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Abstract

:

Improvement in fertilization methods, including the optimal matching of nutrient supply and root nutrient absorption by applying nitrogen (N) in the root zone of crop, is necessary to improve N use efficiency (NUE), maintain high stable yield cultivation of maize, and contribute toward future environmental protection. The current practice of split surface broadcasting (SSB) of N is labor-intensive and the surface broadcasting causes a large amount of N to leach into the environment, yet it does not substantially increase maize yield. Root zone fertilization (RZF) has been identified as an efficient way to solve such problems. However, information on the appropriate amount of N fertilizer under RZF for summer maize remains limited. Therefore, in this study, a two-year consecutive field experiment was conducted during 2015–2016 in Anhui province, China, to investigate the effect of N rate and application method on grain yield, nutrient uptake, and NUE of summer maize. The method chosen is not only important to increase grain yield but also critical for reducing N rate and potential loss in the maize cropping system. The experiment comprised six N rates (90, 135, 180, 225, 270, and 360 kg N hm−2) and two N application methods in both 2015 and 2016. The two N application methods included SSB and one-time RZF. Results showed that grain yield of summer maize increased first and then decreased with the increase of N rate; however, when the N rate increased to 270 kg hm−2, the grain yield increased slowly or even decreased. Compared with SSB, RZF increased grain yield by 4%, and the effect of N on grain yield was mainly related to the number of kernels per ear and 1000-seed weight. One-time RZF increased N apparent recovery efficiency by 18% (7.2 percentage points) compared with SSB and also improved the N agronomic efficiency, N physiological efficiency, and N partial factor productivity. In the comprehensive consideration of yield target, NUE, and soil N balance, the optimal N rate for summer maize in the vertisol soil of Anhui province was 180–225 kg hm−2 for one-time RZF, which reduced N fertilizer by 14% compared with the SSB. Overall, one-time RZF has great potential for green and sustainable agriculture, and thus fertilization machines are worthy of development and application in maize cropping systems.
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1. Introduction


Nitrogen (N) fertilizer plays an important role in ensuring crop yield increase and food security [1]. Crop yield increases with the increase of N fertilizer application; however, when N application rate exceeds a certain range, crop yield does not continue to increase, or even has a downward trend, and the N loss significantly increases, resulting in serious resource waste and environmental pollution [1,2]. Excessive application of N fertilizer is common in maize production in China, especially in areas with a high degree of agricultural intensive production. For example, application to high-yield maize fields in Shandong province can reach 249 kg hm−2, and the average N application in the North China Plain even reached 360 kg hm−2 [3], which is far higher than the recommended N application rate of 180 kg hm−2 [4]. The target yield of summer maize in middle-high yield fields of the Huang-Huai-Hai Plain is 7500–9000 kg hm−2, and the recommended amount of N fertilizer is 180–210 kg hm−2. However, the amount of N fertilizer used in the current maize season far exceeds this level [5]. In the vertisol soil of Anhui province, the N application amount of maize in regular stages reached 310 kg hm−2, and the N use efficiency (NUE) was only about 23% [6]. Therefore, how to reduce the amount of N fertilizer and improve the NUE while ensuring high and stable yield remains a major issue in China.



Split application is the traditional fertilization method for maize, but with the increase of labor cost, the development of controlled release fertilizer, and the promotion of mechanized fertilization, one-time fertilization is expected to be the development direction and inevitable trend for maize fertilization [7,8]. One-time fertilization means that all the fertilizers were just applied one time during the whole growth period of a crop [9,10]. One-time application in the entire fertilization stage could change the traditional broadcast method of fertilization. Recently, the “mechanism and approach of sustainable and efficient utilization of fertilizer nutrients” project explicitly pointed out that root zone fertilization (RZF) is an important means to considerably improve the utilization ratio of N fertilizer, and one-time RZF was found to be an optimal fertilization approach to increase rice yield [11,12], maize yield [8,13], and NUE [12,13]. Our latest research demonstrated the suitability of one-time fertilization in the root area of maize [14] and also confirmed the role of one-time RZF in ensuring a high and stable yield of maize [8,13]. However, it remains unclear whether one-time RZF can reduce the rate of N and what is the optimal range of N application for summer maize.



