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Wheat (Triticum aestivum L.) is a staple crop worldwide and yield improvement since the
green revolution was attributed to chemical nitrogen (N) fertilizer application. N dose,
however, would decrease N use efficiency (NUE, the ratio of grain dry matter yield to N
supply from soil and fertilizer). Various practices were conducted to maintain high crop
yield and improve NUE. Nowadays, the enhanced sowing method, i.e., wide space sowing
(WS), was beneficial to the wheat crop for high productivity. However, it is not known
precisely how the sowing method and N rate affect N use and yield productivity. Field
experiments with treatments of two sowing methods (WS, and drill sowing, DS) and four N
rates (0, 180, 240, and 300 kg ha−1, represented as N0, N180, N240, and N300,
respectively) were conducted from 2017 to 2019. The results showed that grain yield
under WS was 13.57%–16.38% higher than that under DS. The yield advantage under WS
was attributed to increased ear number . Both the higher stems and productive stem
percentage accounted for the increased ear number under WS. Higher total N quantity and
larger leaf area index at anthesis under WS contributed to higher dry matter production,
causing higher grain yield. Higher dry matter production was due to pre-anthesis dry
weight and post-anthesis dry weight. The wheat crop under WS had a significant
advantage in NUE of 12.44%–15.00% over that under DS. The increased NUE under WS
was attributed to higher N uptake efficiency (the ratio of total N quantity at maturity to N
supply from soil and fertilizer), which was the result of the greater total N quantity. The
higher total N quantity under WS was due to both higher pre-anthesis N uptake and post-
anthesis N uptake. It was remarkable that, compared with DS with 240 kg N ha−1, WS with
180 kg N ha−1 had almost equal grain yield, dry matter, and total N quantity. Therefore, the
wheat crop under WS could achieve both high NUE and grain yield simultaneously only
with moderate N fertilizer in south Shanxi, China.
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13 ABSTRACT

14 Wheat (Triticum aestivum L.) is a staple crop worldwide and yield improvement since the 

15 green revolution was attributed to chemical nitrogen (N) fertilizer application. N dose, however, 

16 would decrease N use efficiency (NUE, the ratio of grain dry matter yield to N supply from soil 

17 and fertilizer). Various practices were conducted to maintain high crop yield and improve NUE. 

18 Nowadays, the enhanced sowing method, i.e., wide space sowing (WS), was beneficial to the 

19 wheat crop for high productivity. However, it is not known precisely how the sowing method 

20 and N rate affect N use and yield productivity. Field experiments with treatments of two sowing 

21 methods (WS, and drill sowing, DS) and four N rates (0, 180, 240, and 300 kg ha−1, represented 

22 as N0, N180, N240, and N300, respectively) were conducted from 2017 to 2019. The results 

23 showed that grain yield under WS was 13.57%–16.38% higher than that under DS. The yield 

24 advantage under WS was attributed to increased ear number. Both the higher stems and 

25 productive stem percentage accounted for the increased ear number under WS. Higher total N 

26 quantity and larger leaf area index at anthesis under WS contributed to higher dry matter 

27 production, causing higher grain yield. Higher dry matter production was due to pre-anthesis dry 

28 weight and post-anthesis dry weight. The wheat crop under WS had a significant advantage in 

29 NUE of 12.44%–15.00% over that under DS. The increased NUE under WS was attributed to 

30 higher N uptake efficiency (the ratio of total N quantity at maturity to N supply from soil and 

31 fertilizer), which was the result of the greater total N quantity. The higher total N quantity under 

32 WS was due to both higher pre-anthesis N uptake and post-anthesis N uptake. It was remarkable 

33 that, compared with DS with 240 kg N ha−1, WS with 180 kg N ha−1 had almost equal grain 
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34 yield, dry matter, and total N quantity. Therefore, the wheat crop under WS could achieve both 

35 high NUE and grain yield simultaneously only with moderate N fertilizer in south Shanxi, China.

