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Abstract

:

Quantitative analysis of tomato root water uptake and soil water utilization in the root zone under deficit irrigation is an important tool to improve agricultural water utilization efficiency. In this study, three different deficit irrigation levels were set at the flowering and fruit development stage (Stage I) and the fruit-ripening stage (Stage II), respectively. The Hydrus-1D model and field data were used to analyze the effects of deficit irrigation on tomato root growth, soil water uptake and utilization in the root zone. The results showed that deficit irrigation could reduce the total root length density of water-absorbed roots but increase the water-absorbed root length density of the underlying soil (30–60 cm). Moderate and severe water deficits at Stage II increased the water-absorbed root length density of the underlying soil by 0.10–6.26% and 2.12–11.71% compared with a mild water deficit. Considering tomato root growth, the Hydrus-1D model can improve the accuracy of soil moisture simulation. The main water absorption zone of tomato roots was 0–30 cm. Compared with full irrigation, the ratio of water absorption by the underlying root system (30–60 cm) to the total water absorption of the profile (0–60 cm) increased by 2.16–2.82% and 5.34–6.34% due to mild and moderate water deficits at Stage I. At Stage I and Stage II, a water deficit could reduce soil evaporation. T3 had the highest water use efficiency in two years, which was 24.07% (T9) and 20.47% (T8) higher than the lowest value, respectively. The optimal deficit irrigation scheme under this experiment condition is as follows: the soil water content was 70–90% θf (field capacity) at Stage I and was 40–60% θf at Stage II (T3).






Keywords:


root water uptake; greenhouse tomato; root growth; water use; Hydrus-1D












1. Introduction


Water resource scarcity has become one of the main factors restricting agricultural production, ecological restoration and industrial development [1,2,3]. Facility agriculture has developed rapidly at home and abroad in recent years due to its high utilization rate of light, heat and other resources and relatively controllable environment [4,5]. However, in arid and semi-arid areas, irrigation is the main water source for facility crops, and excessive irrigation will change the law of water migration in the soil, resulting in an increase in the proportion of surface evaporation or deep leakage in the total water consumption, thus reducing the water utilization efficiency [6,7]. Deficit irrigation, as one of the most effective measures to alleviate water shortages, is designed to improve water use efficiency through the rational allocation of limited water according to the different water demands of crops at different growth stages [8,9]. Deficit irrigation will change the distribution of soil water [10], thus affecting the absorption and utilization of soil water by crops. It is meaningful to study the absorption and utilization of water by facility crops under deficit drip irrigation to guide their scientific and reasonable irrigation.



Tomatoes are very popular among humans due to their rich nutritional value and antioxidant properties [11]. However, tomatoes are also a crop with a high water demand [12]. At present, people mainly rely on experience to irrigate greenhouse tomatoes, which not only causes the waste of water resources but also reduces the water use efficiency. Moreover, their yield has not been significantly increased [13], so it is urgently necessary to carry out reasonable deficit irrigation for greenhouse tomatoes. Soil water can promote the absorption of nutrients by crops, and the water and nutrients together affect the growth of roots and the above-ground parts of crops [14,15]. Studies showed that the irrigation level has a significant impact on crop root growth [16]. With a decrease in the irrigation level, the tomato root length, root surface area, root volume, root length density and root weight density all show a decreasing trend [17]. Existing studies have mainly focused on the effects of different irrigation levels and methods on the characteristic parameters of tomato whole roots [18,19], while there are few studies on the distribution of tomato roots along the soil profile under deficit drip irrigation [20], which needs further research.



Root water uptake (RWU) is a complex and important physiological process that is jointly affected by crop growth, soil and meteorological factors [21]. Clement et al. [22] concluded that deep-rooted crops have the advantage of obtaining deep soil water under drought conditions by comparing the water absorption status of the roots of different types of perennial crops. Wang et al. [23] defined the water content corresponding to the 95% RWU of the control treatment as the critical water content and concluded that the critical water content was different in different growth stages of winter wheat. In addition, the absolute RWU of different types of soil was affected by ET0 [24]. At present, the analysis methods of RWU include sequential daily soil water balance, proximal sensing and model simulation [25]; model simulation is a convenient, rapid and cost-efficient option. The RWU model can be divided into micro and macro methods [26]. The micro method is based on a physical mechanism and built on a single root scale. This method assumes that the roots are infinitely extending cylinders, that the water absorption characteristics are constant along the length of the roots and that the radius is consistent, which is inconsistent with the actual situation and very difficult to use in practical applications [27,28]. However, the macro model of RWU takes the root–soil system as a whole and has more advantages than the micro model in practical applications [29].