It is of great importance to identify an appropriate amount of N fertilizer that takes into account both crop yield and environmental effects. Therefore, to understand the effect of N application rate on grain yield and NUE of summer maize under one-time RZF, a local maize variety “Longping 206” was selected and planted in Taihe county, Anhui province, China. This study aimed to confirm the one-time N application method for achieving high yield in maize and to achieve an optimal N rate for summer maize in the Huang-Huai-Hai Plain of China. These findings will provide theoretical basis and technical support for scientific and reasonable N application and reduction and increase the efficiency of N application in maize.




2. Material and Methods


2.1. Experimental Site and Growth Conditions


The experiment was carried out in Taihe county (33°15′ N, 115°36′ E), Anhui province, located on the Huang-Huai-Hai Plain, one of the largest maize zones in China. The experimental soil is classified as vertisol according to FAO/ISRIC classification systems. The topsoil (0–20 cm) has a pH of 8.1, 19.2 g kg−1 organic matter, 1.38 g kg−1 total N, 92.1 mg kg−1 available N, 23.5 mg kg−1 available P, and 235.3 mg kg−1 available K. The rainfall and temperature during the experiment period (from May to October) were described by Jiang et al. [13].




2.2. Experiment Design and Field Management


The experiment included two N application methods (conventional two-split surface broadcasting (SSB) and one-time RZF), and six N fertilizer rates (90, 135, 180, 225, 270, and 360 kg hm−2). Therefore, 13 treatments (two application methods × six N rates, plus a control without N fertilizer treatment (CK)) were carried out for the experiment in both 2015 and 2016. A randomized complete block design with three replicates was used. The area of the plot was 2.4 m × 2.8 m in 2015 (4 rows, 10 plants in each row) and 3.0 m × 5.6 m in 2016 (5 rows, 20 plants in each row). Each plot was separated from the adjacent plot by 30 cm-wide earthen banks. The N, P, and K fertilizer was applied as urea (N 46%), superphosphate (P2O5 16%), and potassium chloride (K2O 60%) via the SSB and RZF fertilization methods, respectively. All the urea for RZF was applied on 17 June and 15 June in 2015 and 2016, respectively. While for SSB, 50% of the total urea was applied on 17 June and 15 June, and 50% urea was applied for the second time on 2 August and 1 August in 2015 and 2016, respectively. The amount and application methods of the P and K fertilizer were the same as used by Jiang et al. [8]. The local suitable variety “Longping 206” was selected as the maize variety, with row spacing of 60 cm × 28 cm and density of 60,000 plants hm−2. In addition to the application of N fertilizer, other field management methods were in accordance with local conventional measures. In 2015, maize was sown on 17 June and harvested on 27 September. In 2016, it was sown on 15 June and harvested on 25 September.




2.3. Sampling and Measurements


At harvest, the number of ears per plot was determined, and the grain yield and biomass were also determined by harvesting all plants in each plot. The grain characteristics including grain number per ear and 1000-seed weight were measured by adjusting kernels to 14% moisture content. The plants were divided into two parts (straw and grain) for drying to constant weight at 70 °C, before being ground to powder and passed through a 0.15-mm screen for N content analysis. Total N concentration was determined by the method described by Jiang et al. [13].




2.4. Calculation Methods


The N accumulation, N agronomic efficiency (NAE), N physiological efficiency (NPE), N partial factor productivity (NPFP), and N apparent recovery efficiency (NARE) were calculated according to the methods of López-Bellido et al. [15] and Jiang et al. [16].




2.5. Statistical Analysis


Data calculation and figures mapping were performed using Microsoft Excel 2013. Two-way analysis of variance was used to assess the effects of N application method and N rate in SPSS 13.0 (SPSS Inc., Chicago, IL, USA). The means of the treatments were compared using the least significance difference test at p < 0.05.





