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Abstract

:

Nitrogen (N) fertilization is critical for crop growth; however, its effect on crop growth and evapotranspiration (ETc) behaviors under different amounts of rainfall is not well understood. As such, there is a need for studying the impact of nitrogen application rates and rainfall amounts on crop growth and ETc components. Agricultural system models help to fill this knowledge gap, e.g., the Root Zone Water Quality Model (RZWQM2), which integrates crop growth-related processes. The objective of this study is to investigate the effect of the nitrogen application rate on crop growth, soil water dynamics, and ETc behavior under different rainfall amounts by using experimental data and the RZWQM2. A field study was conducted from 2016 to 2019 with three nitrogen application rates (0, 70, and 130 kg N ha−1) for unirrigated winter wheat (Triticum aestivum L.), and two nitrogen application rates (0 and 205 kg N ha−1) for unirrigated corn (Zea mays L.). For the period of 1986–2019, the amounts of actual rainfall during each crop growth period are categorized into four groups. Each rainfall group is used as a rainfall scenario in the RZWQM2 to explore the interactions between the rainfall amounts and N levels on the resulting crop growth and water status. The results show that the model satisfactorily captures the interaction effects of nitrogen application rates and rainfall amounts on the daily ETc and soil water dynamics. The nitrogen application rate showed a noticeable impact on the behavior of soil water dynamics and ETc components. The 75% rainfall scenario yielded the highest nitrogen uptake for both crops. This scenario revealed the highest water consumption for wheat, while corn showed the highest water uptake for the 100% rainfall scenario. The interaction between a high nitrogen level and 50% rainfall yielded the highest water use efficiency, while low nitrogen and 125% rainfall yielded the highest nitrogen use efficiency. A zero nitrogen rate yielded the highest ETc and lowest soil water content among all treatments. Moreover, the impacts of the nitrogen application rate on ETc behavior, crop growth, and soil water dynamics differed depending on the received rainfall amount.
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1. Introduction


The sustainable management of nitrogen is challenging [1,2] due to the complex transformation dynamics of nitrogen (N) in soil. N fertilization can affect the available water in soil through increased plant transpiration as a consequence of increased plant canopy development. When soil water is limited during the flowering stage, nitrogen use efficiency can be substantially decreased [3,4,5].



Crop yields and growth greatly depend on applied N and the availability of soil water [6]. In many studies, the effects of N fertilization on crop growth, yield formation, and nitrogen use efficiency have been reported [7,8]. In [9], the water–nitrogen interactions during a wheat growing season using three irrigation treatments (2, 3, and 4 irrigations per growing season) and several N levels were considered for evaluating the performance of the CERES-Wheat and CropSyst models. In [10], actual evapotranspiration during vegetative and reproductive maize growth periods was evaluated for different nitrogen treatments under full and limited irrigation. It was found that N fertilizer applied during the reproductive period increased the actual evapotranspiration (ETc). In [11], the impact of nitrogen–water interaction on maize growth for silage using several nitrogen and irrigation rates was studied. It was found that an onset of irrigation when the available soil water storage was depleted to 85% was the optimum irrigation timing for maize at the study site. Additionally, the effects of different N application rates on crop growth, water use efficiency, and ETc for irrigated and rainfed crops have been quantified in several other studies [6,12,13,14].



In previous studies, the amounts of applied water (irrigation/rainfall) have not been excessive. It is critical to understand the impacts of excessive irrigation/rainfall on crop growth, soil water dynamics, and evapotranspiration behaviors, as well as the interactions between the amount of applied N fertilizer and application timing. The interaction impacts of different nitrogen rates and excessive rainfall amounts on crop growth and water status are not sufficiently understood. In particular, crop ETc behavior over the entire growing season is not well understood. It is still challenging to quantify the interaction effects of soil water and nitrogen availability on the ETc behavior, particularly its components, i.e., crop transpiration and soil evaporation. Studying the impacts of excessive rainfall amount on the soil nitrogen status and the effect on crop ETc is indispensable for the development of sustainable crop field management.



Agricultural system models which integrate many related processes are good tools to quantify the impacts of N fertilization rates on soil water dynamics, ETc, and crop growth under different rainfall amounts over a growing season. The Root Zone Water Quality Model is one of the most widely used agricultural system models. The model can simulate the effects of management practices, weather, and soil properties on water dynamics and crop growth [15,16,17,18]. In [19], the RZWQM was evaluated under different nitrogen management strategies for applying mineral N and manure. Satisfactory model simulations for the corn yield, N loss, and soil N concentrations were obtained with R2 > 0.80 and RMSE < 20%. The work in [20] also simulated the crop evapotranspiration, soil water content, and leaf area index with RMSE values of 1.4 mm, 0.046 m3/m3, and 1.1, respectively, for winter wheat when using the RZWQM. The work in [21] used the RZWQM to evaluate and develop nitrogen and water management strategies for winter wheat under different N treatments. The RZWQM was useful for simulating the soil water content, crop growth, and plant N uptake. Additionally, RZWQM2 performed satisfactorily when simulating the effects of climate change and elevated atmospheric CO2 concentrations on water and nitrogen dynamics, in addition to crop growth after calibrating the measured soil hydraulic properties as input parameters [22]. The work in [23] also successfully simulated the effects of the climate, initial soil water levels at planting, frequencies, amounts of irrigation, and N rates in terms of water and nitrogen efficiency. The best management practice for obtaining an optimum corn grain yield was found with irrigation scheduled at every 3 to 7 days to cover 90% ET losses and an N fertilization rate of 200 kg ha−1; however, the interactions between N application rates and excessive rainfall amounts and the influences on soil water dynamics and ETc behaviors have not been studied. As such, the objective of this study is to explore the interactions between N application rates and rainfall amounts on ETc behaviors, water and nitrogen use efficiency, and crop growth during a growing season for wheat and corn through the use of RZWQM2.




