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Abstract

:

Threshold levels of soil moisture and salinity in the plant root zone can guide crop planting and farming practices by providing a baseline for adjusting irrigation and modifying soil salinity. This study describes a method of soil water and salinity control based on an optimized model for growing cotton in an arid area. Experiments were conducted in Akesu Irrigation District, southern Xinjiang, northwest China, to provide data for cotton yield and soil water content and salinity in the root zone at different growth stages. The sensitivity of cotton to soil water content and salinity was predicted for different growth periods using a modified Jensen model. An optimization model with 480 boundary conditions was created, with the objective of maximizing yield, to obtain the dynamically varying water and salt threshold levels in the root zone for scenarios that included three initial soil moisture content values (W0), eight irrigation quantities (M), five initial soil salt content values (S0), and four irrigation water salinity levels (K). Results showed that the flowering–boll stage is the crucial period for cotton yield, and the threshold levels of soil water content and salinity in the cotton root zone varied with the boundary conditions. The scenario chosen for the research area in this study was W0 = 0.85θfc (θfc is field capacity), S0 = 4 g kg−1, M = 400 mm, K = 0 g L−1. The predicted threshold levels of soil water for different growth stages (seedling, bud, flowering–boll, and boll-opening) were respectively 0.75–0.85θfc, 0.65–0.75θfc, 0.56–0.65θfc, and 0.45–0.56θfc. Corresponding threshold levels of salt were 4–4.16, 4.16–4.39, 4.39–4.64, and 4.64–4.97 g kg−1 when no action was taken to remove salt from the root zone. This study provides an innovation method for the determination of dynamically varying soil water content and salt thresholds.
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1. Introduction


Soil salinization and drought are two key factors restricting agricultural development in most arid areas of the world [1,2]. Salinization reduces the availability of soil water, causes soil compaction and decreases the number of microorganisms, which leads to land degradation and agricultural productivity is threatened finally [3,4]. Over 100 countries and 23% cultivated land in the world suffer from soil salinity [5,6,7]. It is a consensus that water is an essential factor for crop growth due to photosynthesis. Drought results in water shortage and accompanied by strong evaporation will aggravate salinity. Meanwhile, controlling soil salinity consumes valuable water resources [8], which in turn makes the drought worse. Stabilizing crop production in the areas of water shortage and soil salinity is a substantial problem in China and other arid regions of the world.



Cotton is an important fiber crop [9] and grown in arid and semi-arid areas worldwide where drought is common. China is largest raw cotton growing country of the world [10] and Xinjiang is the center of an important high quality cotton producing area in China [11] in which drought and salinization are normal [12]. However, cotton is not considered a drought-tolerant [13] but a moderately salt-tolerant crop, with a critical point of 7.7 dS m−1 [14]. In general, the effects of drought and salinization on the growth stages of cotton are different. For example, cotton is most sensitive to salt at the seedling stage. However, during this stage, water shortage promotes the development of the root system. The flowering–boll period is important for reproductive growth; water stress or salt stress during this period reduces yield, but the plant can withstand a certain amount of water and salt stress during the bud and boll-opening stages [15,16,17]. On the basis of these studies, the quantification of how crop yield is influenced by soil moisture and salinity in order to modify the soil water–salt environment is crucial to coping with the mismatch between water supply and demand, ensuring optimal irrigation of crops and the promotion of yield in arid areas.



Many crop water and soil salinity models have been proposed to quantify the crop response to water and salt. Some models characterize the individual effects of water or salt on yield. There are three typical crop-salt production functions [18]. Maas and Hoffman [14] developed a piecewise linear equation based on the assumption that there are critical and limiting values of salt tolerance over the entire crop growth period. Moreover, van Genuchten and Hoffman [19] developed sigmoid and exponential functions to describe the effects of salt to crop yield under steady state condition. Crop-water production function models describe the relationship between yield and evapotranspiration at different growth stages, such as the Jensen model [20] and these models have been widely used to determine plant sensitivity to water at different growth stages, to develop irrigation schedules, and to predict crop yield [21,22,23]. Some studies have quantified the combined effects of water and salt stress on crops. Russo [24] used a polynomial to determine crop yield taking soil moisture and salt content into account. Letey [25] built a crop-water production model in the case of saline irrigation. Shani [26] and Skaggs [27] separately calculated transpiration by adding the water factor to the exponential, sigmoid and threshold models. However, plants display differing degrees of sensitivity to water and salt during different growth stages, which many models do not take into account. This omission is a cause of error in model fitting [28]. To solve this problem, we added a salt stress factor to modify the Jensen model so that it can simultaneously consider the impact of soil water and salt on yield at different growth stages of crops.



Some researchers have attempted to adjust soil water and salinity to determine their effects on crop yield. Methods have included controlling soil water potential or soil salinity at different soil depths and determining related changes in crop yield [29,30]. Then, the crop water or salt production function is fitted, and the soil moisture content or salinity is deduced at a determined yield level and used as the recommended threshold for a desired yield [31]. There are also some integrated models, such as AquaCrop and SWAP (Soil Water Atmosphere Plant) that can reflect crop growth, the dynamic of soil water, and salt, and their relationship to facilitate research [32,33,34]. However, field experiments are time consuming and labor intensive. Integrated models need a large number of scenarios, such as different irrigation schedules, to determine crops water and salinity thresholds, even under the same initial and boundary conditions. Moreover, in most researches, salinity threshold values are treated as constant over the whole growth period, without taking account of varying sensitivity to salinity at different plant growth stages. Sometimes, controlling such values especially salinity thresholds may also be impractical in arid regions since it may require the consumption of large amounts of freshwater that is simply unavailable [30]. This is clearly not the best method to ensure crop yield based on threshold values obtained from experiments. Instead, the determination of the threshold of soil water and salinity in the root zone must balance crop yield and the field conditions including available water and soil salinity. The desired threshold values of water and salinity in the root zone are the dynamically changing levels of water and salinity at different growth stages that will support higher crop yield. They vary with different control objectives. Optimization will find the optimal combination of decision variables, thus providing a method for obtaining the dynamic threshold values to meet varying objectives. Few studies introduced crop yield with soil water and salinity in an optimization model to adjust soil water and salinity environment. We have developed a method that calculates the dynamic threshold values of soil water content and salinity in the root zone to guarantee a desired crop yield.