The Hydrus-1D software package sets several modules on the one-dimensional scale, such as the soil water, heat, solute migration and macro model of crop RWU, and has a variety of boundary conditions and a large number of parameter databases for reference, which can be used to simulate the law of soil water migration under drip irrigation conditions [30]. Results show that the Hydrus-1D model can be used as an effective tool to simulate soil water and salt dynamics in farmland, and the predicted values are in good agreement with the observed values [31,32,33]. Soil hydraulic parameters obtained using Hydrus-1D inversion are more accurate and can be used to further simulate RWU [34]. Li et al. [35] used the Hydrus-1D model to evaluate the effects of land use change on each component of the soil water balance in orchards on the Loess Plateau, and they concluded that, compared with cultivated land and young apple orchards (stand age < 10 years), the evapotranspiration of mature apple orchards (stand age > 20 years) increased, while the deep leakage was almost zero. It has been reported that studies using the Hydrus-1D model to simulate soil water migration mainly focus on maize, wheat and other field crops [1,36], while there are few studies on greenhouse tomatoes with drip irrigation under plastic film.



The root system is an important channel connecting the soil with the above-ground part of the crop. In order to simplify the model simulation, existing studies rarely consider the growth of crop roots when using the Hydrus-1D model to simulate soil water migration [37]. However, the root is an important organ for water absorption in crops, and deficit irrigation will affect the growth of the crop root system [38] and thus affect the water absorption and utilization of crops. Based on this, the Hydrus-1D model was used to simulate the water absorption and utilization of greenhouse tomatoes with drip irrigation under plastic film. The purpose of this study was to: (1) evaluate the performance of the Hydrus-1D model to simulate the soil water movement of greenhouse tomatoes by innovatively considering root growth, and, based on this, analyze the effects of deficit drip irrigation on the spatio-temporal variation in the RWU of greenhouse tomatoes; (2) explore the effects of different deficit irrigation schemes on soil water balance components in the root zone and the water use efficiency of greenhouse tomatoes, and to develop the best deficit irrigation schemes under the experimental conditions based on the simulation results and measured data. It is of great importance to develop efficient and water-saving facility agriculture to alleviate water shortages.




2. Materials and Methods


2.1. Study Site and Experimental Design


The study area is located in Liujiapu Tomato Industrial Park of Xiaodian District (37°64′ N, 112°48′ E), Taiyuan, Shanxi Province, China. The experimental area belongs to a temperate, continental monsoon-arid climate area. The annual average temperature, sunshine duration and evaporation are 9.5 °C, 2675.8 h and 1812.7 mm, respectively. The rainfall totals 468.4 mm, and the frost-free period is 202 d. The basic physical and chemical characteristics of soil in the experimental area are shown in Table 1.



A total of nine plots were used in the experiment, and each plot was 7.5 m long and 6 m wide. The experiment adopted drip irrigation under plastic mulch. Two rows of tomatoes were planted on each ridge, and two drip irrigation strips were placed close to the inside of the tomato. The spacing of tomato rows and plants was 60 cm and 50 cm, respectively. The ground was fully covered with black mulch, and the width and thickness of the mulch film were 1.5 m and 0.008 mm, respectively. An impervious membrane 60 cm deep was placed between two adjacent plots to prevent water from flowing laterally. Before plowing, 180 kg/hm2 nitrogen fertilizer (urea: WN ≥ 46.4%), 180 kg/hm2 potassium fertilizer (potassium chloride: WK2O ≥ 57%), 200 kg/hm2 phosphate fertilizer (calcium magnesium phosphate: WP2O5 ≥ 15.0%) and 20,000 kg/hm2 organic fertilizer were applied as base fertilizer. Amounts of 60 kg/hm2 nitrogen fertilizer and 60 kg/hm2 potassium fertilizer were applied as topdressing to the soil through a drip irrigation system with water at the fruit development stages of the first and third ears, respectively.



The tomato variety “Shou Yan PT326” was transplanted in the three-leaf stage (10 May 2020; 12 May 2021); the growth period included the seedling stage (27 d in 2020; 34 d in 2021), flowering and fruiting development stage (Stage I: 65 d in 2020; 68 d in 2021) and fruit-ripening stage (Stage II: 37 d in 2020; 29 d in 2021). According to the upper and lower limits of irrigation, combined with the tomato’s sensitivity to water, three deficit levels were utilized at Stage I and Stage II, with a total of nine deficit treatments. Table 2 shows the information on irrigation lower and upper limits at Stage I and Stage II, where 70–90% θf indicates that irrigation began when the measured soil water content (SWC) was 70% of the field water capacity and the irrigation reached 90% of the field water capacity, and the other levels are similar. To ensure the survival rate of tomato seedlings, 20 mm and 25 mm of planting water were irrigated in 2020 and 2021, respectively. The cumulative irrigation volume, maximum and minimum temperatures and reference crop evapotranspiration (ET0) in two years are shown in Figure 1.