2. Materials and Methods


2.1. ET Simulation in the RZWQM2


The RZWQM2 model has been described in detail in [6,15,24,25,26,27,28,29]. Consequently, this study is focused on the critical information related to the ETc simulations. The actual crop evapotranspiration simulated by RZWQM2 is a sum of actual soil evaporation and actual crop transpiration [15]. Actual soil evaporation is calculated using Richards’ soil water movement equation by assuming that the evaporative demand is equal to the potential evaporation rate at the soil surface [30]. Actual crop transpiration is computed by an empirical root water uptake equation [31] that is not allowed to exceed the potential plant transpiration. The potential soil evaporation/crop transpiration rates are obtained from the extended Shuttleworth–Wallace model [31] ET model [32]. For estimating ETc, the resistances in the soil and canopy residue system caused by crop residues are included by the extended Shuttleworth–Wallace model [32], which is a double layer version of the Penman–Monteith equation [33]:


   λ ET  = CC  (    PM  c   )  + CS  (    PM  s   )  + CR  (    PM  r   )   



(1)




where λET is the total flux of latent heat above the canopy and PMc, PMs, and PMr are the Penman–Monteith equations applied to the canopy, bare soil, and residues, respectively. CC, CS, and CR are coefficients based upon the fractions of the area covered by the canopy, bare soil, and residue, respectively.



Equation (1) covers three possible scenarios: First, if no surface residue is present, CR will be zero, and Equation (1) consequently reduces to the original Shuttleworth–Wallace model. The second scenario represents the absence of a crop, with the consequence that CC will be zero and Equation (1) will be a Penman–Monteith type soil evaporation model. In the third scenario, when the canopy is completely covering the field, CS and CR are zero, and Equation (1) becomes the original Penman–Monteith model. Details about the CC, CR, and CS terms can be found in [34].



In this model, there are several possible scenarios of resistance against evapotranspiration [35]: First, soil surface resistance (   r s s   ), which is the soil surface resistance to evaporate soil water and increases as the soil surface dries [36]. Second, canopy resistance is composed of the mean canopy boundary layer resistance,    r a c   , and bulk stomatal resistance,    r s c   , which is the canopy resistance in the Penman–Monteith equation. It is affected by the substomatal cavities and boundary layer around the leaves [37,38]. The mean canopy boundary layer resistance,    r a c   , is calculated in the Shuttleworth–Wallace model as follows:


       r   a c  =    r b     (  2 LAI  )     



(2)




where    r b   /2 is the mean leaf boundary layer resistance of amphistomatous leaves per unit surface area of vegetation and LAI is the leaf area index.



The bulk stomatal resistance is calculated as follows:


   r s c  =    r s     (  2 LAI  )    ,    for   LAI  ≤ 2    



(3)






   r s c  =    r s     (  LAI  )    ,    for   LAI  > 2  



(4)




where    r s   /2 is the mean stomatal resistance of amphistomatous leaves and    r s c    decreases with increasing the LAI without restrictions.



Most plant leaves contribute to the transpiration process at LAI values less than three [39]; however, the LAIeff decreases as the canopy develops and LAI becomes higher than 3 [33,40]. A LAI increase of three or larger becomes a non-limiting factor for evapotranspiration. In such cases, the transpiration rate becomes independent of LAI as long as the soil water is not limiting the transpiration rate [41]. The LAIeff for the entire range of LAI in the RZWQM2 model is estimated as follows:


    LAI   eff   =  LAI   for   LAI  ≤ 1  



(5)






    LAI   eff   = 0.5  LAI   for   LAI    ≥ 3  



(6)






    LAI   eff   = LAI  (  1.25 − 0.25 LAI  )     for    1 ≤ LAI ≤ 3    



(7)








2.2. Experimental Design and Measurements


The experiment detailed in this work was conducted at the University of Kentucky Spindletop Research Farm, Lexington, Kentucky. The experiment was performed in a humid subtropical (Köppen Cfb) climate with an average annual precipitation of 114 cm and a mean annual temperature of 13 °C. The soil was a Maury silt loam, classified as a mixed, semiactive, mesic Typic Paleudalf [42].



A soil profile was opened for collecting disturbed and undisturbed soil samples at five soil depths of 0–10, 20–30, 40–50, 60–70, and 80–90 cm. At each depth, three replicates of soil core cylinders and disturbed samples were collected for measuring the soil water retention curve, unsaturated hydraulic conductivity, soil texture, and bulk density. Saturated hydraulic conductivity (Ksat) was measured in the field with a borehole permeameter (Soil Measurement Systems) [43] at five depths (10, 30, 50, 70, and 90 cm) with two replicates per depth (Table 1). In addition, the soil organic matter (SOM), total nitrogen (N), soil organic carbon (SOC) contents, C/N ratio, pH, base saturation (B.S.), NO3, NH4-N concentration, and cation exchange capacity (CEC) were quantified at depths of 0–15, 15–30, 30–60, and 60–90 cm during crop development and maturity stages (Table 2).



