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Abstract

:

The large amount of nitrogen application on the North China Plain has caused a serious negative impact on the sustainable development of regional agriculture and ecological environmental protection. Our aim was to explore the effects of nitrogen fertilization rate and groundwater depth on growth attributes, soil-water and soil-fertilizer contents, and the winter wheat yield. Experiments were carried out in micro-lysimeters at groundwater depths of 60, 90, 120, and 150 cm on the basis of 0, 150, 240, and 300 kg/ha nitrogen fertilization rates in the growth season for winter wheat. Results showed that plant height, leaf area index, soil plant analysis development, and yield without nitrogen application increased significantly with increases in groundwater depth. The optimal groundwater depths for growth attributes and yield were 60–120 cm and tended to be shallower with added nitrogen application. Soil moisture was lowered significantly with groundwater depth, adding a nitrogen application reduced soil moisture, and excessive nitrogen input intensified soil drought. Nitrate-N accumulation at the 120–150 cm depths was significantly higher than that at the 60–90 cm depths, and a 300 kg/ha (traditional nitrogen application rate) treatment was 6.7 times greater than that of 150 kg/ha treatment and increased by 74% more than that of the 240 kg/ha treatment at 60–150 cm depth. Compared with the yield of the 300 kg/ha rate, the yield of the 240 kg/ha rate had no significant difference, but the yield increased by 3.90% and 11.09% at the 120 cm and 150 cm depths. The growth attributes and yield of winter wheat were better, and the soil nitrate-N content was lower, when the nitrogen application rate was 240 kg/ha. Therefore, it can be concluded that nitrogen application can be reduced by 20% on the North China Plain.
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1. Introduction


Wheat is the main food crop and plays an important role in feeding the world [1]. In China, wheat production accounts for about 20% of the total grain output, of which more than 60% of the national wheat crop was produced on the North China Plain (NCP) [2]. The application of nitrogen (N) fertilizer has substantially increased wheat yield in China [3,4]. However, excessive input of N fertilizer reduces nitrogen-use efficiency [5], causes a large nitrogen surplus in farmland, and a series of environmental problems, such as intensive greenhouse-gas emission, soil acidification, and groundwater-nitrogen pollution [6,7,8]. In addition, water is another important factor limiting crop growth and yield. Particularly, shallow groundwater significantly affects crop growth, morphological and physiological properties, and yield [9]. Therefore, appropriate N application rate and groundwater depth play vital roles in crop growth and environmental protection.



Moderate N application is helpful for coordinating the Carbon/Nitrogen (C/N) ratio in soil: improving soil organic carbon and nitrogen composition and other physicochemical properties; facilitating the growth of microorganisms which could secrete more soil enzymes for ameliorating the soil fertility; and boosting crop yields [10,11,12]. But superfluous N application would be adverse to coordinating the composition and quantity of soil organic C/N [13,14], causing soil hardening, acidification, and lower soil permeability [15], reducing the soil microbial population, community structure, and enzyme activity [13,16], and thus reducing the growth and reproduction of microorganisms [17], and ultimately limiting crop growth and yield [18]. Many researchers have made in-depth investigations into nitrogen reduction and control for sustainable agriculture. Li et al. [19] found non-significant differences in the yields of maize under certain water stresses between traditional and reduced N applications. It might be because excess conventional N application cannot necessarily fortify the grain-filling parameters. In the field experiment, Zhou et al. [20] reported that the wheat dry biomass and yield with 240 kg/ha N fertilizer were higher than that with 300 kg/ha traditional N fertilizer under border irrigation; similarly, under drip irrigation, Si et al. [21] indicated that more than 240 kg/ha N application was harmful to winter wheat growth or crop water utilization; Ji et al. [22] reported that the high-efficiency management mode of water and fertilizer with 210~270 kg/ha N fertilizer application and 140~215 mm irrigation amount could significantly boost the yield compared with others. From previous findings, it has become clear that the combination of water and nitrogen would be a practical fertilization mode for cultivating a high yield. Additionally, N fertilizer application can be reduced under the suitable planting density because nitrogen and dense plant interaction could improve the canopy structure of wheat and remarkably affect the photosynthetic characteristics of the canopy [23]. Although these research studies have been carried out on N reduction application, there are few studies on how to control and decrease the N fertilizer application in conditions of shallow groundwater depth. In particular, the NCP is an important grain production base, and its sustainable and efficient agricultural production and environmental protection are of great significance. Therefore, in order to achieve sustainable agricultural development and resource-utilization on the NCP, more research is needed to explore yield formation, crop growth, and soil-water and soil-nitrogen content under shallow groundwater conditions with N fertilization.



Groundwater replenishes soil moisture in the form of subsurface evaporation and constitutes an integrated soil—water continuous system with soil, plant, and atmospheric water in the field. As reported in previous studies, shallower (0.5–2.5 m) groundwater depth was beneficial in shortening the maize growth process and boosting the leaf area index (LAI) [24,25], improving above-ground crop biomass in the growth stages [26], increasing the amount of groundwater consumption and crop evapotranspiration (ET), and reducing amounts of surface irrigation [27]. However, if groundwater depth was too deep (>3.5 m), the groundwater could not rise through the soil capillary gap and the roots’ effects to supply crops, which was not beneficial to the normal growth of crops and would increase irrigation amounts to maintain yields [28,29]. Groundwater that was too shallow or too deep affected crop plant height, leaf area, dry matter, water-use efficiency, and yield [30]. Furthermore, N fertilizer application and the groundwater table affect the distribution and translocation of water and nitrogen in the soil [31,32]. After N application, the upper soil layer has a large water potential gradient and high nitrogen concentration due to the effects of crop growth, irrigation, and soil water transport. The infiltration of nitrogen and water leads to nitrogen leaching and the decrease of the absorption and utilization of water and nitrogen by crops [33,34]. Groundwater replenishes to the water through capillarity, which reduces soil aeration and influences soil enzyme activity [35]. Compared with the upper soil, the water potential gradient at the critical point of the groundwater table is smaller. Nitrogen in groundwater and subsoil is transported upward with water by the root system and transpiration of crops [32,36,37], which would increase the nitrogen flux of the soil root layer and decrease crop production.



