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Abstract

:

High efficient nitrogen (N) application method and proper N management strategies can further reduce the losses and enhance N use efficiency. Field experiments were conducted in the 2015–2016 and 2016–2017 growing seasons to evaluate the effects of four fertigation frequencies treatments (FT-1: all the topdressing N was applied at the jointing stage; FT-2: 67% and 33% of the topdressing N was applied at the jointing and filling stages; FT-3: 33%, 50% and 17% of the topdressing N was applied at the regreening, jointing and filling stages; FT-4: 33%, 33%, 17% and 17% of the topdressing N were applied at the regreening, jointing, anthesis and filling stages) on wheat yield, water use efficiency (WUE), partial productivity of N fertilizer (PFPN) and N harvest index (NHI). In addition, one-time topdressing by surface broadcasting at the jointing stage was set up as a control (BC-1). The results showed that FT-3 and FT-4 supplied sufficient NO3−-N in the 0–40 cm soil layer, which reduced the risk of soil NO3−-N leaching to the deeper layers. FT-4 had the highest grain yield, WUE, PFPN and NHI, with average values of 9153.4 kg ha−1, 2.1 kg m−3, 0.74 kg kg−1 and 31.3 kg kg−1, respectively, followed by these values corresponding to the FT-3 in two years. These findings suggest that topdressing N split with 3–4 times, that is to say applying approximately 16.7% of topdressing N in anthesis and filling stages, respectively by the center pivot fertigation method can significantly improve yield, WUE, PFPN and NHI.
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1. Introduction


As one of China’s main agricultural production areas, the North China Plain (NCP) covers about 51% of the winter wheat (Triticum aestivum L.) sown area and provides 59% of the country’s winter wheat [1]. In the NCP, the continuous increase in wheat production inevitably requires continuous fertilizer input [2]. However, excessive and improper nitrogen (N) application rate leads to waste resources and environmental pollution and is contrary to sustainable agricultural production [3,4]. Inappropriate N application methods and time are the predominant reasons for the low efficiency of fertilizer utilization [5]. Thus, new highly efficient N application methods and schedules need to be further studied to improve nitrogen use efficiency (NUE) and develop environmentally friendly agriculture.



The use of an appropriate N topdressing can ensure the reproductive growth stage of winter wheat and enhance N uptake. While the most conventional N topdressing application method is manual broadcasting for small farmland and fertilization with fertilizer applicator for larger farmland in the NCP region [6]. In addition, a conventional practice of only one-time fertilization is performed at the jointing stage of wheat, which greatly reduces the efficiency of N utilization [7]. Compared with the N application method of broadcasting, fertigation is a higher efficient fertilization method as it improves the yield and crop quality with reduced N and water supplies [8,9]. Research indicated that N uptake and use efficiency were higher with fertigation technology compared with traditional farmers’ practice under similar rates of fertilizers [10]. For given seasonal water and N supply, the fertigation frequency affects the rhizosphere’s soil moisture and nutrient concentration. Split N application can further reduce the N losses, especially when N management is coordinated with irrigation. High fertigation frequency can provide a vital N concentration and soil water during the growing period and increase the uptake efficiency of N in crop growth [11]. The spilt application of water and N fertilizer according to crop requirements increases the NUE and reduces N loss to the environment [12]. However, too-frequent fertigation might be unnecessary and ineffective, especially in clay and low inherent fertility level soils. Thus, the optimal fertigation frequency should be investigated according to the main growth stages of crops and soil properties.



Depending on the crops and production regions, fertigation can be conducted through different irrigation methods such as drip irrigation, sprinkler irrigation, or surface irrigation [13]. In recent years, various advanced water-saving techniques combined with fertigation technology have been used in field crops [14]. For example, Li et al. [15] showed that the recommended N amounts with optimum split applications under drip fertigation can be reduced to 46% of farmer practice for wheat, without negatively affecting grain yield, thereby increasing NUE. Li et al. [16] found that the highest N fertilizer use efficiency was achieved by a small amount of water with optimized N application using micro-sprinkling irrigation in the NCP. In addition, Zhao et al. [17] reported that more frequent fertigation could be recommended for soil with low inherent N availability. Nevertheless, there is insufficient research on the optimal fertigation frequency of winter wheat, especially for fertigation splits on yield, water use efficiency (WUE) and NUE with low pressure sprinkler irrigation system. It is unclear whether fertigation splits can further improve the NUE under the same N application rate. More research is needed to explore the effects of highly efficient fertilization methods in improving NUE and to meet demands of future sustainable development of agriculture in the NCP.