Winter wheat (Triticum aestivum L.) was planted on 2 November 2016 and harvested on 27 June 2017. It was grown in plots of 35 m by 5 m in with corn residue and without tilling. The experiment consisted of three N fertilizer rates with four replications. The N fertilizer was applied as a liquid fertilizer with a farm sprayer. The N fertilizer rates were 0 (zero N), 70 (low N), and 130 (high N) kg N ha−1. The fertilizer was applied as urea ammonium nitrate, which has 32% N in equal fractions of urea, ammonium, and nitrate. The 70 and 130 kg N ha−1 rates were split across two applications. The first application occurred on March 13, 2017 and the second application occurred on 29 March 2017.



Corn (AgriGold A6499) was planted on 15 May 2019 with a row spacing of 76 cm and a population of 87,719 seeds per hectare. The corn was harvested on 18 September 2019. The corn was grown in plots of 35 m by 5 m with soybean residue and without tilling. The experiment consisted of two N fertilizer rates with three replications. The N fertilizer was applied as a liquid fertilizer with a farm sprayer. The N fertilizer rates were 0 (zero N) and 205 (high N) kg N ha−1. The fertilizer was applied as urea ammonium nitrate. The 205 kg N ha−1 rates were split across two applications. The first application occurred on 22 May 2019 (78 kg N ha−1) and the second application took place on 5 June 2019 (127 kg N ha−1).



The crop leaf area index (LAI) was measured about once a week with a LI-COR LAI-2000 Plant Canopy Analyzer during the development and maturity stages over the growing season (early March until harvesting). Six measurements were taken for each treatment at each LAI measurement time. Each measurement consisted of two readings above the canopy and four below the canopy and near the ground surface.



Soil water content was measured about once a week at 10 cm depth increments down to a 100 cm depth at the center of each plot using a capacitance probe (Diviner 2000, Sentek Pty Ltd., Stepney, South Australia). Soil water flux (SWF) across the 90 cm plane, i.e., the horizontal center of the 80–90 and 90–100 cm depth compartment, was quantified using Darcy’s law for the days of measured soil water content. The SWF is the amount of water that is either lost across the lower boundary out of the root zone profile as deep drainage or gained through upward capillary rise into the root zone.



The daily average actual crop evapotranspiration was measured over approximately 7-day periods using the soil water balance method (SWB). The SWB method is based on the conservation of water mass within the root zone and has been widely used to estimate the actual crop evapotranspiration due to its accuracy [44,45,46].



Daily solar radiation, air temperature, rainfall, wind speed, and relative humidity were recorded at the research field with an ET107 weather station (Campbell Scientific Inc., Logan, UT 84321, USA) Lexington KY, USA. Weather data were used as RZWQM2 inputs (Figure 1). The weather data have been measured at a high resolution of ten minutes and were entered into the RZWQM2 with a daily resolution.



In addition to the nitrogen application rates (0, 70, and 130 kg/ha for the wheat and 0 and 200 kg/ha for the corn), four scenarios of rainfall were created during the model simulation to study the impacts of the nitrogen rates on the simulated soil water dynamics and crop evapotranspiration under different amounts of rainfall. These scenarios were categorized based on the actual rainfall fluctuation in the study area during the period of 1986 to 2019 (Figure 2). The rainfall scenarios (125%, 100%, 75%, and 50%) were created in the RZWQM2 by multiplying the actual rainfall of each growing season (wheat and corn) by 1.25, 1.00, 0.75, and 0.50, respectively. For example, when the rainfall of the wheat growing season 2016–2017 (1369 mm) was multiplied by 50%, the result was (698 mm), which is very close to the rainfall of the 2001–2002 wheat growing season (Figure 2). This means each one of the rainfall scenarios could be an actual rainfall for several years of the period of 1986–2019. Figure 2 shows that the rainfall obviously increased during the last few years, which is probably due to climate change. These rainfall changes need special attention to achieve appropriate understanding and devise an adaptation strategy for further climate change.




2.3. RZWQM2 Calibration


The main points of the model calibration processes are briefly described here. The RZWQM2 model requires a huge base of input information. This input is divided into two parts, i.e., daily weather data and soil-crop information. The daily weather data (solar radiation, maximum and minimum temperature, wind speed, relative humidity, and rainfall) were used as input data for all model scenarios before operating the model. Likewise, the soil profile depths and horizons, drainage information, planting and harvesting dates and methods, planting density and depth, row spacing, and irrigation and fertilizer application method and rates were specified before using the model. Additional information such as the field area, elevation, latitude, slope, crop and surface albedos, residue mass, and age were also specified [47]. The soil profile was subdivided into ten layers. The depths of the model layers were 0–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–70, 70–80, 80–90, and 90–150 cm. Each simulation started three months ahead of planting to initialize the soil water based on the precipitation [30]. Soil mineral nitrogen was initialized using data from the first measurement campaign and is presented with other soil chemical characteristics in Table 2.