Many studies focus on the soil’s water and nitrogen distribution through N fertilizer or groundwater as a single variable. However, few researches combine these two factors on the effect of groundwater and N application, and the relevant mechanism is still unclear. Particularly in regions with shallower groundwater, it is not clear if different N application rates affect soil N accumulation, crop growth attributes, and yield. Therefore, the objectives of this study were: (1) to explore the effects of groundwater depth with N application on winter wheat plant height, leaf area, ear length, grain number per ear, number of spikes per spike, number of infertile spikes per spike, stem diameter, 1000-grain weight, spikes per area and yield; (2) to analyze the change of soil water and nitrate-N accumulation under different groundwater depths with N application; (3) to obtain the optimal N fertilization and groundwater depth and reveal the feasibility of N fertilizer reduction on the NCP.




2. Materials and Methods


2.1. Experimental Site


The experimental site is located at the Agricultural Water and Soil Environment Field Scientific Observation and Experiment Station (latitude 35°27′ N, longitude 113°53′ E, elevation 73.2 m above sea level) of the Chinese Academy of Agricultural Sciences in Xinxiang, Henan Province. The local climate is continental and monsoonal, with an average rainfall of 588.8 mm (with about 72% occurring from June to September). The mean annual temperature and evaporation were reported as 14.1 °C and 2000 mm, respectively. Meteorological data was obtained from a standard automatic weather station located in the experimental station. Weather data during the experimental season is presented in Figure 1.




2.2. Experimental Design


2.2.1. Testing Apparatus


The experiment adopted a lysimeter device for planting winter wheat, which was composed of three parts: the lysimeter, a groundwater-level control system and a soil-solution extraction system (Figure 2). The lysimeters were cylindrical with an outer diameter 40 cm and a wall thickness of 0.5 cm and made of PVC (polyvinyl chloride). The heights of the lysimeters were determined according to the actual depth of the groundwater control (a total of 48 lysimeters of 100, 130, 160, and 190 cm in height, with 12 lysimeters for each height.). The sidewall of the lysimeter was 5–10 cm higher than the soil surface. A Mariotte bottle was used in the groundwater supply system to provide a water source and maintain a constant water level, and the bottom of each lysimeter was equipped with a back seepage filter layer to prevent blockage. A TDR (Time Domain Reflectometry) probe (Shandong Renke Measurement and Control Technology Co., LTD., RS-WS-I20-TR, Jinan, China) and soil-solution extractor were buried in the interior of the lysimeter at every 20 cm layer; the first was 10 cm away from the soil surface, and the last was close to the water table. The TDR probe (probe length 70 mm, width 45 mm, thickness 14 mm) automatically collected and stored data once per hour. The soil-solution extraction system was mainly composed of soil-solution extractors, a vacuum pump, and a series of connected gracile tubes. The soil-solution extraction equipment was made of ceramic, sampling head (2.8 cm long, outer diameter 7.5 mm), gracile extension tube (40 cm), and vacuum pump (Hangzhou Pengbo Bearing Co., LTD, FY-1C-N, Hangzhou, China) which provided negative pressure to extract soil solutions. The soil-solution extractor and TDR probe were placed in the same soil layer in the shape of “Y” so as to not affect each other. The extension cord of the TDR probe and the extension tube of the soil solution-extractor were connected with the 2# rubber plug from the side hole of the lysimeter with a diameter of 1.0 cm, and then the plug was tightened to prevent leakage. Several holes (diameter of 2.0 cm) were left on the sidewall of the lysimeter from the soil surface to the bottom every 20 cm; the first was 15 cm away from the soil surface. Two holes were reserved in the same horizontal plane. The connection between the center of two holes on both sides and the horizontal center of the lysimeter was a 90° angle. During the test, these side holes were strictly sealed with a 3# rubber plug and opened only when soil or water was sampled. Before using, soil-solution extractors were soaked in water for two hours to discharge the air in the gap of the clay head. The air outlet direction of the clay head was inclined upward or horizontal when placing it. This step can ensure that the clay pipe head and the gas in the pipe are discharged smoothly during the sampling. After the soil solution extractor and TDR probe were assembled, each connection was firmly connected and sealed with waterproof glue to avoid air and water leakage. At the bottom of the lysimeter, a drainage pipe was set to remove excess water from the lysimeter, and an inlet pipe was connected to a Mariotte bottle to supply water to the lysimeter. The Mariotte bottle (height 60 cm, outside diameter 11cm) was made of transparent plexiglass, and a scale bar (length 60 cm and 1.0 mm precision) was pasted vertically to record groundwater consumption (Figure 2).




2.2.2. Pre-Treatment of Experimental Soil


The experimental soil was taken from local farmland, and the soil depth was divided into four depths: 0–20 cm, 20–40 cm, 40–60 cm, and below 60 cm. The soil at the same depth was mixed and spread evenly on a plastic sheet to be air-dried, then crushed, and screened (5 mm). After the filter material filled the bottom of the lysimeter, the air-dried soil was backfilled into the lysimeter in four parts according to the original soil layer (below 60 cm, 40–60 cm, 20–40 cm, and 0–20 cm). The TDR probe and soil-solution extractors were buried in the backfilling process. The soil was silty-sandy loam (Table 1), its backfilling bulk density was 1.40 g/cm3 and was compacted and filled in layers every 2 cm. Interlayer coarsening made the upper and lower soil close contact and avoided obvious stratification. When the height of the soil reached the requirements, water would be filled from the top to form a complete soil structure. Sowing and fertilizing was started on 25 October 2020 when the soil moisture was suitable.




2.2.3. Description of Experiment


Groundwater depth and nitrogen fertilization application were two factors in the experiment, the thickness of the vadose zone referred to the actual local groundwater level and simulated the surface, subsurface, and deeper subsurface soils [38]. The depth of the shallow groundwater table depth (WTD) was set at four levels: 60 cm (G1), 90 cm (G2), 120 cm (G3), and 150 cm (G4). Based on the conventional N application rate of 300 kg/ha (3.77 g/lysimeter) (convert into purification) [8,21,39] on the North China Plain as a reference, the N fertilization application (NF) was set as 0 kg/ha (0 g/lysimeter) (NF 0), 150 kg/ha (1.88 g/lysimeter) (NF150), 240 kg/ha (3.01 g/lysimeter) (NF240), 300 kg/ha (3.77 g/lysimeter) (NF300). The experiment adopted a completely random block design with 16 treatments, and each treatment included 3 replications and 48 lysimeters in total.