We used Xinjiang cotton in our experiment to illustrate how to find the dynamic threshold values of soil water content and salinity at different growth stages in order to produce maximum yield. Our goals were: (1) to quantify cotton yield in response to varying soil water content and salinity at different growth stages by fitting a modified Jensen model parameters; (2) to develop an optimization method to obtain crop root water and salinity using the modified Jensen model with determined parameters; and (3) based on the optimization model, to analyze the changes of the dynamic thresholds of soil moisture and salt in the cotton root zone and yield under different scenarios when cotton yield is optimal. This study will provide guidance for those who need to control soil water and salinity in arid areas. Figure 1 shows an overview of the study.




2. Materials and Methods


2.1. Field Experiments


2.1.1. Experiment One


Experimental Site and Design


The experiment was conducted at the Akesu National Station of Observation and Research for Oasis Agro-ecosystem (40°37′ N, 80°51′ E) in Xinjiang, northwest China from 2008 to 2010. The region has a continental desert climate, with average annual rainfall 45.7 mm, average annual evaporation 2110.5 mm, annual sunshine hours 2950 h, and annual solar radiation 6000 MJ m−2.



This experiment was carried out in non-weighing lysimeters, each with an area of 5 m2 (1.8 m × 2.78 m), and a depth of 1.7 m (Figure 2). The soil texture is silty loam, bulk soil density was 1.42 g cm−3, field capacity (θfc) was 0.35 cm3 cm−3, and wilting point (θwp) was 0.085 cm3 cm−3. The cotton used in the experiment was Gossypium hirsutum L. cv. Zhongmian 49, planted wide–narrow row arrangement (30 cm + 60 cm) with plant spacing 10 cm and planting density 20 plants m−2. Plants were irrigation with 6 (K1–K6), 5 (K1–K5), and 5 (K1–K5) levels of salinity in three years of the experiment and freshwater irrigation (K1) was used as the control treatment (Table S1). Each treatment was replicated to three groups of plants; therefore, there were respectively 18, 15, and 15 plots in each of the three years of experiment. Saline groundwater (salinity 11.80 g L−1) and surface fresh water (salinity 0.32 g L−1) were mixed in various proportions to obtain irrigation water samples with different salinity gradients. The irrigation method was drip irrigation beneath the plastic film. Freshwater was used once to irrigate all plants at the seedling stage to protect seedlings against salt stress before the experimental treatments commenced. The irrigation interval was seven days, with irrigation quantities 32.6, 34.0, and 26.0 mm each year, which was consistent with the local irrigation schedules. Freshwater was used for winter irrigation and pre-planting irrigation to leach the salt at the root zone. The irrigation schedule is shown in Table S2.




Observation and Measurements


The data observed and measured about the experiment are shown in Table S6. Meteorological data were obtained from Akesu Meteorological Observatory (40°37′ N, 80°49′ E). Daily ET0 (reference crop evapotranspiration), as calculated by the FAO-56 Penman–Monteith equation [35] and precipitation are shown in Figure S1a–c.



The entire growth period of the cotton was divided into seedling stage, bud stage, flowering–boll stage, and boll-opening stage. The dates of the cotton growth stages in the three-year experiments are shown in Table S3.



Soil moisture content (Figure S2) was measured by a neutron probe every 5 d at depths of 0–20, 20–40, 40–60, 60–80, 80–100, 100–120, and 120–140 cm; supplementary measurements were taken before and after irrigation. Soil salinity was measured once or twice at different growth stages. The saline soil samples were air-dried, and the conductivity of a leaching solution having soil-to-water ratio 1:5 (EC1:5 dS m−1) was measured by an electrical conductivity meter. Soil salt content (S g kg−1) (Figure S2) was converted by the equation (1) [36]:


S = 4.6126 × EC1:5, (R2 = 0.9604)



(1)




where, 4.6126 is the regression coefficient of EC1:5 and S.



Evapotranspiration at each growth stages was calculated by a water balance Equation (2) [37]:


ET = I + P + Qe − ΔW − QD − R



(2)




where: ET is evapotranspiration at each growth stage (mm); I is the irrigation amount (mm); P is precipitation (mm); Qe is capillary rise (mm); ΔW is change in soil moisture content (mm); QD is drainage (mm); and R is runoff (mm). R, Qe, and QD can be ignored because the irrigation method was drip irrigation under plastic film, and soil depth for soil moisture measurement was adequate.



Cotton yield was obtained by multiplying boll number per plant by single boll weight and planting density. Boll number per plant was taken to be the mean boll number per plant of 20 cotton plants. Single boll weight was taken to be the mean weight of 50 fully open cotton peaches from different cotton plants at the peak of the boll-opening stage.





2.1.2. Experiment Two


Experiment two provided data used to determine the relationship between cotton yield and soil moisture content and salinity. We collected data from two different field experiments that were conducted in 2018, one at the Akesu National Station of Observation and Research for Oasis Agro-ecosystem (40°37′ N, 80°51′ E) and the other at the Experimental Irrigation Station of the Xinjiang First Division Water Conservancy Bureau (40°6′ N, 81°2′ E). The two sites are so close that they have the same weather data (Figure S1d), cotton growth stage durations (Table S4), and soil texture.



The cotton was Gossypium hirsutum L. cv. Xinluzhong 46 planted in wide–narrow rows (66 cm + 10 cm) with plant spacing 10 cm and planting density 20 plants m−2.The irrigation method was drip irrigation beneath the plastic film. The groundwater depth in each experiment was > 2 m during the whole growth period, thus any groundwater effect on soil moisture and salinity in the root zone was ignored. The data collected are shown in Table S6.



In the first experiment, four irrigation treatments were administered over 12 plots (3 plots per treatment), each having an area of 119 m2 (17 m × 7 m). Irrigation quantity was determined from ET. The four treatments were two levels of deficit irrigation (I0.6 60% ET and I0.8 80% ET), full irrigation (I1.0 100% ET) and over-irrigation (120% ET). The irrigation schedule is shown in Table S5.