We hypothesized that the optimum fertigation frequencies, especially proper N fertilization in the late growth stages of wheat could improve yield and NUE. To verify this hypothesis, a two-year field experiment was conducted to evaluate the effects of different fertigation frequencies with the center pivot irrigation system on grain yield, ET, WUE, soil NO3−-N accumulation, NUtE, PFPN and NHI under the same topdressing N application rate in the NCP.




2. Material and Methods


2.1. Research Site


Field experiments were carried out during two growing seasons from 2015 to 2017 at Tongzhou Experimental Station of China Agricultural University (Beijing, China; 39°41′59″ N, 116°41′01″ E; elevation 21 m). The experimental site is in the NCP (Figure 1) and the mean annual temperature is 11.3 °C, and the mean annual precipitation is 620 mm, mainly distributed from June to September. The organic matter content in the 0–40 cm was 12.3 g kg−1 and the soil type was sandy loam. The main physicochemical properties of root zone soil (0–100 cm) are listed in Table 1.




2.2. Experimental Design


Winter wheat (Nongda 211) was sown on 9 October 2015 and 3 October 2016 using a wheat seeder machine with a row spacing of 15 cm. The sowing rate was 300 kg ha−1 in both two years and the harvest dates were 13 June 2016 and 15 June 2017. Other field management practices, including controls of pests, crop diseases and weeds, were conducted using the same standards as those used in this region.



A center pivot irrigation system (Debont Irrigation Equipment Co., Ltd., Tianjin, China), which consisted of two spans of 43.3 and 37.5 m for the first and second spans, respectively and an overhang with a length of 8.4 m, was used in this study. A Nelson P85A impact sprinkler (Nelson Irrigation Corp., Walla Walla, Washington, DC, USA) with a nozzle diameter of 8.7 mm was installed at the end of the overhang without a booster pump. All Nelson D3000 sprinklers (Nelson Irrigation Corp., Walla Walla, Washington, DC, USA) were positioned 1.6 m above the ground using polythene flexible drop pipes. A 15 psi (103 kPa) pressure regulator was deployed upstream of each sprinkler. During the experiment, the inlet pressure at the pivot point was 240 kPa, and the inlet flow rate of the whole system was 24.7 m3 h−1.



Crop phenology was classified using the Zadoks scale [18]. Considering that the demand for N fertilizer of winter wheat is mainly in the regreening stage (Z25), jointing stage (Z35), anthesis stage (Z60) and filling stage (Z70). Four N topdressing timing treatments were imposed by fertigation: (i) non-traditional-1 in which all the topdressing N was applied at the jointing stage (FT-1), (ii) non-traditional-2 in which 67% and 33% of the topdressing N was applied at the jointing and filling stages (FT-2), (iii) non-traditional-3 in which 33%, 50% and 17% of the topdressing N was applied at the regreening, jointing and filling stages (FT-3) and (iiii) non-traditional-4 in which 33%, 33%, 17% and 17% of the topdressing N was applied at the regreening, jointing, anthesis and filling stages (FT-4), respectively. In addition, traditional one-time topdressing by surface broadcasting (BC-1) at the jointing stage was set up with the same N application rate of the four fertigation frequencies as a control (Table 2). To better compare farmers’ traditional yield and N fertilizer use efficiency, the total N rate was 315 kg ha−1 and base fertilizer was 108 kg N ha−1 referred to the local farmer’s practice in the same location in 2015–2016. The total N rate was 275 kg ha−1 and base fertilizer was 68 kg N ha−1 in 2016–2017 to further improve NUE. Before sowing, 150 kg P2O5 ha−1 and 90 kg K2O ha−1 were applied as base fertilizer in two years. The base fertilizer was applied to the soil at sowing time using a modified tractor-mounted seeding device. Urea (46% N) was used as topdressing N fertilizer. Topdresssing dates for 2015–2016 season were 20 March, 25 April, 15 May and 20 May, while topdresssing dates were 15 March, 22 April, 13 May and 22 May for 2016–2017 season. Topdressing was applied using a center pivot fertigation system with a piston pump (Intelirri (Beijing) Technology Co., Ltd., Beijing, China) and a 2000 L fertilizer storage tank. The urea solution was injected into the center pivot irrigation system at a flow rate of 285 L h−1, mixed with irrigation water and finally, applied to the field by the sprinklers. Each experimental plot size was 6 m × 10 m, with three replicates in a randomized complete block design.