The model was calibrated for the wheat growing season using the experimental data from the N treatment of 130 kg N ha−1 under the measured rainfall scenario of 100% rainfall as the model has a better response to the high nitrogen application rate than to a low nitrogen application rate [25]. The calibration process started with the soil moisture dynamics, then the N component, and finally the plant development components using the iterative calibration approach to have a satisfactory match between field-measured and model-simulated values of soil water dynamics, crop growth, mineral N, and crop evapotranspiration [27,48].



Because the physical and hydraulic properties (soil texture, dry bulk density, soil hydraulic conductivity, and soil water retention curve) of soil are very important model inputs, these properties were measured at several depths. The measured hydraulic property inputs (bulk density, saturated hydraulic conductivity, and water content at 0.10, 0.33, and 15 bar) were manually and iteratively modified within one standard error of measured values to achieve satisfactory correspondence between the field measurements and model simulations for the water content (Table 1). Soil properties were calibrated layer-by-layer (starting from the surface layer) until the best simulated soil water content was obtained for each layer.



During the calibration of the soil nutrient module, data for the first chemical measurement were used for model initialization (Table 2). The initial values of the slow, medium, and fast soil humus pools, i.e., fast and slow soil residue pools, and the three microbial pools, i.e., aerobic heterotrophs, autotrophs, and anaerobic heterotrophs, were set up. Field-measured values of soil organic-matter content at each layer were used to estimate the initial microorganism pools based upon the partitioning factors [1,6,49,50]. The model developers recommended partitioning the soil organic carbon at each layer between the fast/intermediate soil humus pools and slow soil humus pool, with 5–40% for the fast pools and 60–95% for the stable pool [51]. In our particular case, after many trials and errors with different initial partitions of soil-organic-carbon among pools, the best correspondence between field measurements and model-simulations of soil and crop nitrogen and crop growth was achieved when the differences between all pools were minimized. To obtain a stabilized fraction of the organic-matter pools and microorganism pools, a ten-year simulation was performed.



For the generic crop growth module, the planted cultivar (990003 WINTER-US) was used and its specific development parameters were adjusted to ensure a proper wheat yield, leaf area index, and above ground biomass simulations (Table 3) [52]. This adjustment was performed through successive runs of the model for the high N treatment. As the calibration of crop growth and development parameters is critical for the water and nutrient balance [28], the crop parameters were iteratively calibrated to have a satisfactory match between field-measured and model-simulated values of crop growth, soil water dynamics, and crop evapotranspiration.



For the corn growing season, the model was calibrated using the data of the corn growing season from 2016, which were presented by [18]. The corn growing season of 2019 was simulated by using calibrated soil, crop, and nutrient parameters of the corn growing season in 2016.



After the separate calibration of each model component, the simulated results of all components were checked and, if necessary, calibration was repeated until accurate model simulations were obtained. The calibrated model was used for simulating the effects of different nitrogen rates on soil water dynamics, crop evapotranspiration, and wheat and corn growth under four rainfall scenarios with 100%, 125%, 75%, and 50% of the rainfall. These scenarios were created in the RZWQM2 by multiplying the actual rainfall of each growing season (wheat and corn) by 1.25, 1.00, 0.75, and 0.50, respectively.



Three statistical criteria were used for the comparison between the simulations and measurements: (i) the root mean squared error (RMSE); (ii) mean bias error (MBE); and (iii) normalized root mean square errors (NRMSE). Low values of the RMSE, NRMSE, and MBE were the criteria for accepting the model performance and simulation accuracy [23,53].


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



(8)






  M B E =  1 n    ∑      (  P i − O i  )   



(9)






  N R M S E =   R M S E    O  a v g            



(10)




where Oi is the measured value, Pi is the simulated value, Oavg is the mean of the measured values, and n is the number of data pairs. The RMSE reflects a magnitude of the mean difference between measured and simulated results. The MBE indicates a systematic positive or negative bias in the model simulations. The NRMSE indicates the suitability of the model. A perfect match between experimental and simulation results would yield an NRMSE = 0 [54].





3. Results and Discussions


RZWQM2 has been chosen to simulate the effect of applied N fertilizer on soil water dynamics and ETc under different rainfall conditions because it has been shown to accurately represent soil water dynamics and crop ETc with a high temporal resolution [19,24,25,29]. The RZWQM2 model reflected the impact of nitrogen application rates on the daily soil water dynamics, crop evapotranspiration, and crop growth under different N rates. When the first application (35 kg N ha−1) was added to the wheat plots of the high N and low N treatments on day 132 of the growing season, the model simulations were different from the simulations of the zero N treatment. Also, when the second application was added on day 148 of the growing season, the high N simulation results differed from the low N simulations as 95 kg N ha−1 was applied with the high N treatment, whereas only 35 kg N ha−1 was applied with the low N treatment.



The soil water contents at different soil profile depths were simulated under different N rates and rainfall scenarios. Under the 100% rainfall scenario and during both growing seasons, SWC was simulated with RMSE and MBE between 0.00 and 0.09 cm3/cm3 for all soil depths and N rates. The NRMSE was less than 0.2 for the same soil depths and N rates during the wheat growing season. While, during the corn growing season, SWC was simulated with higher values of NRMSE for all soil depths and N rates (Figure 3 and Figure 4). Generally, the RMSE, MBE, and NRMSE values were decreased with an increasing depth. These results are statistically comparable to those found in other studies with [23] different N treatments and [20] the use of two generic modules of the RZWQM.