In the second experiment, the plants were irrigated with one of four treatments in the seedling and bud stages: full irrigation (A1: 45 mm per time) and three levels of deficit irrigation (A2: 37.5 mm, A3: 30 mm and A4: 22.5 mm per time). The plants were also irrigated with one of four treatments across the flowering–boll and boll-opening stages: full irrigation (B1: 45 mm per time) and three levels of deficit irrigation (B2: 37.5 mm, B3: 30 mm, B4: 22.5 mm per time). Thus, each plot received one A and one B treatment (denoted AiBj). There were no A2B2, A3B3, or A4B4 treatments; thus, there were 13 treatments altogether. A1B1 was the control treatment. Each treatment was replicated three times (39 plots altogether, each 35 m long and 7 m wide). The irrigation schedule is shown in Table S5.



Soil moisture content was measured gravimetrically. Evapotranspiration was calculated using Equation (2). Soil salinity was obtained by the method described in 2.1.1.2. Soil salinity was calculated from EC1:5 by (3) [38]:


S = 5.839 × EC1:5, (R2 = 0.9695)



(3)




where, 5.839 is the regression coefficient of EC1:5 and S.



Cotton yield was measured when the boll-opening rate was above 80%. Three 2.33 m × 2 m rectangles were randomly selected in each plot to calculate the seed yield.





2.2. Model of Response to Crop Water and Salinity


2.2.1. Response of Yield to Water and Salt


The Jensen model [20] is widely used to calculate relative crop yield. It relates yield and evapotranspiration (ET):


     Y a     Y m    =     ∏  i = 1  n    (    E  T  a i     E  T  m i      )      λ i    



(4)




where n is the number of growth stages; i is the growth stage; Ya is actual crop yield; Ym is potential crop yield when there is sufficient water; ETai and ETmi are actual evapotranspiration and maximum evapotranspiration of growth stage i; λi is the water deficit sensitivity index of yield at growth stage i.



The Maas-Hoffman model uses a single salt stress factor for the whole growth period [14]. However, cotton plants vary in sensitivity to salinity according to growth stage; therefore, we introduced a salt stress function γY(S) with a salt stress sensitivity index of yield σ [39] which will change for different growth stages, similar to the water deficit sensitivity index of Jensen model:


    γ Y  ( S ) =  {    1   S ≤  S    Y , min         (     S  Y , max   − S    S  Y , max   −  S  Y , min      )  σ  ,    S  Y , min   < S ≤  S  Y , max       0   S >  S  Y , max         



(5)




where σ is the salt stress sensitivity index of yield (σ represents the effect of soil salinity on yield), and SY,min and SY,max are critical and maximum soil salinity, which affect the yield at different growth stages (g kg−1). When soil salinity >SY,min, crop yield begins to be affected; when soil salinity >SY,max, the yield is 0.



The modified Jensen model is [40]:


     Y a     Y m    =   ∏  i = 1  n    g i     



(6)






    g i  =  {      (    E  T a    E  T m     )  i  λ i       S i  ≤  S  ,   Y i , min         (     S  Y , max   − S    S  Y , max   −  S  Y , min      )  i  σ i     (    E  T a    E  T m     )  i  λ i       S  Y i , min   <  S i  ≤  S  Y i , max         0   ,    S i  >  S  Y i , max         



(7)




where: gi is the response factor of yield to water and salinity at growth stage i. The rest of the parameters in the model are as described above.




2.2.2. Response of Evapotranspiration to Water and Salt


Evapotranspiration for plants subjected to water stress and salt stress is calculated by the following equation; water stress factor Ksw and salt stress factor Kss are included in the calculation [35]:


ETa = Ks ETm = Ksw Kss ETm



(8)







When the plants suffer only from salt stress, Kss can be calculated by Equation (9). When the plants only suffer from water stress, Ksw can be calculated by Equation (10).


   K  s s   =    (     S  e t , max   − S    S  e t , max   −  S  e t , min      )   ρ   



(9)






   K  s w   =    θ i  −  θ  w p      θ  p i   −  θ  w p      



(10)




where: S is actual soil salt content for the growth stage (g kg−1); ρ is the salt stress sensitivity index of ET, which indicates the effect of soil salinity on ET; Set,min and Set,max are critical and maximum soil salt content, which affect ET (g kg−1); and θpi is critical water content (cm3 cm−3). When soil salt content exceeds Set,min, ET is affected by the salt in soil, and when soil salt content exceeds Set,max, ET will be 0.





2.3. Optimization Model of Water and Salinity Threshold


2.3.1. Optimization Model of Soil Water and Salt Thresholds in the Root Zone


We optimized soil water and salinity thresholds to maximize relative yield. The constraints were soil water and salinity balance in the root zone, soil volumetric moisture content and salt content, irrigation quantity, boundary conditions, and nonnegative constraints. The water and salt modules are described in Section 2.3.2 and Section 2.3.3. The optimization model is as follows:



The objective function is:


  O B J = max    Y a     Y m    = max   ∏  i = 1  n    g i     



(11)




with the following constraints:




	(1)

	
water balance constraint:


Wi+1 = Wi + Pi + Ii − ETai + Qei − QDi − Ri,



(12)








	(2)

	
salt balance constraint:


Sai+1 = Sai + SIi + SPi + Sei − SDi − SCi



(13)








	(3)

	
irrigation quantity constraints:


    ∑  i = 1  n    I i    = M  



(14a)






   I 1  < 30  



(14b)








	(4)

	
boundary condition constraints:


   θ  w p   ≤  θ i  ≤  θ  f c    



(15a)






   θ  n + 1   ≥  θ  w p    



(15b)






   S i  ≤  S  i , max    



(15c)






   S  n + 1   ≤  S r   



(15d)






   W 1  = W 0  



(15e)






   S 1  = S 0  



(15f)








	(5)

	
non-negative constraints


   I i  ≥ 0  



(16a)






