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Abstract:



Freshwater resources in the North China Plain (NCP) are near depletion due to the unceasing overexploitation of deep groundwater, by far the most significant source of freshwater in the region. To deal with the deepening freshwater crisis, brackish water (rich but largely unused water in agriculture) is increasingly being used in irrigation in the region. However, inappropriate irrigation with brackish water could lead to soil salinization and cropland degradation. To evaluate such negative impacts, the HYDRUS-1D model was used to simulate soil salt transport and accumulation under 15 years of irrigation with brackish water. The irrigation scenarios included brackish water irrigation during the wintering and jointing stages of winter wheat and then freshwater irrigation just before the sowing of summer maize. Freshwater irrigation was done to leach out soil salts, which is particularly vital in dry years. For the littoral region of the plain, HYDRUS-ID was used to simulate the irrigated cropping system stated above for a total period of 15 years. The results showed that it was feasible to use brackish water twice in one year, provided freshwater irrigation was performed before sowing summer maize. Freshwater irrigation, in conjunction with precipitation, leached out soil salts from the 100 cm root-zone depth. The maximum salt accumulation was in the 160–220 cm soil layer, which ensured that root-zone soil was free of restrictive salinity for crop growth. Precipitation was a critical determinant of the rate and depth leaching of soil salt. Heavy rainfall (>100 mm) caused significant leaching of soluble salts in the 0–200 cm soil profile. Salt concentration under brackish water irrigation had no significant effect on the variations in the trend of soil salt transport in the soil profile. The variations of soil salinity were mainly affected by hydrological year type, for which the buried depth of soil salt was higher in wet years than in dry years. The study suggested that 15 years of irrigation with brackish water is a reliable and feasible mode of crop production in coastal regions with a thick soil column above the water table. The scheme proposed in this study allowed the use of brackish water in irrigation without undue salinization of the crop soil layer, an intuitive way of resolving the deepening water crisis in the NCP study area and beyond.
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1. Introduction


A deepening water shortage is gradually developing into one of the most pressing global crises. Nearly 1.7 billion of the world’s population are faced with groundwater shortage, and it is projected that half of the world will face this worsening crisis by 2030 [1]. The growing population and expanding economies will increase the conflict between water demand and supply and is particularly challenging in the agricultural sector where irrigation water alone accounts for 70% of global water consumption [2]. The North China Plain (NCP), the India Ganges Plain and the High Plains of the United States are among the most intensively irrigated and highly productive areas in the world [3,4,5]. Over-pumping of water for crop production has resulted in rapid depletion of these aquifers, which are the largest in the world [6].



While the area of salinization under cultivated lands accounts for 6.62% of total cultivated lands in China [7], the NCP is the single largest saline region in the country. The plain is also one of the most important grain production regions, with a pervasive water scarcity driven by excessive groundwater exploitation. Based on analysis of research studies [8,9], agriculture is the main sector with chronic over-exploitation of groundwater resources in the plain region [10]. The annual over-exploitation of groundwater in the NCP region is estimated at 4 billion m3 [11]. The coastal plain in the east of the NCP is a classic groundwater resource depletion zone, where water levels in both the shallow and deep aquifers have been rapidly declining for decades now, and deep aquifer water levels have fallen by 110 m [12,13].



However, an annual exploitable saline water resource of 4.2 billion m3 is available in the coastal plain of North China, accounting for 36% of the total amount of groundwater resources in the region [14,15]. Thus, the Chinese government launched a project a few years ago aimed at increasing the utilization of brackish water resources via irrigation of grain fields to boost production in medium-to-low-yielding farmlands in the region. Although freshwater irrigation is an effective way of reducing soil salinity, the extensive use of it since the 1970s in the NCP, Inner Mongolia and Gansu has proven increasingly unsustainable. To alleviate the looming water crisis in the region, the use of brackish water in agricultural irrigation in the coastal plains is gaining significant attention.



Extensive research has been carried out to explore the most suitable mode of brackish water irrigation in agricultural production. Based on an experimental study, Chen et al. [16] noted that there was no significant difference in winter wheat yield between treatments with brackish water irrigation and those with freshwater irrigation at the jointing stage. In fact, yield under both freshwater and brackish water irrigation treatments was 10–30% higher than that under rain-fed conditions. Liu et al. [17] confirmed that brackish water irrigation at the jointing stage of winter wheat and freshwater irrigation at the time of summer maize sowing was effective in terms of yield and saving scarce freshwater resources in wheat-maize cropping systems in the NCP.