3. Results


3.1. Grain Yield and Its Components


As shown in Figure 1, the grain yield of maize varied between 8.7 and 13.0 Mg hm−2 for N application treatments, which was on average 41.7% and 30.5% higher than that of CK in 2015 and 2016, respectively. The results for the two years showed that the grain yield of maize increased as the N rate increased, but after the N rate reached 225 kg hm−2, the increase of yield significantly decreased, or there was no trend of increase in grain yield. Overall, under the same N application rate, the grain yield of RZF was slightly higher than that of SSB.



According to the relationship between grain yield (y) and N rate (x) under different treatments, a simple quadratic regression equation (y = ax2 + bx + c) was established to describe the change of grain yield with N rate (Figure 1). As shown in Table 1, it was calculated that the N application rate in the 2015 and 2016 for the maximum yield of SSB and RZF was 320.7–361.2 and 275.8–309.7 kg hm−2, respectively, and the corresponding grain yield was 12.8–13.0 and 13.0–13.1 Mg hm−2, respectively, according to the regression equation. Based on the price of maize grain and N fertilizer, it was calculated that the optimal economic rate of N fertilizer in the 2015 and 2016 applied for SSB and RZF was 307.8–344.5 and 266.5–297.3 kg hm−2, respectively. The N fertilizer for RZF could be reduced by 14% compared with SSB to achieve an optimal yield. The two years of results showed that the maximum yield and the optimal yield of RZF were both higher than those of fractional fertilization.



Among all the treatments, the lowest ear number per hectare at harvest was found in CK, and there was no significant difference between the N application treatments (Table 2). The N application treatments significantly increased the kernel number per ear of maize by 13.6–34.9% compared with CK (441.1–452.5). The kernel number per ear increased with the increase of the N rate but decreased when the N rate exceeded 270 kg hm−2. The RZF achieved a slightly higher -kernel number per ear than the SSB under the same N application rate. The 1000-seed weight of the CK treatment was 283.1–288.7 g, which was significantly lower than that of the N application treatments. There was no significant difference in 1000-seed weight when the N application rate was between 135 and 360 kg hm−2.




3.2. Dry Matter Accumulation


The aboveground dry weight of maize plants for all treatments was 14.0–20.4 Mg hm−2, which was lowest in CK for both 2015 and 2016 (Figure 2). The N application treatments significantly increased the aboveground dry weight by 12.9–42.1% compared with CK. With the increase of N application rate, the aboveground dry weight showed a gradually increasing trend in both SSB and RZF. The two years of results showed that the aboveground dry weight of RZF was slightly higher than that of SSB under the same N application rate.




3.3. Nitrogen Concentration and Accumulation


As shown in Table 3, N concentration was between 11.4 and 13.1 g kg−1 in grain and between 10.9 and 11.7 g kg−1 in straw under CK, whereas it was between 12.5 and 15.1 g kg−1 and between 11.8 and 14.5 g kg−1 under the N application treatments, respectively. The N concentration for CK was the lowest in both grain and straw. With the increase of N application rate, the N concentration in both grain and straw showed an increasing trend. The results for the two years showed that under the same N application rate, the N concentration in grain and straw of RZF was slightly higher than that of SSB.



The N uptake in the whole plant varied between 147.8 and 181.4 kg hm−2 in the CK and between 203.6 and 303.0 kg hm−2 in the N application treatments, respectively. Nitrogen application significantly increased the N uptake in the whole plant, and the N uptake increased with the increase of N application rate. In general, the N uptake in the whole plant of RZF was higher than that of SSB under the same N application rate (Table 3).




3.4. Nitrogen Use Efficiency


The effect of N application rate and method on NUE of summer maize for 2015–2016 was showed in Table 4. The NAE of maize varied between 11.5 and 34.2 kg kg−1 under the different N application rates. The highest NAE (34.2 kg kg−1) was found in RZF with the N rate of 90 kg hm−2. The NAE decreased gradually with the increase of N application rate. Similarly, the results for the two-year period showed that the NPE, NPFP, and NARE were significantly affected by both the N application rate and method. The NPE, NPFP, and NARE for all N application treatments were 32.4–46.8 kg kg−1, 25.6–131.0 kg kg−1, and 29.9–60.4%, respectively, and all indexes showed a gradual decline with the increase of the N application rate. However, a higher NARE was found in RZF treatments than in SSB treatments, especially under the low and medium levels of N application (90–180 kg hm−2). Under the N application of 90 kg hm−2, RZF obtained the highest NARE, which was 59.1% and 60.4% in 2015 and 2016, respectively. Overall, the NARE of all RZF treatments was 18% (7.2 percentage points) higher than that of SSB.