   S i  ≥ 0  



(16b)




where: Wi and Wi+1 are soil moisture content (mm) at the beginning and end of growth stage i; ETasi, Ii, Pi, Qei, QDi, Ri, and θi are evapotranspiration (mm), irrigation (mm), precipitation (mm), capillary water (mm), drainage (mm), runoff (mm), and soil moisture content (cm3 cm−3) at growth stage i; Sai and Sai+1 are salt content of the root zone soil at the beginning and end of growth stage i (kg m−2); SIi, SPi, Sei, and SDi are salt content of irrigation water, precipitation, capillary water, and deep drainage at growth stage i (kg m−2), and SCi is plant salt absorption (kg m−2); M is the irrigation quota (mm); θwp is the wilt coefficient and θfc is the field capacity (cm3 cm−3); Si and Si,max are root soil salt content and maximum salt content (g kg−1) at the beginning of growth stage i; Sr is the maximum allowable salt content (g kg−1) at the end of the growth stage; W0 is initial water content (mm) and S0 is initial salt content (g kg−1).









A total of 480 scenarios were created from three initial soil moisture content values (W0 = θfc, 0.85θfc, 0.7θfc; θfc is field capacity), eight irrigation quantities (M = 200, 250, 300, 350, 400, 450, 500, 550 mm), five initial soil salt content values (S0 = 2, 4, 6, 8, 10 g kg−1) and four irrigation water salinity levels (K = 0, 3, 6, 9 g L−1). Freshwater irrigation (K = 0 g L−1) was used to ensure seedling emergence at the seedling stage.



Calculations were based on the situation in 2009, and the calculation depth was 50 cm, which is the mean root layer depth of cotton. The soil moisture and salt content in the calculation are the average of the 50 cm soil layer. Generally, cotton is either not irrigated or irrigated once at the seedling stage. Studies show that the irrigation quantity at the seedling stage is < 30 mm.




2.3.2. Root Zone Water Balance Module


The effects of rainfall, irrigation, evapotranspiration, supply, and drainage are considered in the water balance module:


Wi+1 = Wi + Pi + Ii − ETai + Qei − QDi − Ri



(17a)






Wi = 1000 Hiθi



(17b)






ETai = Kswi·Kssi·ETmi



(17c)






Qei = aETai



(17d)






QDi = b(Pi + Ii)



(17e)




where a and b are exchange coefficients. The effects of groundwater on the water and salt dynamics are ignored in the experiment; thus the main drivers of Qei and QDi are respectively ET and (P + I). Qei and QDi are assumed to vary linearly with ET and (P + I). R is ignored because the irrigation method is drip irrigation beneath the plastic film and there is little precipitation during the entire growth period. Hi is the layer depth in the root zone (m).




2.3.3. Root Zone Salt Content Module


Salt enters the cotton root zone in various ways (irrigation, rainfall, and capillary water) and leaves it principally by drainage and absorption by plants. Salt balance for mean salt content in the cotton root zone is given by:


Sai+1 = Sai + SIi + SPi + Sei − SDi − SCi



(18a)






SIi = Ii ·Ki/1000



(18b)






SPi = Pi · CPi/1000,



(18c)






   S  e i   =  Q  e i   ⋅  C  e i   / 1000  



(18d)






   S  D i   =  Q  D i   ⋅  C  D i   / 1000  



(18e)






Sai = Si∙ρb∙H



(18f)




where: Ki, CPi, Cei, and CDi are respectively salt concentration of irrigation water, precipitation, capillary rise, and deep drainage in growth stage i (kg m−3); and ρb is dry bulk density (kg m−3). SPi and SCi are ignored because rainfall and plant salt absorption have little effect on soil salt in the root zone.



Salt concentration of deep drainage water is [41]:


CDi = f·Ci + (1 − f)·Cwi



(18g)






Ci = Si∙ρb/θi



(18h)




where: f is the leaching coefficient; Ci is salt concentration of the root soil at the beginning of growth stage i (kg m−3); Cwi is average salt concentration of irrigation water and precipitation (kg m−3), and is calculated by:


   C  w i   =    C  I i   ⋅  I i  +  C  P i   ⋅  P i     I i  +  P i     



(18i)







Salt concentration of capillary water is proportional to salt concentration of deep drainage water [37], and is calculated by:


Cei = β∙CDi



(18j)




where: β is the capillary rise coefficient.




2.3.4. Model Evaluation


Data from 2008 to 2010 and 2018 were used to calibrate and validate the parameters of the yield module. The parameters of the soil water and salt modules were calibrated with the data of 2009 and validated with the data of 2008 and 2010; because there was not enough soil data in two experiments in 2018. SY,min and SY,max of the yield module was obtained experimentally and from technical reports. θp was estimated to be 0.7θfc, at the depth of the main root layer, based on local conditions and farmers’ experience.



Model accuracy was evaluated by the coefficient of determination (R2), root mean square error (RMSE), and normalized root mean square error (nRMSE):


   R 2  =    (      ∑  i = 1  n    (   M i  −  M ¯   )   (   S i  −  S ¯   )          ∑  i = 1  n      (   M i  −  M ¯   )   2          ∑  i = 1  n      (   S i  −  S ¯   )   2         )   2   



(19)






  R M S E =       ∑  i = 1  n      (   M i  −  S i   )   2     n     



(20)






  n R M S E =  1   M ¯          ∑  i = 1  n      (   M i  −  S i   )   2     n    · 100 %  



(21)




where M and S are measured and simulated values,    M ¯    and    S ¯    are the means, and n is the number of samples.



We used Excel to calibrate and verify the parameters of yield and water-salt balance module due to their simplicity. Excel 2016 and MATLAB R2019a were utilized to generate the figures needed in this paper. Moreover, the optimization model was solved using the Linear Interactive and General Optimizer 11.0 (LINGO 11.0).






3. Results and Discussion Generate


3.1. Analysis of Model Parameters


The values of the water deficit sensitivity index (λ) and the salt stress sensitivity index (σ) to yield are given in Table 1. The greatest value of λ was recorded at the flowering–boll stage, followed in descending order by the values at the bud and boll-opening stages, and the negative value at the seedling stage. These values indicate that water deficit at the seedling stage increased yield, which is consistent with the results of some studies: slight or moderate short-term water deficit at the seedling stage promotes root growth in cotton, enabling the plants to absorb water from a deeper soil layer; it also influences plant growth and yield [42,43].