However, there have been difficulties with the current use of brackish water in irrigation, including increased soil salt, abnormal crop growth, unsustainable land resource development and groundwater quality deterioration. Wang et al. [18] noted that soil salinity in the upper soil layers (0–40 cm) increased at winter wheat harvest under brackish water irrigation, and grain yield decreased with increasing water salinity. In a field experiment on brackish water irrigation of a winter-wheat/summer-maize cultivation system from 1997 to 2005, Ma et al. [19] showed that soil salinity in the 0–100 cm soil layer was as high as 133% over the initial conditions in dry years. Tarek et al. [20] observed that soil salinity was not only generally high with significant salt accumulation in the surface soil layer, but that soil salinity actually increased with increasing salt concentration in irrigation water. Experiments on the effects of different salt concentrations of crops irrigated with brackish water revealed that the relative yield of winter wheat and summer maize decreased obviously under irrigation with highly quality water or frequent irrigation [21,22]. Thus, brackish water irrigation can potentially induce soil salinity that will in turn degrade croplands in the long run.



Due to the limited durations of most experiments and sampling depths, results on the effects of saline water irrigation for both soils and crops are inconclusive in terms of long-term effects. In the last few decades, analytical and numerical models have been developed to predict the effects of irrigation water quality on soil [23,24]. HYDRUS, as one such model, is used to simulate not only soil water and salt flux but also to analyze the impact of meteorological, soil and management conditions as well as brackish water irrigation on soil [25,26,27,28]. Using HYDRUS-1D to analyze the effect of different salt concentrations in irrigation water on salt transport, Goncalves et al. [29] showed that although low concentrations of brackish water (with a conductivity of 1.6 dS/m) caused no surface soil salinization, soil salinity, however, increased with increasing concentration of brackish water. Modeling salt balance across a 4-m-depth soil profile for salinization under brackish water irrigation, Kanzari et al. [30] observed high salt accumulation and salinity at a clay-silt interface approximately 2 m into the soil profile. Using HYDRUS-ID modeling coupled with a crop growth model for brackish water irrigation, Wang et al. [31] found that winter wheat yield decreased by 10% and soil salinity increased above the initial value. Optimal irrigation strategies have also been determined with the joint use of HYDRUS-1D and statistical analysis of soil salt leaching under different irrigation regimes [32].



The objective of this study was to confirm the suitability of long-term irrigation with brackish water. To do this, HYDRUS was used to simulate a suitable irrigation mode that can offset the negative effects of brackish water irrigation (including soil salt accumulation and the related driving factors) in the coastal plains of North China.




2. Materials and Methods


2.1. Study Area


The study was conducted at the Nanpi Eco-Agricultural Experimental Station (latitude 38.00° N, longitude 116°40′ E and elevation 11.0 m a.s.l.), which is located in the Hebei Low Plains west of the Bohai Gulf that borders the Pacific Ocean (Figure 1). The region has a typical semi-humid monsoon climate with a long-term annual mean air temperature of 12.4 °C and precipitation of 530 mm, 70% of which occurs in June through August. Winter wheat and summer maize are the most widely cultivated crops in the study area, which is a medium-to-low yield production region. The soil type is mainly fluvo-aquic and saline fluvo-aquic, with the latter covering 22% [33] of the region. The range of the soil salt content is 0.8–1.5 g/kg. Although 44 million m3/year of deep groundwater is over-exploited for irrigation in Nanpi County (where the experimental station is located), there also exists a rich brackish water resource in the shallow aquifer, which is estimated at 60 million m3/year. This shallow aquifer of saline water is considered a natural phenomenon, and the depth to shallow groundwater in the region is 5–7 m, with salt concentrations of 2 g/L (18%), 2–3 g/L (33%), 3–5 g/L (24%) and over 5 g/L (25%) in different areas of the coastal region [34].


Figure 1. A map depicting the location of the study site in Hebei Low Plains in North China.
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2.2. Methods


The Hydrus-1D model was used to simulate a one-dimensional water flow and solute transport in the variably saturated media [35]. The selected model has been used and verified in a number of studies in the NCP [36,37,38,39], where this study was also conducted. Assuming that soil water flow and salt transport are one-dimensional, vertically downward fluxes, a uniform (equilibrium) water flow in a partially saturated rigid porous medium can be described by a modified form of the Richards equation [40]. The thermal gradient module was not considered in this study.



The soil texture at the experimental site is presented in Table 1. The van Genuchten [41] parametric functions were used to calculate the hydraulic properties of the soil profile.



Table 1. Soil texture and particle size distribution in Hebei Low Plains in North China.