In the 100% and 125% rainfall scenarios, the highest SWC was simulated under the high N rate scenario at all soil depths, while the zero N rate presented the lowest SWC which may be due to the effect of high soil evaporation under the zero N rate during both crop growing seasons (Figure 3, Figure 4 and Figure 5). The differences between simulated SWC under different N rates decreased with an increasing soil depth. On the other hand, under the 75% and 50% rainfall scenarios, no difference in the effect of N rates on the SWC at all soil depths was observed. This is probably due to the soil water availability and its movement, as well as the water stress (Figure 5). As seen in Figure 5, all N rates overlapped for the 50% and 75% rainfall scenarios.



The measured soil water flux for the days with measurements of SWC and simulated SWF across the 90 cm plane of the root zone for all N rates and under different rainfall scenarios are presented in Figure 6. Under the 100% rainfall scenario and during the wheat growing season, the model produced reasonable results of SWF through the bottom boundary with RMSE of 1.06, 0.96, and 1.08 mm/day for the high N, low N and zero N rates, respectively; however, the RMSE values were slightly higher during the corn growing season (Figure 6), which is within the range stated in [55]. Under the 100% and 125% rainfall scenarios, the high N rate yielded the highest SWF out of the root zone, while the lowest SWF out of the root zone occurred with the zero N rate during both growing seasons. This simulation result was probably observed due to the fact that the high N rate presented high crop cover, which reduced the soil evaporation and increased the soil water flux out of the root zone (Figure 6a,b); however, all the N rates presented similar SWF under the 75% and 50% rainfall scenarios for both growing seasons (Figure 6c,d). When the amount of rainfall was increased from 100% to 125%, the SWC was unchanged at all soil depths due to the limitation of the soil water holding capacity. The SWF out of the root zone was clearly increased with increasing the amount of rainfall; however, SWC and SWF were decreased with decreasing rainfall to 75% and 50%.



As the ETc is partitioned between crop transpiration and soil evaporation [56], the leaf area index is one of the most critical crop growth parameters. The simulated LAI directly impacts the simulated evapotranspiration and influences the soil water dynamics. Figure 7a shows the RMSE values under the 100% rainfall scenario which were 0.42, 0.32, and 0.53 for the high N, low N and zero N conditions, respectively, for the wheat growing season. LAI was simulated for the corn growing season with RMSE of 0.54 and 0.44 for the high N and zero N conditions, respectively, which is lower than RMSE values reported by [24].



During both growing seasons, the high N rate showed higher LAI values than the other N rates under the 100%, 125%, and 75% rainfall scenarios (Figure 7a–c); however, under the 50% rainfall scenario, there was a slight impact of the N rate on crop growth, and the LAI values were almost identical for all N rates when water stress appeared under the drought conditions (Figure 7d). The 75% rainfall scenario produced higher LAI values for all N rates than the 100% and 125% rainfall scenarios; however, the 50% rainfall scenario presented higher LAI values for the zero N rate than the other rainfall scenarios. The reason behind these results could be the influence of the SWF, which was higher under the 100% and 125% rainfall scenarios than the others. When the SWF out of the root zone increases, the lost mineral N out of the root zone increases as well, whereas the N uptake decreases, which affects the crop growth (Table 4).



Table 4 shows the total simulated N uptake for wheat and corn growing seasons. The amount of soil nitrogen in the soil profile is very affected by the received rainfall amount because it can be leached out of the soil profile under high rainfall amounts. For the high N treatment, no substantial differences in the N uptake were observed among all rainfall scenarios except the 50% scenario during both growing seasons; however, under the impact of the low N treatment, the 75% scenario presented higher N uptake than the 100% and 125% scenarios by 0.14 and higher than the 50% scenario by 0.25. The reason behind this is the received rainfall amount, where under the impact of the 100% and 125% scenarios, the soil nitrogen leached out of the soil profile due to the high rainfall amount, while, under the 75% scenario, the rainfall was not excessive and the nitrogen did not leach out of the soil profile (Figure 8). The N uptake of the 50% scenario was lower than under all other rainfall scenarios for the high N and low N treatments; however, the zero N treatment presented lower N uptake under the 100% and 125% scenarios due to the impact of excessive rainfall and the leaching process. As such, it is demonstrated that the N uptake is conversely affected by increasing the amount of excessive water.



Table 4 shows the water uptake under different levels of applied nitrogen and received rainfall. The high N treatment presented almost similar values of water uptake for all rainfall scenarios except the 50% scenario. Due to the water deficiency, that scenario showed a water uptake lower by about 0.3 and 0.15 for wheat and corn growing seasons, respectively, than the other scenarios; however, the 75% scenario gave higher water uptake than the other scenarios. Although there was abundant water under the 100% and 125% scenarios, they showed lower water uptake than the 75% scenario during the wheat growing season due to the impact of nitrogen leaching, which affects the plant growth and then the water uptake. Under the impact of the zero N treatment, the 75% scenario presented the highest water uptake for the wheat growing season; however, for the corn growing season, the 100% scenario yielded the highest water uptake. As such, the corn crop consumed more water if there was abundant water in the soil.