Winter wheat (Triticum aestivum L.) was seeded on 25 October 2020, with the cultivar “Bainong-4199”, and the seeding amount was in reference to the local planting habit of 225 kg/ha (60 seeds/plot). Three listed and designated plants were randomly selected from each lysimeter and labeled after the emergence of the seedlings and harvested on 22 May 2021, with a total growth period of 209 days. In the experiment, common urea (available nitrogen content 46%), calcium magnesium phosphate (P2O5 content 12%), and potassium sulfate (K2O content 50%) were used as N, P, K fertilizer, and 150 kg/ha (1.88 g/lysimeter) P fertilizer (convert into purification) and 120 kg/ha (1.51 g/lysimeter) K fertilizer (convert into purification) were respectively applied according to the actual application amount in a local field. A topdressing of N fertilizer was applied at the jointing stage of the winter wheat in accordance with local fertilization habits; the fertilizer was evenly spread on the soil surface, followed by irrigating. During the whole experiment, a rain shelter was used to avoid precipitation interference. Irrigation was carried out according to 0–40 cm water content. The date and irrigation amounts are shown in Table 2.




2.2.4. Monitoring Items and Analytical Methods


Plant Height and Green Leaf Area


Three representative winter wheat plants were randomly selected in each lysimeter to measure plant height and leaf area (n = 3).



	(1)

	
Plant height: Before the booting stage, a ruler was used to measure the distance between the base of the wheat and the highest point of leaf growth as the plant height, and the distance between the base of winter wheat and the top of the spike (excluding awn length) was used as plant height in the booting stage and later. The measured growth stages were the re-greening, jointing, booting, anthesis, filling, mid-filling, and maturity stages.




	(2)

	
The leaf area index: The maximum leaf-length and maximum leaf-width of the winter wheat were measured with a ruler. The leaf area index (LAI) was calculated by using the ruler method and the length-width coefficient method, and the conversion coefficient was 0.8. The measured growth stages were the jointing, anthesis, filling, and middle of filling stages.








Soil Plant Analysis Development (SPAD)


Three representative plants were randomly selected from each lysimeter (n = 3) before (four days prior to the date of topdressing) and after (eight days after the date of topdressing) topdressing; SPAD measurements were taken at the midpoint of the uppermost fully developed leaf by chlorophyll meter (Zhejiang Top Cloud-agri Technology Co., LTD, TYS-B, Zhejiang, China) and the veins of the leaves were avoided during measurement.




Yield and Its Components


At the maturity stage, marginal effect plants were excluded from being chosen, and 10 single stems (n = 10) with consistent growth were randomly selected to record ear length, grain number per ear, number of spikes per spike, number of infertile spikes per spike, stem diameter, and spikes per area of the winter wheat. The rest of the winter wheat in each lysimeter was weighed after threshing to calculate the yield, and we recorded the 1000-grain weight (n = 5). Vernier calipers measured stem diameter at the middle of the penultimate stem node. The following formula was adopted for the rate of growth of yield under the same groundwater depth:


Rate of growth (%) = (yield of N application–yield without N application)/(yield without N application) × 100%



(1)








Soil Moisture of 0–60 cm Soil Layer


Soil moisture was obtained from two sources: (1) The soil moisture of different soil layers in the lysimeter was derived from Shandong Renke Environmental monitoring platform V3.5.0 (Shandong Renke Measurement and Control Technology Co., LTD. Shandong, China); (2) The soil was collected at the maturity stage of the winter wheat and placed in an oven at 105 °C to be dried until the constant weight and the soil mass moisture were calculated. The soil moisture came from (2) in this article.


Soil water storage (mm) = soil mass water content (%) × soil bulk density (g/cm3) × soil layer height (cm) × 10



(2)








Nitrate-N Content of 0–60 cm Soil Layer


Ten g fresh soil samples were extracted with 0.01 mol/L CaCl2 after harvest and analyzed for Nitrate-N content using AA3 flow analyzer (Bran Luebbe Gmbh, Hamburg, Germany) in the laboratory.


Nitrate-N accumulation (kg/ha) = nitrate-N content (mg/kg) × soil mass water content (%) × soil bulk density (g/cm3) × soil layer height (cm)/10



(3)










2.3. Statistical Analysis


The differences among treatment means were tested by analysis of variance (ANOVA), using SPSS 23.0 (SPSS Inc., Chicago, IL, USA). When the F value in the ANOVA was statistically significant, Duncan at the level of 0.05 significance was used to separate the means. Person’s correlation coefficients were used to analyze the relationships among physiological traits, water–nitrogen accumulation, and grain yield.





3. Results


3.1. Winter Wheat Plant Height


The Plant height of the wheat under N application was significantly higher than that without N application, but there was no significant difference among N application treatments generally (Figure 3). In NF 0 treatment, plant height at each growth stage was significantly boosted with the increase of groundwater depth; G3 and G4 treatment was significantly higher than that of G1 and G2 treatment (Figure 3a). In NF150-NF240, plant height initially increased and then decreased with the increase of groundwater depth from regreening to the flowering stage, and plant height was greater in G3 and G4 than in G1 and G2 significantly; this law was more obvious under NF150 treatment. From filling to the maturity stage, plant height was not significantly different under all groundwater depths (Figure 3b,c). During the whole growth period, the plant height of NF300 treatment increased first and then decreased with groundwater depth, and the maximum value appeared at G2 depth, which was significantly higher than others (Figure 3d). Noticeably, the growth rate of winter wheat in the G1–G2 treatment was faster after topdressing and was significantly higher than that in the G3 and G4 treatment in the later growth stage (Figure 3d).




3.2. Winter Wheat Leaf Area Index


The leaf area index (LAI) of the winter wheat was the maximum at the flowering stage under all N application and groundwater depths (Figure 4a–d). LAI increased with the increase of groundwater depth without N application, and there were significant differences at groundwater table G1 and G2, G3 and G4 depths (Figure 4a). LAI in each N application group increased first and then decreased with the increase of groundwater depth, it attained the maximum in G3 treatment under NF150-NF240, and the depth of range G3–G4 treatment was significantly higher than that of range G1–G2 treatment (Figure 4b,c). In NF300 treatment, the LAI of G1 and G2 depths was significantly higher than that of G3 and G4 depths, and the maximum LAI was at G2 depth, while G2 treatment had a decreasing trend in the middle of grain-filling (Figure 4d). LAI of NF240–NF300 treatment was significantly higher than that of NF0–NF150 treatment from anthesis to mid-filling stage, indicating that N application could promote the growth of winter wheat leaves and affect the growth process (Figure 4b,c). Therefore, the law could be found that at N application with the rate of NF0–NF240, LAI of G3 and G4 treatment was higher than that of G1 and G2, while at higher N application rate (NF300), LAI maximum showed an obvious reducing trend corresponding to groundwater depth with increasing N amount (Figure 4d).