4. Discussion


4.1. Effect of RZF on Grain Yield and Yield Components


This study showed that under the same rate of N application, RZF increased the grain yield by 4% compared with SSB (Figure 1), indicating that the one-time application of urea also achieved high yield. As an optimized one-time N fertilization, RZF could achieve the goal of crop yield increase. Because the one-time fertilization requires less labor than conventional applications and achieves strong benefits as split application, it has gradually become a widely implemented fertilization technique [10,17,18]. Some studies have also confirmed that only one-time fertilization during a given growth period can achieve high yield and improve fertilizer use efficiency than SSB [7,9,17,18]. However, research on the one-time application of N fertilizer has mainly focused on controlled-release fertilizer and has paid little attention to the one-time application of common urea. In this study, one-time RZF with common urea was found to achieve a high grain yield and even obtained higher yield than the current fertilization method (SSB) under the same rate of urea application.



One-time RZF of urea could increase yield, which may be because RZF allowed the N fertilizer to be distributed in the area of the active root system, and the dynamic range of N fertilizer nutrient diffusion thus better matched the dynamic range of root system extension, therefore promoting the absorption of N by the root system [19]. Moreover, RZF significantly increased N concentration and prolonged the supply time of N in the soil, realizing the continuous supply of high N to meet the needs of maize for 90 days [13,14]. Previous studies reported that, combined with deep-application technology, the RZF significantly increased the concentration of NH4+–N in the root area of crops and prolonged the N-supply period [11,20,21]. In areas of high N supply, such as N patches, the proliferation of the root system increased substantially, thereby improving the nutrient absorbability of roots and increasing the crop yield [20,22]. Therefore, this study confirmed that there is great potential for improving crop yield by optimizing fertilizer placement. However, the effects of one-time RZF of urea on high and stable yield of crops in different areas and soil types still need to be further discussed and demonstrated for popularization and application.



Nitrogen affects crop yield mainly by adjusting ear numbers, kernels per ear, and 1000-seed weight. Previous studies have shown that, within a certain extent of N application rate, the number of kernels per ear increase with the increasing N rate; however, the kernels per ear did not increase or even decrease under the overuse of N fertilizers [23,24]. Some studies have suggested that the effect of yield components on maize yield decreased in the following order: ear numbers per area > kernels per ear > 1000-seed weight [25,26]. In this study, it was found that when the planting density was 60,000 plants hm−2, the number of kernels per ear increased with the increasing N rate from 90 to 270 kg hm−2, whereas it decreased when the N rate exceeded 270 kg hm−2. Cao et al. [24] found that the grain yield of summer maize was mainly affected by the number of kernels per ear in the Huang-Huai-Hai Plain of China. Cai et al. [27] reported that the difference in grain yield of spring maize was mainly caused by the number of kernels per ear and 1000-seed weight at the middle of northeast China. In this study, it was concluded that N rate affected the grain yield of summer maize mainly by influencing the kernels per ear and 1000-seed weight in both the RZF and SSB.




