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Abstract

:

The application of nitrogen (N) improves the winter wheat yield. Excessive N application affects winter wheat yields, leading to low net incomes and negative environmental impacts, therefore, optimizing N application is essential. In this study, the effects of N rates on crop growth yield, net income (NI), water use efficiency (WUE), and nitrogen use efficiency (NUE) in the irrigated districts of the eastern loess plateau, China, were investigated using seven N application rates (N0, N90, N180, N210, N240, N270, and N300 kg ha−1) during the 2016–2017 and 2017–2018 seasons. N application significantly increased the total water consumption at 0–200 cm during the growth period, the aboveground dry matter at maturity, the grain nitrogen accumulation, yield, NI, and WUE. However, N exceeding 240 kg ha−1 did not favor dry matter and nitrogen accumulation or translocation from the anthesis stage to the maturity stage, thus leading to reduced yield, NI, and WUE. The transpiration rate and stomatal conductance N240 was highest 21–28 day after anthesis, at 187–276 kg ha−1, which can achieve a high yield and profitability with relatively low environmental costs.
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1. Introduction


Wheat (Triticum aestivum L.) is a major food crop in China, and its cultivation area accounts for approximately 20% of the national arable land in China, which has an important impact on grain production and national economic development [1]. China has the highest fertilizer consumption worldwide, and its fertilizer application accounts for 30.7% of global fertilizer applications [2,3]. N fertilizer application is a serious problem in pursuing high winter wheat yields [4,5]. Excessive nitrogen application does not consistently increase the winter wheat yield and leads to a series of problems, such as increased inputs, reduced water and fertilizer use efficiency, and environmental pollution [6]. Therefore, optimizing nitrogen application is important for sustainable production.



Nitrogen is an essential nutrient for crop growth, and is the main factor controlling the rate of dry matter accumulation [7]. Nitrogen fertilizer application promotes the growth of all organs, tillers, and nutrient accumulation, thus increasing yields [8,9]. For winter wheat, population tillers are an important agronomic trait, determining the number of spikes per unit area and affecting the grain yield [10,11]. In addition, the accumulation of dry matter after anthesis and the translocation of dry matter to the grain before anthesis is vital. Several studies have shown that dry matter accumulation after anthesis accounts for 50–80% of the grain dry matter production [12].



Similarly, increased nitrogen fertilization can promote root growth and aboveground dry matter accumulation in winter wheat, which increases soil water consumption [13]. The aboveground dry matter increased by 60%, and the total water consumption during the growth period increased by 36%. Soil water status and nitrogen fertilizer significantly affect the accumulation, translocation, and distribution of nitrogen in plants [14]. The increased application of nitrogen fertilizer can increase the soil nitrogen content, provide sufficient nutrients for aboveground plants, promote nitrogen absorption, and increase the yield [15]. Nitrogen fertilizer application promoted nitrogen absorption and translocation and ensured fitness, thus significantly improving the yield and water use efficiency. Adequate soil water conditions can significantly increase nitrogen accumulation in plants at different growth stages and grain nitrogen accumulation in winter wheat, thus increasing the yield [16]. This study revealed that insufficient soil moisture during the anthesis stage significantly reduced the amount of nitrogen transfer from the nutrient organs to the grains in the middle and late periods of filling, and reduced nitrogen accumulation in the grains at the maturity stage, thus resulting in a decrease in the yield, nitrogen fertilizer use efficiency, and water use efficiency [15,16].



Previous studies on the water consumption and nutrient transport of winter wheat were mostly conducted for the whole growth period, but lacked the point of view of the growth stages. Therefore, we set seven nitrogen application rate gradients. The objectives of this study were (1) to investigate the effects of different nitrogen application rates on group dynamics, the yield, water, and the clear internal relation among each index, and (2) to determine the most suitable nitrogen application range that produced a high yield and high use efficiency in the irrigated district of southern Shanxi Province, based on the net income and environmental benefits.




2. Materials and Methods


2.1. Experimental Site


The field experiment was conducted at the experimental wheat base of Shanxi Agricultural University (35°20′ N, 111°17′ E) from 2016 to 2018 in Wenxi County, Shanxi Province, China. The basic soil fertility of the 0–20 cm soil layer before sowing in the two experimental years is shown in Table 1.




2.2. Experimental Design


The experiment adopted a single-factor completely random design. In this study, seven nitrogen application rates, 0 kg ha−1 (N0), 90 kg ha−1 (N90), 180 kg ha−1 (N180), 210 kg ha−1 (N210), 240 kg ha−1 (N240), 270 kg ha−1 (N270), and 300 kg ha−1 (N300), were adopted for the completely random design. The plots were 5 × 10 m2, and each treatment was replicated three times. The wheat cultivar “Liangxing-99” was used. Before sowing, the land tillage was rotated, and (P) P2O5 150 kg ha−1 and (K) K2O 90 kg ha−1 were applied. Nitrogen fertilizer was applied at a rate of 6:4 before sowing and at the jointing stage, and irrigation was 60 mm at the jointing stage. There were higher average daily, accumulated, and total accumulated temperatures in the long season, as seen in Table 2.