For four fertigation treatments in season, 30, 45, 30 and 30 mm of irrigation water were applied by center pivot at the regreening, jointing, anthesis and filling stages, respectively. Due to sufficient rainfall in November 2015, overwintering irrigation was not applied. While 30 mm of irrigation water was applied on 28 November 2016 for overwintering irrigation. All the plots of BC-1 treatment were boarded to form a basin for border irrigation. Meanwhile, the irrigation amount and stage of BC-1 were consistent with other treatments. For BC-1 treatment, the irrigation water was applied to the soil by connecting a plastic tube to a pumping well and a water meter was used to record the irrigation applied for each plot.




2.3. Measurements


2.3.1. Meteorological Data


During the two seasons, an automatic weather station (HOBO U30, Onset Computer Co., Bourne, MA, USA) was installed 200 m from the experimental plots to measure mean precipitation, air temperature, relative air humidity, wind speed, wind direction and solar radiation.




2.3.2. Field Measurements


At the maturity stage, the plant samples from two 50 cm inner rows in each subplot with three samples for a plot were selected. They were oven dried at 75 °C to a constant weight so as to obtain the dry matter (DM) accumulation. The spike number from 60 randomly selected plants was recorded. The 1000-grain weight was measured using the average of three samples of 1000 grains. In each plot, wheat plants from a 1 m2 area were harvested at maturity and threshed to determine grain yield (13% water contents). The harvest index (HI) was calculated as the ratio of grain yield to the above-ground DM accumulation at maturity.




2.3.3. Soil Samples and Analysis


Soil samples were collected from 20 cm increments to a depth of 140 cm using a soil corer in all experimental plots during wheat growing season. The soil water content of 0–140 cm soil layer was analyzed before and after irrigation and precipitation. Soil water content was monitored by gravimetric method. Soil volumetric water content was determined from gravimetric water content and bulk density. Crop evapotranspiration (ET) was calculated using the soil water balance equation [19]:


ET = P + I + ΔSWE − R − D + CR,



(1)




where ET (mm) is the crop evapotranspiration, P (mm) is precipitation, I (mm) is actual irrigation amount and ΔSWE (mm) is the change in stored soil water in the 140 cm of the soil between the sowing and maturity phases. R (mm) is surface runoff. D (mm) was drainage from the root zone and CR (mm) was capillary rise to the root zone. Surface runoff, drainage and capillary rise to the root zone were taken as zero due to the less rainfall, small irrigation amount and the deep groundwater table (25 m below soil surface).



WUE was calculated using the following equation:


  WUE = 0.1 ×   Y   ET    



(2)




where WUE (kg m−3) is the water use efficiency of winter wheat and Y (kg ha−1) is the grain yield.




2.3.4. Nitrogen Accumulation and Nitrogen Use Efficiency


The nitrate-nitrogen (NO3−-N) in the 0–100 cm soil layers was examined with air-dried soil samples using an Autoanalyzer III (Bran + Luebbe, Norderstedt, Germany). Total nitrogen contents in plants and grains were determined using the Kjeldahl method [20]. N accumulation and NUE were calculated as follows according to Ruisi et al. [21]:



Total N accumulation (NT) = DM × NC%



Grain N accumulation (NG) = Y × NC%


NUtE = Y/NT,



(3)






PFPN = Y/NF,



(4)






NHI = NG/NT,



(5)




where NC is the N concentration of plants or grain, NUtE (kg kg−1) is N utilization efficiency, PFPN (kg kg−1) is the partial productivity of N fertilizer and NF (kg ha−1) is the total N application rate. NHI is the N harvest index, NG (kg ha−1) is the N accumulation in mature kernels and NT (kg ha−1) is the sum of straw and grain N accumulation at harvest.




2.3.5. Data Analysis


Data was recorded and sorted by excel 2016, and the variance analysis (ANOVA) was performed by SPSS statistical software. The graphical work was carried out with Origin 9.1 graphical software. Differences among mean values were calculated using the least significant differences at the 5% level.