36 Subjects: Agricultural Science, Ecology, Plant Science,

37 Keywords: wheat; grain yield; N use efficiency; sowing method; N rate. 

38
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39 INTRODUCTION

40 With the current growth rate, the global population will reach about 10 billion in 2050 (UN, 

41 2017). Increasing crop yield to maintain food security while reducing environmental impacts of 

42 agriculture is the dual challenges for humans in the future (Manschadi & Soltani, 2021). Wheat 

43 (Triticum aestivum L.) is the global staple food feeding about 30% of the world population 

44 (Fahad et al., 2018). China is the largest producer of wheat. The North China Plain (NCP) is one 

45 of the most vital cereal production regions in China, with 25% of the of national food production 

46 (Duan et al., 2019; Fan et al., 2019). Thus, the future productivity of wheat will have more 

47 influence on China and global food security. 

48 Nitrogen (N) is a major driver for crop production, as it directly influences dry matter 

49 production of crop plants by influencing the leaf area, radiation interception, photosynthetic 

50 efficiency (Duan et al., 2019; Manschadi & Soltani, 2021; Li et al., 2022). Crop yield and 

51 quality considerably depend on N application (Zhang et al., 2016). In many parts of the world, a 

52 large increase in N fertilizer input was required to increase crop yield (Manschadi & Soltani, 

53 2021). However, the increase in the crop yield has not matched the increase in N fertilizer input. 

54 For example, from 1980 (9.3 Mt) to 2012 (24 Mt), the increase in N fertilizer input was 158%, 

55 which was associated with a 70% increase in China's crop yield (321–547 Mt) (Yang et al., 

56 2017). In addition, excessive N input significantly reduces crop yield and N use efficiency 

57 (NUE, the ratio of grain dry matter yield to N supply, N supply is the sum of N from soil and 

58 fertilizer) (Nehe et al., 2020; Manschadi & Soltani, 2021). Furthermore, excessive N input also 

59 leads to N fertilizer residue, which causes many environmental problems, such as soil 
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60 acidification, N2O emissions, decreased soil microbial activity (Zhang et al., 2015; Duan et al., 

61 2019). Therefore, it is widely recognized that improving NUE to alleviate hazards to the 

62 environment of crop production systems and improve their economic and environmental 

63 performance (Yang et al., 2017).

64 NUE can be defined as the grain dry matter yield (kg ha−1) divided by the supply of 

65 available N supply from soil and fertilizer (kg N ha−1; Moll et al., 1982). NUE is calculated as 

66 the product of two subcomponents: (i) N uptake efficiency (total N at maturity / N supply from 

67 soil and fertilizer; NUpE). (ii) N utilization efficiency (grain dry matter yield / total N at 

68 maturity; NUtE). Besides NUE and its components, agronomic N use efficiency (AEN), N 

69 recovery efficiency (REN), and partial factor productivity of applied N (PFPN) were also usually 

70 used to evaluate efficiency of N use. AEN is defined as the difference of grain yield in N 

71 treatment minus grain yield in blank N treatment divided by the N supply from N fertilizer, 

72 which indicates the grain yield produced per unit of supplied N fertilizer (Zhang et al., 2015). 

73 REN is defined as the difference of total N in N treatment minus total N in blank N treatment 

74 divided by the N supply from N fertilizer. which indicates the percentage of fertilizer N absorbed 

75 by plants (Yang et al., 2017). PFPN is the ratio of grain yield to the supplied fertilizer N, which 

76 indicates the grain yield produced per unit of fertilizer applied (Cox et al., 1986). According to 

77 the current situation of agricultural production, N fertilizer input is a common management 

78 strategy to achieve high crop yield (Duan et al., 2019; Li et al., 2022). Increasing N fertilizer 

79 application can significantly improve crop yield but inevitably reduce NUE according to the 

80 above definition of N use related efficiencies (Chen et al., 2016: Yang et al., 2017). It may seem 
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81 impossible to achieve both high yield and NUE at the same time. Therefore, how to solve these 

82 scientific problems becomes very important.

83 An important factor to improve wheat yield is the sowing method, which influences the 

84 spatial distribution of plants as well as their growth (Fan et al., 2019; Liu et al., 2020). 

85 Compared with the traditional sowing method, drill sowing (DS), the wide space sowing (WS) 

86 alters the former sowing width from 2–3 cm to 5–8 cm, in addition to changing the seed 

87 distribution by separating single grains from each other instead of planting all the seeds in a line, 

88 while using the same seeding rate (Zhao et al., 2013). It was reported that an extreme winter 

89 grain yield, 12.4 t ha−1, was achieved under WS in north China (Liu et al., 2020). WS has been 

90 proven useful in improving crop productivity in China (Fan et al., 2019; He, 2020). Liu et al. 