2.3. Soil Water Consumption


Before sowing the winter wheat, a 200 cm deep section was dug into the flat plot, and the ring knife method [17] was used to extract a 20 cm layer of soil from the top to the bottom in order to measure the soil bulk density. In the sowing, jointing, anthesis, and maturity stages of winter wheat, 200 cm deep soil column samples were drilled with a 20 cm layer of soil, making a total of 10 layers. Part of the soil was placed in an aluminum box and the wet weight was promptly weighed, recorded, and then placed into a constant temperature drying oven at 105 °C for more than 12 h until a constant weight was reached. The dry weight of the soil was measured, and the soil water content and soil water storage were calculated. SWSi, ETa, and WUE were calculated according to the method in [1,13,14].




2.4. Evapotranspiration


The calculation of the actual evapotranspiration (ETa) of winter wheat using the water balance method was as follows:


ETa = P + I + U − R − DW − ΔS








where P is the rainfall amount (mm), irrigation (I) is the irrigation amount (mm), U is the amount entering the 0–2 m soil layer through the capillaries, rainfall (R) is the surface runoff amount, dry weight (DW) is the amount infiltrating below the 2 m soil layer, and ΔS is the change in soil water storage. In both growing seasons, the measured values of U, R, DW, and ΔS were zero.



The water use efficiency was calculated as follows:


WUE = Y/ETa








where Y is the seed yield.




2.5. Plant Nitrogen


The jointing, anthesis, and maturity stages were cut, and the nitrogen content rate was measured using the H2SO4-H2O2-Indiophenol blue colorimetric method [1,15]. The nitrogen (N) accumulation in the plant was calculated using the nitrogen content rate and the dry matter. Other relevant calculations are as follows, according to the method in [18]:



Plant N accumulation (kg ha−1) = plant dry matter weight × N content rate



NTBA = N accumulation aboveground at the anthesis stage–N accumulation in vegetative organs at the maturity stage;


Contribution rate of NTBA to grains (%) = NTBA/NAG × 100%;










NAAA = NAG at maturity stage − NTBA;










Contribution rate of NAAA to grains (%) = NAAA/NAG × 100%










NPFP = grain yield (kg ha−1)/N application rate (kg ha−1);










UTE = plant N accumulation (kg ha−1)/N application (kg ha−1) × 100%










NUE = grain yield (kg ha−1)/plant N accumulation (kg ha−1)








where NTBA is nitrogen translocation before anthesis (kg ha−1), NAG is nitrogen accumulation in grains (kg ha−1), NAAA is after anthesis (kg ha−1), NPFP is N partial factor productivity (kg ha−1), UTE is N uptake efficiency (%), and NUE is N use efficiency (kg kg−1).




2.6. Grain Yield and Composition


At the maturity stage, the wheat field with uniform growth was selected to investigate the spike number at 0.667 m2, and 20 plants were randomly selected to investigate the grain number per spike and the 1000-grain weight. Finally, the actual yield was measured by harvesting the sample at 5 m2.




2.7. Net Income


Net income (Yuan ha−1) = total revenue (Yuan ha−1)—inputs (Yuan ha−1). The market price of winter wheat during the experiment was 2.34 Yuan kg−1, and the production inputs are shown in Table 3.




2.8. Relative Index Calculation


The ratio between the actual value X of each index and the maximum value Xmax of this index under a certain amount of nitrogen application was defined as the relative value X of this index, and the calculation was as follows:


X = X/Xmax × 100%











When calculating the optimal nitrogen application range, 95–100% of the relative value of each index in the fitting regression curve was defined as the higher level of this index by referring to those defined [19], and the corresponding N when the relative value of each index was 95% was obtained via solving the equation.




2.9. Statistical Analysis


The data were processed using Microsoft Excel 2007; the overview of the dominant patterns DPS 7.5 was used for statistical analysis; the LSD method was used for difference significance test; the significance level was set as p < 0.05; and Origin 2021 was used for plotting.





3. Results


3.1. Soil Water Consumption


Soil water consumption from the sowing to the jointing stage, and from the jointing to the anthesis stage increased with the increase in N, and the N300 was significantly higher than N0, N90, N180, and N210. Soil water consumption from the anthesis to the maturity stage increased first and then decreased, and N240 was significantly higher than that at N0 and N300 (Figure 1a,b). The total soil water consumption during the growth stages increased first, and then gradually changed with an increase in the nitrogen application rate (Figure 1c,d); the nitrogen rate at N300 was significantly higher than 0, 90, 180, and N210.