Water and nitrogen use efficiency were simulated for the interaction between the rainfall amount and nitrogen rate (Table 5). For the wheat crop, the 50% rainfall scenario yielded the highest WUE, while the WUE was decreased with increasing the rainfall amount. Also, the WUE decreased with a decreasing nitrogen application rate, and the reduction was between 0.02 to 0.4 kg/m3. For the corn crop, the rainfall scenario of 75% and 100% yielded higher WUE than the other scenarios. The WUE of the corn was also decreased for a lower nitrogen application rate. These results were in agreement with the findings of [57,58].



The simulation results of NUE are also presented in Table 5. The rainfall scenario of 125% produced the highest NUE than the other rainfall scenarios for both crops. The low N treatment yielded a better result of NUE than the high N treatment for all rainfall scenarios, which means that there probably was an excess of applied nitrogen in the high N treatment that may be leached out of the root zone. This finding was comparable with the results of [59].



The daily average actual crop evapotranspiration was calculated over roughly 7 day periods using the soil water balance method (SWB). During the wheat growing season, the model resulted in satisfactory values of RMSE, MBE, and NRMSE for all N rates under the 100% rainfall scenario (Figure 9). With RMSE values of 1.23, 1.43, and 1.60 mm/day, the ETc was simulated for high N, low N, and zero N conditions, respectively. Statistically, ET simulations for all N rates were comparable to the findings shown in [24,25]. A zero N rate produced the highest simulated ETc for the period of 156–215 days after sowing; however, it produced the lowest simulated ETc for the rest of the wheat growing season due to the influence of simulated LAI (Figure 9).



During the corn growing season, the model underestimated the ETc, especially during the development stage with a MBE of −0.74 and −0.60 mm/day for the high N and zero N conditions, respectively. The ETc was simulated for high N and zero N with RMSE values of 1.94 and 1.59 mm/day, respectively. Similarly, regarding the ETc of wheat, the zero N rate produced higher simulated ETc than the high N for the corn.



Figure 10a,b show a comparison of simulated cumulative actual crop transpiration, actual soil evaporation, and actual crop evapotranspiration among all N rates for wheat under 100% and 125% rainfall scenarios. As expected, the highest cumulative simulated crop transpiration was presented under high N rates, while a zero N rate presented lower simulated crop transpiration than the other N rates because the simulated LAI of the zero N rates did not reach values of 3. Simulated soil evaporation under a zero N rate was higher than for the other N rates, particularly under the 125% rainfall scenario due to the soil’s ability to evaporate all the abundant soil water. This might explain why the cumulative ETc was higher for zero N than the other rates.



Figure 10c shows simulated crop transpiration, soil evaporation, and evapotranspiration under 75% rainfall for the wheat crop. Under the 75% rainfall scenario, the high N and low N rates showed similar values of crop transpiration, as well as similar values of soil evaporation; however, the crop transpiration and soil evaporation values of the zero N rates were differentiated from the other N rates. The ETc values were similar for all N rates. From the results of the 100%, 125%, and 75% scenarios, we conclude that under high rainfall amounts, the soil evaporated higher amounts of water, which made the ETc of the low crop cover higher than ETc of the high crop cover. In other words, the increase in simulated soil evaporation was higher than the increase of the simulated crop transpiration which yielded a higher simulated ETc for the zero N rate than for the other N rates.



Figure 10d shows crop transpiration, soil evaporation, and evapotranspiration under the 50% rainfall scenario. In this scenario, all N rates produced similar values for crop transpiration, soil evaporation, and evapotranspiration due to drought conditions, which limited the LAI to less than three for all N rates.



Regarding the corn crop, simulated cumulative actual crop transpiration, actual soil evaporation, and actual crop evapotranspiration under different N rates presented similar trends to the wheat crop; however, the corn growing season presented smaller differences than the wheat growing season among N rates as the simulated corn LAI exceeded three for both N rates at the beginning of the growing season. When the simulated LAI became three or more, the model behaved similarly for all N rates with regards to simulating ETc and its components. As mentioned by [33,39,40], most crop leaves contribute to crop transpiration when the LAI is less than three; however, the transpiration does not reach the maximum amount until the LAI becomes three or more. This confirms the above description that the leaf area index becomes a non-limiting factor for evapotranspiration when it has a value of three or larger, and crops with a LAI of three or larger will have the same evapotranspiration rate if soil water is not a limiting factor [41,60,61].




4. Conclusions


The RZWQM2 model was used in this work to quantify the effects of various N application rates on the soil water dynamics and ETc behaviors of rainfed wheat and corn under different rainfall scenarios. The results indicate that the model performed satisfactorily in simulating the impacts of the N rate and rainfall on the soil and crop water dynamics. The N application rate showed a noticeable influence on the simulated soil-crop water dynamics. Furthermore, this influence was differentiated based on the received rainfall amounts. Simulated crop transpiration increased with an increasing N rate, whereas soil evaporation increased with a decreasing N rate. Nitrogen application rates appreciably manipulated the crop evapotranspiration and soil water dynamics under high rainfall amounts; however, under low rainfall amount, soil water dynamics and crop evapotranspiration were not affected by N application rates. N uptake was conversely affected by excessive rainfall amounts.