91 (2017) showed that ear number under WS was significantly higher than that under DS, 

92 accounting for increased grain yield under WS than that under DS. It was reported that the 

93 increased ear number was attributed to the stems number rather than productive stem percentage 

94 (Chu et al., 2018). It was reported that WS had higher NUE than that under DS (Chu et al., 2018; 

95 Liu et al., 2021a). However, whether WS can achieve both high yield and NUE at the same time 

96 remains unclear.

97 South Shanxi is located in the NCP, which supplies more than 50% of the winter wheat 

98 produced in China. However, excessive N application is common in this region, causing 

99 decreased NUE. Considering the demand for achieving high yield, high NUE and environmental 

100 protection is urgent in this region. Thus, we conducted a two-year field experiment to examine 

101 the effect of sowing method and N application on winter wheat production and NUE. The main 
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102 objectives of this study were to (1) clarify the effects of N rate under WS on population 

103 development and yield formation; and (2) determine whether WS could help improve both yield 

104 and NUE simultaneously.

105 MATERIALS AND METHODS

106 Site description

107 Field experiments were conducted in a farmer’s field at Shangyuan Village, Hougong 

108 Township, Wenxi County, Shanxi Province, China (35°24′N, 111°26′E) in 2017-2018 and 

109 repeated in the nearby field in 2018–2019. This site has a typical semiarid warm temperature and 

110 continental monsoon climate (Köppen classification) with average daily temperature of 8.6°C, 

111 average precipitation of 190.5 mm, and 3015.6 MJ m–2 of total solar radiation during wheat 

112 growing season (from middle October to early June) from 2005 to 2015. Soil samples from the 

113 upper 20 cm layer were randomly collected with five replicates for soil analysis before the wheat 

114 was sowed in 2017 and 2018. The soil type was classified as calcareous cinnamon soil according 

115 to Chinese soil taxonomy with a pH of 8.47–8.61, organic matter of 13.61–14.31 g kg−1, total N 

116 of 1.01–1.05 g kg−1, alkaline N of 40.05–44.07 mg kg−1, Olsen P of 10.71–11.25 mg kg−1, and 

117 available K of 188.87–200.24 mg kg−1 in 2017–2018 and 2018–2019 (Table 1). The cropping 

118 pattern of the experiment site is winter wheat-summer maize double-cropping system. The 

119 climate parameter in 2017–2018 and 2018–2019 was collected from a weather station (Watchdog 

120 2000 Series, Spectrum Technologies Inc, Aurora, USA) about 200–metres distance from the 

121 experimental field.

122 Experimental design and crop management
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123 The experiment was arranged in a split-plot design with sowing method as the main plots 

124 and N rate as subplots with three replications. Two sowing methods (Figure 1), wide space 

125 sowing (WS, sowing and row width were 8 and 25 cm, respectively) and drill sowing (DS, 

126 sowing and row width were 3 and 20 cm, respectively), and four N rates, 0 kg ha−1, 180 kg ha−1, 

127 240 kg ha−1, and 300 kg ha−1 (represented as N0, N180, N240, and N300, respectively) were 

128 applied in this research. DS was accomplished with drill sowing machine (2BXF-12, Nonghaha 

129 mechanical Co. Ltd. Hebei, China), WS was accomplished with wide space sowing machine 

130 (2BMYF-10/5, Yuncheng Gongli Co. Ltd. Shandong, China).

131 Each subplot size was 8 m in length and 4 m in width. A widely planted wheat cultivar 

132 Liangxing99 was planted on October 25 and October 11 in 2017 and 2018, respectively. The 

133 expected plant density was about 300 plant m−2 for both sowing methods. The plant density at 

134 three-leaves stage (Zadoks code 13) were 295 and 312 plant m−2 in 2017 and 2018, respectively, 

135 and there was no significant difference between WS and DS. 

136 The fertilizer N was applied as urea (46.0% N), 60% of the fertilizer N was applied before 

137 sowing, and 40% of the fertilizer N was applied as topdressing fertilizer at jointing (Zadoks code 

138 32). 150 kg P2O5 kg ha−1 in the form of calcium super-phosphate (16% P2O5) and 90 kg K2O ha−1 

139 in the form of potassium chloride (52% K2O) were applied before sowing. Each plot was 

140 irrigated triple, with 60 mm (1.92 m3/plot) water at the wintering (Zadoks code 26), jointing 

141 (Zadoks code 32), and anthesis (Zadoks code 65), the irrigation water was supplied by a movable 

142 sprinkler system, and the amount of water applied was measured a flow meter. The field was 

143 kept free from diseases, pests, insects and using pesticides as needed. Weeds were well 
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144 controlled with herbicides 2-3 times in each experimental year.