	
Depth (cm)

	
Texture

	
Soil Particle Size Distribution (%)




	
<0.002 mm

	
0.002–0.05 mm

	
0.05–2 mm






	
0–20

	
Sandy loam

	
16.6

	
27.3

	
56.1




	
20–60

	
Sandy loam

	
17.3

	
22.1

	
60.6




	
60–200

	
Sandy loam

	
18.8

	
26.4

	
54.8




	
200–260

	
loam

	
19.5

	
37.2

	
43.3




	
260–320

	
Sandy loam

	
15.9

	
26.2

	
57.9




	
320–400

	
Sandy loam

	
16.0

	
32.0

	
52.0










The simulated soil profile depth was 400 cm, and the minimum and maximum time steps were 0.00001 d and 5 d, respectively. The initial soil water content and salt concentration were measured from soil samples collected at a depth interval of 20 cm. The upper boundary (the soil surface) was set at atmospheric conditions using daily precipitation, irrigation and evapotranspiration data. Free drainage was set at the bottom boundary, but groundwater had no impact on the simulated soil column as it lay below the depth of 5 m in the study area. For solute transport, the upper and lower boundary conditions were concentration flux and zero concentration gradient, respectively. Root water uptake was described as a dimensionless function of soil water pressure head (0 ≤ α ≤ 1) [42], assumed to be a set of empirical parameters proposed by Wesseling et al. [43] (Table 2); plant solute uptake was neglected because its effects were considered to be insignificant in the study area.



Table 2. Parameters of crop root water uptake in Hebei Low Plains in North China.







	
Crop Water Potential

	
h0 (cm)

	
hopt (cm)

	
h2H (cm)

	
h2L (cm)

	
h3 (cm)






	
Winter wheat

	
0

	
−1

	
−500

	
−900

	
−16 000




	
Summer maize

	
−15

	
−30

	
−325

	
−600

	
−8 000








Note: Root water uptake is zero when the pressure head is close to saturation (h0) due to waterlogging. Root water uptake is also zero for pressure heads less than the wilting point (h3). Water uptake is optimal and close to 1 for pressure heads between hopt and h2H (h2L), where h2H is potential transpiration at 0.5 cm/d and h2L is potential transpiration at 0.1 cm/d.








Meteorological data (temperature, sunshine duration, wind speed and relative humidity) were collected at the Nanpi weather station. Potential evaporation (Ep) and potential transpiration (Tp), required by HYDUS-1D, were calculated using Equations (1) and (2) as follows:
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(1)
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(2)




where k is the crop canopy extinction coefficient, which is 0.60 for winter wheat [44,45], and 0.438 for maize [46]; LAI is leaf area index, which was measured every two weeks [47,48]; and ETp is reference crop evapotranspiration, which was estimated using Equation (3) as follows:
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(3)




where ET0 is reference evapotranspiration, determined by the Penman–Monteith equation [49], and Kc is the crop coefficient. Under standard conditions (e.g., air humidity and wind speed at 45% and 2 m/s, respectively), respective Kc values for the three stages (early, mid- and late seasons) were 0.7 (0.4 over-wintering), 1.15 and 0.4 for wheat, and 0.3, 1.2 and 0.6 for maize [49]. The values of Kc under real conditions were modified by the local climatic, crop and soil parameters using the algorithms proposed by Duan et al. [50].



The relationship between electrical conductivity of a 1:5 soil/water extraction (EC1:5) (dS/m) and the mass salt content of soil (S, g/kg) was set based on the values derived from an analysis of 40 soil samples collected from different soil layers at the experimental station. Carbonate and bicarbonate ions were analyzed using the double-indicator neutral method, and the other soluble ions were determined via ion chromatography. A plot of the linear fit of the two factors is presented in Figure 2, and the empirical formula is given in Equation (4) as follows:
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(4)




where S is the soil salt content (g/kg).


Figure 2. Relational plot between salt content and EC of the soil water extract (1:5) in the Hebei Low Plains study area in North China.
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It was necessary to convert EC1:5 to EC of the saturated extract (ECe), an international standard for brackish water irrigation that indicates the salt tolerance threshold of crops [51,52], using Equation (5) [53] as follows:
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(5)








2.3. Model Calibration and Validation


The 2009–2014 data used for the model calibration and validation were collected at the same experimental site [16,54]. The hydrologic parameters for the 0–4-m soil profile were primarily estimated from particle size distribution and bulk density of the soil using the ROSETTA module [55] of the HYDRUS-1D model. Then, the hydrologic parameters of the 0–2-m soil layer were further optimized using the inverse solution and calibrated and validated based on measured soil salt data. For solute transport, the hydrodynamic dispersion coefficient was described in the model via longitudinal dispersion, a parameter measured in the field experiments as 5–20 cm [56] on the assumption that the molecular diffusion coefficient for free water was negligible.