2.2. Measurement and Analysis


We used a data logger (Hobo; Onset Computer, Pocasset, MA, USA) at 1 h intervals to measure the air temperature in the greenhouse. SWC was measured weekly using time-domain reflectometry (TRIME, IMKO, Ettlingen, Germany) at a vertical interval of 10 cm (0–60 cm) and a distance of 15 cm from the plant. At the end of the growth period of the tomato, 3 representative plants were selected from each plot, and a root drill with a diameter of 5 cm was used to sample them at a vertical interval of 10 cm (0–60 cm) and a distance of 15 cm from the plant. After sampling, we washed the roots with a sieve with a diameter of 0.5 mm and then scanned them with Epson Perfection. Root analysis software (WinRHIZO version 5.0) was used for the analysis. The water-absorbed root length density (RLD, cm cm−3) with a diameter of less than 2 mm was calculated by dividing the root length by the soil volume. After leaving 4 ears of fruit for each tomato plant, the tomato yield of each treatment was measured with an electronic balance with an accuracy level of 0.05 kg. Tomato water use efficiency (WUE) was calculated as follows:


  WUE =  Y / ( RWU  +  E )   



(1)




where Y represents tomato yield (kg hm−2), and E and RWU represent water evaporation and root water uptake (m3 hm−2), respectively, which were derived from the Hydrus-1D simulation results.




2.3. Model Description


The vertical movement of soil water was mainly carried out in the vascular zone [39]. Therefore, only the one-dimensional vertical movement of soil water is considered in this study. The Hydrus-1D (Version 4.17) model can simulate farmland soil water movement and crop RWU on a one-dimensional scale.



2.3.1. Water Flow


The governing equation for water flow was a modified form of the 1D Richards equation, as follows [32]:


    ∂ θ   ∂ t   =  ∂  ∂ z     K  h    ∂ h   ∂ z     −   ∂ K  h    ∂ z   − S   z , t    



(2)




where θ represents the soil volumetric water content (cm3 cm−3), t represents the time (day), h represents the soil water pressure head (cm), z represents the vertical distance (cm), K represents the hydraulic conductivity coefficient (cm day−1) and s(z,t) represents the RWU rate (cm3 cm−3 d−1).



The van Genuchten–Mualem model in Hydrus-1D was used to fit the soil moisture characteristic curve, and its calculation formula was as follows:


          θ  h  =      θ r  +    θ s  −  θ r      [ 1 +     α h    n  ]  m       ,    h < 0                              θ s                      , h ≥ 0        



(3)






  K  h  =      K s   S e l    [ 1 −  S e     1 / m   ]  2     ,    h < 0                              K s                               ,    h   ≥ 0      



(4)






   S e  =   θ −  θ r    /    θ s  −  θ r     



(5)






  m = 1 −  1 n  , n > 1  



(6)




where θs and θr are the saturated and residual volumetric water content (cm3 cm−3); α, n and m are the empirically fitted parameters, m = 1 − 1/n; Ks is the saturated water conductivity (cm d−1); Se is the dimensionless relative water content; and l is the tortuosity parameter, with the average value usually 0.5.




2.3.2. Reference Crop Evapotranspiration (ET0)


ET0 was calculated using the Hargreaves–Samani (HS) model recommended by FAO56 [40], and its formula was as follows:


  E  T 0  = 0.0135  k  R s − H S      R a   λ       T  max   −  T  min       0.5      T  m e a n   + 17.8    



(7)




where Ra is astronomical radiation (MJ m−2 d−1) [41]; λ is the latent heat of the vaporization of water, the average value is usually 2.45 MJ kg−1; mean temperature (Tmean, °C) is the average value of the maximum temperature (Tmax, °C) and minimum temperature (Tmin, °C); kRs-HS is the temperature coefficient, and the commonly used value is 0.17 °C−0.5 [42].




