

[image: Optimized N application improves N absorption, population dynamics, and ear fruiting traits of wheat]
Optimized N application improves N absorption, population dynamics, and ear fruiting traits of wheat





ORIGINAL RESEARCH

published: 29 August 2023

doi: 10.3389/fpls.2023.1199168

[image: image2]


Optimized N application improves N absorption, population dynamics, and ear fruiting traits of wheat


Xiangqian Zhang 1, Yunji Xu 2, Shizhou Du 1*, Yuqiang Qiao 1*, Chengfu Cao 1 and Huan Chen 1


1 Crops Research Institute, Anhui Academy of Agricultural Sciences, Hefei, Anhui, China, 2 Joint International Research Laboratory of Agriculture and Agri-product Safety, The Ministry of Education of China, Yangzhou University, Yangzhou, Jiangsu, China




Edited by: 

Qingming Li, Chinese Academy of Agricultural Sciences, China

Reviewed by: 

Mohammad Nauman Khan, Huazhong Agricultural University, China

Fei Ni, Shandong Agricultural University, China

*Correspondence: 

Shizhou Du
 dsz315@sina.com 

Yuqiang Qiao
 yuqiangqiao@163.com


Received: 03 April 2023

Accepted: 02 August 2023

Published: 29 August 2023

Citation:
Zhang X, Xu Y, Du S, Qiao Y, Cao C and Chen H (2023) Optimized N application improves N absorption, population dynamics, and ear fruiting traits of wheat. Front. Plant Sci. 14:1199168. doi: 10.3389/fpls.2023.1199168



Optimizing the N application amount and topdressing ratio can increase crop yield and decrease N loss, but its internal mechanisms have not been well studied, especially from the aspects of population dynamics and structure, ear fruiting traits. Here, field experiments, with three N rates 120 (N1), 180 (N2), and 240 (N3) kg N ha-1 and three N topdressing ratios T1 (7:3), T2 (6:4), and T3 (5:5) were conducted. At the same N level, results showed that the N accumulation amounts in the leaf, grain, and plant in T2 were higher than in T3 and T1, and increasing 60 kg N ha-1 (N3 compared to N2, N2 compared to N1) significantly enhanced N accumulation amounts. The effect of the N topdressing ratio on partial factor productivity of applied N was consistently T2 > T3 > T1, but T1 was more conducive to improving N utilization efficiency for grain and biomass production. After the jointing stage, compared to T1 and T3, T2 was more conducive to increasing the population growth rate of plant height, leaf area index, leaf area growth rate, dry matter weight, dry matter accumulation rate, light interception rate, and spikelets of population, and the above-mentioned indexes of population could be significantly enhanced by increasing 120 kg N ha-1. T2 increased the fruiting spikelets per ear, grains per ear, grain weight per ear, fruiting rate per ear, grain filling rate per ear, and yield but decreased the sterile spikelets at the top and bottom and imperfect grains per ear. Increasing N from 120 kg ha-1 to 180 kg ha-1 or from 180 kg ha-1 to 240 kg ha-1 significantly enhanced yield. The N accumulation amount in the grain, leaf, plant, leaf area growth rate, dry matter accumulation rate, light interception rate, population spikelets, fruiting spikelets per ear, grain filling rate, and yield were significantly positively correlated with each other. This study demonstrates a suitable N application rate with a N topdressing ratio 6:4 would more effectively improve N efficiency, population dynamics, structure, ear fruiting traits, and yield, but the effect of the N topdressing ratio is not as significant as that of increasing 60 kg N ha-1.
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1 Introduction

Wheat is one of the most important crops in the world, with figures showing a harvested area of 214.3 million ha and a global production of 734 million tons in 2018 (Illescas et al., 2020). As an essential nutrient for crop growth and development, nitrogen (N) is a major determinant of grain yield in wheat cropping systems, increasing the N application rate has contributed significantly to the increase of wheat yield in the world (Zörb et al., 2018). However, the rates of crop yield growth have slowed down in the past 20 years and have even become stagnated in some countries and regions despite enhanced N fertilizer input (Grassini et al., 2013; Che et al., 2015). The N fertilizer use efficiency in wheat production is abysmally low, i.e., around 30–35%, implying that only 30–35% of applied N is absorbed and utilized while the remaining 65–70% is lost into the environment (Sinha et al., 2020). The high rate and unsuitable timing of N application are major problems in wheat production. This has resulted in low N use efficiency, low yield and economic benefit, and high environmental costs (Lu et al., 2015).

Given the key indexes of yield formation and N application rate are not always positively correlated, to achieve high yield and N use efficiency many useful N application techniques have been developed and researched, and these N application technologies mainly focus on optimizing the total N input, adjusting the topdressing time, and decreasing the N losses. Ravier et al. (2017) found that decreasing the N application rate at the seedling stage had no impact on yield, grain protein content, and dry matter weight but increased N uptake rate and NUE (N use efficiency), as wheat has a strong low-N tolerance at the seedling stage. Sui et al. (2013) observed that optimizing N topdressing strategies enhanced rice yield by 8.2–12.6% and NUE by 57.14–138.3% when compared to local farmers’ fertilization practices. Likewise, others also successfully improved crop yield, NUE, and grain quality by optimizing the N application amount and topdressing ratio (Qu et al., 2018; Liu et al., 2019; Sun et al., 2020). Therefore, in terms of optimizing N rates and its splitting during the crop growth cycle, split application of N, where some N is applied before sowing and some is applied at later growth periods, contributes to synchronize N supply with crop N demand and reduce N loss. However, an unsuitable N application rate and time will usually cause a lack of N in a certain crop growth periods, and the N deficiency has been proved to make leaf area, biomass accumulation, plant N concentration, plant photosynthetic capacity, and crop growth rate decrease, which are strongly associated with the grain filling rate, yield, and harvest index (Liu et al., 2019; Dong et al., 2022).

Increasing N rates is unlikely to be effective in increasing crop yields; excessive use of N fertilizers and inappropriate application methods will cause excessive amounts of N in the soil since it cannot be absorbed by crops, limiting instead plant growth and reducing N use efficiency due to the asynchrony between N supply and N requirements (Ercoli et al., 2013; Liu et al., 2019);. Better management and appropriate use of N fertilizers are a convenient and effective way to improve crop growth, population structure, N accumulation, N use efficiency, and yield components (Peng et al., 2010; Ciampitti and Vyn, 2012). Although a suitable N application amount and topdressing ratio can obviously increase wheat yield (Shi et al., 2007; Zhao and Si, 2015), the internal mechanisms of yield formation or increase have not been well studied, especially from the aspects of population dynamics and structure, ear fruiting traits, N absorption and utilization, and the potential relationships of mutual inhibition and promotion among them. Therefore, a relevant field experiment was conducted (i) to clarify the variation trend of N accumulation, N use efficiency, population dynamics and structure, ear fruiting traits and wheat yield, which respond to different N application amounts and N topdressing ratios; (ii) to reveal the suitable N application amount and topdressing ratio with which N efficiency, population dynamics, and yield are effectively improved so as to maximize the yield and N benefits; and (iii) to identify the potential relationships among the above-mentioned key indexes of yield formation.




2 Materials and methods



2.1 Site description

Field experiments were conducted in a Baihu farm (31°53’ N, 117°14’ E; 29.8 m a.s.l.), Lujiang County, Anhui Province in China from November 2019 to May 2021 (the climate being basically the same over the 3 years). The 3-year experimental site (in the same location) is located in the southeast of the country with an annual single rice-wheat rotation system. The region is classified as having a subtropical monsoon climate. The annual mean temperature (2019∼2021) is 16.0°C, accumulated temperatures above 10°C are about 5100°C, and annual mean precipitation is about 1150 mm. Soil samples were collected from the research field at a depth of 0–20 cm for analyzing soil properties before wheat sowing and basal fertilizers application. The soil’s physical and chemical properties at depths of 0–20 cm at the beginning of the experiment were as follows: available N 98.09 mg kg-1, available P 7.46 mg kg-1, available K 93.8 mg kg-1, total N 1.19 g kg-1, total P 0.61 g kg-1, organic matter 18.31 g kg-1, and pH 5.8.




