44.89

	
23.19

	
Clay loam




	
20–40

	
1.38

	
0.35

	
6.77

	
0.14

	
28.55

	
42.63

	
28.82

	
Clay loam




	
40–60

	
1.40

	
0.35

	
6.58

	
0.11

	
29.78

	
37.86

	
32.36

	
Clay loam




	
60–80

	
1.45

	
0.34

	
6.82

	
0.11

	
30.27

	
30.15

	
39.58

	
Clay loam




	
80–100

	
1.47

	
0.34

	
6.79

	
0.10

	
26.79

	
30.44

	
42.77

	
Clay
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Table 2. Irrigation schedule for different growing periods in two growing seasons.
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Year

	

	
Sowing to Jointing Stage

	
Jointing to Tasseling Stage

	
Tasseling to Maturing Stage

	
Total Amount






	
2017

	
Date

	
2 July

	
11 July

	
20 July

	
31 July

	
11 August

	
27 August

	
11 September

	
320 mm




	
Amount

	
30 mm

	
30 mm

	
40 mm

	
40 mm

	
60 mm

	
60 mm

	
60 mm




	
2018

	
Date

	
1 July

	
10 July

	
19 July

	
29 July

	
9 August

	
25 August

	
11 September

	
320 mm




	
Amount

	
30 mm

	
30 mm

	
40 mm

	
40 mm

	
60 mm

	
60 mm

	
60 mm
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Table 3. Mean values of soil water depletion (SWD), deep percolation (DP), and evapotranspiration (ET) and results of the three-way ANOVA with irrigation water salinity (IWS), straw incorporation rates (SIR), and growing season (YEAR) as factors.
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Factors

	
SWD (mm)

	
DP (mm)

	
ET (mm)






	
IWS

	

	

	




	
SL

	
35.34a

	
18.19a

	
337.14b




	
SH

	
46.29b

	
33.73b

	
312.56a




	
SIR

	

	

	




	
R0

	
50.33c

	
17.30a

	
353.04c




	
R1

	
45.08b

	
22.06b

	
343.02b




	
R2

	
40.89ab

	
27.19bc

	
333.70ab




	
R3

	
34.97a

	
29.37bc

	
325.59a




	
R4

	
32.83a

	
33.90c

	
318.92a




	
YEAR

	

	

	




	
2017

	
38.85a

	
22.02a

	
336.82b




	
2018

	
42.79b

	
29.91b

	
322.88a




	
ANOVA




	
IWS

	
**

	
**

	
**




	
SIR

	
**

	
**

	
**




	
YEAR

	
**

	
**

	
*




	
IWS × SIR

	
*

	
**

	
0.36




	
IWS × YEAR

	
**

	
0.31

	
0.19




	
SIR × YEAR

	
0.31

	
0.26

	
0.07




	
IWS × SIR × YEAR

	
0.42

	
0.51

	
0.77








Note: R0, R1, R2, R3, and R4 indicate the straw incorporation rates of 0, 4.5, 9.0, 13.5, and 18.0 t ha−1, respectively; SL indicates the low salinity water (1.92 dS m−1); SH indicates the high salinity water (3.20 dS m−1). Values are the average of three replications. Comparisons are between the means of the same column and for the same main effect. Means followed by different letters within each year in the same column at the significance level of 0.05. * and ** mean significance at the levels of p < 0.05 and p < 0.01, respectively.
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