3.3. Winter Wheat Soil Plant Analysis Development before and after Topdressing


The soil plant analysis development (SPAD) of the winter wheat under NF0 treatment increased significantly with the increase of groundwater depth before and after topdressing, with the order G4 > G3 > G2 > G1, but significantly lower than that under N application (Figure 5a,b). The results demonstrated that SPAD increased first and then decreased with the groundwater depth before the topdressing stage of winter wheat, while the SPAD was maximum at G3 treatment. At the G1 and G2 depths, the SPAD was significantly higher in the NF300 treatment than the NF150–NF240 treatment; the lowest SPAD was noticed at the combination of NF150G1 (36.73) treatment. The variation of wheat SPAD with N application and groundwater depth after topdressing was similar to pre-topdressing but significantly higher than pre-topdressing. The differences between treatments became smaller compared with the pre-topdressing (Figure 5b).




3.4. Water and Nitrate-N Storage in 0–60 cm Soil at Maturity


Groundwater supply to crops and atmospheric water-loss through soil capillary gap and crop roots due to crop–soil–atmosphere influencing, and groundwater depth greatly affects soil moisture. Similarly, water storage in 0–60 cm soil layer decreased significantly with the increase of groundwater depth and N application rate with the order: G1 > G2 > G3 > G4 and NF0 > NF150 > NF240 > NF300 (Figure 6a), respectively.



N application affects crop growth and significantly changes the content of inorganic nitrogen in the vadose zone. The content of nitrate-N in 0–60 cm (main root layer of crops) soil layer at G3 and G4 depth was significantly higher than that at theG1 and G2 depths (Figure 6b). N application increased soil nitrate-N residual amount, the higher the application amount and the larger the residual amount of main root layer of crops; NF0–NF300 treatment nitrate-N residual amount increased significantly with the increase of N application amount. Compared with NF150–NF240, NF300 treatment was 6.7 times than NF150 treatment and increased by 74% than NF240 treatment.




3.5. Winter Wheat Yield and Its Components


The ear length, grain number per ear, the number of spikes per spike, stem diameter, 1000-grain weight and yield of NF0 treatment increased significantly with the increase of groundwater depth, while the number of infertile spikes per spike varied on the contrary (Table 3). Ear length, 1000-grain weight, and spikes per area were significantly higher at G3 and G4 than at G1 and G2 in NF150–NF240 treatment, grain number per ear was opposite, and the yield of the G3 depth was the highest. Grain number per ear and number of spikes per spike of NF300 treatment increased with the increase of groundwater depth, G3 and G4 depth was significantly lower than G1 and G2 depth, and the yield was the highest at the G1 and G2 depths, but the yield at the G4 depth was significantly lower than other treatments (Table 3). The groundwater level corresponding to the maximum yield increased with the increase of N application. Winter wheat yield and its components of NF150–NF300 treatment were significantly better than those of NF0 treatment, but yield components of NF300 treatment were lower than those of NF150–NF240 treatment, and the yield had no significant difference compared with NF240 (Table 3). With the increase of groundwater depth and N application rate, compared with the traditional N application (NF300), the yield of NF150–NF240 increased by 1.76%–3.90% at G3 depth and 11.09%−11.44% at G4 depth respectively. The rate of growth declined with the increase of groundwater depth and N application (Table 3).



In order to study the effects of groundwater depth, N application rate, crop growth attributes (plant height, LAI, and SPAD) on winter wheat yield and soil nitrate-N accumulation to the environment, correlation analysis and curve fitting were conducted (Figure 7). Under no N application treatment (NF0), there was a significant linear relationship between the yield and groundwater depth (R2 = 0.95 **) and no inflection point tentatively; under N application treatment, there was a quadratic relationship between yield and groundwater depth (R2 = 0.50 *−0.82 **), and groundwater table level at the highest yield was 71.19–123.77 cm, which was generally called the optimal groundwater level generally (OP-T) (Figure 7a).



Crop growth was mainly affected by background nitrogen values with NF0 treatment, and the yield of G4 was the highest. It was assumed that the OP-T was 150 cm under this condition. The relationship between the OP-T obtained by each N application group and the N application amount was established (Figure 7a), and it was found that the OP-T decreased with N application rate increase. There was a significant quadratic function relationship among N application rate, growth attributes, and yield of winter wheat (R2 = 0.76 ** = 0.94 **) (Figure 7b–e). The fitting curve showed that N application rate was 245.65 kg/ha, and the yield was the maximum of 8928.72 kg/ha. Under the condition of shallow groundwater depth, the residual nitrate-N in the 0–60 cm soil layer presented a significant quadratic function relationship with the N application rate (Figure 7f) (R2 = 0.79 **). The nitrate-N accumulation in the vadose zone increased slowly at first with the increase of the N application rate, and then it increased sharply when the N application rate exceeded a certain value (Figure 7f).





4. Discussion


4.1. Growth Attributes of Winter Wheat


The effect of groundwater on winter wheat occurs mainly through the upward water supply of soil capillary void and the growth environment of winter wheat [35,40,41]. Previous studies have shown that the growth attributes of the crop increased with the increase of groundwater depth or first increased and then decreased at the range of groundwater depth was 0.2–1.5 m, and there was little difference in plant height after the crop entered the reproductive stage [26,35,42]; and they decreased with the increase of groundwater depth when groundwater table was deeper (>2 m) [25,43]. In our study, the evolution of crop growth attributes along with groundwater depth was affected by N application rate (Figure 3, Figure 4 and Figure 5). Without N application, growth attributes increased significantly with the increase of groundwater depth (0.6–1.5 m) (Figure 3a, Figure 4a and Figure 5), consistent with previous studies [35,42]. On the one hand, a crop–soil system may lack an exogenous nitrogen supply without N application and nitrogen source mainly affected by the thickness of the vadose zone; the thicker vadose zone can not only carry more nitrogen itself, but the existing oxidation environment can be unbeneficial to a denitrification reaction [44], and crop growth can obtain a more adequate nitrogen source (Figure 6b). On the other hand, the thin vadose zone had higher soil water moisture and poor soil aeration. The reductive environment formed would induce denitrification reaction [44], leading to nitrogen loss and crop nitrogen deficiency. Meanwhile, the root activity of crops is also limited with the high groundwater table, which would make them vulnerable to waterlogging and affect crop growth ultimately [45,46].