The experiment for the calibration analysis included three treatments in 2009–2010: 60 mm of freshwater (with 0.84 g/L of total dissolved solids (TDS)) irrigation at the wintering stage and 70 mm of a second brackish water irrigation treatment at the jointing stage (with 0.84 g/L, 2 g/L and 4 g/L of TDS in the A0, A2 and A4 treatments, respectively). The experiment for the validation analysis included three treatments (B21, B31 and B41) in 2013–2014, denoting one irrigation event at the jointing stage of winter wheat with irrigation water TDS of 2 g/L, 3 g/L and 4 g/L, respectively, and then 70 mm of freshwater irrigation of summer maize before sowing. While winter wheat grows from October to early June the following year in the study area, summer maize grows from mid-June to the end of September. The salt content in the 0–100-cm soil layer was measured before the maize harvest in all treatments. The coefficient of determination (R2), root mean square error (RMSE) and mean absolute error (MAE) were used to evaluate the model performance. The simulated and measured soil salt contents for the 0–100-cm soil profile are plotted in Figure 3.


Figure 3. Plots of the results of calibration and validation analyses of the HYDRUS-ID model applied to the Hebei Low Plains study area in North China. Solid and dashed lines in A and B denote simulated and observed values, respectively; (A,B) are the calibrated and validated salt contents, respectively, at different soil depths at the time of the maize harvest; and (C) is the simulated and observed 1:1 goodness-of-fit line for the salt content at the time of the summer maize harvest.
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The simulated soil salt contents at different depths agreed well with the measured values in the calibration and validation analyses (Figure 3A,B), with average ranges for RMSE and MAE of 0.1697–0.2060 and 0.1278–0.1693, respectively. Comparisons between the simulated and observed salt contents in the 0–100-cm soil layer in all the treatments under the calibration and validation analyses are plotted in Figure 3C (R2 = 0.731), indicating that the model reliably reflected the changes in soil salt flux in the study area. The final hydrologic parameters for each of the soil layers are given in Table 3.



Table 3. Final soil hydrologic parameters for the different soil layers in the Hebei Low Plains study area in North China.







	
Soil Depth (cm)

	
Model Parameter




	
θr (cm3/cm3)

	
θs (cm3/cm3)

	
α (cm−1)

	
n

	
Ks (cm/d)

	
l






	
0–20

	
0.0437

	
0.3938

	
0.0108

	
1.3592

	
37.54

	
0.5




	
20–60

	
0.0748

	
0.4706

	
0.0078

	
1.2932

	
26.66

	
0.5




	
60–200

	
0.0758

	
0.4517

	
0.0093

	
1.2461

	
24.55

	
0.5




	
200–260

	
0.0602

	
0.3989

	
0.0108

	
1.5027

	
14.17

	
0.5




	
260–320

	
0.0534

	
0.4045

	
0.0194

	
1.4456

	
31.88

	
0.5




	
320–400

	
0.0551

	
0.4000

	
0.0153

	
1.4623

	
23.21

	
0.5








[image: there is no content] is saturated water content (cm3/cm3); [image: there is no content] is residual water content (cm3/cm3); [image: there is no content] is air entry parameter (cm−1); n is pore size distribution index (-); [image: there is no content] is saturated hydraulic conductivity (cm/day); and l is pore connectivity (-).









2.4. Long-Term Irrigation Scheme Design


The irrigation scheme is given in Table 4. Two irrigation events were applied in each of the treatments before soil freeze in winter and at the jointing stage of winter wheat. Irrigation at the flowering and grain-filling stages of winter wheat was applied based on the soil moisture condition, as influenced by rainfall. The water quality or salt content of the water applied in each irrigation event is given in parentheses in Table 4. Four irrigation scenarios (S1, S2, S3 and S4) were set up based on salt concentration (TDS) in irrigation water at the jointing stage of winter wheat, i.e., 2 g/L, 3 g/L, 4 g/L and 5 g/L, respectively.



Table 4. Irrigation scenarios designed for different irrigation amounts (mm) and water quality (g/L) (in parentheses) at different growth stages of winter wheat and summer maize in Hebei Low Plains in North China.