2.2 Experimental design

The field experiment was laid out in a two-factor completely randomized design with three replicates for each treatment. One factor was the N application level, consisting of three N levels, i.e., 120, 180, and 240 kg ha−1 (referred as N1, N2, and N3, and the highest N application rate in this study was slightly lower than the conventional N application rate in the test area). Another factor was the ratio of basal N to topdressing, including three N topdressing ratios, i.e., 7:3, 6:4, and 5:5 (referred to as T1, T2, and T3). Therefore, nine treatments were established, namely N1T1, N1T2, N1T3, N2T1, N2T2, N2T3, N3T1, N3T2, and N3T3. For all plots, 120 kg P ha-1 and 120 kg K ha-1 were applied as basal fertilizer before sowing, and the topdressing N was applied at the jointing stage of wheat, N was applied as urea (46.4% N), and P and K were supplied as calcium superphosphate (12% P2O5) and potassium chloride (60% K2O), respectively. The plot size was 3 m × 4 m with a row space of 25 cm, and the distance between neighboring plots was 50 cm. A local wheat variety of “Ningmai 13” (widely planted in the region) was selected and planted on 6 November with a density 300 × 104 ha-1 for basic seedlings and was harvested on 24 May of the following year.




2.3 Sampling and measurements

N accumulation: at the maturity stage, 1-m rows of consecutive plants in each experimental plot were clipped at soil surface, and separated into three fractions: leaves, stems plus petioles, and grains. The plant samples were oven-dried at 80°C until reaching a constant weight, and then we calculated aboveground dry matter (ADM) weight at the maturity stage. Each ADM sample (leaves, stems plus petioles, and grains) was ground separately using 1mm of screen mesh. Total N content in the above-ground parts were determined using the semi-micro Kjeldahl method (FOSS-2300, FOSS Analytical A/S, Denmark) where total N accumulation = dry matter weight of tissues × total N content (Shi and Yan, 2013).

N utilization efficiency: partial factor productivity of applied N (PFP) = kg grain yield with N application/kg N applied); N utilization efficiency for grain production (kg kg-1) = grain yield/total N content in the above-ground plant; N utilization efficiency for biomass production (kg kg-1) = dry matter weight of population at maturity stage/total N content in the above-ground plant.

Dynamic changes of plant population height: the average height of wheat population was measured at jointing and flowering stages, the height of wheat plants was the distance from soil surface to the top of leaves, and the population growth rate of plant height = average plant height (mm)/number of days during the measurement of two growth periods (d).

Dynamic changes of population leaf area: leaf area was measured using a portable leaf area meter (Model Li-3000C, Li-cor, Lincoln, Nebraska, USA), and then LAI (leaf area index) was calculated as leaf area per unit land area. In total, 20 wheat plants in each treatment were sampled and measured at the jointing, flowering, and middle of filling stages in 2020 and 2021. Leaf area growth rate = population leaf area (m2)/number of days during the measurement of two growth periods (d).

Dynamic changes of dry matter accumulation of population: to obtain the dry matter weight, 20 wheat plants in each plot were sampled (at the jointing, flowering, and maturity stages) and oven dried at 80°C for 72 h till they reached a constant weight. The dry matter accumulation rate of population = dry matter weight of population (kg)/number of days during the measurement of two growth periods (d).

Dynamic changes of the light interception rate of the population: photosynthetically active radiation (PAR) was measured by a SUNSCAN Canopy Analysis System (Delta company, Britain) at the booting, flowering, initial of filling, and end of filing stages of wheat in 2020 and 2021, respectively. The PAR was calculated according to the difference value between the PAR of the top and bottom of the wheat population, and the measurements were performed at 9:30–12:00 h, Beijing standard time, on sunny days. The measurement locations were chosen randomly, and 10 replications were performed for each plot. LI (light interception rate) was calculated using the following formula (Xue et al., 2015; Tsujimoto et al., 2017): LI = (1-Io/lt)×100%, where LI is the percentage of light that is intercepted, and Io and It are the PAR of wheat population at top and bottom, respectively.

Spikelet number of population, fruiting spikelets per ear, sterile spikelets, grains per ear, grain weight per ear, imperfect grains, and fruiting rate per ear were determined at harvesting for an area of 2 square meters for each plot in 2020 and 2021. The percentage of fruiting spikelets was calculated by dividing the number of fruiting spikelets based on the number of total spikelets panicle-1.




2.4 Data analysis

All data was expressed as means over three replicates. ANOVA was conducted by using SPSS 21.0 software with the general linear model-univariate procedure (IBM, Armonk, New York, USA). A one-way analysis of variance (ANOVA) was performed on each measurement index in the paper to compare differences among N level and N topdressing treatments for each year. All treatment means were compared for any significant differences by the Duncan’s multiple range tests at the 5%level using the SPSS 21.0 software package for Windows.





3 Result



3.1 Effects of optimizing N application on N absorption and utilization



3.1.1 Plant N uptake and accumulation

At (Figure 1) the same N level (N1, N2, or N3), the total amount of N accumulation in the stem plus petiole in T3 was higher than that in T1 and T2, and the differences between T3 and T2 were insignificant, while the differences between T3 and T1 were significant at N2 and N3 in 2020. The effect of the N topdressing ratio on the amount of N accumulation in leaf, grain, and plant were consistently T2 > T3 > T1, and the differences between T2 and T1 were significant (except for grain at N1 in 2020), while the differences between T2 and T3 were insignificant. With the same N topdressing ratio (T1, T2, or T3), the effect of N application amount on N accumulation in the stem plus petiole, leaf, grain, and plant were consistently N3 > N2 > N1, and the differences between N2 and N1, N3, and N2 were significant, indicating that increasing 60 kg N ha-1 (N3 compared to N2, N2 compared to N1) significantly enhanced N accumulation amount in wheat. In addition, we also found that the amount of N accumulation at maturity stage were consistently plant > grain > stem plus petiole > leaf.




Figure 1 | The Effect of optimizing N application on plant N uptake and accumulation at maturity stage. Values were means ± SD. Different letters indicate a significant difference within the same year under the treatments of three N levels and three N topdressing ratios by Duncan test (ANOVA) at the 5% level. Three N fertilization levels: N1, 120 kg ha-1; N2, 180 kg ha-1; and N3, 240 kg ha-1. Three N topdressing ratios: T1, 7:3; T2, 6:4; and T3, 5:5.






3.1.2 N utilization efficiency

As shown in Figure 2, at the same N level (N1, N2, or N3), the effect of the N topdressing ratio on partial factor productivity of applied N was consistently T2 > T3 > T1 in 2020 and 2021, and the values of N utilization efficiency for grain production and N utilization efficiency for biomass production were the highest in T1. However, at the same N level, the differences in partial factor productivity of applied N, N utilization efficiency for grain production, and N utilization efficiency for biomass production among T1, T2, and T3 were insignificant. With the same N topdressing ratio (T1, T2, or T3), the effect of N application amount on partial factor productivity of applied N, N utilization efficiency for grain production, and N utilization efficiency for biomass production were consistently N1 > N2 > N3. The partial factor productivity of applied N in N1 were significantly higher than in N2 and in N2 significantly higher than that in N3, indicating that increasing 60 kg N ha-1 significantly decreased partial factor productivity of applied N. Compared to N3, N1 for T1, T2, and T3 significantly decreased N utilization efficiency for biomass production in 2020 and 2021, indicating that increasing 120 kg N ha-1 would significantly decrease N utilization efficiency for biomass production. With the same N topdressing ratio, the differences in N utilization efficiency for grain production among N1, N2, and N3 were insignificant.