The value of σ was greatest at the flowering–boll stage, followed in descending order by the seedling, bud and boll-opening stages. The negative value at the boll-opening stage indicates that salt stress at that stage increased yield. The effect of salt on cotton growth is twofold: salt in the root zone reduces water availability (i.e., it decreases soil water potential), thus causing drought stress [15,44]; and when soil salt content reaches a certain level, salt ions are absorbed by crops and become toxic [45]. Some studies have shown that the cotton seedling stage is the stage that is most sensitive to salt [46]; other studies have shown that slight salt stress in the early growth stages of cotton promoted root growth and increased leaf thickness [47]. In this study, the root system at the seedling stage did not reach a depth of 50 cm; plants were not sensitive to water at the seedling stage. Thus, the sensitivity to salt at the seedling stage was less than that at the flowering–boll stage. This indicates that the flowering–boll stage was the critical period of cotton yield determination, and the both drought stress and salt stress had a great effect on yield [48,49].



The accuracy of relative yield prediction is shown in Table 2 and Figure 3a. The calibrated and verified values of R2 (0.827 and 0.914), RMSE (0.708 and 0.577 t ha−1), and nRMSE (24.4% and 20.4%) indicate that the accuracy of the modified Jensen model predictions was acceptable and show that the modified Jensen model produced good yield estimates for different years and different cotton varieties.



The fitting results for the water balance module (Table 1) showed that the sensitivity of evapotranspiration to salinity (ρ) in different growth stages was ranked, in descending stage order, bud, flowering-boll, boll-opening, and seedling. Evapotranspiration in the seedling stage was least sensitive to salt because there was little transpiration, and most ET was from soil evaporation. We found that the critical value of yield for salt (SY,min) was greater than the critical value for ET to salt (Set,min), since the reproductive growth indexes (i.e., number of bolls and fruit branch number) of cotton had higher salt tolerance than the vegetative growth indexes [50,51,52]. The values of R2, RMSE, and nRMSE of soil moisture content for 2008, 2009, and 2010 were in the range of 0.681–0.753, 0.036–0.049 cm3 cm−3, and 14.9–18.1%, respectively (Table 2). The salt balance module had only two parameters: f and β. The value of f is related to the soil type [41]. Due to the large porosity, water holding capacity of sandy soils is poorer compared with that of clay. In addition, sandy soils have small surface area and fewer adsorbed ions [53]. This is why f of sandy soils is usually small, while that of clay soils is the opposite. The value of β is always constant. When the time scale is large, β is 1 [37]; we used a value of 1.4 because the time scale was small and soil salt content below the root layer was high. The values of R2, RMSE, and nRMSE for 2008, 2009, and 2010 of soil salt content were 0.012, 0.657 and 0.485 (R2), 1.649, 1.690 and 1.843 g kg−1(RMSE), 16.2%, 16.0% and 18.6% (nRMSE) (Table 2). Because the gradient of irrigation water salinity is small, R2 for 2008 is small, but RMSE and nRMSE are within the acceptable range. Model prediction of soil salt content was less accurate in 2010 than 2009; model values were less than measured values (Figure 3c). The reason for this is that the 2009 experiment caused salt to accumulate in the soil below the roots, which increased capillary water salt content of in 2010 compared to 2009.




3.2. Response of Yield to Soil Water and Salinity under Different Scenarios


Available water for the entire crop growth period (W’) is the sum of initial soil moisture content (W0) and irrigation quota (M), and the total salt content of soil (S’) is the sum of initial soil salt content (S0) and salt entering the soil due to irrigation. Figure 4 shows the relationship between relative yield and W’ and S’. It can be seen that relative yield increases as W’ increases and as S’ decreases. There are small peaks in the figure, and the slope and height of the small peaks increase as S’ increases; that is, relative yield increasingly varies. When S’ decreases to a certain value, only W’ exerts an influence on relative yield because relative yield is not affected by soil salinity when S’ < Smin. Relative yield varied with respect to both the horizontal and vertical axes, and the amplitude changed with respect to both W’ and S’, which indicates that differences in both W0 and M in W’ [54,55] and differences in S0 and K in S’ [56] affect relative yield.



3.2.1. Effect of Available Water on Yield


The scenarios S0 = 6 g kg−1 or 10 g kg−1 and K = 3 g L−1 were investigated to exclude the effect of salt on relative yield. We found that relative yield varied as W’ increased (Figure 5a). Variation was due to the difference between W0 and M (Figure 5). Both M and W0 have significant effects on relative yield.



Relative yield increased as M increased, but when M reached a certain level, relative yield tended to be steady (Figure 5b,c). Research has shown that change in cotton yield with respect to M can be expressed as a second degree polynomial in binomial form [57,58]. When relative yield reached a maximum value, further increase in irrigation resulted in a slight decrease in relative yield. Increased irrigation reduces soil aeration, which will reduce yield. We ignored the effect of this factor on yield, and thus the result was inconsistent with researches mentioned above. An increase in W0 decreases the rate at which relative yield increases with respect to M. This phenomenon was more pronounced with the increase in S0; that is, when W0 increased, the gradient of the curve in Figure 5b,c was less than the gradient of the curve in Figure 5 when there was a similar increase in S0.



When W’ was unchanged, an increase in W0 corresponded to an increase in relative yield (Figure 5b,c), which is consistent with the results of Tan et al. [59]. On the contrary, when S0 and M were both large, relative yield decreased because the crop was affected by salt stress. An increase in W0 reduced the capacity of irrigation water to reduce soil salinity, thus subjecting plants to greater salt stress. However, when M was becoming smaller, plants were mainly affected by water, and an increase in W0 increased the amount of available water during the crop growth period, and thus relative yield increased.