145 2.3 Sampling and measurements

146 Stems number (the sum of main stems and tillers) of the wheat plant was counted in a 

147 typical and central row of 1-metre length at jointing, at which the wheat plants had the maximum 

148 stems number (Lu et al., 2021). Then the productive stem percentage was calculated as the ratio 

149 of ear number to maximum stems number. During each growing season, the wheat plants were 

150 sampled in a row of 0.5 m length at anthesis and maturity (Zadoks code 91). At anthesis, all 

151 green leaves were separated and measured at anthesis using a leaf area meter (LI–3100C, LI–

152 COR, Lincoln, NE, USA) for calculating the leaf area index. Then all samples were divided into 

153 ear and vegetative parts (stem, sheath plus leaves). At maturity, after counting the ear number, 

154 the samples were divided into grain and straw (stem, sheath, leaves, chaff plus rachis). All the 

155 separated samples were oven at 105°C for 30 min and weighed after further drying at 70°C to a 

156 constant weight. Grain number per ear and 1000-grain weight were calculated by using the grain 

157 sample above. Yield was determined from a 10 m2 area at maturity in the center of each plot and 

158 adjusted to the standard moisture content of 0.125 g H2O g−1 fresh weight. Grain moisture 

159 content was measured with a digital moisture tester (PM8188A, Kett Electric Laboratory, Tokyo, 

160 Japan).

161 After the dry matter of all separated samples plants at anthesis and maturity were weighed, 

162 then they were shredded by applying plant ball mill pulverizer (Jxfstprp-11, Jingxin Co Ltd, 

163 Shanghai, China) for N concentration measurement. N concentration of the samples was 

164 determined by using the standard indophenol-blue colorimetric method (Novamsky et al., 1974). 
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165 The soil samples were collected from 0–20, 20–40, 40–60, 60–80, and 80–100 cm soil 

166 depth in each plot , which were analyzed for total mineral N content (NO3
−-N and NH4

+-N) using 

167 the method described Wagner, (1974) and Benesch & Mangelsdorf, (1972). 

168 Statistical analysis and calculations

169 Experimental data was statistically analyzed using Microsoft Excel 2016 and Statistix 8.0 

170 (Analytical Software, Tallahassee, FL, USA), and the figure was generated using Origin Lab pro 

171 2021b (OriginLab Corporation, Northampton, MA, USA). All data are means of three replicates 

172 (n = 3). Comparisons among multiple groups were performed using Tukey’s honestly significant 

173 difference (HSD) test. Probability values p < 0.05 were considered statistically significant. Statistix 

174 8.0 software was used for variance analysis. 

175 The accumulation, partitioning, and translocation of dry matter and N were calculated using 

176 the following equations (Laza et al., 2003;Cox et al., 1986).

177 Post-anthesis dry matter production (DMpost, t ha−1) = Total dry weight at maturity – TDWas (1)

178 Harvest index (%) = Grain dry weight /Total dry weight at maturity                             (2)

179 Post-anthesis accumulated N (Npost, kg ha−1) = TN – TNas                             (3)

180 N harvest index (NHI, %) = GN / TN                                                       (4)

181 Where TDWas (t ha−1) is total dry weight at anthesis. TN (kg ha−1) and TNas (kg ha−1) are 

182 total N quantity at maturity and anthesis, respectively. GN (kg ha−1) is grain N content.

183 N use related traits was calculated by the following Equations (Moll et al., 1982; Foulkes et 

184 al., 2009).