3.2. Tiller Population Dynamics


The tiller population dynamics of N300 were initially significantly higher than those of N0, N90, N180, N210, and N240 before the wintering stage and the jointing stage (Figure 2a). The tiller population dynamics of the wintering, jointing, boosting, and anthesis stages caused N300 to increase, and N300 was significantly higher than N0, N90, N180. The nitrogen application rate at N240 was significantly higher than N0, N90, N180, N210, and N240 before the wintering stage and the jointing stage (Figure 2b).




3.3. Dry Matter Accumulation


Dry matter accumulation from the sowing to the jointing stage and from the jointing stage to the anthesis stage increased, with an increase in the nitrogen application rate. The nitrogen application rate at N300 was the highest, and was significantly different from other treatments from the sowing to the jointing stage, with significant differences between N0, N90, N180, and N210 from the jointing stage to the anthesis stage. The dry matter accumulation from the anthesis stage to the maturity stage increased first, and then decreased with an increase in the nitrogen rate, and the nitrogen application rate at N240 was significantly higher than at N0, N90, N180, N270, and N300 (Figure 3a,b). The dry matter accumulation at the maturity stage and the dry matter translocation before the anthesis stage increased first, and then gradually changed with an increase in the nitrogen rate. N300 was significantly higher than at N0, N90, N180, and N210 (Figure 3c,d; Table 4).




3.4. Nitrogen Accumulation and Translocation


Nitrogen accumulation from sowing to jointing gradually increased with increasing N, which was significantly higher under N300 than under N0, N90, N180, N210, and N240 (Figure 4a,b). N accumulation from the jointing stage to the anthesis stage increased first, and then gradually changed with the increase in N, and the N at N270 and N300 was significantly highest in 2016–2017 and 2017–2018, respectively. However, there was no significant difference between the N240, N270, and N300 in both years. The N accumulation from the anthesis stage to the maturity stage increased first and then decreased, and the N300 was significantly improved by 5.6–69.5% compared to when using other treatments. The N accumulation at the maturity stage increased first and then decreased with an increase in N270 and N240, which were significantly the highest, and there was no significant differences found in N240 and N270 in 2016–2017 and 2017–2018, respectively (Figure 4c,d). Nitrogen translocation before the anthesis stage increased first and then decreased, and the N240 was significantly highest in 2016–2017 with increasing N. The N accumulation after the anthesis stage gradually increased, and the N300 was significantly highest in 2017–2018 with an increase in N (Table 5). The N accumulation in grains increased first and then decreased with an increase in N, and the N240 was significantly improved by 2.2–63.8% when compared to the other treatments.




3.5. Yield and Water Use Efficiency


The yield and water use efficiency first increased and then declined, the spike number and grain number per spike gradually increased, and 1000-grain weight gradually diminished with the increase in the nitrogen rate (Table 6). The spike number and grain number per spike were significantly higher under N300 than under N of N0, N90, and N180. The 1000-grain weight was significantly higher under no nitrogen application and significantly lower under N300. The yield was significantly improved by 2.8–93.1% under N240 in both years, which was significantly different from the other treatments in 2016–2017, and were significantly different from the nitrogen rates N0, N90, N180, and N300. WUE was significantly higher under N240 and N210 in 2016–2017 and 2017–2018, respectively, which were significantly different from the nitrogen application rates of N0, N90, and N180.




3.6. Nitrogen Partial Factor Productivity


The NPFP and NUE gradually decreased with an increase in the nitrogen application rate, which was significantly higher under N300 when compared to the other treatments (Table 7). NUE increased first and then decreased with the increase in the nitrogen rate, which was significantly higher under nitrogen application rates of N180 and N210, which were significantly highest in 2016–2017 and 2017–2018, respectively.




3.7. Correlation Analysis among Soil Water Consumption, Nitrogen Accumulation, and Translocation Yield


There was a highly significant positive correlation between the soil water consumption from the sowing to the jointing stage and the dry matter accumulation from the sowing to the jointing stage and the jointing stage to the anthesis stage, as well as between the dry matter translocation occurring before the anthesis stage and the yield (Table 8). There was a highly significant positive correlation between the soil water consumption from the jointing stage to the anthesis stage and the dry matter accumulation from the jointing to the anthesis stage and dry matter translocation occurring before the anthesis stage. There was a significant positive correlation between the soil water consumption from the jointing stage to the anthesis stage and the yield. There was a significant positive correlation between the soil water consumption from the anthesis stage to the maturity stage and dry matter accumulation occurring after the anthesis stage. Finally, there was a highly significant positive correlation between the total water consumption and dry matter accumulation from the sowing to the jointing stage and the jointing stage to the anthesis stage and both the dry matter translocation occurring before and after the anthesis stage and the yield.