3.2.2. Effect of Soil Salinity on Yield


We investigated the scenario M = 500 mm and W0 = 0.85θfc to determine the effects on relative yield of excluding W′. Relative yield varied as S’ increased (Figure 6a) due to the difference between S0 and K (Figure 6b). Analysis of the relationship between S’ and Yr for different values of S0 showed that both S0 and K had a significant effect on relative yield. Relative yield decreased as S0 increased. The effect of K on relative yield was affected by S0. When S0 was small, K had no effect on relative yield; as S0 increased, the effect of K on yield became more pronounced [56]. When S’ was constant, the effect of S0 on relative yield was greater than the effect of K [60] because S0 affected relative yield over the entire growth period, and salt stress caused by irrigation in different growth stages could be controlled or remediated. Long-term salt-water irrigation inhibits cotton yield due to salt accumulation in the soil [61]; it also increases any initial soil salinity, resulting in further yield reduction [62]. Our results are consistent with the results of these studies.




3.2.3. Soil Water and Salt Content under Different Yield Reduction Levels


Relative yield Yr ≥ 0.95 was taken to be the normal level, 0.85 ≤ Yr < 0.95 was considered a mild decrease, 0.75 ≤ Yr < 0.85 a moderate decrease, and Yr < 0.75 a severe decrease. Figure 7 shows the values of S’ and W’ for different degrees of decrease in relative yield. It can be seen from the figure that for a mild decrease, W’ and S’ have to be such that W’ > 535 mm (with W0 ≥ 0.85θfc and M ≥ 400 mm) and S’ < 9 g kg−1 (with S0 ≤ 8 g kg−1 and K ≤ 6 g L−1). To ensure no relative yield reduction, W’ has to be > 635 mm (with W0 = θfc and M ≥ 500 mm) and S’ has to be < 6 g kg−1 (when S0 < 2 g kg−1, K < 9 g L−1; and when S0 < 4 g kg−1, K < 6 g L−1). Thus, there are two requirements for guaranteeing relative yield: ensure the availability of irrigation water over the entire growth period; and to ensure the level of initial soil water in the root zone [63]. Saline soil necessitates measures to reduce soil salt content; if there is sufficient available water, using some to leach salt out of the soil after harvest is an effective method of improving future cotton yield [31,64]. When soil salt content is low (S0 ≤ 6 g kg−1), a certain amount of brackish water can be used for irrigation [60].





3.3. Dynamic Thresholds of Water and Salinity in the Cotton Root Zone During the Growth Period


3.3.1. Threshold Values of Soil Water and Salinity in the Root Zone during the Growth Period


The threshold values of soil water and salinity at different growth stages were obtained using the model for 480 scenarios. Soil water and salinity in the root zone were analyzed in scenarios for W0 = 0.85θfc. Change over time in soil moisture content in the root zone is shown in Figure 8. Soil moisture content was identical for all scenarios at the beginning of the initial growth stage and differed over time in different scenarios. At the end of the seedling stage (i.e., the beginning of the bud stage) (Figure 8b), soil moisture content had decreased from the initial value. Cotton is not sensitive to water at the seedling stage, and little water was provided at this stage [46]. The flowering–boll stage is a critical period for water demand; in scenarios where average soil moisture content reached the critical value of water demand in this stage, yield was little affected if salt stress was minimal. Soil moisture content at the beginning and end of the flowering–boll stage is shown in Figure 8c,d. We note that at the beginning of the flowering–boll stage, when S0, M, and K were all large, soil moisture content was also large due to severe salt stress and little evapotranspiration. However, at the end of this stage, soil water content was very small at S0 = 10 g kg−1, M = 550 mm and K = 6 g L−1 or 9 g L−1. The most probable reason for this is that, in these scenarios, salt stress greatly affects yield. The irrigation amount was small to prevent irrigation from introducing excessive salt into the soil. At the end of the entire growth period, when M, S0, and K were small, soil moisture content was also small, which is consistent with previous research results [65].



Salt accumulation over the growing period was inevitable, especially when K and M were large (Figure 9 and Figure 10). The model minimizes the increase in root zone salinity in the flowering–boll stage because this stage is most sensitive to salinity. In scenarios where S0, M, and K were large, the trend of salt accumulation in the root zone differed from the overall trend (Figure 10b). There was no irrigation during the flowering–boll stage because of high plant sensitivity to salt; the crop was instead irrigated during the least sensitive boll-opening period, when there was less evaporation. This treatment tends to desalinate the soil. An increased quantity of irrigation water had little effect on yield when S0 and K were large, which is consistent with previous research results [24].



Our results showed that water content and salinity thresholds in the root zone changed dynamically rather than remaining fixed during the growth period. We found that change depended on the actual conditions. This finding differs from previous research results [29,30,66,67]. It is preferable to investigate the dynamic changes in threshold levels because the sensitivity of plants to soil water and salt in the root zone varies between growth stages. Soil salinity varies widely across southern Xinjiang. Soil salt content is in the range 4–14 g kg−1 [62], and the threshold levels of soil water and salinity will change accordingly. Areas of low salt content, such as 4 g kg−1, are represented by the scenario W0 = 0.85θfc, S0 = 4 g kg−1, M = 400 mm, K = 0 g L−1. In this scenario, the threshold values of soil water in the seedling, bud, flowering–boll and boll-opening stages were respectively 0.75–0.85θfc, 0.65–0.75θfc, 0.56–0.65θfc, and 0.45–0.56θfc; corresponding salinity threshold values were 4–4.16, 4.16–4.39, 4.39–4.64, and 4.64–4.97 g kg−1.