Under the condition of N application, crop growth attributes increased first and then decreased with the increase in groundwater depth, and there existed an optimal groundwater table (OP-T) corresponding to the better crop growth attributes, which was similar to previous studies [26,47], but OP-T was obviously affected by the N application rate and tended to increase with the rise of N application rate (Figure 3b–d, Figure 4b–d and Figure 5). The groundwater table level in our experiment was above the critical groundwater table, and the water consumption of soil–crop system was mainly from groundwater, which was reported in previous findings [29]. The vertical water moisture of the vadose zone at the low groundwater table (150 cm) varied greatly, water exchange in the upper and lower vadose zones was difficult [48]. Water and nitrogen translocation in the upper vadose zone by groundwater formed a top supporting effect. High N application rate (300 kg/ha) further increased soil nitrogen residue (Figure 6b), which was not beneficial to crop growth (Table 3). Water exchanges between groundwater and atmospheric system were active at higher groundwater tables (60–90 cm), and soil moisture was high (Figure 6a), which was similar to the conclusion of previous findings [43,48]. Crops were easily subject to waterlogging stress, resulting in the dwarfism of plants, yellowing of leaves, and premature senescence (Figure 3, Figure 4 and Figure 5a), particularly when N application was insufficient (Figure 3a,b), which supported the previous findings [45,49,50], But adding N application in our findings, herein, could increase plant height, stem rough chlorophyll content and other physiological growth indexes to a certain extent under these high groundwater table (60–90 cm) (Figure 3, Figure 4 and Figure 5), and alleviate waterlogging stress as depicted in previous results [51,52]. Therefore, the OP-T tended to increase with N application increase as demonstrated in Figure 3, Figure 4 and Figure 5. In addition, it can be discovered from the variation of plant height, leaf area, and chlorophyll content with the growth process of winter wheat (Figure 3, Figure 4 and Figure 5) that the combined treatment of groundwater depth and N application may change crop’s growth process, but further research is needed.




4.2. Winter Wheat Yield and Its Components


The ANOVA test results showed that N application and groundwater depth significantly affected winter wheat yield and its components (Table 3). Without N application, wheat yield and its components (except number of infertility spikes per spike) both increased with the increase of groundwater depth (Table 3), indicating that, in the absence of an exogenous N supply, the groundwater’s supply of crop nutrients mainly depended on the amount of nitrogen carried by the vadose zone itself. The groundwater depth was deeper, the vadose zone was thicker, and it carried more nutrients (Figure 6b). Grain number per ear, number of spikes per spike, and spikes per area increased first and then decreased with the increase of groundwater depth under N application, and the maximum value appeared at 90–120 cm, which was similar to previous studies [35]. Zhang et al. [35] found that increasing fertilizer application contributed to increasing spikes per area, 1000-grain weight, and grain number per ear, which was similar to our findings (Table 3).



Studies have shown that the OP-T corresponding to yield was significantly restricted by external conditions [53], and the OP-T of wheat was 0.5–1.5 m [27,35,54,55]. In this study, it was found that the OP-T of winter wheat was 0.6–1.2 m (Table 3, Figure 7a), which tended to increase with the increase of N application (Figure 7a, Table 3), possibly due to the increased N application, which was helpful to improve the anti-waterlogging stress ability of crops under high groundwater table and supplement nitrogen loss caused by denitrification. N application can promote crop yield, but excessive N application would result in “diminishing returns” and increasing nitrate-N residues in the vadose zone [21,39], which supported our study, especially under the treatment of 120–150 cm depth (Table 3, Figure 7b). The fitting curve of grain yield and N application rate of winter wheat showed that the highest yield was achieved with an N application rate of 245.65 kg/ha (Figure 7b), which was similar to the results of previous studies [21]. In addition, from the perspective of actual production, our study showed that, with the increase in groundwater depth, both yield and its growths decreased from no significant difference under low to middle N application (150–240 kg/ha) to significantly decreased under high N application (300 kg/ha), indicating that the deeper groundwater depth would obtain the great potential of reduction N application. Particularly in recent years, a large amount of fertilizer has been applied, and groundwater was overexploited on the NCP to get high yields, which have resulted in a much lower groundwater table (>1.5 m) [39,56], and a thicker vadose zone year by year, leading to a large amount of seasonal nitrogen residue in the soil and the next crop is planted with high background nitrogen content [39,57,58,59]. Therefore, it is feasible to reduce the N application by 20% on the NCP, based on our study, without the influence of crops yield.




4.3. Soil Water and Nitrogen Storage


Shallow groundwater is one of the important water sources for crops [60], which not only meets crop water requirements but also affects the crop growth environment and induces soil-nitrogen-related reactions [39,61,62], resulting in soil nutrient loss [44]. In this study, it was found that soil moisture decreased significantly with the increase of groundwater depth (Figure 6a), while soil nitrate-N accumulation changed on the contrary (Figure 6b). The buried depth of the groundwater table was the main limiting factor on soil moisture [26,43]. The conversion of groundwater and soil water was more active, and the soil moisture was higher when the groundwater table was shallower (Figure 6a), which was also in line with previous findings [63], but this will reduce the soil oxygen content in the root layer, and the soil denitrification intensity may be strengthened [64]. Compared with higher groundwater table, water supply at low groundwater table was weak, and soil moisture decreased significantly (Figure 6a). Migration and transformation of nitrogen in the vertical profile was affected by soil moisture evaporation and crop absorption, and nitrogen may be enriched in the root layer (0–60 cm) (Figure 6b), as depicted previously [43]. Meanwhile, a high groundwater table would also increase the nitrate-N utilization of crops [43], soil residual nitrate-N may be further reduced, thus nitrate-N tended to be enriched in thicker vadose zones [65]. Ruiz et al. [66] found that in depths of 0–60 cm without N application, nitrate-N accumulation of the soil layer in winter wheat–soybean and soybean planting areas after harvest was 50–74 kg/ha when the groundwater depth was 0.7–2.0 m; this value was higher than ours, which may be due to the depth of the groundwater in our experiment being shallower; that would lead to more nitrogen loss, and soybeans can retain more nitrogen by nitrogen fixing. N application promotes crop growth and is a major agricultural measure to achieve stable and high crop yields [67], but N application increased soil nitrate-N content (Figure 6b), leading to soil drought [68], and nitrate-N residue may accumulate with the progress of crop growth [66], especially excessive N application was applied. In our study, it was found that nitrate-N accumulation increased significantly with the rise of N application rate (Figure 6b), while soil moisture showed a contrary tendency (Figure 6a), which was similar to Zhang et al. [69]. This may lead to poor crop growth with low groundwater tables (Figure 3 and Figure 4) and reduce yields (Table 3).