3.8. Soil Water Consumption of Nitrogen Accumulation, and Yield


There was a highly significant positive correlation between both the nitrogen accumulation from the sowing to the jointing stage and the soil water consumption from the sowing to the jointing stage and the total water consumption (Table 9). There was a highly significant positive correlation between both the nitrogen accumulation from the jointing stage to the anthesis stage and the soil water consumption from the jointing stage to the anthesis stage and the total water consumption. There was a significant positive correlation between the nitrogen accumulation from the jointing stage to the anthesis stage and the soil water consumption from the sowing to the jointing stage. There was a significant positive correlation between both the nitrogen accumulation before the anthesis stage the soil water consumption from the sowing to jointing stage and from the jointing stage to the anthesis stage and the total water consumption. There was a highly significant positive correlation between the nitrogen accumulation after the anthesis stage and the soil water consumption from the anthesis to the maturity stage.




3.9. Finding Optimal N-Application Rates


Considering the internal influence, the average input and output across the two years can better reflect the effect of nitrogen fertilizer. For this reason, the average yield, net income, water use efficiency, and nitrogen use efficiency across the two years of this experiment were analyzed using regression (Figure 5). The results demonstrated that when N was 197,222, 258, and 276 kg, the NUE, WUE, net income, and yield reached the highest values of 37.18, 18.41, 12,747 Yuan ha−1, and 8457, respectively. The range of N corresponding to the relative value of each index being defined above 95%, which was defined as the higher level of this index. The results showed that the N was within the range of 187–276 kg ha−1 (Table 10), although the range of N exceeded the corresponding amount of the highest WUE, net income, and WUE. However, this did not decrease to 95% of the maximum value. Nonetheless, the yield can reach 95–100%, which is conducive to ensuring food security.





4. Discussion


4.1. Effects of Nitrogen Application on Material Accumulation


Nitrogen application has a threshold effect in regulating the crop growth and yield, and excessive N applications may be detrimental to crop growth and yield improvement [20,21]. Therefore, the tiller population and dry matter are important crop growth and development indices. Among them, the tiller population is a key factor determining the spike number in winter wheat; besides being influenced by genetic characteristics, agronomic measures (such as nitrogen fertilizer management) have an important influence on its growth and extinction [13,22]. In this study, as the growth stage progressed, the tiller population number of winter wheat first increased, then decreased, and reached a peak at the jointing stage. The tiller population increased gradually with an increase in the nitrogen application in each growth stage; the growth was faster at the wintering and jointing stages, and slower at the boosting and anthesis stages. At the maturity stage, N300 presented the highest values, but the difference was not significant between N240 and N270 (Figure 2; Table 5). This indicates that increasing N will improve the number of tillers in the early growth stage, but as the growth stage progresses, especially after the jointing stage, the plants will grow faster and therefore need to compete for more space in order to meet their proper growth rates; thus, many ineffective tillers will die out, and the rate of tiller formation spikes will reduce [23,24]. Therefore, this study showed that the application of N240 did not consistently increase the spike number at the maturity stage, but increased the growth of ineffective tillers in the early stages of reproduction, thus resulting in ineffective water and nutrient consumption.



Dry matter accumulation and translocation are closely related to the yield [25], and N application significantly affects its accumulation and translocation [26]. This study showed that, with the increase in N application, the dry matter accumulation in winter wheat increased gradually from the sowing stage to the jointing stage; it increased first and then remained constant from the jointing stage to the anthesis stage, and increased and then decreased from the anthesis stage to the maturity stage. The highest N240 and the dry matter at the maturity stage showed an increasing trend and then leveled off. The differences among N240, N270, and N300 were not significant because, with an increase in N application, the number of tiller populations and the leaf area index improve before the jointing stage, which enhances the photosynthetic capacity, resulting in more dry matter accumulation [27]. After the jointing stage, many ineffective tillers died, and, with N240, the difference was not significant in the number of tiller populations at the anthesis stage; thus, the difference in dry matter accumulation from the jointing stage to the anthesis stage was not significant among N240, N270, and N300. Because of the nitrogen application rates of N270 and N300, 0–200 cm of soil water was consumed before the anthesis stage, resulting in insufficient soil water storage after anthesis. The soil water shortage at the filling stage inhibits the re-transfer of dry matter stored in the nutrient organs before anthesis to the accumulation of grains and dry matter after anthesis [28]. Therefore, after anthesis, thew nitrogen accumulation was significantly lower with N300 than compared to N240. In contrast, before anthesis, the dry matter accumulation was significantly higher with N270 and N300 when compared to N240, although the soil moisture deficiency during N applications at N270 and N300 inhibited its running capacity. However, before anthesis, the dry matter accumulation did not significantly differ between N270 and N300 and N240. Therefore, the N240 would cause the aboveground dry matter to grow wildly before jointing and consume a large amount of soil water, which was not conducive to the dry matter running before anthesis and the dry matter accumulation after anthesis.