3.3.2. Soil Salt Accumulation over the Entire Growth Period


Freshwater resources are scarce in Xinjiang. Farmers use brackish water for irrigation to guarantee crop yield [64], a practice that increases soil salinity [68], decreases soil fertility, and reduces agricultural sustainability. The levels of salinity at the ends of growth stages in different scenarios (Figure 11) show that, in most cases, salinity increases in the soil of the root zone over a growth period, especially when the values of W0, M and K are high and S0 is small. There were two exceptions. In the scenario W0 = 0.7θfc, M = 550 mm, S0 = 10 g kg−1, and K = 0 g L−1 (Figure 11a), when the soil contained ample freshwater and was highly saline, it was easier to remove salt from below the root layer than when S0 was small. In the scenario W0 = θfc, M = 500 mm, S0 = 10 g kg−1, and K = 6 g L−1 (Figure 11c), both soil salinity and the salt content of irrigation water were excessive, resulting in salt stress. Thus, irrigation at the flowering–boll stage would not produce maximum yield even if the irrigation amount was sufficient. The remaining water was instead used to irrigate at the boll-opening stage, which is not very sensitive to salt. Eventually, the soil was desalinated. We note that the relative yield in these two scenarios was not high (0.818 and 0.701), but both scenarios consumed large quantities of water. In practice, it is necessary to take measures to remove salt from the root zone, such as spring or autumn irrigation [64], or surface drainage [69], to maintain a high yield over a long period of time while restricting irrigation water consumption to being within a reasonable range.






4. Conclusions


The modified Jensen model was used to predict the sensitivity of cotton yield to soil water and salinity at different growth stages. We developed a method of obtaining a high yield by optimizing soil moisture content and salinity in the root zone. The response of yield to soil water and salinity was quantified, under the assumption that there were no measures taken to reduce salinity during the entire growth period. The threshold values of soil water and salinity in the root zone, which change dynamically, were obtained for different growth stages under 480 different scenarios. We draw the following conclusions:




	
cotton plants differ in sensitivity to soil moisture content and salinity at different growth stages. In descending order of sensitivity, the stages for soil water sensitivity are ordered: flowering–boll > bud > boll-opening > seedling; and the stages for sensitivity to salinity are ordered: flowering–boll > seedling > bud > boll-opening. The flowering–boll stage is the crucial period for cotton yield; therefore, particular attention should be given to the control of soil water and salinity during that period;



	
cotton yield is significantly affected by irrigation quota M, initial soil moisture content W0, initial soil salt content S0, and irrigation water saltinity K. To ensure that the relative yield of cotton is above 0.85, the available water W’ (the sum of W0 and M) must meet the requirement W’ > 535 mm (with W0 ≥ 0.85θfc and M ≥ 400 mm), and total soil salt S’ should meet the requirement S’ < 9 g kg−1 (with S0 < 8 g kg−1 and K < 6 g L−1) in southern Xinjiang;



	
the threshold levels of water content and salt in the root zone under different scenarios vary considerably. This result indicates that the change in threshold levels depended on the initial boundary conditions and other factors. The Akesu Irrigation District in southern Xinjiang, where soil salt content is relatively low, can be represented reasonably well by the scenario W0 = 0.85θfc, S0 = 4 g kg−1, M = 400 mm, K = 0 g L−1. In this scenario, when no actions were taken to remove salt during the growth period, the threshold levels of soil water at different growth stages (seedling, bud, flowering–boll and boll-opening) were respectively 0.75–0.85θfc, 0.65–0.75θfc, 0.56–0.65θfc, and 0.45–0.56θfc, and the threshold levels of salt were, respectively, 4–4.16, 4.16–4.39, 4.39–4.64, and 4.64–4.97 g kg−1. In most cases, due to salt accumulation over the entire growth period, it is necessary to reduce the salt content of the root zone to ensure sustainable agriculture.








The dynamically changing soil water and salinity thresholds under different conditions of salt deposition require further study.
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Abbreviation


Model of response to crop water and salinity



	Parameters and Variables
	Meaning and Description



	i
	The ith growth stage



	n
	The number of growth stages



	λi
	The water deficit sensitivity index of yield at growth stage i



	θpi
	The critical water content (cm3 cm−3) at growth stage i



	ρ, σ
	Salt stress sensitivity index of ET and yield



	Ya, Ym
	The actual crop yield and the potential crop yield (kg ha−1)



	ETai, ETmi
	Actual and maximum evapotranspiration (mm) of growth stage i



	SY,max,SY,min
	The critical and maximum soil salinity which affect the yield at different growth stages (g kg−1)



	Set,max,Set,min
	The critical and maximum soil salinity which affect ET at different growth stages (g kg−1)



	Ks
	The stress factor



	Ksw
	The water stress factor



	Kss
	The salt stress factor








Optimization model of dynamic thresholds of soil water and salt in the root zone



	Parameters and Variables
	Meaning and Description



	Ya, Ym
	The actual crop yield and the potential crop yield (kg ha−1)



	gi
	The response factors of yield to water and salinity at growth stage i.



	Wi,Wi+1
	The soil moisture content (mm) at the beginning and end of growth stage i



	ETsi, Ii, Pi, Qei, QDi, Ri, θi
	The evapotranspiration (mm), irrigation (mm), precipitation (mm), capillary water (mm), drainage (mm), runoff (mm), and soil moisture content (cm3 cm−3) at growth stage i



	Sai,Sai+1
	The salt content of the root zone soil at the beginning and end of growth stage i (kg m−2)



	SIi, SPi, Sei, Sdi,Sci
	The salt content of irrigation water, precipitation, capillary water, deep drainage and absorbed by the plants at growth stage i (kg m−2)



	θwp, θfc
	Wilt coefficient and field capacity (cm3 cm−3)



	Si, Si,max
	The root soil actual and maximum salt content (g kg−1) at the beginning of growth stage i



	Sr
	The maximum allowable salt content (g kg−1) at the end of the growth stage



	M
	The irrigation quota (mm)



	W0, S0
	Initial water content (mm) and initial salt content (g kg−1)








Root zone water and salt balance module



	Parameters and Variables
	Meaning and Description



	a, b
	The exchange coefficients of capillary rise and drainage



	Hi
	The layer depth in the root zone (m)



	f
	The leaching coefficient



	β
	The capillary rise coefficient



	Ki, CPi, Cei, CDi
	The salt concentration of irrigation water, precipitation, capillary rise and deep drainage in growth stage i (kg m−3)



	Ci
	The salt concentration of the root soil at the beginning of growth stage i (kg m−3)