2.3.3. RWU


In the equation of soil water migration, the source and sink term S(z,t) is the amount of water absorbed by plants per unit volume of soil, which can be described by the Feddes model [43] as follows:


  S   z , t   = γ  h   S p  = γ  h  b  z   T p   



(8)






  γ  h  =        h 1  − h    h 1  −  h 2    ,  h 2  < h <  h 1              1         ,  h 3  ≤ h ≤  h 2        h −  h 4     h 3  −  h 4    ,  h 4  ≤ h ≤  h 3              0 ,    h 4  ≥ h   o r   h ≥  h 1       



(9)






  b  z  =    b ′   z       ∫ 0 L    b ′   z  d z       



(10)




where γ(h) is the water stress function; h1 is a plant’s anaerobic growing point pressure head (cm); h2 is the maximum pressure head (cm) when plants absorb water at the maximum rate; h3high and h3low are the minimum pressure heads (cm) when the potential transpiration rate is 0.5 cm d−1 and 0.1 cm d−1, respectively; and h4 is the pressure water head (cm) at the growth wilting point of plants. The recommended values for tomato in the Hydrus-1D model were adopted, h1, h2, h3high, h3low and h4 are −10 cm, −25 cm, −800 cm, −1500 cm and −8000 cm, respectively. b(z) is a standardized water-absorbed root length density distribution function (cm cm−3), b′(z) is the measured water-absorbed root length density distribution function (cm cm−3), z is the soil depth (cm) and Tp is the potential transpiration rate (mm d−1).




2.3.4. Initial and Boundary Conditions


In this study, the simulated soil depth of 60 cm was divided into 61 node grids. As drip irrigation under plastic film was used in this study, the upper boundary was set as “Variable Pressure Head/Flux”. The groundwater level (>5 m) was far from the lower boundary, so the lower boundary was set as “Free Drainage”, the initial conditions of each treatment were set as the measured “water content” at the beginning of the simulation and the irrigation amount was taken as the variable boundary condition.




2.3.5. Model Calibration and Validation


The treatments T4 and T5 were used to calibrate the model over the two years. These treatments are representative because they have moderate irrigation levels compared to other treatments. The remaining treatments were used to verify the model. Using the inverse solution method in the Hydrus-1D model, the soil hydraulic parameters (θr, θs, α, n, Ks) were optimized, and the initial soil hydraulic parameters were determined according to the soil texture and bulk density. Since the soil particles at 0–20 cm and 20–40 cm were similar in size and texture, the whole soil region was divided into 0–40 cm and 40–60 cm for simulation. Table 3 shows the optimization results for soil hydraulic parameters.



The root mean square error (RMSE), mean relative error (RE), mean absolute error (MAE) and determination coefficient (R2) were used to evaluate the precision of the simulation results. The calculation formulas for RMSE, RE, MAE and R2 were as follows:


  RMSE =     ∑  i = 1  k          P i  −  O i     2   k       



(11)






  RE =   1 −     ∑  i = 1  k    P i        ∑  i = 1  k    O i        × 100 %  



(12)






  MAE =  1 k    ∑  i = 1  k      P i  −  O i       



(13)






   R 2  = 1 −     ∑  i = 1  k        P i  −  O i     2        ∑  i = 1  k        O i  −  O ¯     2       



(14)




where Pi is the predicted SWC (cm3 cm−3), Oi is the observed SWC (cm3 cm−3),    O ¯    is the average observed SWC (cm3 cm−3) and k is the number of points measured.





2.4. Statistical Analysis


IBM SPSS Statistics 26 was used for all statistical analyses, and the path coefficient was calculated in Excel.





3. Results


3.1. Root Growth of Greenhouse Tomato


3.1.1. Distribution of Tomato Water-Absorbed Root Length Density


Figure 2 shows the effect of deficit irrigation on greenhouse tomato water-absorbed root length density. The results of the two-year experiment showed that deficit irrigation could reduce the total water-absorbed root length density at 0–60 cm in tomatoes, and the total water-absorbed root length density at T1 was the highest, which was 48.69% and 47.14% higher than the lowest value (T9), respectively. The root system was mainly distributed in the 0–30 cm soil layer, and the water-absorbed root length density in the 0–30 cm soil layer accounted for 67.11–94.91% of the total water-absorbed root length density. The water-absorbed root length density in the 0–30 cm soil layer was 2.13–11.85% and 7.46–19.17% higher than that calculated under the mild and moderate water deficits at the end of the growing period due to full irrigation at Stage I. Deficit irrigation was beneficial to increase the water-absorbed root length density of the underlying soil (30–60 cm), and the moderate and severe water deficits increased the water-absorbed root length density by 0.10–6.67% and 2.12–11.71%, respectively, compared with the mild water deficit at Stage II.