Figure 2 | The Effect of optimizing N application on N use efficiency. Values were means ± SD. Different letters indicated significant difference within the same year under the treatments of three N levels and three N topdressing ratios by Duncan test (ANOVA) at the 5% level. Three N fertilization levels: N1, 120 kg ha-1; N2, 180 kg ha-1; and N3, 240 kg ha-1. Three N topdressing ratios: T1, 7:3; T2, 6:4; and T3, 5:5.







3.2 Effects of optimizing N application on population dynamics



3.2.1 Dynamic changes of plant population height

At (Figure 3) the same N level, the population growth rate of plant height from sowing date to jointing stage in T1 was higher than that in T2 and T3; however, the population growth rate of plant height from jointing stage to flowering stage was consistently T2 > T3 > T1 in 2020 and 2021, and the differences among T1, T2, and T3 were insignificant. With the same N topdressing ratio (T1, T2, or T3), the population growth rate of plant height was consistently N3 > N2 > N1, and the differences between N3 and N1 were significant. The results indicated that N topdressing ratio had no significant effect on the population growth rate of plant height, while increasing 120 kg N ha-1 significantly enhanced the population growth rate of plant height.




Figure 3 | The Effect of optimizing N application on population growth rate of plant height. Values were means ± SD. Different letters indicated significant difference within the same year under the treatments of three N levels and three N topdressing ratios by Duncan test (ANOVA) at the 5% level. Three N fertilization levels: N1, 120 kg ha-1; N2, 180 kg ha-1; and N3, 240 kg ha-1. Three N topdressing ratios: T1, 7:3; T2, 6:4; and T3, 5:5.






3.2.2 Dynamic changes of population leaf area

At the same N level (Table 1), the leaf area index at the flowering and middle of filling stages and the leaf area growth rate from the jointing stage to flowering stage were consistently T2 > T3 > T1, while the leaf area index at jointing stage and leaf area growth rate from sowing date to jointing stage were consistently T1 > T2 > T3, indicating that increasing the basal N application amount was beneficial to increasing leaf area index and leaf area growth rate of wheat before the jointing stage, and T2 was the most beneficial to improving the leaf area index and leaf area growth rate after the jointing stage. At the same N level, the differences in leaf area index and leaf area growth rate were insignificant between T2 and T3. With the same N topdressing ratio, the leaf area index and leaf area growth rate in N3 were higher than in N2 and significantly higher than that in N1 (except for leaf area growth rate from jointing to flowering stages between N3T1 and N1T1 in 2020). Therefore, increasing the N application amount appropriately with the N topdressing ratio T2 was relatively more helpful for enhancing leaf area index and leaf area growth rate after jointing stage.


Table 1 | The effect of optimizing N application on dynamic changes of population leaf area.






3.2.3 Dynamic changes of dry matter accumulation of population

At the same N level (Table 2), the dry matter weight of the population at the jointing stage were consistently T1 > T2 > T3, while the dry matter weight of the population at the flowering and maturity stages as well as the dry matter accumulation rate from sowing date to flowering stage and from flowering to maturity stage were consistently T2 > T3 > T1, indicating that increasing the basal N application amount was beneficial to increasing the dry matter weight of population before the jointing stage, and the T2 treatment was the most beneficial to improving the dry matter weight and dry matter accumulation rate of the population after the jointing stage. The differences in the dry matter accumulation rate among T1, T2, T3 were insignificant (except between N3T1 and N3T2, N3T3 from sowing date to flowering stage in 2021). With the same N topdressing ratio, the dry matter weight of the population in N2 was significantly higher than that in N1, and in N3 it was significantly higher than that in N2 (except at maturity in 2021), indicating that increasing 60 kg N ha-1 significantly enhanced the dry matter weight of population. The dry matter accumulation rate in N3 was higher than that in N2 and significantly higher than that in N1.


Table 2 | The effect of optimizing N application on the population dynamics of dry matter accumulation.






3.2.4 Dynamic changes of population light interception rate

At (Figure 4) the same N level (N1, N2, or N3), the population light interception rate in T2 was higher than that in T1 and T3 at the same growth stage, but the differences among T1, T2, and T3 were insignificant, indicating that an appropriate N topdressing ratio was beneficial to increasing population light interception rate, but its effect was insignificant. Increasing the N application amount enhanced the population light interception rate; with the same N topdressing ratio, the population light interception rate in N3 was higher than that in N2 and significantly higher than that in N1. The results showed that increasing 120 kg N ha-1 significantly enhanced the population light interception rate.




Figure 4 | The Effect of optimizing N application on population light interception rate. Values were means ± SD. Different letters indicated significant difference within the same year under the treatments of three N levels and three N topdressing ratios by Duncan test (ANOVA) at the 5% level. Three N fertilization levels: N1, 120 kg ha-1; N2, 180 kg ha-1; and N3, 240 kg ha-1. Three N topdressing ratios: T1, 7:3; T2, 6:4; and T3, 5:5.






3.2.5 Dynamic changes of population spikelet number

The total (Figure 5) number of spikelets in T2 were higher than that in T1 and T3 at the same N level (N1, N2 or N3), but the differences among T1, T2, and T3 were insignificant. With the same N topdressing ratio, the total number of spikelets in N3 were higher than that in N2, and significantly higher than that in N1. We can draw that N topdressing ratio had no significant effect on total number of spikelets, while increasing 120 kg N ha-1 significantly enhanced the total number of population spikelets.




Figure 5 | The Effect of optimizing N application on total number of population spikelets. Values were means ± SD. Different letters indicated significant difference within the same year under the treatments of three N levels and three N topdressing ratios by Duncan test (ANOVA) at the 5% level. Three N fertilization level: N1, 120 kg ha-1; N2, 180 kg ha-1; and N3, 240 kg ha-1. Three N topdressing ratios: T1, 7:3; T2, 6:4; and T3, 5:5.







3.3 Effects of optimizing N application on ear fruiting traits and yield

At the same N level (Table 3), the fruiting spikelets per ear, grains per ear, grain weight per ear, fruiting rate per ear, grain filling rate per ear, and yield were consistently T2 > T3 > T1, while the sterile spikelets at the top and bottom and imperfect grains per ear were consistently T1 > T3 > T2, indicating that T2 was not only beneficial to increasing the fruiting spikelets per ear, grains per ear, grain weight per ear, fruiting rate per ear, grain filling rate per ear and yield, but also helpful for decreasing the sterile spikelets at the top and bottom and imperfect grains per ear. Increasing the N application amount enhanced the fruiting spikelets per ear, grains per ear, grain weight per ear, fruiting rate per ear, grain filling rate per ear and yield, while it decreased the sterile spikelets at the top and bottom and imperfect grains per ear. The differences in fruiting spikelets per ear, sterile spikelets at the top and bottom, grains per ear, grain weight per ear, imperfect grains per ear, fruiting rate per ear, and grain filling rate per ear between N3 and N1 were significant. In addition, the yield in N3 was significantly higher than that in N2, and in N2 it was significantly higher than that in N1.


Table 3 | The effect of optimizing N application on ear fruiting traits (average value of 2020 and 2021) and yield of wheat.