	
Year

	
Hydrological Year

	
Precipitation (mm)

	
Winter Wheat

	
Summer Maize




	
Irrigation (mm) & Water Quality (g/L)

	
Irrigation (mm) & Water Quality (g/L)




	
Winter

	
Jointing

	
Flowering

	
Grain-filling

	
Sowing






	
2000–2001

	
Normal

	
525.8

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	
70(0.84)




	
2001–2002

	
Very dry

	
251.6

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	
60(0.84)

	
70(0.84)




	
2002–2003

	
Wet

	
707.2

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	
70(0.84)




	
2003–2004

	
Normal

	
482.2

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	




	
2004–2005

	
dry

	
338.9

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	
70(0.84)




	
2005–2006

	
Normal

	
502.3

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	




	
2006–2007

	
dry

	
379.5

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	
70(0.84)




	
2007–2008

	
Wet

	
632.6

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	




	
2008–2009

	
Very wet

	
852.8

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	




	
2009–2010

	
Wet

	
600.8

	
60(2)

	
60(2/3/4/5)

	

	

	




	
2010–2011

	
Normal

	
488.8

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	
60(0.84)

	
70(0.84)




	
2011–2012

	
Wet

	
705.0

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	




	
2012–2013

	
Wet

	
651.7

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	




	
2013–2014

	
Very dry

	
316.9

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	
70(0.84)




	
2014–2015

	
Wet

	
738.4

	
60(2)

	
60(2/3/4/5)

	
60(0.84)

	

	
70(0.84)










Irrigation quotas for wheat and maize were 60 mm and 70 mm, respectively, which were based on the local practices [17,57].



To offset the effect of the variation in annual rainfall on salt leaching, 15-year meteorological data (from 13 October 2000 to 2 October 2015) were used to test the developed hypothesis on the effects of brackish water irrigation on salt accumulation in the soil. For winter wheat, sowing and harvest dates were 13 October and 7 June, respectively; for summer maize, sowing and harvest dates were 10 June and 2 October, respectively.





3. Results


3.1. Soil Profile Salinity Variation


The effect of the 15-year brackish water irrigation on the distribution of soil salinity (ECe) is illustrated in Figure 4. It shows that whereas ECe varied with time for the 0–200-cm soil layer under all the scenarios, it was almost constant for the 200–400-cm soil layer. The soil profile was divided into two sub-layers based on the salt tolerance capacity of winter wheat and summer maize. The layer above the white line with ECe < 1.7 dS/m [51] (threshold for summer maize) was the Safety Zone (SZ) for the growth of both maize and wheat. The other layer between the two red lines with ECe > 6.0 dS/m [58] (threshold for winter wheat) was the High Risk Zone (HRZ) for the growth of both maize and wheat. The distribution of SZ and HRZ varied with the type of simulation scenario. HRZ was much larger in S4 than in S1, which implied that the higher the salt concentration of irrigation water, the higher the risk for crop growth. In the first two years, the maximum depth of HRZ was 80 cm, and the maximum ECe was 6.5 dS/m. In 2003–2004, HRZ gradually dissipated while SZ grew in thickness, which enhanced the normal growth of summer maize and winter wheat. Starting from the fifth year going into the eighth year, HRZ gradually built up and then stabilized in the 100–140-cm soil layer at a maximum ECe of 9.5 dS/m—a high salt stress for maize. The maximum depth of SZ extended to 100 cm and HRZ moved down to the 160–220-cm soil layer from the ninth year onward. The shift in the depth of HRZ favored the growth of winter wheat and summer maize, except in the 2014 maize season.


Figure 4. Electrical conductivity of saturated soil extracts at different depths under the four simulated irrigation scenarios in the Hebei Low Plains study area in North China. White and red lines represent respective salt tolerance thresholds of summer maize and winter wheat.
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After 5 years of brackish water irrigation, the soil salt content increased in the layers above the 220-cm soil depth, and there was no salt accumulation in the layers below that (Figure 5). An average salt increase of 0.8 kg occurred in the 100–160-cm soil layer under the brackish water irrigation scenarios, accounting for about 70% of the total increase in soil salt. The salt content in the 0–100-cm soil layer decreased after 10 years of brackish water irrigation. There was more salt reduction in the upper 0–100-cm soil layer and more increase below the 100-cm depth from the 10th year to the 15th year of brackish water irrigation. Salt increase (1.9 kg) in the 160–220-cm soil layer accounted for 46% of the total salt increase. This indicated that salt gradually moved down to the lower soil layers, mainly the 160–220-cm soil layer and especially the 180–200-cm soil layer. The higher the salt concentration of brackish water, the more salt accumulation occurred. For instance, the highest salt increase (2.0 kg) was under scenario S4 (with irrigation water TDS of 5 g/L), compared with scenario S1 (1.6 kg) with irrigation water TDS of 2 g/L in the 15th year.