185 N uptake efficiency (NUpE, %) = TN / soil N (pre-sowing soil mineral N + Nf) (5)
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186 N utilization efficiency (NUtE, kg kg−1) = Grain dry weight / TN ×1000        (6)

187 N use efficiency (NUE, kg kg−1) = NUpE × NUtE                           (7)

188 Agronomic N use efficiency (AEN, kg kg−1) = (YN – Y0) / Nf ×1000             (8)

189 N recovery efficiency (REN, %) = (TNN – TN0) / Nf                         (9)

190 Partial factor productivity of applied N (PFPN, kg kg−1) = Yield / Nf ×1000       (10)

191 Where, YN and Y0 are yield (t ha−1) in N fertilization and N0 treatment, respectively. TNN and 

192 TN0 are total N quantity at maturity (kg ha−1) in N fertilization and N0 treatment, respectively. Nf 

193 is the total input of fertilizer N (kg ha−1).
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195 RESULTS

196 Weather conditions and crop growth duration

197 Seasonal precipitation in 2017–2018 was 51.2 mm greater than that in 2017–2018, due to the 

198 more rainfall from jointing to booting and from anthesis to maturity in the former growing 

199 season (Table 2). However, there were higher mean temperature, more accumulated temperature, 

200 and greater incident solar radiation during all growing periods in 2018–2019 than those in 2017–

201 2018, especially from jointing to booting and from anthesis to maturity.

202 The growing durations in each period (sowing to jointing, jointing to booting, and anthesis 

203 to maturity) were longer in 2018–2019 than those in 2017–2018, thus total growing durations 

204 was longer in 2018–2019 (Table 3). It should be noted that the wheat crop was sowed late (about 

205 10 days) in 2017–2018 due to the continuous raining weather before sowing.

206 Yield and yield related attributes

207 The sowing method and N rate significantly affected the grain yield (Table 4). The wheat 

208 crop under WS produced higher grain yield by 16.38% and 13.57% averaged across N rates than 

209 that under DS in 2017–2018 and 2018–2019, respectively. There were significant increases in 

210 yield when the N rate increased from 0 to 180 kg ha−1 and then to 240 kg ha−1 under both sowing 

211 methods in two growing seasons. The sowing method and N rate had a significantly interactive 

212 effect on grain yield. Grain yield slightly improved with the further increasing N rate (from 240 

213 to 300 kg ha−1) under WS in both growing seasons, whereas significant yield reductions (11.78% 

214 in 2017–2018 and 7.21% in 2018–2019) were observed under DS. In addition, the wheat crop 
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215 under WS with N application of 180 kg ha−1 produced the commensurate yield compared with 

216 that under DS with 240 kg N ha−1 applied in both growing seasons.

217 The positive effect of WS on grain yield was mainly due to the increased ear number per ha 

218 (Table 4). Averaged across N rates, the wheat crop under WS showed higher ear number per ha 

219 by 20.36% and 18.95% than that under DS in 2017–2018 and 2018–2019, respectively. There was 

220 little or no difference in the grain number per ear and 1000-grain weight between sowing methods. 

221 Under both sowing methods, although it was observed that the higher N rate, the more ear. The 

222 rates of ear number increase under WS with improved N rate (from 180 to 240 kg ha−1 and from 

223 240 to 300 kg ha−1) was significantly larger than those under DS (8.91%–13.81% vs. 4.62%–

224 8.81%). However, with the increase in N rate, a decreasing trend in grain number per ear and 1000-

225 grain weight was recorded in both sowing methods and two growing seasons. 

226 Although the maximum stems number and productive stem percentage under WS were both 

227 significantly higher than those under DS (Fig.2 and3). The improvement in maximum stems 

228 number (14.52%–16.09%), rather than productive stem percentage (3.24%–3.85%), mainly 

229 accounted for that the wheat crop under WS produced more ears per ha. With the increase in N 

230 rate, the maximum stems number of winter wheat significantly and continuously increased. A 

231 decreasing trend, however, was recorded in productive stem percentage in both sowing methods 

232 and two growing seasons.

233 Leaf area index at anthesis under WS was significantly higher by 6.70% and 7.97% 

234 averaged across N rates than that under DS in 2017–2018 and 2018–2019, respectively (Fig.4). 

235 With the increase in N rate, leaf area index at anthesis significantly increased in both sowing 
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236 methods and two growing seasons. 