3.4 Correlation analysis

As shown in Figure 6, the NAG (N accumulation amount in grain), NAL (N accumulation amount in leaf), NAP (N accumulation amount in plant), LAGR (leaf area growth rate), DMAR (dry matter accumulation rate), LIR (light interception rate of population), NS(number of population spikelets), FSE (fruiting spikelets per ear), GFRE (grain filling rate per ear), and Y (yield) were all significantly (p<0.05) positively correlated with each other, indicating that there were positive (significant or markedly significant) mutual promotion interactions among each factor. The SST (sterile spikelets at the top), SSB (sterile spikelets at the bottom), and IGE (imperfect grains per ear) were all significantly negatively correlated with NAG, NAL, NAP, LAGR, DMAR, LIR, NS, FSE, GFRE, and Y (except for the relationships between SSB with DMAR, NS, FSE, and between SST with DMAR). The relationships between SST, SSB, and IGE were significant, indicating that the increase of sterile spikelets would lead to an obvious enhancement of imperfect grains per ear. Therefore, to increase N accumulation amount in grain, leaf, and plant, and the rate of leaf area growth, dry matter accumulation and population light interception by optimizing N application amount and topdressing ratio have great significance on reducing the number of sterile spikelets and imperfect grains and increasing the number of fruiting spikelets per ear, grain filling rate, and yield.




Figure 6 | Correlation analyses among NAG (N accumulation amount in grain), NAL (N accumulation amount in leaf), NAP (N accumulation amount in plant), LAGR (leaf area growth rate) and DMAR (dry matter accumulation rate), LIR (light interception rate of population), NS(number of population spikelets), FSE (fruiting spikelets per ear), SST (sterile spikelets at the top), SSB (sterile spikelets at the bottom), IGE (imperfect grains per ear), GFRE (grain filling rate per ear), and Y (yield). *Correlation is significant (p<0.05); **Correlation is markedly significant (p<0.01).







4 Discussion

Precise N fertilization management is important in improving plant N uptake and N use efficiency (NUE), while increasing the N fertilization level is unlikely to be effective in enhancing potential N benefits and NUE (Wu et al., 2019). Better management and appropriate use of N fertilizers are a convenient and effective way to improve crop productivity and N use efficiency with minimum N loss (Yin et al., 2019). Therefore, optimizing N application strategies should consider adopting an appropriate N fertilization rate and splitting the fertilizer dose into different fertilization or topdressing application times based on crop requirements so as to enhance N use efficiency while decrease N inputs. Liu et al. (2019) indicated that in the split application of N, where some N was applied before sowing and some N was applied at later growth periods, N concentration in the grain, total N accumulation at harvest, and N use efficiency increased. Sun et al. (2020) found that compared with one-time basal fertilization, optimized N topdressing ratios (especially the 4:3:3 and 5:3:2 ratios) significantly increased N use efficiency and aboveground N accumulation. In this study, we found that T3 was more beneficial to increasing total N accumulation in the stem plus petiole compared with T1 and T2, while T1 was more beneficial to enhancing N use efficiency for grain and biomass production compared with T2 and T3, and the effect of the N topdressing ratio on N accumulation amount in leaf, grain, plant, and partial factor productivity of applied N were consistently T2 > T3 > T1. In addition, we also proved that increasing 60 kg N ha-1 significantly enhanced N accumulation amount in the stem plus petiole, leaf, grain, and plant, while partial factor productivity of applied N (within the range of N application in this experiment) significantly decreased, and a similar conclusion was also drawn by Zhao and Si (2015). Di Paolo and Rinaldi (2008) found that N use efficiency (NUE) decreased gradually as the N level increased from 0 to 300 kg ha-1, while excessive N application did not enhance N uptake. Jia et al. (2011) also reported that the optimal ratio of basal-N to topdress-N could lead to higher N accumulation in wheat, higher N recovery efficiency, NUE, and decreased loss of fertilizer-N. Optimizing the N application rate and N topdressing ratio could have a significant impact on plant N accumulation and NUE, which is mainly due to the fact that (i) as the rate of N application relative to plant N requirement increases, the N use efficiency normally decreases; and (ii) delaying N application until the later growth stage or applying N with a suitable topdressing ratio is an effective strategy for improving the synchrony among N supply, soil N availability, and crop N demand (Gu et al., 2019; Liu et al., 2019).

Plant height, leaf area, dry matter weight and spikelet number of population are important agronomic traits of cereal crops that not only determine plant architecture but also contribute significantly to grain yield. For instance, Machado et al. (2002) indicated that plant height explained 61% of the variation in the grain yield of corn. Viña et al. (2011) reported that leaf area was an important parameter controlling many biological and physical processes of the crop, including the interception of light and water, autotrophic respiration, dry matter accumulation, and carbon and nutrient cycles. Therefore, it is of great significance to study and reveal the effects of N application amount and topdressing ratio on agronomic characters, especially on the growth rate of plant height, leaf area, dry matter weight, and spikelet number of population. Chen et al. (2016) reported that maize plants with 220 kg N ha-1 had a higher dry matter accumulation, green leaf number and leaf area index than plants with 55 kg N ha-1. Ye et al. (2019) indicated that increasing tiller N could help promote tillering during the early growth stage, and increasing panicle N could help increase the number of differentiated spikelets (prevent differentiated spikelets from degeneration), as well as enhance dry matter accumulation and the percentage of filled grains. In this study we found that increasing basal N application amount(T1)was beneficial to increasing the population growth rate of plant height, leaf area index, leaf area growth rate, and dry matter weight (from sowing date to jointing stage), while after the jointing stage, T2 showed more advantages in increasing the population growth rate of plant height, leaf area index, leaf area growth rate, dry matter weight, dry matter accumulation rate, and spikelets of population. In addition, we also found that the dry matter weight of population was significantly enhanced by increasing 60 kg N ha-1, and the population growth rate of plant height, leaf area index, leaf area growth rate, dry matter accumulation rate, and spikelets of population were significantly enhanced by increasing 120 kg N ha-1. The effect of increasing 60 kg N ha-1 on improving the above-mentioned indexes were more obvious than that of N topdressing ratio. Some studies (Tian et al., 2017; Ye et al., 2019; Xu et al., 2021) also proved that the population dynamics or population structure of crops were significantly influenced by N fertilization level and N topdressing ratio, for which the results presented in this paper provided further evidence. Therefore, we can obtain ideal population dynamics (structure) of crops by choosing a suitable combination of N application rate and N topdressing ratio.

Crop yield formation is closely related to the efficient use of radiation resources, and enhancing crop ability to capture radiation resources is an effective strategy for increasing crop productivity. Xue et al. (2015) indicated that the amount of light intercepted by the crop population reflected the physiological processes that occur in the population, and that the interception of light by the crop population was complicated and was affected by some agricultural measures. Zhao et al. (2022) reported that a fraction of intercepted photosynthetic active radiation (FIPAR) could be regulated through an N application method, which was lower in the N limiting treatments than in the N non-limiting treatments. In this study we found that an appropriate N topdressing ratio (T2) was conductive to increasing the light interception rate of population, but the effect was insignificant. In addition, increasing 120 kg N ha-1 significantly enhanced the light interception rate of population within the amount of N application in this experiment. These results were similar to those of Tsujimoto et al. (2017) who also proved that suitable N application methods could obviously improve crop population development and increase both radiation use efficiency and light interception. N application amount and topdressing ratio can obviously affect the light interception rate of population mainly due to plant density and leaf area expansion not being closely related to the intercepted PAR within the population but also significantly affected by N supply status and period (Tao et al., 2018; Zhao et al., 2022).