The results of this study not only provide indications for using the RZWQM2 as an agricultural management tool but also show the applicability of the RZWQM2 for improving the scientific understanding of the interaction between N application rates and water dynamics in the field. Similar testing across diverse crop, soil, and rainfall conditions could be a critical need in the future to build a better understanding of the climatic impact on WUE and NUE. Also, the use of weighing lysimeters under similar test conditions could be a good method to improve the understanding of the interaction between N application rate and ETc behavior as, by using the lysimeters, the applied and evaporated water can be accurately measured over an entire crop growth season.
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Figure 1. Daily precipitation and mean air temperature during the wheat growing season in 2016–2017 and corn growing season in 2019. 
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Figure 2. For the wheat growing season, 100% is the 2016–2017 season (red color category). For the corn growing season, 100% is the 2019 season (red color category). When multiplying the wheat/corn growing seasons by 50%, the results are shown by the green color category. For example, the growing seasons of 2001 and 1988 for wheat and corn, respectively. When multiplying the wheat/corn growing seasons by 75%, the results are denoted by the black color category. For example, the growing seasons of 1990 and 2000 for wheat and corn, respectively. When multiplying the wheat/corn growing seasons by 125%, the results are denoted by the purple color category. For example, the growing seasons of 2018 and 2013 for wheat and corn, respectively. 
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Figure 3. Model-simulated vs. field-measured soil water contents with time in different soil layers for the high N, low N, and zero N rates during the wheat growing season under 100% rainfall. 
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Figure 4. Model-simulated vs. field-measured soil water content with time in different soil layers for the high N and zero N rates during the corn growing season under 100% rainfall. 
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Figure 5. Model-simulated soil water content with time for a 0–100 cm soil depth, during the wheat and corn growing seasons under the (a) 125%, (b) 75%, and (c) 50% rainfall scenarios. 
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Figure 6. Soil water flux across the 90 cm plane of the root zone for the wheat and corn growing seasons when under the (a) 100%, (b) 125%, (c) 75%, and (d) 50% rainfall scenarios. 
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Figure 7. Leaf area index for the wheat and corn growing seasons under the: (a) 100%, (b) 125%, (c) 75% and (d) 50% rainfall scenarios. 
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Figure 8. Simulated NO3 flux into groundwater for the wheat and corn growing seasons under the: (a) 100%, (b) 125%, (c) 75%, and (d) 50% rainfall scenarios. 
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Figure 9. Simulated vs. field-measured actual crop evapotranspiration for the wheat and corn growing seasons under the 100% rainfall scenario. 
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Figure 10. Cumulative actual transpiration, evaporation, and evapotranspiration (mm) for the wheat and corn growing seasons under the: (a) 100%, (b) 125%, (c) 75% and (d) 50% rainfall scenarios. 
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Table 1. Field measurements and model inputs of soil physical and hydraulic properties.
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Field Measurements






	
Soil horizon

	
Particle fraction (%)

	
Bulk density

	
Ksat

	
Ө at 0.10 bar

	
Ө at 0.33 bar

	
Ө at 15 bar




	
(cm)

	
Sand

	
Silt

	
Clay

	
(g/cm3)

	
(cm/h)

	
(cm3/cm3)

	
(cm3/cm3)

	
(cm3/cm3)




	
0–10

	
0.07

	
0.70

	
0.23

	
1.46

	
0.44

	
0.37

	
0.33

	
0.19




	
20–30

	
0.06

	
0.64

	
0.30

	
1.39

	
0.95

	
0.35

	
0.33

	
0.23




	
40–50

	
0.06

	
0.55

	
0.39

	
1.48

	
0.13

	
0.39

	
0.37

	
0.27




	
60–70

	
0.08

	
0.43

	
0.49

	
1.40

	
0.30

	
0.42

	
0.39

	
0.30




	
80–90

	
0.09

	
0.35

	
0.56

	
1.37

	
1.20

	
0.43

	
0.40

	
0.33




	
After calibration




	
Soil horizon

	
Particle fraction (%)

	
Bulk density

	
Ksat *

	
Ө at 0.10 bar

	
Ө at 0.33 bar

	
Ө * at 15 bar




	
(cm)

	
Sand

	
Silt

	
Clay

	
(g/cm3)

	
(cm/h)

	
(cm3/cm3)

	
(cm3/cm3)

	
(cm3/cm3)