3.1.2. Distribution Function of Tomato Water-Absorbed Root Length Density


After fitting the measured water-absorbed root length density of each treatment, it decreased exponentially along the soil depth, so the standardized distribution function of water-absorbed root length density was as follows:


  b  z  = a  e   − c z     



(15)







The fitting parameters of the standardized water-absorbed root length density distribution function for each treatment are shown in Table 4. The determination coefficient (R2) of the distribution function was above 0.775, indicating a good fitting effect. According to Figure 2 and Table 4, the water-absorbed root length density gradually decreased with the increase in soil depth. The larger the value “a” is, the more concentrated the root system was on the soil surface. The value “a” decreased with the increase in the deficit degree in each growth period. The smaller the value “c”, the more evenly distributed the tomato roots were along the soil depth, and deficit irrigation caused the roots to be more evenly distributed in the soil. The “c” value of T9 was the lowest, at 0.038 and 0.033 for 2020 and 2021, respectively.





3.2. Evaluation of Model Performance


The calibration and validation results of the simulation of SWC using the Hydrus-1D model are shown in Figure 3 and Figure 4. The calibration results are taken as an example for the T4 treatment in 2020. The predicted values are in good agreement with the observed values, the R2 is within 0.7751–0.9178, the RMSE at different soil depths is lower than 0.0227 cm3 cm−3, and the MAE is within 0.0067–0.0181 cm3 cm−3. The RE was no higher than 4.07%, suggesting that the Hydrus-1D model could be used to predict soil moisture in deficit drip irrigation. In addition, the error between the predicted and observed SWC in the 0–10 cm soil layer was slightly larger than that in the 10–60 cm soil layer.




3.3. Spatio-Temporal Distribution of RWU under Deficit Irrigation


As can be seen from Figure 5, the RWU rate and range first increased and then decreased with the progression of the growth period, and the RWU rate reached its maximum 30–50 d after transplanting. The RWU rate was higher in the 0–30 cm soil layer and accounted for more than 90% of the whole soil depth (0–60 cm) during both seasons. With the increase in the deficit degree, the ratio of RWU in the 30–60 cm soil layer to the whole soil depth gradually increased. Compared with full irrigation at Stage I, the ratio of RWU in the 30–60 cm soil layer increased by 2.16–2.82% and 5.34–6.34% under the mild and moderate water deficits, respectively. However, there was little difference between the ratio of RWU of the 30–60 cm soil layer under the moderate and severe water deficits at Stage II and that under the mild water deficit. In addition, after transplanting at 60–70 d in 2020 and 70–80 d in 2021, the RWU rate in the 0–20 cm soil layer was almost zero due to the moderate water deficit at Stage I. This may be because this is a critical period for fruit expansion, and a moderate water deficit will lead to a decrease in SWC in the 0–20 cm soil layer. The RWU of the 20–35 cm soil layer was higher than that of the 0–20 cm soil layer.




3.4. Soil Water Balance in the Root Zone and Water Use Efficiency


Based on the simulation results, the RWU, soil evaporation (E) and soil water change (ΔW) were calculated during both seasons (Table 5). The results showed that the total RWU of the tomato decreased with the increase in the deficit degree, and the RWU of T1 was the highest, at 28.74% and 35.33% higher than the lowest value (T9) in 2020 and 2021, respectively. Soil evaporation accounted for 3.44–5.56% of the total evapotranspiration due to the seedling emergence holes and the breakage of the plastic film. Soil evaporation decreased with the increase in the water deficit degree. Compared with full irrigation, soil evaporation decreased by 1.58–23.47% and 31.41–44.05% under the mild and moderate water deficits at Stage I, respectively. The moderate and severe water deficits at Stage II reduced soil evaporation by 3.59–20.80% and 6.35–37.08% compared with the mild water deficit. The soil water variation at T9 in 2020 and T6 in 2021 was the largest, with decreases of 72.98 mm and 71.57 mm, respectively.



Combined with the calculation results in Figure 5 and Table 5, it can be seen that when the RWU at Stage I (2020, T1 and T7) and Stage II (2020, T1 and T2) decreased by around 33%, the tomato yield decreased by 30.0% and 1.3%, respectively, which indicates that Stage I is the key water demand period for the formation of the tomato yield. Under the mild water deficit at Stage II, the WUE of tomato first decreased and then increased with the increase in the water deficit degree at Stage I, and the maximum value of full irrigation was 9.35% and 12.41% higher than the minimum value under a mild water deficit in 2020 and 2021, respectively. When the water deficit was moderate and severe at Stage II, the WUE of tomato decreased with the increase in the water deficit at Stage I. With the exception of T8 and T9, the WUE of tomato showed an increasing trend with the increase in the water deficit degree at Stage II. The WUE of T3 reached the maximum value in the two years, at 24.07% (T9) and 20.47% (T8) higher than the lowest value in 2020 and 2021, respectively.