Agronomically optimizing the timing and rates of N fertilizer application can enhance crop yield and coordinate yield component parameters. Liu et al. (2019) indicated that by applying N fertilizer with three splits and delaying topdressing fertilization until the booting stage of winter wheat, the total grain yield and spike number, kernel number per spike, and 1000-kernel weight could increase. In some similar studies, it is also reported that by dividing N fertilizer application into basal and topdressing applications, the source–sink relationship could be regulated, further improving yield component parameters and increasing crop yields (Ercoli et al., 2013; Sui et al., 2013; Lyu et al., 2021). In this study, we found that N topdressing ratio T2 was not only beneficial to increasing fruiting spikelets per ear, grains per ear, grain weight per ear, fruiting rate per ear, grain filling rate per ear, and yield but was also helpful for decreasing sterile spikelets at the top and bottom and imperfect grains per ear. In addition, enhancing the N application rate from 120 kg ha-1 to 180 kg ha-1 or from 180 kg ha-1 to 240 kg ha-1 significantly increased yield and obviously improved the above-mentioned yield component parameters. A suitable N application rate and N topdressing ratio can obviously increase crop yield and improve yield component parameters mainly because (i) compared with one-time basal fertilization, aboveground N accumulation and NUE of crops can be significantly enhanced with an optimized N application rate and N topdressing ratio (Liu et al., 2019; Yin et al., 2019); (ii) N supply is better synchronized with crop N demand (Shi et al., 2012; Gu et al., 2019); (iii) physiological characteristics, population dynamics, and structures closely related to yield formation are effectively improved.




5 Conclusions

The effects of N topdressing ratio on increasing N accumulation amounts in leaf, grain, and plant and partial factor productivity of applied N were consistently 6:4 > 5:5 > 7:3, but N topdressing ratio 7:3 was more conducive to improving N use efficiency for grain and biomass production, and increasing 60 kg N ha-1 significantly enhanced the N accumulation amount in the stem plus petiole, leaf, grain, and plant. After the jointing stage, a N topdressing ratio 6:4 was more beneficial to enhancing the population growth rate of plant height, leaf area index, leaf area growth rate, dry matter weight, dry matter accumulation rate, light interception rate, and the total number of population spikelets; meanwhile, the above-mentioned indexes of population could be significantly enhanced by increasing 120 kg N ha-1. N3T2 was more conducive to improving yield and yield component parameters, and increasing 60 kg N ha-1 significantly enhanced yield. Therefore, we suggested that a moderate N application rate N3 with a suitable N topdressing ratio might be an environmentally friendly mode for wheat cropping for high yield (T2) and N use efficiency (T1).





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Author contributions

XZ conducted the field experiments and wrote the manuscript. SD, YX, and CC provided advice on experimental implementation. HC and YQ prepared the materials for the experiment. YQ and SD conceived and supervised the field experiments and revised manuscript. YX, CC, and HC participated data collection and data analysis. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by the National Key Research and Development Program of China (2016YFD0300408), the Transformation and Application Special Project in Agricultural Scientific and Technological Achievements of Anhui Province (2021ZH002), the Anhui Natural Science Foundation of China (2108085QC111), and the Open Project from Joint International Research Laboratory of Agriculture and Agri-Product Safety of Yangzhou University (JRK2018004).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Abbreviations

Three N rates, N1, 120 kg N ha-1, N2, 180 kg N ha-1, N3, 240 kg N ha-1; Three ratios of basal N to topdressing: T1, 7:3, T2, 6:4, T3, 5:5.




References

 Che, S. G., Zhao, B. Q., Li, Y. T., Liang, Y. U. A. N., Wei, L. I., Lin, Z. A., et al. (2015). Review grain yield and nitrogen use efficiency in rice production regions in China. Agric. Sci. China 14 (12), 2456–2466. doi: 10.1016/S2095-3119(15)61228-X

 Chen, K., Camberato, J. J., Tuinstra, M. R., Kumudini, S. V., Tollenaar, M., and Vyn, T. J. (2016). Genetic improvement in density and nitrogen stress tolerance traits over 38 years of commercial maize hybrid release. Field Crops Res. 196, 438–451. doi: 10.1016/j.fcr.2016.07.025

 Ciampitti, I. A., and Vyn, T. J. (2012). Physiological perspectives of changes over time in maize yield dependency on nitrogen uptake and associated nitrogen efficiencies: A review. Field Crops Res. 133, 48–67. doi: 10.1016/j.fcr.2012.03.008

 Di Paolo, E., and Rinaldi, M. (2008). Yield response of corn to irrigation and nitrogen fertilization in a Mediterranean environment. Field Crops Res. 105 (3), 202–210. doi: 10.1016/j.fcr.2007.10.004

 Dong, S., Zhang, X., Chu, J., Zheng, F., Fei, L., Dai, X., et al. (2022). Optimized seeding rate and nitrogen topdressing ratio for simultaneous improvement of grain yield and bread-making quality in bread wheat sown on different dates. J. Sci. Food Agr. 102 (1), 360–369. doi: 10.1002/jsfa.11366

 Ercoli, L., Masoni, A., Pampana, S., Mariotti, M., and Arduini, I. (2013). As durum wheat productivity is affected by nitrogen fertilization management in Central Italy. Eur. J. Agron. 44, 38–45. doi: 10.1016/j.eja.2012.08.005

 Grassini, P., Eskridge, K. M., and Cassman, K. G. (2013). Distinguishing between yield advances and yield plateaus in historical crop production trends. Nat. Commun. 4, 2918–2928. doi: 10.1038/ncomms3918

 Gu, X., Ding, M., Lu, W., and Lu, D. (2019). Nitrogen topdressing at the jointing stage affects the nutrient accumulation and translocation in rainfed waxy maize. J. Plant Nutr. 42 (6), 657–672. doi: 10.1080/01904167.2019.1567773

 Illescas, M., Rubio, M. B., Hernández-Ruiz, V., Morán-Diez, M. E., Martínez de Alba, A. E., Nicolás, C., et al. (2020). Effect of inorganic N top dressing and Trichoderma harzianum seed-inoculation on crop yield and the shaping of root microbial communities of wheat plants cultivated under high basal N fertilization. Front. Plant Sci. 1658. doi: 10.3389/fpls.2020.575861

 Jia, S., Wang, X., Yang, Y., Dai, K., Meng, C., Zhao, Q., et al. (2011). Fate of labeled urea-15N as basal and topdressing applications in an irrigated wheat–maize rotation system in North China Plain: I winter wheat. Nutr. Cycl. Agroecosys. 90 (3), 331–346. doi: 10.1007/s10705-011-9433-5

 Liu, Z., Gao, F., Liu, Y., Yang, J., Zhen, X., Li, X., et al. (2019). Timing and splitting of nitrogen fertilizer supply to increase crop yield and efficiency of nitrogen utilization in a wheat–peanut relay intercropping system in China. Crop J. 7 (1), 101–112. doi: 10.1016/j.cj.2018.08.006

 Lu, D., Lu, F., Pan, J., Cui, Z., Zou, C., Chen, X., et al. (2015). The effects of cultivar and nitrogen management on wheat yield and nitrogen use efficiency in the North China Plain. Field Crops Res. 171, 157–164. doi: 10.1016/j.fcr.2014.10.012

 Lyu, T., Shen, J., Ma, J., Ma, P., Yang, Z., Dai, Z., et al. (2021). Hybrid rice yield response to potted-seedling machine transplanting and slow-release nitrogen fertilizer application combined with urea topdressing. Crop J. 9 (4), 915–923. doi: 10.1016/j.cj.2020.08.013

 Machado, S., Bynum, E. D., Archer, T. L., Lascano, R. J., Wilson, L. T., Bordovsky, J., et al. (2002). Spatial and temporal variability of corn growth and grain yield: Implications for site-specific farming. Crop Sci. 42 (5), 1564–1576. doi: 10.2135/cropsci2002.1564

 Peng, S., Buresh, R. J., Huang, J., Zhong, X., Zou, Y., Yang, J., et al. (2010). Improving nitrogen fertilization in rice by site specific N management. A review. Agron. Sustain. Dev. 30 (3), 649–656. doi: 10.1051/agro/2010002

 Qu, Z. M., Qi, X. C., Wang, J., Chen, Q., and Li, C. L. (2018). Effects of nitrogen application rate and topdressing times on yield and quality of Chinese cabbage and soil nitrogen dynamics. Environ. pollut. Bioavailab. 31, 1–8. doi: 10.1080/09542299.2018.1546555

 Ravier, C., Meynard, J. M., Cohan, J. P., Gate, P., and Jeuffroy, M. H. (2017). Early nitrogen deficiencies favor high yield, grain protein content and N use efficiency in wheat. Eur. J. Agron. 89, 16–24. doi: 10.1016/j.eja.2017.06.002

 Shi, Z., Jing, Q., Cai, J., Jiang, D., Cao, W., and Dai, T. (2012). The fates of 15N fertilizer in relation to root distributions of winter wheat under different N splits. Eur. J. Agron. 40, 86–93. doi: 10.1016/j.eja.2012.01.006

 Shi, L., and Yan, H. (2013). Experimental guide of plant physiology (Beijing, China: China Higher Education Press).