4.2. Effect of RZF on Nitrogen Use Efficiency


In this study, it was found that RZF could improve the NUE of summer maize. Under the same rate of N application, the NARE of RZF was 7.2 percentage points higher than that of SSB, and the NAE, NPE, and NPFP of RZF were also higher than those of SSB. Many studies have focused on the effects of N rate and application method on NUE of summer maize [7,14,18]. The utilization efficiency of N fertilizer varied greatly due to the significant influence of soil properties, N fertilizer types, application techniques, and meteorological conditions. The apparent recovery efficiency (ARE), agronomic efficiency (AE), physiological efficiency (PE), and partial factor productivity (PFP) are usually used to characterize the fertilizer use efficiency [1,28]. ARE, also known as apparent efficiency, refers to the percentage of applied fertilizer nutrients absorbed by crops in the current season [1,19]. It has been previously reported that the NARE for RZF in rice increased by 11.6 percentage points compared with the farmer fertilizer practice (three splits of N fertilizer) [11,12]. Wang et al. [7,17] also showed that the NUE of slow-release fertilizer by single application as base fertilizer on summer maize was increased by 4–5 percentage points compared with a single application of urea. The improvement of NUE in RZF of summer maize in this study may have occurred because the N fertilizer applied in the root zone was deeply applied and better matched with the distribution of the root system, effectively improving the absorption of N by roots [11,13]. Compared with the split surface broadcasting, the proportion of N absorbed by rice from the applied urea under deep placement was increased by 62% [21]. Compared with SSB, the 15N recovery efficiency for RZF in summer maize was increased by 13 to 20% [13]. The RZF established a root zone and a nonroot zone in soil; the nonroot zone of RZF is the key area in which nutrients are supplied and intercepted, so as to minimize the nutrient losses [19]. The N loss in one-time RZF of summer maize was significantly decreased by 11 to 24% compared with that in split-surface broadcasting [20]. Moreover, deep application of N in the root zone significantly reduced the loss of N by ammonia volatilization, denitrification, and leaching [21,22,29]. Obviously, the RZF achieved higher NUE than the farmers’ present fertilizer method (SSB) under the same rate of N application. Therefore, this study supports the conclusion that the RZF played an important role in improving NUE and reducing fertilizer losses, which provides a new approach for reducing N application rate and minimizing N loss.




4.3. Optimal Nitrogen Rate of RZF for Summer Maize


Due to inappropriate fertilization methods and low NUE, overuse of N fertilizer is common in summer maize in China [3]. For example, the recommended rate of N fertilizer application for summer maize was 180 kg hm−2, while the actual rate was 266 kg hm−2 for the current practice in the North China Plain [4]. The average rate of N input for winter wheat–summer maize was up to 430 kg hm−2 in the Huang-Huai-Hai Plain [30]. Moreover, the N rate for split application in summer maize was 310 kg hm−2 in the vertisol soil of Anhui province, whereas the NUE in maize was only 23% [6]. Excessive N application resulted in a large amount of N losses in forms such as surface runoff, ammonia volatilization, nitrate leaching, and denitrification, thus causing serious ecological and environmental problems [1,28,31,32]. Therefore, on the basis of ensuring high yield, reducing N rate and minimizing N loss is one of the important research directions in agricultural sustainability. In 2015, the Chinese Ministry of Agriculture issued the “Zero Increase Action Plan” to improve fertilization methods, increase fertilizer use efficiency, reduce fertilizer usage, and promote sustainable agricultural development [11]. In this study, on the basis of considering the price of maize grain and N fertilizer, the optimal economic N rate for RZF was 266.5–297.3 kg hm−2, which reduced N fertilizer application by 14% compared with the SSB. Furthermore, there was no significant difference in the grain yield under the N rate of 180 kg hm−2, while the NARE was significantly increased, compared with the maximum yield of the N rate (275.8 and 309.7 kg hm−2).



The N use of the maximum yield was usually much higher than the optimal N rate. However, for reducing N use and minimizing the environmental costs, the target yield was lower than the maximum yield [33]. The present study area belongs to a high-yield maize field in China [13]. According to the target yield of summer maize in this study area of 7.5–9.0 Mg hm−2, combined with the N accumulation in grain of 127–170 kg hm−2, NUE, and the balance of N in soil, this study concluded that the optimal N fertilization rate for summer maize in the vertisol soil of Anhui province was 180–225 kg hm−2 for one-time RZF. This N fertilization rate not only ensured the high yield of summer maize but also realized high NUE and reduced the risk of N loss in farmland. However, more attention and further research should be carried out to investigate the potential capacity for one-time RZF to reduce chemical fertilizer and increase fertilizer use efficiency in the future. This analysis should clarify the role of RZF in the reduction of fertilizer application and the realization of the goal of zero increase of chemical fertilizer.