237 Total dry weight at maturity under WS was significantly higher by 13.62% and 15.26% 

238 averaged across N rates than that under DS in 2017–2018 and 2018–2019, respectively, whereas 

239 no significant difference was observed in harvest index between sowing methods (Table 5). Total 

240 dry weight at maturity significantly increased when the N rate increased from 0 to 180 kg ha−1 

241 and then to 240 kg ha−1 under both sowing methods in two growing seasons. Given further 

242 increasing N rate (from 240 to 300 kg ha−1), total dry weight at maturity under WS slightly 

243 improved in both growing seasons, but significant reductions of 6.49% and 7.65% were observed 

244 under DS in 2017–2018 and 2018–2019, respectively. The harvest indices with N fertilizer 

245 applied were significantly lower than those without N applied. There was no significant 

246 difference in the harvest index among treatments with N applied except that N rate of 300 kg 

247 ha−1 demonstrated significantly lower value than N rates of 180 and 240 kg ha−1 under DS in 

248 2017–2018.

249 Total dry weight at anthesis and post-anthesis dry matter production were both significantly 

250 higher under WS than those under DS in two growing seasons, which account for the advantage 

251 in total dry weight of the wheat crop under WS over DS (Table 5). Pre-anthesis dry matter 

252 production and post-anthesis dry matter production significantly increased when the N rate 

253 increased from 0 to 180 kg ha−1 and then to 240 kg ha−1 under both sowing methods in two 

254 growing seasons. When N rate further increased (from 240 to 300 kg ha−1), pre-anthesis dry 

255 matter production and post-anthesis dry matter production under WS demonstrated an increasing 
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256 or unchanging trend in both growing seasons, but significant reductions of 5.35%-6.34% and 

257 8.76%-10.10% were recorded under DS in 2017–2018 and 2018–2019, respectively.

258 N uptake, utilization, and related efficiencies 

259 There was no significant difference in grain N concentration between sowing methods 

260 averaged across N rates in two growing seasons (Table 6). Among the treatments with N applied, 

261 there was no significant difference in grain N concentration under DS except that significant 

262 improvements (5.02%–5.98%) were recorded at 300 kg N ha−1 under WS in two growing 

263 seasons. The grain N content under WS was significantly higher than that under DS by 18.67% 

264 and 15.24% in 2017–2018 and 2018–2019, respectively. The grain N content significantly 

265 increased when the N rate increased from 0 to 180 kg ha−1 and then to 240 kg ha−1 under both 

266 sowing methods in two growing seasons. When the wheat crop received more N fertilizer (300 

267 kg ha−1), the grain N content under WS significantly and continuously improved in both growing 

268 seasons, but significant reductions of 9.78% and 6.22% were observed under DS in 2017–2018 

269 and 2018–2019, respectively.

270 The wheat crop under WS had higher total N quantity at maturity and N harvest index 

271 averaged across N rates than those under DS in both growing seasons (Table 6). With the 

272 increase in N rate, total N quantity at maturity significantly and consistently increased in both 

273 sowing methods and two growing seasons, whereas N harvest index showed a decreasing trend. 

274 Pre-anthesis N uptake and post-anthesis N uptake were both significantly higher under WS than 

275 those under DS in two growing seasons, which account for the advantage in total N quantity at 

276 maturity under WS over DS. With the increase in N rate, both pre-anthesis N uptake and post-
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277 anthesis N uptake significantly and continuously increased in both sowing methods and two 

278 growing seasons. In addition, there were commensurate values in total N (including pre-anthesis 

279 N uptake and post-anthesis N uptake, and total N quantity at maturity) between DS with 240 kg 

280 N ha−1 applied and WS with 180 kg N ha−1 applied.

281 The wheat crop under WS showed higher NUE by 15.00% and 12.44% averaged across N 

282 rates than that under DS in 2017–2018 and 2018–2019, respectively (Table 7). The more N 

283 fertilizer applied, the significantly lower NUE was recorded. NUpE under WS was significantly 

284 higher by 11.98% and 10.15% averaged across N rates than that under DS in 2017–2018 and 

285 2018–2019, respectively, whereas there was no significant difference in NUtE between two 

286 sowing methods in two growing seasons. The higher NUE under WS largely resulted from the 

287 advantage in NUpE over DS. 

288 AEN under WS was significantly higher by 16.51% and 21.05% averaged across N rates 

289 than that under DS in 2017–2018 and 2018–2019, respectively (Table 7). AEN significantly 

290 decreased when the N rate increased from 180 kg ha−1 to 240 kg ha−1 and then to 300 kg ha−1 

291 under both sowing methods in two growing seasons except that there was no significant 

292 difference between 180 kg ha−1 and 240 kg ha−1 under WS in 2017–2018.