 Shi, Y., Yu, Z., Wang, D., Li, Y., and Wang, X. (2007). Effects of nitrogen rate and ratio of base fertilizer and topdressing on uptake, translocation of nitrogen and yield in wheat. Front. Agric. China 1 (2), 142–148. doi: 10.1007/s11703-007-0025-8

 Sinha, S. K., Kumar, A., Tyagi, A., Venkatesh, K., Paul, D., Singh, N. K., et al. (2020). Root architecture traits variation and nitrate-influx responses in diverse wheat genotypes under different external nitrogen concentrations. Plant Physiol. Bioch. 148, 246–259. doi: 10.1016/j.plaphy.2020.01.018

 Sui, B., Feng, X., Tian, G., Hu, X., Shen, Q., and Guo, S. (2013). Optimizing nitrogen supply increases rice yield and nitrogen use efficiency by regulating yield formation factors. Field Crops Res. 150, 99–107. doi: 10.1016/j.fcr.2013.06.012

 Sun, Y., Yang, Y., Hou, M., Huang, X., Zhang, T., Huang, S., et al. (2020). Optimized nitrogen topdressing strategies enhance steviol glycoside productivity in stevia (Stevia rebaudiana Bertoni) plants. J. Soil Sci. Plant Nutt. 20 (3), 1133–1143. doi: 10.1007/s42729-020-00199-w

 Tao, Z. Q., Wang, D. M., Yang, Y. S., Zhao, G. C., and Chang, X. H. (2018). Light interception and radiation use efficiency response to tridimensional uniform sowing in winter wheat. J. Integr. Agric. 17 (3), 566–578. doi: 10.1016/S2095-3119(17)61715-5

 Tian, G., Gao, L., Kong, Y., Hu, X., Xie, K., Zhang, R., et al. (2017). Improving rice population productivity by reducing nitrogen rate and increasing plant density. PloS One 12 (8), e0182310. doi: 10.1371/journal.pone.0182310

 Tsujimoto, Y., Pedro, J. A., Boina, G., Murracama, M. V., Tobita, S., Oya, T., et al. (2017). An application of digital imagery analysis to understand the effect of N application on light interception, radiation use efficiency, and grain yield of maize under various agro-environments in Northern Mozambique. Plant Prod. Sci. 20 (1), 12–23. doi: 10.1080/1343943X.2016.1240013

 Viña, A., Gitelson, A. A., Nguy-Robertson, A. L., and Peng, Y. (2011). Comparison of different vegetation indices for the remote assessment of green leaf area index of crops. Remote Sens. Environ. 115 (12), 3468–3478. doi: 10.1016/j.rse.2011.08.010

 Wu, W., Ma, B. L., Fan, J. J., Sun, M., Yi, Y., Guo, W. S., et al. (2019). Management of nitrogen fertilization to balance reducing lodging risk and increasing yield and protein content in spring wheat. Field Crops Res. 241, 107584. doi: 10.1016/j.fcr.2019.107584

 Xu, K., Chai, Q., Hu, F., Fan, Z., and Yin, W. (2021). N-fertilizer postponing application improves dry matter translocation and increases system productivity of wheat/maize intercropping. Sci. Rep. 11 (1), 1–15. doi: 10.1038/s41598-021-02345-5

 Xue, H., Han, Y., Li, Y., Wang, G., Feng, L., Fan, Z., et al. (2015). Spatial distribution of light interception by different plant population densities and its relationship with yield. Field Crops Res. 184, 17–27. doi: 10.1016/j.fcr.2015.09.004

 Ye, C., Huang, X., Chu, G., Chen, S., Xu, C., Zhang, X., et al. (2019). Effects of postponing topdressing-N on the yield of different types of japonica rice and its relationship with soil fertility. Agronomy 9 (12), 868. doi: 10.3390/agronomy9120868

 Yin, Y., Ying, H., Xue, Y., Zheng, H., Zhang, Q., and Cui, Z. (2019). Calculating socially optimal nitrogen (N) fertilization rates for sustainable N management in China. Sci. Total Environ. 688, 1162–1171. doi: 10.1016/j.scitotenv.2019.06.398

 Zhao, B., Ata-Ul-Karim, S. T., Duan, A., Gao, Y., Lou, H., Liu, Z., et al. (2022). Estimating the impacts of plant internal nitrogen deficit at key top dressing stages on corn productivity and intercepted photosynthetic active radiation. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.864258

 Zhao, H., and Si, L. (2015). Effects of topdressing with nitrogen fertilizer on wheat yield, and nitrogen uptake and utilization efficiency on the Loess Plateau. Acta Agr. Scand. B-S P 65 (8), 681–687. doi: 10.1080/09064710.2015.1045933

 Zörb, C., Ludewig, U., and Hawkesford, M. J. (2018). Perspective on wheat yield and quality with reduced nitrogen supply. Trends Plant Sci. 23 (11), 1029–1037. doi: 10.1016/j.tplants.2018.08.012




Publisher's note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zhang, Xu, Du, Qiao, Cao and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1199168-g001.jpg
N accumulation amount in

N accumulation amount in

stem plus petiole and leaf (kg-ha™)

grain and plant (kg-ha'l)

—Mm— Stem plus petiole Leaf 2020

] 1

240 | B Grain —9— Plant 2020 2021
220 da a
b &_ d a
200 : 4 P b _e—g
180 d §— _— i ¢ c ?
160 > ? 29
140 f ;~g/ P oo /
120 - o 9
100
‘ I“ I ‘* III I
o iy B D ---
Of_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_’f

T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2
N1 N2 N3 N1 N2 N3





OEBPS/Images/fpls-14-1199168-g003.jpg
Population growth rate of plant height (mm-d™")

ns: no significant * p<=0.05 ** p<=0.01 *** p<=0.001

Sowing date-jointing stage in 2020

n.s.
n.s n.s.

-

e

Jointing stage-flowering stage in 2020
n.s.

n.s.‘ | n.s.

S ]
T T P
Sowing date-j ointing“stage in 2021

10 n.s. n.s. n.s. dokk sk Fkk
n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. * n.s. n.s. n.s.

lias FFE OEEE L4E LFF L1¥

Jointing stage-flowering stage in 2021

TT T2 T3 T T2 T3 T T2 T3 NI N2 N3 Nl N2 N3 NI N2 N3
N1 N2 N3 T1 T2 T3





OEBPS/Images/fpls-14-1199168-g006.jpg
*p<=0.05 ** p<=0.01

Ak

0.75 0.76

%k kg

0.73  0.62

sk sk

0.94 0.98
e 3 e 3
e o

0.88 0.80

Aok

-0.86

skook

-0.72

skook

-0.96

o5k
-0.93

skok

-0.83
sk

-0.99
ok o

1.00 0.99

sk skook

0.98 0.96

%k %k

095 0.78 049

Hkok

%k skook
0.88 0.76 0.93

skook ek skook

0.85 0.79 0.93

*k Ak
-0.89 -0.69 -0.35

skok *

-0.76 -0.57

Ak skook

*
-0.98 -0.73 -0.57

sk ook Ak

1.00 0.76 0.73

sk kg Ak

098 0.63 0.72

-0.11

LIR

o
1.00

sk

-0.96

skook

-0.90

3 s
-0.60 -0.58

sk
-0.39 -0.37 0.95

ok

o
-0.97 -0.77

Aok Aok

0.94 0.89 0.87

Ak ok ok

0.89 0.86 0.83

e 3 3 e 3
-0.75 096 0.87

skook

o o
-0.87 -0.73

o5k ok
-0.82 -0.69






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Optimized N application improves N absorption, population dynamics, and ear fruiting traits of wheat