There was an obvious coupling mechanism between N application and groundwater depth on nutrient occurrence and environment in the soil vadose zone. Application of 0–150 kg/ha N at the 60–90 cm depth may be insufficient, which was manifested as nutrient deficiency (Figure 5), as similar to previous conclusion [52]. In our results, 240–300 kg/ha N application can effectively replenish the soil vadose zone system, making up for nitrogen loss, such as high-intensity denitrification, leaching and dissolving under high groundwater table, as depicted previously [44,64,70], which may promote crop growth. Additionally, 150–240 kg/ha N application was moderate and could promote crop yields at a depth of 90–150 cm (Table 3). However, the vadose zone was thick, and the N application rate was high as N rate of 300 kg/ha. Soil nitrate-N accumulation was large (Figure 6b), which was not conducive to crop growth and yield formation (Table 3). Similar results were demonstrated by previous researchers [21,38,65]. The results indicated that increasing N application could relieve crops’ resistance to the high groundwater table and supplement nitrogen, but the low groundwater table might increase nitrate-N accumulation and adversely affect crop growth (Figure 6b). Therefore, the effect of groundwater depth on crop growth and yield may be the interaction between soil nutrients and the environment, which may be an important reason why different studies have different or no optimal groundwater table.




4.4. Response of Yield to Growth Attributes and Nitrate-N to N Application Rate


Plant height and LAI are important indicators to reflect crop growth and yield formation, while water and nitrogen content in soil profile are important environmental factors to reflect crop normal growth [59,71]. Previous studies have shown that crop yield was significantly correlated with plant height and LAI [72]. A greater biomass can be generated with a higher LAI [71]. Our study found that high N application rate and groundwater table treatment produce higher LAI and yield (Figure 4, Table 3). Correlation analysis also showed that yield was closely correlated with LAI, plant height, and SPAD (Figure 7c–e), indicating that appropriate N application rate and groundwater table increased yield mainly through creating better growth indexes, which is similar to that found by previous studies [21].



Ammonium nitrogen can be rapidly transformed into nitrate-N through organic nitrogen mineralization in dryland farmland, which is difficult to reflect the level of soil nitrogen supply, so nitrate-N can be used as the index of soil nitrogen supply in dryland farmland [73,74]. In our study, at zero N supply, nitrate-N content and yield in 0–60 cm at maturity increased significantly with the increase of groundwater depth (Figure 6b, Table 3), they had the significant similar change rules, indicate that higher nitrate-N at low water level (120–150 cm) would reduce the response of yield to N application, it can also be discovered from the yield increase rate in Table 3, and the same results were reported by Ruiz et al. [66]. We also found that there was no linear relationship between residual nitrate-N and N application rate at the condition of shallow groundwater depth, and the nitrate-N accumulation in soil at 60 cm changed little with the N application rate at 0–150 kg/ha, the same tendencies were reported in previous studies [75]. However, the N application rate exceeded 150 kg/ha and the nitrate-N accumulation increased sharply (Figure 7f), which indicated that N application rate could exceed a certain amount and would then cause a rapid increase in nitrate-N accumulation, similar to that seen in previous studies [39]. In conclusion, groundwater depth mainly changes the thickness of the vadose zone by changing the distribution, supply, and storage of water and environmental conditions. The amount of N application directly or indirectly affects the substrate concentration of nitrogen-related reactions under the influence of groundwater. The coupling of the two phases affects the growth and yield composition of crops, but the coupling relationship is susceptible to the external environment and agricultural measures. The mechanism and environmental trigger conditions to the coupling relationship still need to be further studied.





5. Conclusions


The growth attributes of plant height, leaf area index (LAI), soil plant analysis development (SPAD), and yield without N application increased significantly with the increase of groundwater depth. For optimal yield, the growth attribute of winter wheat was 0.6–1.2 m and had a trend of decreasing with increased N application.



Soil moisture decreased significantly with the increase of groundwater depth and N application. Adding N application rate lowered the soil moisture, and excessive N application aggravated soil drought. The nitrate-N accumulation in the crop’s main root layer in the groundwater depths of 120 and 150 cm was significantly higher than that at 60 and 90 cm; and it increased with the increase of the N application rate significantly, in which 300 kg/ha treatment (conventional N application rate) was 6.7 times that of 150 kg/ha treatment and increased by 74% more than that of the 240 kg/ha treatment at a range of 60–150 cm depths.



Winter wheat yield and its components of 150–300 kg/ha treatment were significantly better than those of 0 kg/ha treatment, but yield components of 300 kg/ha treatment were lower than those of 150–240 kg/ha treatment and the yield had no significant difference compared with 240 kg/ha. With the increase of groundwater depth and N application rate, compared with conventional N application rate, the yield of NF150–NF240 increased by 1.76–3.90% at 120 cm and 11.09–11.44% at 150 cm depth, respectively. Therefore, combining with the variation rules of optimal groundwater depth with the N application rate increase and the actual agricultural situation in NCP, 240 kg/ha N application rate increased the yield compared with the traditional N application rate, while the nitrate-N content in the main soil-root layer was relatively low. It can be concluded that a reduction of 20% N application rate on the NCP is feasible.