3. Results


3.1. Climatic Conditions


Meteorological parameters, especially wind speed, have a significant impact on sprinkler hydraulic performance and irrigation water use efficiency. The monthly mean air temperature, wind speed and precipitation from October 2015 to June 2017 was illustrated in Figure 1. The tendency of air temperature and wind speed during the two growing seasons were similar (Figure 2a). The mean air temperature ranged from −5.3 to 25.0 °C in 2015–2016 and −2.8 to 24.1 °C in 2016–2017. After mid-March, the average daily temperature was above 10 °C, which contributed to rapid wheat growth. During the growing season, the mean wind speed was below 3 m s−1, which provided favorable meteorological conditions for sprinkler irrigation (Figure 2a). The total precipitation during the wheat growing season was 170.7 mm in 2015–2016 and 100.6 mm in 2016–2017. Precipitation events mainly occurred from May to June, accounting for 69.4% in 2015–2016 and 34.2% in 2016–2017, respectively (Figure 2b). This means that a significant amount of irrigation water is needed during the wheat growth period.




3.2. ET, Grain Yield, HI and WUE


3.2.1. Crop Evapotranspiration


The cumulative seasonal irrigation, precipitation and soil water consumption for each treatment during the wheat growing in 2015–2017 were shown in Figure 3. As a whole, the corresponding ET values of winter wheat in the two growth periods were not significantly different, which were between 400 and 450 mm. In the two years, the ET values did not differ significantly among different treatments, with the BC-1 treatment having slightly higher ΔSWE values than the other treatments in the same year. Compared to the 2015–2016 growing season, the total precipitation and irrigation decreased by 40.1 mm in 2016–2017 but significantly increased the consumption of soil water. This indicates that lower precipitation and irrigation will increase the consumption of soil water by wheat.




3.2.2. Grain Yield, HI and WUE


It can be seen that the N fertigation frequencies showed a significant impact on yields in two seasons (Table 3). Compared with the BC-1 treatment, the grain yields of FT-1 treatment increased by 4.7% in the 2015–2016 season. Meanwhile, the grain yields of the FT-1 treatment increased by 8.0% compared with BC-1 treatment in the 2016–2017 season. FT-4 treatment obtained the highest grain yield among fertigation frequency treatments, with average values of 9092.3 and 9214.5 kg ha−1 in the 2015–2016 and 2016–2017 growing seasons, respectively. However, no significant differences were observed between FT-4 and FT-3 treatments in 2016–2017, but the grain yield of FT-4 was 4.6% higher than FT-3. The average grain yield of FT-4 was 17.3% and 17.4% higher than FT-2 and FT-1 in 2015–2016, and FT-4 was 9.8% and 11.7% higher than FT-2 and FT-1 in 2016–2017, respectively. It can be seen that the corresponding HI of the FT-4 was significantly higher than the FT-2 and FT-1 treatments in 2015–2016, but there was no significant difference among treatments in 2016–2017. The WUE was significantly affected by fertigation frequencies in two years. Compared with BC-1, the WUE of FT-1 increased by 9.2% in 2015–2016 and 10.1% in 2016–2017, respectively. The WUE value increased as the fertigation frequency increased, while FT-4 obtained the highest WUE, followed by FT-3, FT-2 and FT-1 in two years of the experiment. The WUE of both FT-3 and FT-4 exceeded 2.0 kg m−3, higher than the average WUE value of 4.1%, 9.3% in 2015–2016 and 2.0%, 7.6% in 2016–2017, respectively. These findings indicated that the FT-1 treatment can improve grain yield, HI and WUE compared with BC-1 treatment in two growing seasons. The grain yield and WUE both increased with increasing topdressing frequency from one to four applications at the same two applications of N.





3.3. Soil NO3−N Accumulation and Spatial Distribution


The pattern of variation in soil NO3−N accumulation was similar in the 2015–2016 and 2016–2017 growing seasons (Figure 4). During the same growth stage, the soil NO3−N accumulation in 2015–2016 was higher than in 2016–2017 for its higher total N application. However, no significant difference was found in the soil NO3−N accumulation values before sowing among different treatments in two years. The FT-4 and FT-3 treatments obtained significantly higher soil NO3−N accumulation at the regreening stage, which was due to 69 kg ha−1 of N topdressing applied in this growth period in 2015–2016 and 2016–2017. The soil NO3−N accumulation reached its maximum at the jointing stage, and all treatments were higher than 400 kg ha−1 in the two growing seasons. In addition, the soil NO3−N accumulation of the FT-4 and FT-3 treatments was significantly lower than other treatments in the jointing stage. Compared with those in the jointing stage, the soil NO3−N accumulation among all treatments decreased significantly during the anthesis stage, while BC-1 and FT-4 obtained the most considerable accumulation amount. The soil NO3−N accumulation of BC-1 treatment at the filling stage was lower than FT-2, FT-3 and FT-4 treatments in the two growing seasons. However, the soil NO3−N accumulation of BC-1 treatment was significantly highest at the harvest stage, followed by FT-1, FT-2, FT-3 and FT-4 treatments. The results indicated that FT-4 treatment exerted a beneficial effect on the soil NO3−N absorption of wheat in improving the soil NO3−N accumulation to match the N requirements during crop growth stages. Additionally, the BC-1 treatment resulted in higher soil NO3−N accumulation at the harvest stage in two growing seasons.