The yield is determined by both the dry matter translocation before anthesis and the dry matter accumulation after anthesis [29]. In this study, with the increase in the N application, the translocation before the anthesis stage increased first and then leveled out. After anthesis, the dry matter accumulation showed a trend of increasing and then decreasing, thus resulting in the yield showing the same trend, which is consistent with the studies of [30]. In this study, the highest yield was achieved at N240, with an increase of 2.8–93.1%, when compared to other treatments. Therefore, an appropriate amount of N is beneficial for building a reasonable population structure, increasing the number of spikes, promoting dry matter translocation before anthesis, and the dry matter accumulation after anthesis, and then increasing the yield.




4.2. Soil Water Consumption and Nutrient Utilization


The application of nitrogen can improve the soil water use capacity, surge crop water consumption, and improve WUE in winter wheat [31], because the N application affects the soil water use by affecting the aboveground dry matter accumulation in the crop [32]. In this study, the N application significantly increased the total water consumption during the growth stage, and with the increase in N application, the total water consumption increased significantly within N240 and leveled off, exceeding N240. However, there was no significant difference between N270, N300, and N240. The changing trend is consistent with [32] in North China.



The reason may be that the soil water consumption at each growth stages and the total water consumption were significantly correlated to the dry matter accumulation at the corresponding stage and the dry matter accumulation at the maturity stage (Table 7). The appropriate N application increased the crop leaf area index and biomass, and increased the crop transpiration water consumption. In contrast, excessive N did not result in a sustained increase in biomass due to the self-regulatory capacity of the crop population and the limitation of soil water storage [33]. The total water consumption during the growth stage tended to increase first and then remained unchanged. Improving WUE is beneficial to the rational use of agricultural resources, and the results of this study showed that N300 significantly increased the water use efficiency; however, excessive N application did not result in a sustained increase in water use efficiency (WUE), which was consistent with the studies of [34]. The water use efficiency was the highest with N240 and N270 in 2016–2017 and 2017–2018, which was significantly different from N0, N90, and N300. Therefore, N can exploit the potential of crop water regulation with fertilizers and improve the water consumption, as well as the WUE of crops since the total water consumption was unchanged. The yield was significantly lower when N exceeded N240, and the WUE decreased when the appropriate amount of N was exceeded.



Nitrogen application increases soil N content and provides sufficient nutrients to the aboveground part of the plant, thus promoting N uptake in winter wheat, while the N uptake and utilization in the plant are closely related to the soil water status. This study revealed that the nitrogen accumulation increased gradually with an increase in N from the sowing stage to the jointing stage; it increased then remained constant from the jointing stage to the anthesis stage, and then increased and decreased from the anthesis stage to the maturity stage, reaching the highest levels at N240. Similarly, before anthesis, N translocation and grain nitrogen accumulation also tended to increase and then decrease, reaching the highest levels at N240. The reason for this may be that N accumulation at each growth stage and the N translocation before anthesis significantly correlated with the soil water consumption at the corresponding stages (Table 8), and the plant nitrogen accumulation gradually increased with an increase in N between the sowing and the jointing stage and the jointing and the anthesis stage. In contrast, the N uptake by plants was inevitably accompanied by soil water consumption, resulting in higher soil water consumption before anthesis (Figure 1). After the anthesis stage, the soil water storage is insufficient at N240, and the soil water conditions affect the nitrogen uptake and utilization [16,35]. Despite the increase in N, there is insufficient water in the wheat field to fully utilize N fertilizer, which is not conducive to the translocation and accumulation of N in the plant, thus reducing the accumulation of N in the grains. An increase in nitrogen application without increasing the plant N accumulation beyond a certain range will certainly decrease N fertilizer utilization [36]. Our study showed that, with an increase in N application, the N fertilizer factor productivity and N fertilizer uptake efficiency showed a gradual decrease, and the NUE first increased and then decreased, with the highest being at N180 and N210 kg ha−1 of N in 2016–2017 and 2017–2018, respectively. The appropriate amount of N application is conducive to the balanced use of water at all the growth stages, promoting nitrogen accumulation and translocation and improving the grain N accumulation and the water and N fertilizer utilization efficiency.




4.3. Yield and Comprehensive Benefit


Rational N can improve the crop yield, water, and NUE, thus achieving a high yield and high net income at lower environmental costs, and ensuring sustainable agricultural development [1,37]. The rational N of winter wheat varies with the soil fertility, climatic environment, planting pattern, and evaluation index [38]. The recommended rate is 195 kg ha−1 nitrogen application rate for winter wheat under micro-sprinkler irrigation in the North China Plain, based on the synergistic improvement of yield, water, and NUE [39]. N270 and N300 are advised for winter wheat in wheat–maize rotation areas in China, based on the balanced improvement of yield, quality, income, and NUE through several literature investigations and field trial data integrations [16,40]. The optimal N of N210 and N240 for winter wheat was based on yield, plant N accumulation, and soil N residue in the middle and lower reaches of the Yangtze River, China.