	
0–10

	
0.07

	
0.70

	
0.23

	
1.45

	
0.50

	
0.35

	
0.28

	
0.14




	
10–20

	
0.08

	
0.70

	
0.22

	
1.45

	
0.65

	
0.37

	
0.30

	
0.15




	
20–30

	
0.06

	
0.64

	
0.30

	
1.40

	
0.60

	
0.41

	
0.34

	
0.19




	
30–40

	
0.06

	
0.61

	
0.33

	
1.43

	
0.50

	
0.39

	
0.34

	
0.23




	
40–50

	
0.06

	
0.55

	
0.39

	
1.45

	
0.40

	
0.39

	
0.35

	
0.24




	
50–60

	
0.07

	
0.49

	
0.44

	
1.43

	
0.40

	
0.40

	
0.36

	
0.26




	
60–70

	
0.08

	
0.43

	
0.49

	
1.40

	
0.45

	
0.42

	
0.38

	
0.27




	
70–80

	
0.09

	
0.38

	
0.53

	
1.37

	
0.50

	
0.41

	
0.38

	
0.29




	
80–90

	
0.09

	
0.35

	
0.56

	
1.37

	
0.80

	
0.42

	
0.39

	
0.30




	
90–150

	
0.09

	
0.30

	
0.61

	
1.36

	
0.70

	
0.42

	
0.39

	
0.30








* Black values are fixed while green values are calibrated. Ksat is the saturated hydraulic conductivity. Ө is the volumetric water content.
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Table 2. Selected measured chemical properties of the soil profile before applying the N rates.
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	Soil Horizon (cm)
	%SOM
	% N
	%SOC
	pH
	%B.S.
	CEC (meq/100 g)
	NO3 (kg/ha)
	NH4 (kg/ha)





	0–15
	2.6
	0.2
	1.5
	4.7
	65.4
	16
	1.5
	2.2



	15–30
	1.9
	0.1
	1.1
	5
	72.3
	15.8
	0.8
	1.5



	30–60
	0.8
	0.1
	0.5
	4.8
	70.9
	18.3
	1
	0.7



	60–90
	0.6
	0.1
	0.4
	4.7
	67.2
	21.7
	3
	0.4
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Table 3. Calibrated crop parameters for wheat and corn crop.
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	Wheat cultivar

Crop parameters of chosen wheat cultivar (990003 WINTER-US)
	Calibrated



	P1V: Days at an optimum vernalizing temperature required to complete vernalization
	38



	P1D: Percentage reduction in development when the photoperiod is 10 h less than

the threshold (P1DT = 20 h) relative to that threshold
	98



	P5: Grain filling (excluding lag) phase duration (days)
	500



	G1: Kernel number per unit canopy weight at anthesis (#/g)
	26



	G2: Standard kernel size under optimum conditions (mg)
	27



	G3: Standard, non-stressed dry weight (total, including grain) of a single tiller at maturity (g)
	1.5



	PHINT: Interval between successive leaf tip appearances (days)
	100



	Corn cultivar

Crop parameters of chosen corn cultivar (PC0004 2700-2750 GDD)
	Calibrated



	P1: Thermal time from seeding emergence to the end of the juvenile phase (days above 8 °C

base temperature)
	240



	P2: Delay in development (days/h) for each hour that daylength is above 12.5 h (0–1)
	0.75



	P5: Thermal time from silking to physiological maturity (days above 8 °C base temperature)
	850



	G2: Maximum possible number of kernels per plant
	800



	G3: Kernel filling rate during the linear grain filling stage and under optimum conditions (mg/day)
	8.5



	PHINT: Phyllochron interval, i.e., the interval in thermal time (days) between successive leaf tip appearances
	49



	Maximum plant height at maturity (cm)
	250



	Plant biomass at half of maximum height (g)
	200
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Table 4. Simulated total water uptake (mm) and N uptake (kg/ha) from the soil profiles for wheat and corn over the growing seasons.






Table 4. Simulated total water uptake (mm) and N uptake (kg/ha) from the soil profiles for wheat and corn over the growing seasons.





	
Water Uptake (mm)




	

	

	
50%

	
75%

	
100%

	
125%






	

	
High N

	
186

	
266

	
267

	
267




	
Wheat

	
Low N

	
186

	
265

	
261

	
254




	

	
Zero N

	
184

	
246

	
238

	
210




	
Corn

	
High N

	
274

	
322

	
324

	
323




	

	
Zero N

	
268

	
314

	
324

	
315




	
Nitrogen Uptake (kg/ha)




	

	

	
50%

	
75%

	
100%

	
125%




	

	
High N

	
164

	
232

	
231

	
231




	
Wheat

	
Low N

	
164

	
218

	
188

	
188




	

	
Zero N

	
160

	
158

	
122

	
122




	
Corn

	
High N

	
291

	
316

	
315

	
313




	

	
Zero N

	
266

	
296

	
283

	
269
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Table 5. Simulated water use efficiency (kg/m3) and nitrogen use efficiency for wheat and corn crop.






Table 5. Simulated water use efficiency (kg/m3) and nitrogen use efficiency for wheat and corn crop.





	
Water Use Efficiency




	

	

	
50%

	
75%

	
100%

	
125%






	

	
High N

	
2.1

	
1.4

	
1.3

	
1.2




	
Wheat

	
Low N

	
1.8

	
1.1

	
1.0

	
0.9




	

	
Zero N

	
1.3

	
0.7

	
0.6

	
0.5




	
Corn

	
High N

	
2.1

	
2.4

	
2.4

	
2.3




	

	
Zero N

	
1.9

	
2.2

	
2.1

	
2.0




	
Nitrogen Use Efficiency




	

	

	
50%

	
75%

	
100%

	
125%




	
Wheat

	
High N

	
22.3

	
26.3

	
28.4

	
28.7




	

	
Low N

	
25.6

	
29.8

	
32.0

	
32.2




	
Corn

	
High N

	
5.6

	
6.7

	
7.3

	
7.4
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