	Cwi
	The average salt concentration of irrigation water and precipitation (kg m−3)
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Figure 1. Outline of the study. Note: the dotted boxes represent the parameters in the model that need to be calibrated by the experimental data. SY,max and SY,min are the critical and maximum soil salinity which affect the yield at different growth stages, respectively; Set,max and Set, min are the critical and maximum soil salinity which affect ET at different growth stages, respectively; ETas are the actual evapotranspiration; W and S are soil moisture content and soil salt content, respectively; Wp is the critical water content at different growth stage; a and b are exchange coefficients of capillary rise and drainage, respectively; f and β are the leaching and capillary rise coefficient. 
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Figure 2. (a) Lysimeters where the experiment was carried out; (b) schematic diagram of the experimental site (the gray in this figure indicates the lysimeters that were not used). Note: I-1 represents the first experimental field in Field One and so on. 
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Figure 3. Modeled and measured values for comparison: (a) yield (Y), (b) soil water content (θ), (c) soil salt content (S). 
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Figure 4. Relationship between Yr (relative yield) () and S’ (total salt content of soil) and W’ (available water for the entire crop growth period) in different scenarios. 






Figure 4. Relationship between Yr (relative yield) () and S’ (total salt content of soil) and W’ (available water for the entire crop growth period) in different scenarios.



[image: Water 12 02449 g004]







[image: Water 12 02449 g005 550] 





Figure 5. Change in relative yield (Yr) with respect to W’: (a) when S0 = 6 g kg−1 and K = 3 g L−1 and when S0 = 10 g kg−1 and K = 3 g L−1; (b) when S0 = 6 g kg−1 and K = 3 g L−1 for different values of W0; (c) when S0 = 10 g kg−1 and K = 3 g L−1 for different values of W0. Note: W’ is available water for the entire crop growth period; S0 is initial soil salt content; K is irrigation water salinity level; W0 is initial soil moisture content. 
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Figure 6. (a) Relationship between Yr and S’ when M = 500 mm and W0 = 0.85θfc; (b) relationship between Yr and S’ when M = 500 mm and W0 = 0.85θfc for different S0. 
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Figure 7. Relationship between relative yield decrease and S’ and W’. 
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Figure 8. Dynamic thresholds of soil moisture content in the root zone at different growth stages when W0 = 0.85θfc: at the beginning of (a) the growth stages, (b) the bud stage, (c) the flowering–boll stage, (d) the boll-opening stage, (e) at the end of the growth stages. 






Figure 8. Dynamic thresholds of soil moisture content in the root zone at different growth stages when W0 = 0.85θfc: at the beginning of (a) the growth stages, (b) the bud stage, (c) the flowering–boll stage, (d) the boll-opening stage, (e) at the end of the growth stages.



[image: Water 12 02449 g008]







[image: Water 12 02449 g009 550] 





Figure 9. Dynamic thresholds of soil salt content in the root zone at different growth stages when W0 = 0.85θfc: at the beginning of (a) the growth stages, (b) the bud stage, (c) the flowering–boll stage, (d) the boll-opening stage, (e) at the end of the growth stages. 






Figure 9. Dynamic thresholds of soil salt content in the root zone at different growth stages when W0 = 0.85θfc: at the beginning of (a) the growth stages, (b) the bud stage, (c) the flowering–boll stage, (d) the boll-opening stage, (e) at the end of the growth stages.



[image: Water 12 02449 g009]







[image: Water 12 02449 g010 550] 





Figure 10. Dynamic thresholds of soil water content and salinity in the root zone for different scenarios: (a) W0 = 0.85θfc, M = 200 mm, K = 0 g L−1; (b) W0 = 0.85θfc, M = 550 mm, K = 9 g L−1; (c) W0 = 0.85θfc, M = 400 mm, K = 3 g L−1; (d) W0 = 0.85θfc, M = 400 mm, K = 0 g L−1; W2, W4, W6, W8 and W10 and S2, S4, S6, S8 and S10 are soil moisture content and salinity when S0 = 2, 4, 6, 8 or 10 g kg−1. 
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Figure 11. Salt accumulation under different scenarios: (a) W0 = 0.7θfc; (b) W0 = 0.85θfc; (c) W0 = θfc; % salt accumulation = (soil salt content at end of growth period−soil salt content at beginning of growth period)/soil salt content at beginning of growth period) × 100. Purple areas in the figure represent desalinated soil. 
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Table 1. Parameter fitting of the modified Jensen model and the soil water and salt balance modules.
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Module

	
Parameter

	
Seedling Stage

	
Bud Stage

	
Flowering–Boll Stage

	
Boll-Opening Stage






	
Modified Jensen model

	
λ

	
−0.150

	
0.202

	
0.411

	
0.166




	
σ

	
0.121

	
0.051

	
0.29

	
−0.683




	
SY,min (g kg−1)

	
6.64

	
7.37

	
8.14

	
8.53




	
SY,max (g kg−1)

	
21.01

	
22.19

	
24.69

	
27.87




	
Water balance module

	
ρ

	
0.7

	
0.98

	
0.81

	
0.78




	
Set,min (g kg−1)

	
4.51

	
5.48

	
5.80

	
5.88




	
Set,max (g kg−1)

	
25.0

	
17.9

	
28.0

	
25.0




	
θp (cm3 cm−3)

	
0.245




	
a

	
0.561




	
b

	
−0.635




	
Salt balance module

	
f

	
0.2




	
β

	
1.4
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Table 2. Model prediction accuracy for yield (Y), soil water content (θ), and soil salt content (S).
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Variable

	
Year

	
R2

	
RMSE

	
nRMSE (%)






	
Yield

	
Calibration

	
0.827

	
0.708

	
24.4




	
(t ha−1)

	
Validation

	
0.914

	
0.577

	
20.4




	
Soil water content

(cm3 cm−3)

	
2008

	
0.753

	
0.040

	
15.0




	
2009

	
0.747

	
0.049

	
18.1




	
2010

	
0.681

	
0.036

	
14.9




	
Soil salt content

(g kg−1)

	
2008

	
0.012

	
1.649

	
16.2




	
2009

	
0.657

	
1.690

	
16.0




	
2010

	
0.485

	
1.843

	
18.6








Note: R2 is the coefficient of determination; RMSE is root mean square error; and nRMSE is normalized root mean square error.
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