Based on the effects of groundwater depth and N application on crop yield and soil water and soil nitrate-N content, it was obvious that a significant coupling relationship between groundwater depth and N application rate existed. In the case of these two-phase interactions, a connection could exist between agricultural production and ecological environment protection, e.g., under the condition of shallower groundwater depth (<90 cm), increasing N application may contribute to yield increase; but it also increases the accumulation of nitrate-N in the soil of the vadose zone, and excessive nitrate-N residue was likely to leach deeply with heavy rainfall and unreasonable irrigation, which may cause pollution of the groundwater. It showed that there may exist a balance between agricultural production and ecological environmental protection, which needs to be further studied. Meanwhile, whether a different groundwater table and N application rate will affect water and N transport, soil nutrient balance, soil biochemical character, and other related mechanisms need to be further studied.
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Figure 1. Maximum and minimum air temperatures during the test. 
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Figure 2. (a) It is a schematic diagram of an experimental set-up, wherein: 1. Outfall; 2. Lysimeter; 3. TDR (Time Domain Reflectometry) probe; 4. Soil-solution extractor; 5. Inlet water pipe; 6. Water-table position and balancer; 7. Percolation bucket; and 8. Mariotte bottle. (b) It shows the experimental winter wheat, which was in the anthesis stage. 
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Figure 3. Winter wheat plant height under different groundwater depths for four fertilization levels at different growth stages; Re: the crop growth period of Regreening; Jo: the crop growth period of Jointing; Bo: the crop growth period of Booting; An: the crop growth period of Anthesis; Fi: the crop growth period of Filling; M-Fi: the crop growth period of Filling; Mat: the crop growth period of maturity; (a) NF0: nitrogen fertilization rate of 0 kg/ha; WTD: Groundwater Table Depth; (b) NF150: nitrogen fertilization rate of 150 kg/ha; (c) NF240: nitrogen fertilization rate of 240 kg/ha; (d) NF300: nitrogen fertilization rate of 300 kg/ha; G1: groundwater table of 60 cm; G2: groundwater table of 90 cm; G3: groundwater table of 120 cm; G4: groundwater table of 150 cm; Error bar: mean value ± SE. Different letters denote significant differences (p < 0.05) between treatments by Duncan. 
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Figure 4. Leaf area index (LAI) under different groundwater depth for four fertilization levels at different growth stages; WTD: Groundwater Table Depth; Jo: the crop growth period of Jointing; An: the crop growth period of Anthesis; Fi: the crop growth period of Filling; M-Fi: the crop growth period of Filling; (a) NF0: nitrogen fertilization rate of 0 kg/ha; (b) NF150: nitrogen fertilization rate of 150 kg/ha; (c) NF240: nitrogen fertilization rate of 240 kg/ha; (d) NF300: nitrogen fertilization rate of 300 kg/ha; G1: groundwater table of 60 cm; G2: groundwater table of 90 cm; G3: groundwater table of 120 cm; G4: groundwater table of 150 cm; Error bar: mean value ± SE. Different letters denote significant differences (p < 0.05) between treatments by Duncan. 
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Figure 5. Winter wheat Soil Plant Analysis Development (SPAD) before and after topdressing under N application rate and groundwater depth; WTD: Groundwater Table Depth; (a) represents the SPAD value of pre-topdressing, which means four days prior to the date of topdressing; (A)–(C) represents the difference of winter wheat SPAD between different groundwater table depths under no N application. (b) represents the SPAD value of post-topdressing, meaning eight days after the date of topdressing; (A)–(D) represents the difference of winter wheat SPAD between different groundwater table depths under no N application. NF0: nitrogen fertilization rate of 0 kg/ha; NF150: nitrogen fertilization rate of 150 kg/ha; NF240: nitrogen fertilization rate of 240 kg/ha; NF300: nitrogen fertilization rate of 300 kg/ha; Error bar: mean value ± SE. Different lowercase letters denote significant differences (p < 0.05) between different nitrogen application rates by Duncan. 
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Figure 6. (a) Water and (b) nitrate-N storage in 0–60 cm soil layer of winter wheat maturity under different groundwater depths with N application rate; NF0: nitrogen fertilization rate of 0 kg/ha; NF150: nitrogen fertilization rate of 150 kg/ha; NF240: nitrogen fertilization rate of 240 kg/ha; NF300: nitrogen fertilization rate of 300 kg/ha; G1: groundwater table of 60 cm; G2: groundwater table of 90 cm; G3: groundwater table of 120 cm; G4: groundwater table of 150 cm; Error bar: mean value ± SE. Different letters denote significant differences (p < 0.05) between treatments by Duncan. 
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Figure 7. Response of winter wheat yield to N application rate, growth attributes, and the relationship of nitrate-N and N application rate; WTD: groundwater table depth; OP-T: Optimal Groundwater Level generally; SPAD: Soil Pl ant Analysis Development; LAI: leaf area index; (a): the relationship between yield and WTD, A, B, and C represent the quadratic term, the coefficient, and intercept of the fitting equation, respectively. WTD and OP-T mean groundwater table depth and optimal groundwater table depth, respectively. NF 0: R2 = 0.95 **; NF 150: R2 = 0.58 **; NF 240: R2 = 0.50 *; NF 300: R2 = 0.82 **. p < 0.01 (**); (b): the relationship between yield and NF, NF: nitrogen fertilization rate; (c): the relationship between yield and plant height; (d): the relationship between yield and LAI; (e): the relationship between yield and SPAD; (f): the relationship between nitrate-N and N application rate. 
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Table 1. Physical properties of the experimental soil.
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Soil Layer

(cm)

	
pH

	
EC

(μs/cm)

	
OM

(g·kg−1)

	
AN

(mg·kg−1)

	
AK

(mg·kg−1)

	
TN

(g·kg−1)

	
TP

(g·kg–1)

	
Mechanical

Composition




	
Clay (%)

	
Silt (%)

	
Sand (%)






	
0–20

	
9.34

	
270.00

	
12.29

	
17.27

	
128.33

	
0.85

	
0.63

	
18.26

	
47.43

	
34.31




	
20–40

	
9.62

	
313.33

	
9.87

	
13.30

	
81.33

	
1.25

	
0.59

	
18.09

	
45.93

	
35.97




	
40–60

	
9.58

	
364.00

	
8.78

	
7.93

	
81.67

	
1.52

	
0.53

	
17.84

	
44.04

	
38.78




	
>60

	
9.39

	
421.67

	
8.77

	
6.18

	
76.33

	
1.47

	
0.48

	
15.88

	
43.87

	
40.00








Note: pH: pH of soil; EC: electrical conductivity of soil; OM: organic matter of soil; AN: alkaline nitrogen of soil; AK: available potassium; TN: total nitrogen of soil; TP: total phosphorus of soil.
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Table 2. Winter wheat irrigation amounts and date.
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Irrigating Date

(yy/mm/dd)

	
Irrigating Amount

(m3/ha)

	
Irrigating Date

(yy/mm/dd)

	
Irrigating Amount

(m3/ha)






	
2021/1/13

	
176.44

	
2021/4/21

	
176.44




	
2021/3/17

	
308.77

	
2021/5/2

	
88.22




	
2021/3/31

	
176.44

	
2021/5/8

	
176.44




	
2021/4/11

	
176.44
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Table 3. Winter wheat yield and its components (Mean ± SE, n = 3).
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NF-L

	
WTD

(cm)

	
Ear Length

(cm)

	
GN per Ear

(No ear−1)

	
NS per Spi

(No spike−1)

	
NIS per Spi

(No spike−1)

	
SD

(cm)

	
1000-Grain Weight (g)

	
Spi per Area

(No m−2)

	
Grain Yield)

(kg·ha−1)

	
Ra of G (%)






	
NF 0

	
G1

	
5.50 ± 0.03 d

	
14.77 ± 0.78 d

	
11.33 ± 0.71 c

	
8.43 ± 0.15 a

	
3.16 ± 0.04 c

	
39.98 ± 0.89 b

	
382.28 ± 48.59 a

	
1971.41 ± 106.82 d

	
-




	
G2

	
6.07 ± 0.15 c

	
23.00 ± 0.95 c

	
14.60 ± 0.17 b

	
5.93 ± 0.41 b

	
3.73 ± 0.10 b

	
40.44 ± 0.20 b

	
379.34 ± 26.47 a

	
3316.00 ± 105.22 c

	
-




	
G3

	
6.71 ± 0.17 b

	
32.57 ± 0.87 b

	
17.63 ± 0.22 a

	
3.40 ± 0.06 c

	
3.94 ± 0.08 ab

	
43.42 ± 0.21 a

	
344.05 ± 8.83 a

	
5149.04 ± 353.99 b

	
-




	
G4

	
7.16 ± 0.10 a

	
37.60 ± 1.89 a

	
18.17 ± 0.44 a

	
3.30 ± 0.29 c

	
4.10 ± 0.09 a

	
43.84 ± 0.24 a

	
420.51 ± 22.20 a

	
6547.04 ± 352.21 a

	
-




	
Ave.