This study showed that when considering the yield, net income, water, and NUE, the N300 could meet the four indexes and reach 95–100% of the maximum value after fitting. On this basis, if the soil fertility is high, N90–N300 are recommended to improve the NUE and reduce the soil N residue effectively. If the soil water was poor before sowing, the recommended N would be N300 to ensure higher soil water consumption. If the economic benefit is the primary consideration, then N270 and N300 can increase the incomes of farmers.





5. Conclusions


A continuous increase in N did not increase the yield, WUE, or NUE. However, in this study, N240 equalized the water consumption at different stages, significantly increased the dry matter translocation before anthesis and the dry matter accumulation after anthesis, the total water consumption during the growth stages, the N translocation before anthesis, and the nitrogen accumulation after anthesis, as well as increasing the yield by 2.8–91.3%. Therefore, when considering the yield, net income, and environmental benefits, the N, 187–276 kg ha−1, transpiration rate and stomatal conductance N240 was highest 21–28 day after anthesis, can achieve a high yield, maintain a high economic income, and have a high WUE and NUE, which is the optimum N application rate for high-yield and high-efficiency cultivation in this region. In this study, we compared the changes in the dry matter yield, the net income, water, and the NUE benefit.
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Figure 1. Effects of different nitrogen rates on the soil water consumption and total water consumption during the growth period of winter wheat. SS-WS, sowing stage to wintering stage; WS-JS, wintering stage to jointing stage; JS-AS, jointing stage to anthesis stage; AS-MS, anthesis stage to maturity stage. Lower-case letters indicate comparisons between N rates; level bars represent the standard error. 






Figure 1. Effects of different nitrogen rates on the soil water consumption and total water consumption during the growth period of winter wheat. SS-WS, sowing stage to wintering stage; WS-JS, wintering stage to jointing stage; JS-AS, jointing stage to anthesis stage; AS-MS, anthesis stage to maturity stage. Lower-case letters indicate comparisons between N rates; level bars represent the standard error.
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Figure 2. Effects of tiller population dynamics. WS, wintering stage; JS, jointing stage; BS, boosting stage; AS, anthesis stage. Lower-case letters indicate comparisons between N rates; level bars represent the standard error. 
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Figure 3. Dry matter accumulation during different growth stages and the dry matter accumulation at the maturity stage. Lower-case letters indicate comparisons between N rates levels bars represent the standard error. 
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Figure 4. N accumulation during the different growth stages, and the N accumulation at the maturity stage. Lower-case letters indicate comparisons between N rates; level bars represent the standard error. 
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Figure 5. Yield, net income (NI), nitrogen use efficiency (NUE), and water use efficiency (WUE) as regression functions with an annual average rate of nitrogen application for 2016–2018. 
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Table 1. Soil basal fertility of 0–20 cm at the experimental site in Wenxi.
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	Year
	Organic Matter

(g ha−1)
	Alkali-Hydrolysis N

(mg·kg−1)
	Available Phosphorus

(mg ha−1)
	Available Potassium

(mg ha−1)





	2016–2017
	12.07
	36.42
	16.28
	218.76



	2017–2018
	12.59
	42.50
	21.99
	180.34










 





Table 2. Weather data at the experimental site in Wenxi.
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Year

	
Period

	
Precipitation (mm)

	
Daily Mean Temperature

(°C)

	
Total Accumulated Temperature

(°C d)






	
2016–2017

	
S–J

	
35.3

	
3.2

	
654.7




	
J–B

	
47.5

	
11.9

	
226.1




	
B–A

	
27.1

	
18.1

	
344.7




	
A–M

	
44.3

	
20.9

	
753.1




	
2017–2018

	
S–J

	
48.9

	
3.7

	
732.8




	
J–B

	
20.7

	
13.2

	
304.5




	
B–A

	
22.7

	
18.6

	
371.4




	
A–M

	
10.7

	
21.8

	
871.6








Note: The weather data were obtained from the meteorological bureau of Wenxi County. S–J: sowing stage to jointing stage; J–B: jointing stage to booting stage; B–A: booting stage to anthesis stage; A–M: anthesis stage to maturity stage.













 





Table 3. Input of winter wheat production.
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Seed and Fertilizers Inputs (Yuan kg−1)

	
Other Inputs (Yuan ha−1)




	
N Fertilizer

	
P2O5

	
K2O

	
Seed

	
Irrigation

	
Tillage

	
Sowing

	
Reaping






	
4.35

	
5

	
8

	
4.8

	
1200

	
750

	
600

	
750











 





Table 4. Dry matter translocation before anthesis and dry matter accumulation after anthesis.
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Treatment

	
Dry Matter Translocation before Anthesis

	
Dry Matter Accumulation after Anthesis




	
Amount

	
CG (%)

	
Amount

	
CG (%)