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Site description

          



          		

            2.2 Experimental design

          



          		

            2.3 Sampling and measurements

          



          		

            2.4 Data analysis

          



        



        



        		

          3 Result

        

          		

            3.1 Effects of optimizing N application on N absorption and utilization

          

            		

              3.1.1 Plant N uptake and accumulation

            



            		

              3.1.2 N utilization efficiency

            



          



          



          		

            3.2 Effects of optimizing N application on population dynamics

          

            		

              3.2.1 Dynamic changes of plant population height

            



            		

              3.2.2 Dynamic changes of population leaf area

            



            		

              3.2.3 Dynamic changes of dry matter accumulation of population

            



            		

              3.2.4 Dynamic changes of population light interception rate

            



            		

              3.2.5 Dynamic changes of population spikelet number

            



          



          



          		

            3.3 Effects of optimizing N application on ear fruiting traits and yield

          



          		

            3.4 Correlation analysis

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
\| N topdressing Dry matter weight of population Dry matter accumulation rate

fertilization ratio (kg-ha™) (kg-ha™*d™)
Jointing Flowering Maturity From sowing date From
stage stage stage to flowering
flowering stage to maturity
stage
2020
N1 T1 4001.03 + 95.26 ¢ 8617.23 +120.70 d 13236.13 + 235.55 5191 +1.67e 131.97 £ 447 d
3
T2 3943.40 + 72.56 876303 £74.89d 1387340 + 274.22 52.79 £ 0.45 de 14601 + 6.35 bed
cd d
T3 3839.30 + 55.06 d 8709.10 + 62.87 d 13681.87 + 279.34 5246 + 2.34 de 142.08 + 6.23 cd
de
N2 T1 4219.60 £ 107.59 9097.60 + 65.02 ¢ 1414247 + 14232 54.80 + 0.39 cde 144.14 + 225 cd
b od
2 416363 £7947b | 919627 £ 57.59 ¢ 14645.13 + 407.20 5540 + 2.22 bed 155.68 + 16.53 abc
be
T3 408770 +£24.55 | 9138.30 + 106.66 ¢ 14468.70 + 478.71 55.05 + 0.64 cde 152.30 £ 10.78 abc
be c
N3 T1 4457.57 £ 106.72 9509.13 + 46.64 b 15162.37 + 128.63 57.28 + 2.21 abc 161.52 + 2.41 ab
a ab
T2 4419.30 + 85.06 a 9808.00 + 55.43 a 15617.80 + 372.23 59.08 + 232 a 16599 £9.39 a
a
T3 4365.63 £ 50.20 a 9714.27 + 82.00 a 15445.27 + 5543 a 58.52 + 0.49 ab 163.74 + 3.69 a
2021
N1 T1 3992.57 + 22.09 8734.67 £ 11333 ¢ 13903.10 + 583.78 5262 +0.68 e 152.01 + 13.96 d
ef e
T2 394343 £69.43 892077 + 108.56 de  14270.97 + 340.60 53.74 +0.65 de 157.36 + 7.26 bed
ef de
T3 3820.80 £ 71.87 f | 8877.37 £ 9926 ¢ 14165.07 + 526.57 5348 £ 0.60 ¢ 155.52 + 12.57 cd
de
N2 T1 4287.57 + 149.28 9081.10 + 152.89 cd 1498543 + 797.25 54.71 +£ 0.92 cd 173.66 + 19.10 abc
cd od
T2 423853 + 104.94 9245.00 + 11595 ¢ 15336.63 + 450.55 55.69 £ 0.70 ¢ 179.17 £ 1041 a
od abc
T3 411337 +81.83 | 919023 + 14425¢ 1514143 + 27110 5536+ 0.87 ¢ 175.04 + 431 abc
de be
N3 T1 4553.80 + 83.60 a 9612.40 + 15545 b 15636.13 + 189.41 57.91 +0.94 b 177.17 + 2.99 ab
abc
T2 4484.13 £ 136.17 9871.50 + 82.57 a 16153.97 + 258.94 59.47 £ 0.50 a 184.78 £ 5.62 a
ab a
T3 4360.47 + 73.15 9831.70 + 116.84 a 15950.87 + 529.15 59.23+0.70 a 179.98 £ 12.70 a
be ab

values were means + SD. Means followed by different letters in the same column indicated significant difference within the same year under the treatments of three N levels and three N topdressing ratios by
Duncan test (ANOVA) at the 5% level. Three N fertilization levels: N1, 120 kg ha''s N2, 180 kg ha'’; and N3, 240 kg ha™ Three N topdressing ratios: T1, 7:3; T2, 6:4; and T3, 5:5.






OEBPS/Images/table3.jpg
N

fertilization

Ratio of basal to
topdressing

Fruiting spikelets
per ear

Sterile spike-
lets at the top

Sterile spikelets
at the bottom

Grains
per ear

Grain weight
per ear (g)

N1

N2

N3

N1

N2

N3

T1

T2

T3

T1

T2

T3

TL

T2

T3

T1

T2

8

T1

T2

T3

T1

T2

T3

1219 £0.57 d

13.37 £ 045 cd

13.17 £ 0.89 cd

13.86 + 0.90 bc

14.48 + 0.52 be

14.10 + 1.34 be

15.24 + 0.23 ab

16.59 + 0.90 a

16.18 = 0.69 a

Imperfect grains per
ear

245+0.12a

226+ 0.12b

228 +0.09 ab

2.03 £0.08 ¢

1.88 £ 0.09 cd

192 £0.10 ¢

1.74 £ 0.12 de

1.60 + 0.08 e

1.64 £ 0.08 e

0.60 +0.04 a

0.53 +0.04 be

054 +0.03b

0.50 + 0.03 bed

0.46 + 0.03 def

0.48 + 0.04 cde

0.43 + 0.04 efg

039+ 003 g

0.40 + 0,02 fg

Fruiting rate per
ear (%)

86.41 +0.80 e

88.38 + 1.86 cde

87.72 + 1.16 de

89.50 + 0.96 bed

90.77 + 1.40 ab

90.15 + 1.40 be

91.60 + 1.30 ab

9299 +1.24a

9259 +1.42a

1.92 + 0.06 a
1.79 + 0.08 abc
1.83 £ 0.08 ab
1.73 £ 0.08 be
1.66 + 0.09 cde
1.69 + 0.07 bed
1.58 + 0.09 def

1.51 £ 0.06 f
1.53 £ 0.05 ef

Grain filling rate per
ear
(mg-d™)

3679 +2.14d
3857 £2.74d
37.98 +2.58 d
4238251 ¢
44.88 + 3.77 be
4417 £ 2.78 be
4631 £2.03 ab

48.69 £ 1.95a

47.86 + 2.07 ab

2793 +
1.04 ¢

2853 +
0.77 ¢

28.07 +
0.60 ¢

3071 +
125b

31.89 +
1.24 ab

3157 +
2.31ab

3222+
1.43 ab

3311+
0.76 a

3275+
0.77 ab

Yield in
2020
(kg-ha™)