	
6.36 C

	
26.98 C

	
15.43 C

	
5.27 A

	
3.73 C

	
41.92 B

	
381.55 B

	
4245.87 C

	
-




	
NF150

	
G1

	
7.33 ± 0.13 b

	
43.28 ± 0.81 ab

	
19.63 ± 0.45 a

	
2.47 ± 0.29 a

	
4.32 ± 0.14 a

	
39.70 ± 0.58 c

	
438.16 ± 12.82 c

	
7461.66 ± 142.67 b

	
278.49




	
G2

	
7.60 ± 0.10 b

	
46.31 ± 0.56 a

	
20.40 ± 0.12 a

	
2.17 ± 0.22 a

	
4.42 ± 0.03 a

	
40.99 ± 0.21 c

	
467.56 ± 5.09 b

	
8519.82 ± 420.44 a

	
156.93




	
G3

	
7.59 ± 0.07 b

	
39.43 ± 1.91 c

	
18.78 ± 0.39 a

	
3.33 ± 0.44 a

	
4.21 ± 0.07 a

	
43.41 ± 0.69 b

	
541.08 ± 18.36 a

	
9013.39 ± 315.94 a

	
75.05




	
G4

	
8.01 ± 0.13 a

	
40.73 ± 0.32 bc

	
19.23 ± 0.35 a

	
3.37 ± 0.33 a

	
4.32 ± 0.03 a

	
45.98 ± 0.21 a

	
526.37 ± 7.78 a

	
8713.42 ± 239.35 a

	
30.09




	
Ave.

	
7.63 A

	
42.44 A

	
19.51 A

	
2.83 BC

	
4.32 A

	
42.52 AB

	
493.29 A

	
8400.44 B

	
135.60




	
NF240

	
G1

	
7.45 ± 0.12 a

	
45.77 ± 2.09 a

	
19.73 ± 0.15 a

	
2.00 ± 0.12 b

	
4.40 ± 0.13 a

	
39.38 ± 0.63 b

	
479.32 ± 7.78 b

	
8156.61 ± 182.47 b

	
314.07




	
G2

	
7.43 ± 0.29 a

	
45.35 ± 0.61 a

	
19.85 ± 0.66 a

	
1.90 ± 0.17 b

	
4.22 ± 0.19 a

	
39.69 ± 0.57 b

	
476.38 ± 5.09 b

	
8538.36 ± 199.17 b

	
154.89




	
G3

	
7.63 ± 0.07 a

	
39.47 ± 0.82 b

	
18.63 ± 0.26 a

	
3.43 ± 0.44 a

	
4.18 ± 0.03 a

	
43.77 ± 1.64 a

	
544.02 ± 24.07 a

	
9202.64 ± 84.83 a

	
78.73




	
G4

	
7.63 ± 0.12 a

	
38.97 ± 2.41 b

	
18.73 ± 0.62 a

	
3.27 ± 0.42 a

	
4.22 ± 0.05 a

	
43.70 ± 0.43 a

	
505.79 ± 11.76 ab

	
8686.33 ± 158.46 ab

	
32.68




	
Ave.

	
7.54 AB

	
42.39 A

	
19.24 AB

	
2.65 C

	
4.25 AB

	
41.63 B

	
501.38 A

	
8645.98 AB

	
145.10




	
NF300

	
G1

	
7.47 ± 0.13 a

	
45.37 ± 1.85 a

	
20.03 ± 0.20 a

	
2.10 ± 0.10 b

	
4.25 ± 0.11 a

	
39.48 ± 0.27 c

	
499.91 ± 5.88 a

	
9472.77 ± 233.39 a

	
380.46




	
G2

	
7.62 ± 0.07 a

	
44.33 ± 2.07 a

	
19.77 ± 0.48 a

	
2.53 ± 0.48 b

	
4.30 ± 0.06 a

	
39.54 ± 1.12 c

	
526.37 ± 20.58 a

	
9382.65 ± 52.21 a

	
182.95




	
G3

	
7.30 ± 0.15 a

	
34.83 ± 1.67 b

	
17.60 ± 0.21 b

	
4.13 ± 0.43 a

	
3.99 ± 0.10 a

	
48.20 ± 0.60 a

	
505.79 ± 19.28 a

	
8857.31 ± 42.90 a

	
72.03




	
G4

	
7.12 ± 0.09 a

	
34.48 ± 1.54 b

	
17.40 ± 0.45 b

	
4.31 ± 0.21 a

	
3.95 ± 0.10 a

	
45.05 ± 0.76 b

	
488.15 ± 26.14 a

	
7818.95 ± 296.87 b

	
19.43




	
Ave.

	
7.38 B

	
39.75 B

	
18.7 B

	
3.27 B

	
4.12 B

	
43.07 A

	
505.05 A

	
8882.92 A

	
163.72








NF-L: nitrogen fertilization level; GN per ear: grain number per ear; NS per Spi: number of spikes per spike; NIS per Spi: number of infertile spikes per spike; SD: stem diameter; Spi per area: spikes per area; Ra of G: rate of growth. NF0: nitrogen fertilization rate of 0 kg/ha; NF150: nitrogen fertilization rate of 150 kg/ha; NF240: nitrogen fertilization rate of 240 kg/ha; NF300: nitrogen fertilization rate of 300 kg/ha; G1: groundwater table of 60 cm; G2: groundwater table of 90 cm; G3: groundwater table of 120 cm; G4: groundwater table of 150 cm. Different lowercase letters denote significant differences (p < 0.05) between different groundwater table depths by Duncan. Different uppercase letters denote significant differences (p < 0.05) between different nitrogen application rates by Duncan. 3.6. Relationship between yield and growth attributes and it between nitrate-N and N application rate.
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