293 Higher REN under WS was observed than that under DS by 11.55% and 9.75% averaged 

294 across N rates in 2017–2018 and 2018–2019, respectively (Table 7). When the N rate increased 

295 from 180 to 240 kg ha−1 and then to 300 kg ha−1, REN under DS significantly and continuously 

296 decreased except for that under WS in 2017–2018 and 2018–2019, respectively. 

297 The wheat crop showed significantly higher PFPN under WS by 15.11% and 13.51% 

PeerJ reviewing PDF | (2022:01:70054:1:2:NEW 6 May 2022)

Manuscript to be reviewed



298 averaged across N rates than that under DS in 2017–2018 and 2018–2019, respectively (Table 7). 

299 With the increase in N rate, PFPN significantly and continuously decreased in both sowing 

300 methods and two growing seasons. 
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302 DISCUSSION

303 The wheat crop under wide space sowing produced higher grain yield than that under drill 

304 sowing in our present study. The yield advantage under wide space sowing over drill sowing was 

305 attributed to increased ear number. Similar effects of wide space sowing on grain yield were 

306 reported in previous studies (Zhao et al., 2013; Fan et al., 2019). The individual wheat plant 

307 under wide space sowing had more distance with each other than that under drill sowing (Zhao et 

308 al., 2013), which reduced intraspecific competition for resources and growing space and resulted 

309 in more stems produced (Liu et al., 2017; Liu et al., 2020). Additionally, it was observed that 

310 wide space sowing had a significantly positive effect on improving productive stem percentage. 

311 It could be reasonably assumed that the wheat crop under wide space sowing could uptake more 

312 N and water from soil, and then manufacture greater carbohydrates by canopy for maintaining 

313 the growth and differentiation of the huge population of stems. It was reported that wide space 

314 sowing could optimize root distribution and enhance root absorptive capacity of wheat than that 

315 under drill sowing (He, 2020). Our result also showed that the wheat crop uptake more N under 

316 wide space sowing than that under drill sowing at the same N rate.

317 The N input of 240 kg N ha−1 was a locally recommended rate which could produce high 

318 yield with acceptable N use efficiency (Chen et al., 2016; Zhang et al.,2016; Duan et al., 2019). 

319 It is worth noting that the wheat crop under wide space sowing received N application of 180 kg 

320 ha−1 produced the commensurate yield compared with that under drill sowing with 240 kg N ha−1 

321 applied. This result indicted that an effective sowing method could compensate the yield loss due 

322 to a reduction of 25% in N input.
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323 This study also found that, compared with the locally recommended N rate (240 kg ha−1), 

324 even though there was no significant increase in grain yield due to the higher N application (300 

325 kg ha−1) under wide space sowing, an obvious enhance of about 6% in grain N concentration was 

326 recorded. Whereas, the significant yield reduction and no significant increase in grain N 

327 concentration were observed under drill sowing with 300 kg N ha−1 applied due to stem lodging 

328 occurring during grain filling. It was reported that the wheat crop under drill sowing with high N 

329 rate had the lower bending resistance of stem and the higher lodging possibility of wheat due to 

330 the contradiction between population and individual plants (Liu et al., 2021b; Li et al., 2022), 

331 which caused a decline in grain yield and quality (Foulkes et al., 2011). These results indicated 

332 that, even though great amount N fertilizer was applied, the enhanced sowing method, wide 

333 space sowing, could not only maintain the high yield level but also improved the grain nutrient 

334 quality.

335 Crop yield was determined by dry matter production and harvest index (Yoshida et al., 

336 1972). Thus, crop yield can be enhanced by increasing dry matter accumulation, harvest index or 

337 both (Carolina et al., 2019). In the present study, higher total dry weight at maturity under wide 

338 space sowing was achieved than that under drill sowing, whereas no significant difference in 

339 harvest index was recorded between two sowing methods. This result suggested that the wheat 

340 crop under wide space sowing over drill sowing produced greater total dry weight instead of 

341 higher biomass partitioning efficiency. Additionally, pre-anthesis dry matter production and 

342 post-anthesis dry matter production were both significantly higher under wide space sowing than 

343 those under drill sowing. Similar results were also reported in previous studies (Liu et al., 2017). 
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344 Dry matter production largely depended on canopy photosynthetic area, leaf area index (Man et 