4. Discussion


4.1. Effects of Deficit Irrigation on Tomato Root Growth


The root is an important organ for crops to absorb water and nutrients. Existing studies have shown that with an increase in irrigation level, the whole root’s characteristic parameters, such as the root length, root surface area, root volume, root length density and root weight density of the tomato, also increase, but they have no significant effect on the average root diameter [17]. This study also concluded that deficit irrigation could reduce the total water-absorbed root length density of the tomato; the total water-absorbed root length density of T1 was the highest, at 48.69% and 47.14% higher than the lowest value (T9) in 2020 and 2021, respectively. The reason for this may be that an increased irrigation level would increase the space for the root system to absorb water and nutrients [44].



In this study, it was concluded that deficit irrigation would cause tomato roots to be deeply rooted and increase the water-absorbed root length density at 30–60 cm, which was consistent with the conclusions of the deficit irrigation experiments conducted by Flynn [45] and Sharma [46] on corn and melon, respectively. The reason for this may be that, compared with full irrigation, deficit irrigation will cause crop roots to distribute more photocontracted substances so that they can absorb water in deeper soil. In addition, the availability of deep soil water can maintain root turgor pressure and promote root growth [47]. In addition, it was found in this study that the depth of tomato roots decreased exponentially along the soil layer, which was different from the study result of Zhao et al. [48]. The reason for this may be that the irrigation method in their study was medium–deep irrigation, while this study used drip irrigation under plastic film.




4.2. Simulated Performance of Hydrus-1D


The Hydrus-1D model was used to simulate the soil water movement under drip irrigation under plastic film in this study. The simulated results were calibrated and verified using the observed SWC. The minimum R2 value was 0.7751, the maximum RMSE, MAE and RE values in terms of the predicted and observed values at different soil depths were 0.0227 cm3 cm−3, 0.0181 cm3 cm−3 and 4.06%, respectively, and the goodness of fit index was within the range of different research results [31,39,49,50], suggesting that the Hydrus-1D model can be used to simulate soil water movement under submembrane deficit drip irrigation. Ling et al. [51] used Hydrus-1D to simulate the soil moisture of rubber trees in Xishuangbanna and found that the simulation results for the lower layer (70–130 cm) were better than those for the upper layer (0–40 cm), which was similar to the simulation errors of the 0–10 cm layer being slightly larger than those of the 10–60 cm layer obtained in this study. The reasons are as follows: the plastic film formed a stable air layer with the soil surface, which could effectively inhibit water vapor exchange; at the same time, the air layer could suppress the nighttime long-wave radiation and weaken the sensible and latent heat exchange between the soil and atmosphere [52]. Therefore, the mulching film has a great influence on the water and heat fluctuation of the surface soil [53,54]. In addition, most roots are distributed in the surface of the soil, which has a significant impact on soil moisture. With the increase in soil depth, the density of the root length gradually decreases, and the variation range of soil moisture is small [55].



In order to simplify the model simulation process, the Hydrus-1D model was used to simulate soil water movement without considering root growth. The simulation result for the SWC of the greenhouse tomato, obtained using the Hydrus-1D model without considering root growth, is shown in Figure 6. Combined with Figure 4 and Figure 6, except for the RE of 0–10 cm, the RMSE, RE and MAE values for the predicted and observed SWC of each soil layer with root growth considered were all smaller than the simulation results without considering root growth, while R2 showed the opposite trend. The results showed that the simulation effect of the Hydrus-1D model could be further improved by considering tomato root growth under membrane deficit drip irrigation. The reason may be that the root growth depth of crops in different growth stages under deficit irrigation was different, which led to changes in the range of RWU and the distribution of soil water, and the simulation accuracy of the model was further affected [56].




4.3. Relationship between RWU, Root Distribution of Greenhouse Tomato and Soil Moisture


The root is an important organ for plants to obtain soil water. The distribution characteristics of roots mainly depend on the spatial distribution of soil water and the plasticity of the root system itself, which determine the source of the water uptake of plants to a certain extent [57,58], and the RWU further affects the soil moisture in the root zone. Wu et al. [24] showed that the atmospheric evaporation force and leaf area index had no significant influence on the dynamic change in the RWU rate, while the distribution shape of the roots had a significant influence on the RWU rate. In order to further quantify the relationship among the RWU rate, root growth and SWC, this study took the RWU rate of different soil layers at the end of the growth period of a greenhouse tomato (DAT = 121 d) as the dependent variable and the root distribution and SWC as the independent variables to conduct path analysis. The results showed that the correlation between them reached an extremely significant level (p < 0.01). The direct path coefficient of SWC on the RWU rate (0.697) was greater than that of root growth (0.269), the root growth indirectly affected the RWU rate by affecting the SWC, and the indirect path coefficient was 0.451.