Significant differences were found in the soil NO3−-N content in the 0–100 cm soil layer at the different wheat growing stages among various treatments in the 2015–2016 and 2016–2017 growing seasons (Figure 5). The initial soil NO3−-N content corresponding to different treatments was the same before sowing in the same year, while the initial NO3−-N content in 2016–2017 was higher than that in 2015–2016 due to higher soil NO3−-N accumulation in the previous year, with an average increase of 4.7 mg kg−1. Soil NO3−-N content increased gradually after sowing but was mainly concentrated in the 0–60 cm soil layer. The BC-1 and FT-1 treatments in two years had significantly higher soil NO3−-N content in the maturity stage than the sowing stage, indicating that soil NO3−-N content produced a larger surplus in the soil. In 2015–2016, all treatments had higher soil NO3−-N content at the maturity stage than at the sowing stage; however, the difference in soil NO3−-N content at the maturity stage compared to the sowing stage differed among different treatments in 2016–2017. The soil NO3−-N contents in each layer of FT-3 and FT-4 treatments at the maturity stage were basically equal to that at the sowing stage, and the average soil NO3−-N content in the 0–40 cm soil layer was reduced by 1.7 and 1.3 mg kg−1, respectively in 2016–2017. The results showed that three to four times fertigation can reduce soil NO3−-N content at the maturity stage, and the N application rates in 2016–2017 can maintain the balance of soil NO3−-N under this soil condition.




3.4. Nitrogen Use Efficiency


There were no significant differences in NUtE among different treatments in two years (Table 4). Compared with BC-1, the NUtE of FT-1 increased by 3.0% in 2015–2016 and decreased by 1.4% in 2016–2017. The NUtE of FT-4 was greater than other fertigation treatments, with 4.3% higher than average values in 2015–2016. While in 2016–2017, the NUtE of FT-4 was equal to that of FT-1, 2.3% higher than that of FT-2 and FT-3. The PFPN was significantly affected by the N fertigation frequency in two years (Table 4). The PFPN of FT-1 increased by 4.7% in 2015–2016 and 8.3% in 2016–2017 when compared with that of BC-1 treatment. The highest PFPN was achieved in FT-4 among fertigation treatments, with average values of 28.9 kg kg−1 in 2015–2016 and 33.6 kg kg−1 in 2016–2017, respectively. The NHI under BC-1 and FT-1 treatments were similar in two years. Compared with BC-1, the NHI of FT-1 increased by 3.2% in 2015–2016 and was equal in 2016–2017. The FT-4 treatment obtained the highest NHI values in the two-year field study, with average values of 0.77 kg kg−1 in 2015–2016 and 0.71 kg kg−1 in 2016–2017, respectively. These results indicated that FT-1 can improve PFPN compared with BC-1. In general, four times fertigation obtained the highest PFPN and NHI in this study.





4. Discussion


In the NCP, farmers often applied excessive fertilizers to achieve high yields, which results in serious resource waste and environmental risk [22]. However, manual surface broadcasting makes it difficult to ensure the uniformity of fertilization in the field and also makes the cost of fertilizer application high [23]. At the same time, one-time topdressing cannot ensure the nutrient needs of wheat during the late growing stages. Many researchers have reported that split N application according to the nutrient requirements of crop growth stages can further increase yield and reduce the N losses than traditional pre-plant N application [6,24,25]. In this study, two years of experimental results showed that topdressing with 69, 69, 34 and 34 kg/ha of N under the fertigation conditions at the regreening, jointing, anthesis and filling stages (i.e., treatment FT-4) can increase the grain yield, WUE and NUE. There were some differences in the grain yield, WUE, PFPN and NHI of FT-4 between the two growing seasons, but overall, this treatment showed the best results of all treatments in the two years. Compared with the FT-1, FT-4 treatment exceeded 9092 kg ha−1, and the yield increased by 11.7–17.4%, the WUE increased by 8.1–11.1% and the PFPN increased by 11.6–17.5%.