	
2016–2017

	
N0

	
1426.6 d

	
30.84 c

	
3200.1 e

	
69.16 a




	
N90

	
2115.8 c

	
33.04 bc

	
4286.0 d

	
66.96 ab




	
N180

	
2561.8 b

	
32.59 c

	
5298.5 b

	
67.41 a




	
N210

	
2738.7 b

	
33.07 bc

	
5544.9 a

	
66.93 ab




	
N240

	
3185.4 a

	
35.65 b

	
5749.9 a

	
64.35 b




	
N270

	
3315.9 a

	
38.68 a

	
5255.2 b

	
61.32 c




	
N300

	
3322.4 a

	
39.87 a

	
5009.3 c

	
60.13 c




	
2017–2018

	
N0

	
1198.0 e

	
26.72 d

	
3285.8 e

	
73.28 a




	
N90

	
2878.3 d

	
43.69 bc

	
3709.9 d

	
56.31 bc




	
N180

	
3352.5 c

	
44.00 bc

	
4265.1 c

	
56.00 bc




	
N210

	
3544.7 bc

	
42.22 c

	
4851.9 a

	
57.78 b




	
N240

	
3704.3 ab

	
42.90 c

	
4930.0 a

	
57.10 b




	
N270

	
3798.4 a

	
45.42 ab

	
4564.9 b

	
54.58 cd




	
N300

	
3823.8 a

	
47.31 a

	
4260.3 c

	
52.69 d








CG: Contribution ratio to grain. Within a column for each nitrogen rates, the mean followed by different lower-case letters are significantly different according to Tukey’s HSD test (0.05).













 





Table 5. Effects of different nitrogen rates on N accumulation after the anthesis stage, and the N accumulation grain of winter wheat.
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Treatment

	
(NTBA)

	
(NAAA)

	
(NAG)

(kg ha−1)




	
A (kg ha−1)

	
CG (%)

	
A (kg ha−1)

	
CG (%)






	
2016–2017

	
N0

	
90.85 f

	
72.47 d

	
34.52 e

	
27.53 a

	
125.37 f




	
N90

	
120.59 e

	
78.25 b

	
33.52 e

	
21.75 c

	
154.11 e




	
N180

	
139.20 d

	
77.41 bc

	
40.62 c

	
22.59 bc

	
179.82 d




	
N210

	
145.96 c

	
77.07 bc

	
43.43 b

	
22.93 bc

	
189.39 c




	
N240

	
154.32 a

	
76.56 c

	
47.24 a

	
23.44 b

	
201.56 a




	
N270

	
151.17 b

	
77.16 bc

	
44.76 b

	
22.84 bc

	
195.93 b




	
N300

	
150.98 b

	
80.04 a

	
37.65 d

	
19.96 d

	
188.63 c




	
2017–2018

	
N0

	
84.22 g

	
71.90 c

	
32.91 e

	
28.10 ab

	
117.13 f




	
N90

	
106.23 f

	
72.92 c

	
39.44 d

	
27.07 b

	
145.67 e




	
N180

	
120.22 e

	
70.70 c

	
49.81 b

	
29.30 a

	
170.02 d




	
N210

	
129.49 d

	
71.86 c

	
50.70 b

	
28.14 ab

	
180.19 c




	
N240

	
135.97 c

	
70.91 c

	
55.78 a

	
29.08 a

	
191.75 a




	
N270

	
141.57 b

	
75.45 b

	
46.06 c

	
24.55 c

	
187.63 b




	
N300

	
146.89 a

	
79.12 a

	
38.75 d

	
20.87 d

	
185.64 b








A: amount; CG: contribution ratio to grain; NTBA, N translocation before anthesis; NAAA, N accumulation after anthesis; NAG, N accumulation grain. Within a column for each nitrogen rate, the mean followed by different lower-case letters are significantly different according to Tukey’s HSD test (0.05).













 





Table 6. Effects of different nitrogen rates on yield and water use efficiency.
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Treatment

	
Spike Number

(×104 ha−1)

	
Grain Number

per Spike

	
1000-Grain Weight (g)

	
Yield

(kg ha−1)

	
WUE

(kg ha−1 mm−1)