4.4. Effects of Deficit Irrigation on the Proportion of Evapotranspiration in Drip Irrigation under Plastic Film


Under the conditions of farmland mulching, due to the existence of irrigation holes, seedling holes and field management, the mulching rate is unable to reach 100%, and the mulching opening rate directly affects the evaporation of soil water [59]. In this study, Hydrus-1D was used to simulate the soil water absorption and utilization of a greenhouse tomato. The results showed that soil evaporation under different drip irrigation treatments accounted for 3.44–5.56% of the total evapotranspiration. In addition, this study showed that soil evaporation in the tomato root zone could be reduced by a water deficit during Stage I and Stage II. However, Zhang et al. [60] estimated the evapotranspiration when processing tomatoes under film using the SIMDualKc model and concluded that the ratio of surface evaporation to total evapotranspiration under deficit irrigation was approximately 2% higher than that under full irrigation. The reason for this may be that its mulch coverage rate is only around 70%, while, in this study, we used a full film coverage, which can reduce the water exchange between the soil and atmosphere and enable more water to be absorbed and utilized by the roots [61].





5. Conclusions


The root growth and RWU were mainly distributed in the 0–30 cm soil layer, and the water-absorbed root length density in the 0–30 cm soil layer accounted for 67.11–94.91% of the total water-absorbed root length density. Deficit irrigation was beneficial to the deeper parts of tomato roots and their uniform distribution along the soil layer, and it increased the water-absorbed root length density in the underlying soil. Considering that tomato root growth can improve the simulation accuracy of soil water movement using Hydrus-1D under deficit irrigation, the effects of deficit irrigation on RWU and soil water balance in the root zone can be accurately studied. Compared with full irrigation at Stage I, the ratio of RWU in the 30–60 cm soil layer to the whole soil depth increased by 2.16–2.82% and 5.34–6.34% under mild and moderate water deficits, respectively. However, there was little difference between the ratio of RWU in the 30–60 cm soil layer under moderate and severe water deficits and a mild water deficit at Stage II. A water deficit at Stage I and Stage II can reduce ineffective water consumption in the tomato root zone soil. The irrigation levels of 70–90% θf at Stage I and 40–60% θf at Stage II (T3) reached the maximum water use efficiency in the two years; these values were higher than the lowest values of 24.07% (T9) and 20.47% (T8) in 2020 and 2021, respectively, and represent the best deficit irrigation scheme under the conditions of this experiment. The results of this study play an important role in exploring the RWU mechanism of deficit irrigation and improving the utilization efficiency of water resources. In the future, it will be valuable to combine the water stable isotope technology with the Hydrus model to analyze the effects of deficit irrigation on root water uptake.
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Figure 1. Cumulative irrigation volume, temperature and reference crop evapotranspiration (ET0). Where, (a,b) represent cumulative irrigation volume for each treatment in the 2020 and 2021 growing seasons, respectively. Meanwhile, (c,d) represent temperature and ET0 in the 2020 and 2021 growing seasons, respectively. 
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Figure 2. Distribution of the water-absorbed root length density of tomato in 2020 (a) and 2021 (b) under deficit irrigation. The graph in the figure is an enlargement of the water-absorbed root length density of the underlying soil. 
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Figure 3. Predicted and observed values of SWC and related model evaluation indexes by T4 in 2020. Where, (a–f) represent 0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm and 50–60 cm soil layers, respectively. 
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Figure 4. Predicted and observed values of SWC for validation at different soil depths and related model evaluation indexes. Where, (a–f) represent 0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm and 50–60 cm soil layers, respectively. 
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Figure 5. The dynamics of the RWU rate of tomato at different soil depths in 2020 (a) and 2021 (b). 
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Figure 6. The predicted and observed values of SWC without considering root growth and the related model evaluation indexes. Where, (a–f) represent 0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm and 50–60 cm soil layers, respectively. 
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Table 1. Basic properties of different soil layers.
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Soil Layer cm

	
Soil Particle Fraction (%)

	
Bulk Density

(g cm−3)

	
Field Capacity

(cm3 cm−3)

	
pH




	
Sand

	
Silt

	
Clay






	
0–20

	
22.39

	
52.67

	
24.94

	
1.19

	
0.40

	
8.34




	
20–40

	
20.73

	
51.80

	
27.47

	
1.59

	
0.38

	
8.28




	
40–60

	
15.73

	
57.00

	
27.27

	
1.58

	
0.37

	
8.51
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Table 2. Irrigation of lower and upper limits of tomato in the two consecutive years.
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	T1
	T2
	T3
	T4
	T5
	T6
	T7
	T8
	T9





	Stage Ⅰ
	70–90% θf
	70–90% θf
	70–90% θf
	60–80% θf
	60–80% θf
	60–80% θf
	50–70% θf
	50–70% θf
	50–70% θf