Figure 5. Change in salt content (kg/m2) at maize harvest in a given layer compared to that during the initial years (increased salt content per square meter). S1–S4 are the simulated irrigation scenarios.
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3.2. Effect of Precipitation on Salt Leaching


The depth of maximum ECe at maize harvest under the different irrigation scenarios varied consistently with precipitation, implying that salt leaching was driven mainly by hydrological year (Figure 6). In wet years (especially in 2003 with 707.2 mm and in 2009 with 852.8 mm of precipitation, both of which far exceeded the mean annual precipitation of 545 mm), the depth of maximum ECe shifted downwards from an initial depth of 80 cm to 140 cm and eventually reached 190 cm. There was an upward trend in salinity for dry years, including 2002, 2005, 2007 and 2014. The fluctuation of the layer with maximum ECe was positively correlated with annual precipitation (R2 = 0.624, p < 0.05). However, there was no significant difference in the fluctuation of the maximum ECe layer among the different irrigation scenarios, indicating that the degree of salinity of irrigation water had no effect on the depth of maximum ECe.


Figure 6. Variation in the depth of maximum ECe in the soil profile at maize harvest along with precipitation over a 15-year period of winter wheat-summer maize growing seasons in Hebei Low Plains in North China.
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The salt content in the 0–60-cm soil layer increased during the wheat season but decreased during the maize season (Figure 7). Annual fluctuation of salt content in the 0–100-cm soil layer was driven by salt accumulation in dry years (2002, 2005, 2007 and 2014) and salt leaching in wet years (2003, 2008, 2009, 2010, 2012, 2013 and 2015). The salt content in the 0–200-cm soil layer apparently decreased during the rainy season in wet years, but that in the 0–400-cm soil layer gradually increased for most of the time, except in 2009 (Figure 7). The salt content in the 0–60-cm and 0–100-cm soil layers was generally acceptable for crop cultivation at maize harvest, compared with that at the beginning of the growing season, which decreased by 0.9 kg and 1.3 kg, respectively, at the end of the simulation period. This suggested that rainfall during the maize growing season was critical for leaching salt out of the 0–100-cm soil layer. However, the salt content in the 0–200-cm, 200–400-cm and 0–400-cm soil layers increased on average by 1.2 kg, 2.9 kg and 4.1 kg, respectively.


Figure 7. Dynamics of precipitation during the crop growing season under 15 years of brackish water irrigation and the salt content in the 0–60-cm, 0–100-cm, 0–200-cm and 0–400-cm soil layers at wheat and maize harvests.
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Because there was no significant difference between the shift in trend in the salt content under the different scenarios, scenario S2 (3 g/L brackish water) was randomly selected to analyze for the effect of heavy rainfall on leaching of salt in the study area (Figure 8). The time of the significant increase in salt in the 2–4-m soil profile and of intense infiltration was consistent with the time of heavy rain in summer of 2003, 2009, 2012, 2013 and 2015. In each of the five years, there was more than one heavy rainfall event (above 100 mm in a day) in the maize season (except in 2013), which was a critical factor for leaching of salt down to the 2-m depth of the soil profile.


Figure 8. Comparisons between salt content in the 2–4 m soil layer, water infiltration at 2 m observation depth and daily precipitation for the 15-year period in Hebei Low Plains in North China.
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To further analyze the effects of rainfall on salt leaching, a total of six heavy rainfall events in excess of 100 mm/d (which occurred once in 2003, three times in 2009, once in 2012 and once in 2015) were used to simulate the difference in soil salt flux with or without heavy rainfall. Figure 9A shows a continuous increase in salt content in the 0–200 cm soil layer, but there was no apparent effect in the 200–400-cm soil layer. A much thicker and higher salt concentration zone formed in the 60–180-cm soil layer (Figure 9B), where the effect of heavy rainfall on soil salt leaching was clear.


Figure 9. Comparison of salt content between S2 and S2 irrigation scenarios without heavy rainfall (>100 mm/d). (A) is the comparison of salt content for the 0–2-m and 2–4-m soil layers in the Hebei Low Plains study area in North China. The blue solid line represents S2 irrigation scenario without heavy rainfall; the red dashed line represents that of S2 scenario; and (B) is salt distribution without heavy rainfall.
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3.3. Soil Water Deficit and Critical Salt Leaching Season