	
2016–2017

	
N0

	
482.0 d

	
29.10 d

	
43.42 a

	
4626.6 f

	
11.97 f




	
N90

	
573.3 c

	
32.34 c

	
41.43 b

	
6401.8 e

	
15.48 e




	
N180

	
634.2 b

	
34.50 bc

	
40.13 c

	
7860.3 d

	
18.00 cd




	
N210

	
669.5 ab

	
35.11 ab

	
39.35 d

	
8283.6 c

	
18.26 bc




	
N240

	
688.6 a

	
36.68 a

	
39.61 cd

	
8935.4 a

	
19.13 a




	
N270

	
695.2 a

	
36.22 ab

	
38.38 e

	
8571.1 b

	
18.61 ab




	
N300

	
702.8 a

	
36.69 a

	
37.07 f

	
8331.8 bc

	
17.62 d




	
2017–2018

	
N0

	
459.1 e

	
28.23 c

	
45.22 a

	
4483.3 e

	
11.61 e




	
N90

	
535.9 d

	
31.92 b

	
43.12 b

	
6588.2 d

	
15.89 d




	
N180

	
594.0 c

	
33.91 a

	
42.16 c

	
7617.6 c

	
17.96 b




	
N210

	
642.6 b

	
34.69 a

	
41.30 d

	
8396.6 ab

	
18.82 a




	
N240

	
673.8 ab

	
35.21 a

	
40.99 d

	
8634.3 a

	
18.60 a




	
N270

	
687.8 a

	
34.95 a

	
39.57 e

	
8363.3 ab

	
17.67 b




	
N300

	
680.9 a

	
35.28 a

	
38.68 f

	
8084.1 b

	
16.89 c








Within a column for each nitrogen rate, the mean followed by different lower-case letters are significantly different according to Tukey’s HSD test (0.05).













 





Table 7. Effects of different nitrogen application rates on the N use efficiency of winter wheat.
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Treatment

	
NPFP (kg kg−1)

	
NUE (%)

	
NUE (kg kg−1)






	
2016–2017

	
N0

	
——

	
——

	
——




	
N90

	
71.13 a

	
2.00 a

	
35.55 c




	
N180

	
43.67 b

	
1.14 b

	
38.39 a




	
N210

	
39.45 c

	
1.04 c

	
37.88 ab




	
N240

	
37.23 d

	
0.98 d

	
38.14 ab




	
N270

	
31.74 e

	
0.88 e

	
36.23 bc




	
N300

	
27.77 f

	
0.76 f

	
36.40 b




	
2017–2018

	
N0

	
——

	
——

	
——




	
N90

	
73.20 a

	
2.11 a

	
34.74 c




	
N180

	
42.32 b

	
1.20 b

	
35.40 bc




	
N210

	
39.98 c

	
1.08 c

	
37.15 a




	
N240

	
35.98 d

	
1.00 d

	
35.97 b




	
N270

	
30.98 e

	
0.88 e

	
35.07 bc




	
N300

	
26.95 f

	
0.78 f

	
34.74 c








NPFP, N partial factor productivity; NUE, N uptake efficiency; and NUE, N use efficiency. Within a column for each nitrogen rate, the mean followed by different lower-case letters are significantly different according to Tukey’s HSD test (0.05).













 





Table 8. The correlation index between dry matter accumulation and translocation, yield, and soil water consumption.
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	Index
	DMASS-JS
	DMAJS-AS
	DMTPre
	DMAPost
	Yield





	SWCSS-JS
	0.916 **
	0.896 **
	0.860 **
	0.670
	0.791 *



	SWCJS-AS
	——
	0.916 **
	0.903 **
	0.670
	0.814 *



	SWCAS-MS
	——
	——
	0.440
	0.758 *
	0.608



	SWCT
	0.983 **
	0.988 **
	0.968 **
	0.845 **
	0.934 **







*, ** F value means significance at p = 0.05 and p = 0.01 levels, respectively. DMASS-JS is the dry matter accumulation from the sowing to the jointing stage; DMAJS-AS is the dry matter accumulation from the jointing stage to the anthesis stage; SWCSS-JS is the soil water consumption from the sowing to the jointing stage; SWCJS-AS is the soil water consumption from the jointing stage to the anthesis stage; SWCAS-MS is the soil water consumption from the anthesis stage to the maturity stage; and SWCT is the total water consumption during the growth period.













 





Table 9. The correlation index between soil water consumption, nitrogen accumulation, and translocation.
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	Index
	NASS-JS
	NAJS-AS
	NTPre
	NAPost





	SWCSS-JS
	0.947 **
	0.822 *
	0.886 **
	0.413



	SWCJS-AS
	——
	0.862 **
	0.916 **
	0.416



	SWCAS-MS
	——
	——
	0.432
	0.892 **



	SWCT
	0.991 **
	0.951 **
	0.983 **
	0.636







*, ** F value means significance at p = 0.05 and p = 0.01 levels, respectively. NASS-JS is nitrogen accumulation from the sowing to the jointing stage, and NAJS-AS is the nitrogen accumulation from the jointing stage to the anthesis stage.













 





Table 10. The different nitrogen application rates when each index (X) reached its maximum value (Ymax) and 95% of its maximum value (95%Ymax).






Table 10. The different nitrogen application rates when each index (X) reached its maximum value (Ymax) and 95% of its maximum value (95%Ymax).





	Index
	Nmin (kg ha−1)
	NN-max (kg ha−1)
	Nmax (kg ha−1)





	Yield
	187
	276
	365



	NI
	186
	258
	330



	WUE
	140
	222
	304



	NUE
	95
	197
	299
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