4.1. Grain Yield and WUE in Response to N Fertigation Frequency


Compared with the farmer’s practice (BC-1), the average grain yield was increased by 6.4%, and WUE was increased by 9.7% when using the center pivot fertigation method (FT-1) in two years. The higher grain yield of the fertigation method achieved in this study might be the N applied in solution form and immediately available to the crop roots compared with the farmer’s practice [10,26]. In addition, the high fertigation uniformity might promote the hydrolysis speed of urea [6]. Li et al. (2021) found that the wheat yield of 9435 kg ha−1 could be achieved with 150 mm of irrigation and 240 kg ha−1 under fertigation using micro-sprinkling which was consistent with this study [7]. The results in this study showed that optimizing the fertilizer method can further increase the grain yield and WUE, which is in agreement with previous studies that the combined application of irrigation and N through fertigation was an effective method to maintain higher crop yield while reducing environmental risks [13]. Studies have confirmed that the proper amount of fertilization can effectively regulate the water use process and improve WUE [27,28]. Fertilizer not only promotes increasing yield but more importantly, interacts with soil moisture. In addition, suitable soil moisture can promote the transformation and absorption of fertilizer and improve the utilization rate of fertilizer [29,30]. In this study, the yield and WUE did not increase significantly when the fertigation frequency increased from one to two times, but when the frequencies were increased to three or four times, the yield and WUE increased substantially. The reason might be that three to four times of topdressing meets the absorption of N according to wheat requirements at the main growth stage, and the integration of water and fertilizer promotes the mutual absorption of water and fertilizer [12,31]. It is worth noting that the yield increased with the increase of N splits may also be related to low soil fertility, which agrees with the previous research in the same region [17].




4.2. Soil NO3−-N Accumulation and Distribution in Response to N Fertigation Frequency


Research has shown that fertigation can decrease N losses and reduce transformable N to N2O or NO [32,33]. Research showed that micro-irrigation ensured the supply of nitrogen in the upper soil at the critical growth stages, and increased absorption and utilization of stored nitrogen in the soil [34]. In this study, the apparent seasonal surplus of soil NO3−-N of BC-1 was 2.8% higher than that of FT-1 in 2015–2016 and was 2.7% in 2016–2017 (Figure 4), which was in agreement with previous findings that fertigation method can promote N absorption compared with surface broadcasting method [34,35]. In addition, the average soil NO3−-N content of BC-1 in deep soil (60–100 cm) was higher than in other treatments in two years, which may have been due to the non-uniformity application of fertilizer reducing the absorption of N by surface roots [6]. This also means that part of soil NO3−-N might risk serious leakage by surface broadcasting and border irrigation methods [36]. The soil NO3−-N accumulation of FT-4 at the maturity stage was significantly lower than that of other fertigation applications, especially that in FT-1 treatment in two years (Figure 4). Meanwhile, the soil NO3−-N content of FT-4 was slightly higher than that at the sowing stage in 2015–2016 and the soil NO3−-N content of FT-4 was slightly lower than that at the sowing stage in 2016–2017 (Figure 5). This showed that the N application rates in 2016–2017 can achieve more efficient NO3−-N utilization. In this study, the soil NO3−-N accumulation amount and the distribution of soil NO3−-N in FT-4 showed that a more frequent application of dilute N can significantly improve soil N distribution and promote crop nitrogen absorption, which was consistent with previous research [16,37].




4.3. N Utilization in Response to N Fertigation Frequency


Traditional fertilizer management often uses a one-time application of excessive fertilizer, which increases the volatilization, leaching and decomposition of N, thereby leading to a lower NUE [34,36]. Li et al. (2018) found that micro-irrigation improved NUE by 7.1–16.5% compared with traditional flood irrigation [34]. Fertigation by center pivot can realize the application of smaller amounts of water and fertilizer with more frequent topdressing, and N fertilizer can be applied at critical growth periods [14]. Thus, N application rates may be significantly reduced in wheat fields and the fertilizer leaching and residual can be much less, compared to common farmers’ practice [5,38]. The present study showed that the grain yield significantly increased with the increase of N fertigation frequency. However, there was no significant difference in NUtE among N fertigation frequencies, which was due to NT decreasing with the increase of N application frequency. Grain yield was a significant contributing factor in determining the PFPN, so the FFPN increased with the increase in N application frequency in this study. Besides N frequency, the N application rate was 40 kg ha−1 higher in the 2015–2016 growing season than in 2016–2017, resulting in higher soil NO3−-N content in 2015–2016 among all treatments throughout the growing period. However, the average grain yield in 2016–2017 was higher than that in 2015–2016, making a lower NUE in 2015–2016. In our two-year study, the N application rate was reduced from 315 to 275 kg ha−1, the average yield increased by 4.6%, and the PFPN increased by 19.8%. This result showed that the N application rate could be further optimized under the condition that the yield exceeded 9000 kg ha−1, which was corresponding to the results of other studies [7].