Soil water deficit (cm3/cm3) is defined as the difference between field capacity and actual water content. As shown in Figure 10, the soil water deficit below the 2-m soil layer was close to zero. A more severe water deficit occurred in the 0–2-m soil layer, and the maximum water deficit (0.2 cm3/cm3) was in the 40–100-cm soil layer from the flowering to grain-filling stages of winter wheat. Figure 10 shows three critical periods with lower water deficit and excess field water capacity. The periods were the rainy seasons in the wet years of 2003, 2009 and 2015. Besides, soil water deficit was lowest at the wintering and jointing stages of winter wheat and at the harvest of summer maize (Figure 11). Water deficit in the 0–20-cm topsoil was 20 mm, which had the potential to easily reach field capacity under 60 mm of artificial irrigation, and the same trend existed for the 0–60-cm root zone. This implied that conventional irrigation (of 60 mm) can ensure water replenishment in the root-zone soil layer. Compared with the 0–20-cm or 0–60-cm soil layers, desalination of the 0–100-cm soil layer was not possible. Although soil salt deficiency at the wintering and jointing stages of winter wheat and at the harvest of summer maize was lower, only the periods of winter wheat wintering and summer maize harvest were critical for salt leaching. The quantification of salt balance in the 0–100-cm soil layer for the crop growth stages showed that the salt content in the 0–100-cm soil layer decreased by 100 g at wheat wintering and maize harvest in wet or normal years under the S2 scenario. However, the salt content increased by 100–180 g at the jointing stage. This suggested that although artificial irrigation could prevent a water deficit in the 0–100-cm soil layer, desalination was still not achievable due to increased crop evapotranspiration at the jointing stage of winter wheat when growth was rapid.


Figure 10. Changes in soil water deficit at different soil depths under the S2 scenario with 15 years of brackish water irrigation in the Hebei Low Plains study area in North China.
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Figure 11. Soil water deficit at different crop growth stages in different soil layers under the S2 scenario of brackish water irrigation in the Hebei Low Plains study area in North China.
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4. Discussions


4.1. Brackish Water Irrigation Reliability


As brackish water use increases in space and time, the risk of soil salinization in arable lands will inevitably increase. Thus, evaluating the impact of brackish water irrigation on soil quality is necessary for sustainable agricultural production. This research showed that the type of hydrological year was probably the most determinant factor in terms of the risk of soil salt accumulation under brackish water irrigation. In normal and wet years, there was no obvious risk of salt accumulation in the 0–100-cm soil layer, and soil salinity was maintained below the threshold salt tolerance of winter wheat and summer maize. Although in dry years there was actually the risk of soil salinization under brackish water irrigation, soil salt accumulation was reversible. Rameshwaran et al. [59] noted that soil salinity in the root zone was easily reversed by factors such as seasonal rainfall and climate variability. For the 15-year simulation period under brackish water irrigation, there was an increasing trend in soil salinity for the period from wheat harvest to maize sowing. During this period, salt concentration increased significantly and there was intensive salt accumulation in the upper soil layer due to water shortage and strong evaporation.



Although salt accumulation and concentration increased at the start [60], the effect of high rainfall and timely freshwater irrigation before sowing summer maize effectively flushed soil salts to deeper layers below the 1-m soil depth. Similar results were obtained by Bajwa et al. [22] and Pang et al. [61]. In addition, Kiremit and Arslan [62] noted that with appropriate leaching and drainage systems, brackish water can be used to irrigate with little or no soil damage or even minimal reduction in crop yield. Li et al. [63] suggested that brackish water irrigation has a positive effect on the normal growth of adaptable crops, a condition that was attributed to increased soil particle aggregation and stability. These field experiments showed that brackish water irrigation was an applicable mode of cultivation, at least in the short-term, provided there was sufficient rainfall and freshwater irrigation [64]. However, no conclusive results exist on the long-term effect of brackish water irrigation on soil. The results of this study proved the successful use of brackish water irrigation and its effectiveness as a substitute for freshwater irrigation in areas with limited water resources. Based on the variations in the trends of salinity along the soil profile for the 15-year simulation period and also on the quality of available shallow groundwater in the study area, a suitable brackish water irrigation scheme was proposed for the Hebei Low Plains in North China. The scheme included pre-winter irrigation with brackish water of less than 2 g/L salt concentration combined with irrigation at the jointing stage of winter wheat with 2–3 g/L brackish water, and then a timely freshwater irrigation before sowing of summer maize.