4300.73 +
50.86 e

437807 =
2091 e

4322.60 =
38.07 e

5444.83 +
46.90 d

5566.50 +
49.19 ¢

5516.57 +
71.00 cd

5814.80 +
100.25 b

599553 +
111.67 a

5917.73
53.19 ab

1.03 £ 0.08 e

1.08 + 0.07 de
1.06 + 0.05

1.19 £ 0.05 cd
1.26 + 0.05 abc
1.24 £ 0.07 be
1.30 £ 0.05 abc
1.36 £ 0.05a

1.34 £ 0.08 ab

Yield in 2021
(kg-ha™)

4386.27 £ 43.52 d
4427.80 + 60.60 d
4404.77 £ 86.37 d
5423.60 + 54.85 ¢
5548.87 + 69.08 b
5493.80 + 78.71 be
5894.17 + 86.70 a
5963.50 + 72.98 a

5930.30 + 80.24 a

values were means + SD. Means followed by diferent letersin the same column indicated significant diference wihin the same year under the treatments of three N leves and three N topdressing ratios by Duncan test (\NOVA) at the

5% level. Three N fertiizatio leves N1, 120 kg hat'; N2, 180 kg ha’s and N3, 240 kg ha'’. Three N topdressing ratos: T,






OEBPS/Images/fpls.2023.1199168_cover.jpg
& frontiers | Frontiers in Plant science

Optimized N application improves N
absorption, population dynamics, and ear
fruiting traits of wheat





OEBPS/Images/fpls-14-1199168-g002.jpg
N N N NN N

0‘«0«04040W0M

XSSOSR SRK
o000 %0 2050

) 9:9.9.9.9.9.9.9.9.9.4

X V‘<‘W‘<‘W‘W‘W‘W‘W‘W‘M
o FRSRSERERERKK
RLRLLKLLRLA
RIS

BERLRKS i fRRRLEELERKRS
Reteletetetetetet B RIS
44444 e e SRS
RRRLIKRS 5 HRRERIHRRRRKRIN
Reteletelelete et teX B IRRRRKKRKRKKA
9 9292 9292.9.929 PSSR KN
RIS BSIELIEE
RIS EER 9300002030020 2050%0%¢
RS A X A X PSS PSS IS KK A X
S RRBELEEKS SRR EIEIA
ERRLILRLRK 5 LSS
Reteletetedetetetete% = RCESSTEEEs e
Y 09029292929 X OSSR AR
PRI 2RI
PSSRSO XSS K]
S REEIKIN B EIEIRIS
T ERRRRAARKKN E 9305003030030 %030 3e!
RGN OO O03002020 302020
R HRIRLIRLKN SHECE EE O
g e 0
& sl
= E
- <
S
S = E
(Q\
-~ -
< E
- =
< <
S S ) S ) o O S S S )
v <t o (Q\ — g < o (Q\ —

(,.83-3%) N pardde jo
Ayanonpoad 10108 [e1ned

f-wx.wvc uononpoid ureis 10}
AJUQI21}J9 UONBZI[IIN UIF0IIN

0

C
XN
2R
&K

o2

K
T3

KK
> XXX
TWMMWmmmnu

KKK
2 -1

o) KN
9009
.bTMMMMMmmmmm
<’<‘<.< N
2R

KK
b% IXN

BIR
SR
LS
KKK
SRS
SEREN

AVAVAVAVA

T2

T1

T3

T2

Tl

T3

RIS
SRLHRKS

VAVAVAVAVAVAVAN

T2

<<<<<< % TR
8

>‘>>>L

T1

T3

T2

T1

b b
T2 T3

b
Tl

T3

T1

1T

S )
o0 (Q\]

(,.8-33)) uononpoud ssewolq
10} ADUQ1d11J9 uonezI[rn udsonIN

N3

N2

N1

N3

2

N

1

N





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1199168-g005.jpg
<X 2021 2020

zzzzzzzzzz2272Z

a

a

wpppi

N/
o2

SRRERRERRERRRRRRRRK

T2

N3

7777777777777

[z be

777777777777 -

T2

N2

/
/
N

Tl

V7222272222722
Wz

cd

T3

cd

T2

N1

d

Wi

T1

Total number of spikelets (x107-ha™!)





OEBPS/Images/fpls-14-1199168-g004.jpg
110

—@ End of filling stage

O
en
S
~
N
en
)
=
=
(7
o
=
-
B
i
||

—%*— Flowering stage

—Ill— Booting stage

100

(

e = - - - S
~ © v < N oo ~ O

04

) uonerndod jo ger uondasioyur Y31

¢LEN
¢LEN
[LEN
¢LIN
CLIN
[LZN
¢LIN
¢LIN
[LLIN

¢LEN
CLEN
[LLEN
¢LIN
CLIN
[.LZEN
¢LIN
¢LIN
LLIN

¢LEN
CLEN
[LEN
¢LEN
CLIN
[.LZEN
¢LIN
CLIN
[LIN

¢LEN
CLEN
[LEN
¢LIN
CLIN
[.LZN
¢LIN
CLIN
[LIN





OEBPS/Images/table1.jpg
N N Leaf area index Leaf area growth rate (m*ha*d™)
fertilization =~ topdressing

ratio Jointing = Flowering Middle of From sowing date to From jointing stage to
stage stage filling stage jointing stage flowering stage
2020
N1 Tl 325015 5.38 + 0.16 f 326017 ¢ 28232 +13.20b 417.65 + 3631 ¢
b
T2 322011 | 553 +0.06 def 343 £ 0.13 be 28029 922 b 45229 + 10.06 be
b
T3 319+0.14 | 543013 ef 333020 c 27768 +12.34 b 439.22 £ 21.96 ¢
b
N2 T1 354022 | 566%0.17 cde 349 +0.04 be 307.54 + 18.70 ab 416.34 £ 6171 ¢
ab
T2 348 £ 0.07 582 +0.14 ¢ 365+ 0.13 ab 302.90 + 5.79 ab 458.82 + 1891 be
ab
T3 345021 | 573+008cd 3.60 £ 0.10 ab 299.71 + 18.27 ab 447.06 + 37.56 ¢
ab
N3 Tl 368 + 020 6.07 £ 0.14 b 3.67 £0.15ab 319711727 a 468.63 + 35.46 be
a
T2 363 %024 6.38+0.14a 3810092 31536 +20.84 a 54052 +57.91 a
a
T3 361023 | 627+015ab 377 +0.14a 31391 +19.66 a 52157 + 14.14 ab
a
2021
N1 Tl 322015 5290.11d 324021 ¢ 282.16 + 12.84 cde 398.08 + 10.71 e
cde
T2 314£0.16 | 554 £0.11 bed 338 +0.16 be 275.73 + 1331 de 461.54 + 8.81 cd
de
T3 309:£015e | 547 020 cd 335029 be 27135+ 1293 ¢ 45641 + 10.94 cd
N2 Tl 343015 | 568 £0.11 bed 353 £ 0.37 abe 300.88 + 13.10 abed 43333 36,61 d
abed
T2 334019 | 586%0.17 abc 371 038 abc 29327 + 16.93 bede 484.62 £ 12,01 be
bede
T3 330£022 | 578 %0.17 abc 3.66 + 0.34 abc 289.47 + 19.24 bede 477.56 + 1059 ¢
bede
N3 Tl 367013 | 597 +018ab 3.84 034 ab 32193 £10.99 a 44295 +22.78 d
a
T2 359 £ 0.17 624%0.14a 399+ 033a 315.20 + 14.61 ab 509.62 + 13.87 ab
ab
T3 3.50 £ 020 6.19+0.19a 391+ 03da 30731 + 17.11 abe 51603 +7.28 a
abc

values were means + SD. Means followed by different letters in the same column indicated significant difference within the same year under the treatments of three N levels and three N topdressing ratios by
Duncan test (ANOVA) at the 5% level. Three N fertilization levels: N1, 120 kg ha™; N2, 180 kg ha™’; and N3, 240 kg ha™". Three N topdressing ratios: T1, 7:3; T2, 6:4; and T3, 5:5.