Overall, the results of the two-year experiment indicated that N application by fertigation method using center pivot more frequently and appropriate N application (i.e., treatments FT-3 and FT-4) can realize high grain yield and high resource use efficiency. However, further studies are required to optimize the N application threshold under more frequent fertigation for winter wheat in this region.





5. Conclusions


The air temperature, precipitation and wind speed after regreening stage in the NCP provided favorable meteorological conditions for the application of fertigation technology using center-pivot irrigation system. Optimal fertigation frequencies (FT-4) significantly increased the grain yield, WUE, PFPN and NHI of winter wheat by 11.7–17.4%, 8.1–11.1%, 11.6–17.5% and 7.6–20.3%, respectively, compared with one-time topdressing (FT-1) in two years. Meanwhile, the grain yield, WUE and NHI were significantly improved by the fertigation method (FT-1) under the same N application rate, compared with the farmer’s practice (BC-1). Three to four times fertigation made more soil NO3−-N concentrated in the upper soil layer (0–40 cm) at the anthesis and filling stages. The results from the two growing seasons indicated that topdressing N split 3–4 times, which means that approximately 16.7% of topdressing N applied in anthesis and filling stages, respectively by center pivot fertigation method was recommended for the winter wheat in the NCP especially for large-scale farms.
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Figure 1. The location map of the experimental site. 
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Figure 2. Air temperature, wind speed (a) and precipitation (b) during the wheat-growing seasons in 2015–2017. 
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Figure 3. Irrigation, precipitation and soil water consumption during the wheat growing seasons in 2015–2017. 
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Figure 4. Effects of different N applications on NO3−-N accumulation amount at various growth stages during the wheat-growing seasons in 2015–2017. The values are the mean ± standard error (n = 3). The treatments with different lowercase letters indicate statistical significance among treatments in each year at p < 0.05 according to the LSD test. 
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Figure 5. Effect of different treatments on soil NO3−-N content at critical growth stages during the wheat-growing seasons in 2015–2017. 






Figure 5. Effect of different treatments on soil NO3−-N content at critical growth stages during the wheat-growing seasons in 2015–2017.



[image: Water 15 01932 g005]







[image: Table] 





Table 1. Soil physicochemical properties at experimental site.
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	Depth

(cm)
	Bulk

Density

(g cm−3)
	Field

Capacity

(cm3 cm−3)
	NH4+-N

Content

(mg kg−1)
	NO3−-N

Content

(mg kg−1)
	Available Phosphorus (mg kg−1)
	Available Potassium

(mg kg−1)
	pH





	0–10
	1.45
	0.31
	5.72
	16.18
	35.50
	169.31
	8.13



	10–20
	1.45
	0.31
	4.39
	17.99
	45.58
	168.48
	8.17



	20–40
	1.64
	0.30
	3.25
	7.94
	28.64
	164.84
	8.25



	40–60
	1.64
	0.30
	2.80
	5.63
	16.14
	151.54
	8.29



	60–80
	1.57
	0.32
	2.26
	6.46
	16.54
	127.96
	8.35



	80–100
	1.46
	0.26
	2.16
	6.35
	14.52
	116.83
	8.32
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Table 2. N rates and fertigation frequencies during the wheat growing seasons in 2015–2017.
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Years

	
Treatments

	
N Frequency

	
N Rate of Different Growing Stages/kg ha−1




	
Base

Fertilizer

	
Regreening

	
Jointing

	
Anthesis

	
Filling






	
2015–2016

	
BC-1

	
1

	
108

	
/

	
207

	
/

	
/




	
FT-1

	
1

	
108

	
/

	
207

	
/

	
/




	
FT-2

	
2

	
108

	
/

	
138

	
/

	
69




	
FT-3

	
3

	
108

	
69

	
103.5

	
/

	
34.5




	
FT-4

	
4

	
108

	
69

	
69

	
34.5

	
34.5




	
2016–2017

	
BC-1

	
1

	
68

	
/

	
207

	
/

	
/




	
FT-1

	
1

	
68

	
/

	
207

	
/

	
/




	
FT-2

	
2

	
68

	
/

	
138

	
/

	
69




	
FT-3

	
3

	
68

	
69

	
103.5

	
/

	
34.5




	
FT-4

	
4

	
68

	
69

	
69

	
34.5

	
34.5








Note: BC-1, border irrigation and surface broadcasting; FT-1, FT-2, FT-3 and FT-4, irrigation and fertigation by the center pivot irrigation system.
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Table 3. Effects of different treatments on the average grain yield, HI and WUE during the wheat-growing seasons in 2015–2017.
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Years