5. Conclusions


In summary, the RZF increased the grain yield of summer maize by 4% compared with the SSB under the same rate of N application. Nitrogen fertilizer affected the grain yield of summer maize mainly by regulating the number of kernels per ear and 1000-seed weight. Under the same rate of N fertilizer, the NARE of RZF was increased by 18% (7.2 percentage points) relative to that of SSB. The optimal N fertilization rate for summer maize in the vertisol soil of Anhui province was 180–225 kg hm−2 for one-time RZF, which can reduce chemical N fertilizer by 14%. The RZF has great potential capacity for increasing NUE and reducing the amount of N application.
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Figure 1. Effect of N rate and application method on grain yield of summer maize. Data are the means of three replicates. 






Figure 1. Effect of N rate and application method on grain yield of summer maize. Data are the means of three replicates.



[image: Sustainability 11 02979 g001]







[image: Sustainability 11 02979 g002 550]





Figure 2. Effect of N rate and application method on aboveground dry weight of summer maize. Data were the means of three replicates. 
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Table 1. N application rate for maximum and optimum yield of summer maize under different N application method.
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Year

	
N Application Method

	
Maximum Yield N Rate (kg hm−2)

	
Maximum Yield (Mg hm−2)

	
Optimum Economic N Rate (kg hm−2)

	
Optimum Yield (Mg hm−2)






	
2015

	
SSB

	
320.7

	
12.97

	
307.8

	
12.96




	
RZF

	
275.8

	
13.08

	
266.5

	
13.07




	
2016

	
SSB

	
361.2

	
12.81

	
344.5

	
12.80




	
RZF

	
309.7

	
13.00

	
297.3

	
12.99
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Table 2. Effect of N rate and application method on Yield components of summer maize.
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N Rate (kg hm−2)

	
N Application Method

	
2015

	
2016




	
Ear Numbers (ear hm−2)

	
Kernels per Ear

	
1000-Seed Weight (g)

	
Ear Numbers (ear hm−2)

	
Kernels per Ear

	
1000-Seed Weight (g)






	
0

	
CK

	
58,500 b

	
441.3 e

	
288.7 c

	
58,350 b

	
452.5 f

	
283.1 c




	
90

	
SSB

	
58,875 ab

	
508.0 d

	
315.7 b

	
58,950 ab

	
514.0 e

	
311.1 b




	
135

	
58,875 ab

	
527.3 d

	
322.0 ab

	
58,950 ab

	
536.5 de

	
316.3 ab




	
180

	
59,250 ab

	
546.0 bcd

	
325.5 ab

	
59,100 ab

	
553.5 bcde

	
320.4 ab




	
225

	
58,875 ab

	
581.3 abc

	
322.8 ab

	
58,800 ab

	
572.5 abcd

	
327.7 a




	
270

	
59,625 a

	
592.0 ab

	
321.8 ab

	
59,250 ab

	
592.5 ab

	
317.8 ab




	
360

	
58,875 ab

	
586.7 ab

	
320.9 ab

	
59,100 ab

	
588.0 abc

	
318.7 ab




	
90

	
RZF

	
58,875 ab

	
538.7 cd

	
327.9 ab

	
58,800 ab

	
529.5 de

	
318.5 ab




	
135

	
58,875 ab

	
544.5 bcd

	
328.5 ab

	
59,100 ab

	
545.0 cde

	
320.4 ab




	
180

	
59,250 ab

	
575.3 abc

	
331.7 ab

	
59,400 ab

	
571.0 abcd

	
316.4 ab




	
225

	
59,250 ab

	
586.7 ab

	
329.8 ab

	
58,950 ab

	
588.0 abc

	
324.3 ab




	
270

	
59,625 a

	
590.0 ab

	
336.1 a

	
59,100 ab

	
600.0 a

	
320.0 ab




	
360

	
59,625 a

	
595.3 a

	
327.0 ab

	
59,550 a

	
604.0 a

	
316.7 ab








Note: Within columns, values followed by different lowercase letters indicate a significant difference (p < 0.05).
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