4.2. Heavy Rains Critical for Leaching Salt


The findings of this study showed that the salinity of irrigation water had no significant effect on soil salt accumulation [65]. Rainfall, on the other hand, was critical for leaching out soil salts, including both leaching depth and amount. Annual average rainfall for the 15-year simulation period was 530 mm, which was close to the average annual rainfall for the 40 years from 1976 to 2015 (550 mm). Rainfall intensity was higher than was required for leaching out soil salts. Heavy rainfall (>100 mm) in rainy seasons can wash out a significant amount of soil salt (especially in the 0–200-cm soil profile) down to the deeper soil layers (Figure 8, Figure 9 and Figure 10). Based on the local meteorological data for forty years, the probability of occurrence of heavy rainfall (>100 mm) in every year was 47.5%, which is only slightly higher than the value noted in this simulation period (40%). This therefore suggested that rainfall during the simulation period can be used to represent the long-term conditions in the study area. Ma et al. [64] observed soil salt leaching to the depth of 150 cm during heavy precipitation events. In addition, Chen et al. [66] observed salinity distribution in a soil profile in a 3-year field experiment on brackish water irrigation in an arid region. In the study, a heavy flood irrigation after crop harvest significantly reduced salt accumulation in the 0–100-cm soil layer. This practice was far more efficient for controlling soil salinity in croplands. The results of this study also showed that 15 years of brackish water irrigation had little effect on the quality of shallow groundwater. Because the variation in salt content in the 0‒400-cm soil layer was basically the cumulative trend for the 15-year period (Figure 7), only a small amount of soil salt was leached out of the soil profile. The shallow groundwater quality was generally within the 1‒3 g/L range and was mainly affected by seasonal rainfall. However, the quality of shallow groundwater may be influenced by the leaching of salt from the 200‒400-cm soil layer under long-term brackish water irrigation and higher rainfall intensity. The 15 years of weather data used in this study showed that in wet years, heavy rainfall was frequent from the end of June to the start of October—as it was observed in 2003, 2009 and 2015. This period was the most valuable window for leaching out soil salts. Even with more consecutive dry years than in the 15-year simulation period, it is highly likely that artificial irrigation soon after heavy rainfall can effectively flush out accumulated excess of salts in root-zone soils. This will maintain soil salinity within the limit suitable for sustainable cultivation of crops.




4.3. Other Considerations


Soil hydraulic parameters are important in simulating soil water and solute transport. In this study, these parameters (Table 3) were obtained based on soil texture at different depths and then optimized with field data using the HYDRUS-1D inverse module. This approach is widely used in simulations involving gains in soil hydraulic parameters [67,68,69]. Electrical conductivity of saturated soil extract (ECe) was used as a proxy for soil salinity and simulated as a non-reactive solute. This consideration was reasonable because measured ion composition in the study area was unsaturated with respect to calcite and gypsum [26]. The transport and reactions between major ions were insufficient to change the soil structure; thus, the effect of any variation in soil chemistry on soil hydraulic parameters was assumed to be negligible in the study area. The reduction in root water uptake due to salinity stress was quantified by a threshold-slope model [21]. The threshold value is the ECe at which a decrease in crop yield begins, and the slope value describes the percent yield loss per increase in ECe in excess of the threshold level. The threshold and slope values were constant as soil salinity varied [70,71].



In this study, the effects of thermal and density gradients on both hydraulic and root uptake parameters were not considered because of limited experimental conditions. The effect of the soil temperature gradient can change root uptake and soil hydraulic properties, including kinematic viscosity and surface tension [72,73]. Studies show that as temperature increases, hydraulic conductivity also increases because of decreasing water viscosity, suggesting a reduction in soil water-holding capacity [74,75]. As the thermal gradient is directly related to hydraulic conductivity, it could indirectly affect solute transport processes, partly due to convection and dispersion. Therefore, high temperature could lead to a high hydraulic conductivity and infiltration rate that could in turn enhance solute transport [76]. The thermal gradient in this study was considered to be negligible, especially in winter when soil temperature was low and water flow limited. In addition, leaching of salts only happens in soil profiles with contents lower in summer due to high temperatures and abundant rains. Irrespective, thermal and density gradients can affect soil solute transport and therefore need further research in future studies.





5. Conclusions


This study investigated the effect of 15 years of brackish water irrigation on soil salt balance in the 4-m depth of a soil profile under a double cropping system (wheat and maize) in the coastal plain of North China using the HYDRUS-1D model. The results showed that two brackish water irrigation events (one in early winter and the other at the jointing stage of winter wheat) and one freshwater irrigation event (before sowing maize) can support crop cultivation in the top 1 m of the soil profile. After 5 years of brackish water irrigation, salt started to accumulate below the 1 m depth (below the root-zone layer), which was in the 180–200 cm soil layer. After 15 years of irrigation, the amount of salt in the 200–400-cm soil layer accounted for ~75% of the total added salt through brackish water irrigation. Precipitation in rainy seasons was critical for salt leaching. Heavy rains higher than 100 mm per day can effectively flush soluble salts out of the root-zone layer into the deeper soil layers. Even though consecutive dry years increase the risk of soil salinization, rainy seasons are still the best window for washing down soil salts via natural freshwater processes. This mode is effective for controlling salinization in the soil rooting zone in irrigated regions that use brackish water.
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