	
Treatments

	
Yield

(kg ha−1)

	
HI

	
WUE

(kg m−3)






	
2015–2016

	
BC-1

	
7401.6 ± 150.6 d

	
0.38 ± 0.01 b

	
1.74 ± 0.31 e




	
FT-1

	
7746.7 ± 151.4 cd

	
0.39 ± 0.01 b

	
1.90 ± 0.31 cd




	
FT-2

	
7748.1 ± 238.5 cd

	
0.38 ± 0.02 b

	
1.91 ± 0.68 cd




	
FT-3

	
8446.1 ± 449.3 b

	
0.42 ± 0.03 ab

	
2.01 ± 1.51 ab




	
FT-4

	
9092.3 ± 450.8 a

	
0.45 ± 0.02 a

	
2.11 ± 0.92 ab




	
2016–2017

	
BC-1

	
7639.7 ± 198.1 d

	
0.39 ± 0.01 b

	
1.79 ± 0.03 de




	
FT-1

	
8249.1 ± 58.3 bc

	
0.40 ± 0.01 b

	
1.97 ± 0.01 bc




	
FT-2

	
8389.6 ± 308.3 b

	
0.40 ± 0.02 b

	
1.99 ± 0.09 bc




	
FT-3

	
8811.0 ± 251.4 ab

	
0.40 ± 0.01 b

	
2.02 ± 0.04 ab




	
FT-4

	
9214.5 ± 70.1 a

	
0.41 ± 0.00 b

	
2.13 ± 0.01 a




	
2015–2017

	
ANOVA

	
*

	
NS

	
*








Notes: The values are the mean ± standard error (n = 3). The treatments with different lowercase letters indicate statistical significance among treatments in each year at p < 0.05 according to the LSD test. NS = not significant at a probability level of p < 0.05, * = significant at a probability level of p < 0.05.
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Table 4. Effects of different treatments on NUtE, PFPN and NHI during the wheat growing seasons in 2015–2017.
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Years

	
Treatments

	
NUtE

(kg kg−1)

	
PFPN

(kg kg−1)

	
NHI

(kg kg−1)






	
2015–2016

	
BC-1

	
27.0 ± 0.3 a

	
23.5 ± 0.5 f

	
0.62 ± 0.05 b




	
FT-1

	
27.8 ± 1.0 a

	
24.6 ± 0.5 f

	
0.64 ± 0.05 b




	
FT-2

	
27.6 ± 2.3 a

	
24.6 ± 0.8 f

	
0.63 ± 0.04 b




	
FT-3

	
28.4 ± 2.1 a

	
26.8 ± 1.4 e

	
0.71 ± 0.06 ab




	
FT-4

	
29.2 ± 0.9 a

	
28.9 ± 1.4 cd

	
0.77 ± 0.01 a




	
2016–2017

	
BC-1

	
27.6 ± 1.4 a

	
27.8 ± 0.7 de

	
0.66 ± 0.01 ab




	
FT-1

	
27.2 ± 1.6 a

	
30.1 ± 0.2 c

	
0.66 ± 0.02 ab




	
FT-2

	
26.6 ± 1.2 a

	
30.6 ± 1.1 bc

	
0.67 ± 0.02 ab




	
FT-3

	
26.6 ± 0.3 a

	
32.1 ± 0.9 ab

	
0.67 ± 0.02 ab




	
FT-4

	
27.2 ± 1.1 a

	
33.6 ± 0.3 a

	
0.71 ± 0.01 ab




	
2015–2017

	
ANOVA

	
NS

	
*

	
NS








Notes: The values are the mean ± standard error (n = 3). The treatments with different lowercase letters indicate statistical significance among treatments in each year at p < 0.05 according to the LSD test. NS = not significant at a probability level of p < 0.05, * = significant at a probability level of p < 0.05.
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