	Stage Ⅱ
	60–80% θf
	50–70% θf
	40–60% θf
	60–80% θf
	50–70% θf
	40–60% θf
	60–80% θf
	50–70% θf
	40–60% θf
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Table 3. Soil hydraulic parameters after calibration.
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	Soil Layer

cm
	θr

(cm3 cm−3)
	θs

(cm3 cm−3)
	α

(cm−1)
	n
	Ks

(cm d−1)





	0–40
	0.0790
	0.4789
	0.0064
	1.5764
	36.2855



	40–60
	0.0752
	0.3878
	0.0077
	1.4836
	4.3555
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Table 4. The standardized water-absorbed root length density distribution function fitting parameters.
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2020

	
2021




	

	
a

	
c

	
R2

	
a

	
c

	
R2






	
T1

	
0.086

	
0.085

	
0.962

	
0.077

	
0.076

	
0.932




	
T2

	
0.078

	
0.077

	
0.929

	
0.075

	
0.074

	
0.906




	
T3

	
0.073

	
0.072

	
0.932

	
0.073

	
0.072

	
0.925




	
T4

	
0.065

	
0.064

	
0.975

	
0.065

	
0.064

	
0.989




	
T5

	
0.063

	
0.061

	
0.977

	
0.062

	
0.060

	
0.969




	
T6

	
0.051

	
0.048

	
0.950

	
0.056

	
0.054

	
0.920




	
T7

	
0.054

	
0.051

	
0.946

	
0.042

	
0.038

	
0.775




	
T8

	
0.045

	
0.041

	
0.882

	
0.041

	
0.036

	
0.940




	
T9

	
0.042

	
0.038

	
0.960

	
0.038

	
0.033

	
0.982








Note: The value “a” is the maximum water-absorbed root length density of tomato, the value “c” is the decreasing rate of the water-absorbed root length density of greenhouse tomato with the soil depth, R2 represents the determination coefficient of fitting standardized water-absorbed root length density using exponential function.
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Table 5. Soil water balance in tomato root zone and water use efficiency under deficit irrigation.
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Season

	
Treatment

	
I

(mm)

	
RWU

(mm)

	
E

(mm)

	
ΔW

(mm)

	
Yield

(kg hm−2)

	
WUE

(kg m−3)






	
2020

	
T1

	
276.00

	
285.87

	
16.83

	
−26.70

	
83.30 ± 4.4

	
27.52




	
T2

	
248.40

	
259.69

	
13.33

	
−24.62

	
82.20 ± 3.9

	
30.11




	
T3

	
220.80

	
257.07

	
10.59

	
−46.86

	
81.70 ± 4.2

	
30.52




	
T4

	
248.40

	
265.31

	
12.88

	
−29.79

	
69.40 ± 2.4

	
24.95




	
T5

	
220.80

	
257.18

	
11.02

	
−47.40

	
68.90 ± 2.4

	
25.69




	
T6

	
193.20

	
218.82

	
9.74

	
−35.36

	
64.40 ± 2.9

	
28.18




	
T7

	
193.20

	
216.14

	
9.59

	
−32.53

	
58.30 ± 2.6

	
25.83




	
T8

	
165.60

	
213.26

	
7.68

	
−55.34

	
51.70 ± 2.6

	
23.40




	
T9

	
138.00

	
203.72

	
7.26

	
−72.98

	
48.90 ± 4.8

	
23.18




	
2021

	
T1

	
303.60

	
317.51

	
15.61

	
−29.52

	
93.50 ± 0.8

	
28.07




	
T2

	
276.00

	
289.49

	
15.05

	
−28.54

	
91.20 ± 0.4

	
29.95




	
T3

	
248.40

	
285.47

	
14.12

	
−51.19

	
90.30 ± 0.5

	
30.14




	
T4

	
248.40

	
277.62

	
14.84

	
−44.06

	
71.90 ± 0.9

	
24.58




	
T5

	
220.80

	
260.07

	
14.22

	
−53.49

	
69.90 ± 1.3

	
25.48




	
T6

	
193.20

	
250.87

	
13.90

	
−71.57

	
69.10 ± 0.6

	
26.10




	
T7

	
220.80

	
218.42

	
10.58

	
−8.20

	
57.00 ± 1.6

	
24.89




	
T8

	
193.20

	
222.75

	
8.79

	
−38.34

	
55.50 ± 1.7

	
23.97




	
T9

	
165.60

	
205.34

	
7.90

	
−47.64

	
56.00 ± 1.3

	
26.26








Note: The negative values of ΔW indicate reduced soil water storage. Values are given as the mean ± standard error of the mean.
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