345 al., 2017; Fan et al., 2019), meanwhile leaf area growth was affected by N supply and uptake 

346 (Peng & Ismail, 2004). In the present study, the wheat crop under wide space sowing uptake 

347 greater N before anthesis than that under drill sowing, which attributed to higher leaf area index 

348 at anthesis than that under drill sowing. It was also reported that wide space sowing could 

349 increase photosynthetic rate and delay senescence of flag leaves, and promoted carbohydrates 

350 accumulation after anthesis (Fan et al., 2019). Our results also showed that the wheat crop under 

351 wide space sowing received 180 kg N ha−1 could produce statistically equal amounts of dry 

352 matter (including pre-anthesis dry matter production and post-anthesis dry matter production, 

353 and total dry weight at maturity) compared with those under drill sowing received 240 kg N ha−1, 

354 which accounted for the same yield under the above-mentioned treatments.

355 In the present study, total N quantity at maturity and N harvest index under wide space 

356 sowing was significantly higher than those under drill sowing, which resulted in the higher grain 

357 N content under wide space sowing. The main sources determining total N at maturity were the 

358 amount of N absorbed before and after anthesis (Dupont & Altenbach, 2003). Our study showed 

359 that the wheat crop under wide space sowing had both higher pre-anthesis N uptake and post-

360 anthesis N uptake than those under drill sowing. In addition, the values of pre-anthesis 

361 accumulated N and post-anthesis accumulated N, and total N quantity at maturity under wide 

362 space sowing with N rate of 180 kg ha−1 were statistically equal to those under drill sowing with 

363 240 kg N ha−1. These results suggested that the wheat crop could uptake adequate N without high 

364 N Fertilizer input but with enhanced sowing method.
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365 The ability to enhance N uptake is the first step to increasing NUE (Du et al., 2020). Our 

366 results showed that NUE under wide space sowing was significantly higher than that under drill 

367 sowing, and the higher NUE was the result of improvement in NUpE instead of NUtE. Previous 

368 studies also suggested that the variation in NUE under wide space sowing was more closely 

369 associated with NUpE, rather than NUtE (Chu et al., 2018; Liu et al., 2021a). The higher AEN 

370 and REN in crop plant indicated that crop plant had an efficient use of fertilizer N, which 

371 decreased the loss of N fertilizer (Yang et al., 2017). This present study also showed that AEN 

372 and REN under wide space sowing were significantly higher than those under drill sowing. These 

373 results indicated that the enhanced sowing method, wide space sowing, could not only produce 

374 high grain yield but also decrease the risk of N leaching, ammonia emission, and ground runoff 

375 which could cause environmental pollution. It is widely recognized that N use related 

376 efficiencies (e.g., NUE, NUpE, NUtE, REN, AEN, PFPN) will decrease when N fertilizer rate is 

377 improved (Yang et al., 2017; Duan et al., 2019; Manschadi & soltani, 2021). It was a remarkable 

378 fact that all the above-mentioned efficiencies under wide space sowing with N rate of 240 kg 

379 ha−1 were comparable to those under drill sowing with 180 kg N ha−1 applied. These results 

380 indicated that enhancement in sowing method provided an opportunity to not only maintain high 

381 N use efficiencies but also output high grain yield under moderate N fertilizer input. 
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382 CONCLUSION

383 Compared with DS, WS had higher grain yield which was mainly attributed to ear number. 

384 The increased grain yield under WS depended on improved total dry weight. Higher total N 

385 quantity under WS was attributed to NUpE, which led to greater NUE. The wheat crop under 

386 WS received N application of 180 kg ha−1 produced the commensurate yield, total dry weight, 

387 and total N quantity compared with those under DS with 240 kg N ha−1. Thus, WS with 

388 moderate N fertilizer input can help to maintain high N use efficiencies and output high grain 

389 yield.
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Figure 1
Figure 1 The sketch maps of drill sowing (A) and wide space sowing (B) used in this
study.

Figure 1
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Figure 2
Figure 2

Figure 2 Maximum stems number of winter wheat under different sowing method and N rate
in 2017-2018 and 2018-2019. DS, drill sowing; WS, wide space sowing. Within each growing
season, bars with different upper-case letters are significantly different according to Tukey’s
HSD test (α=0.05) between two sowing methods. Within each growing season for sowing
method, bars with different lower-case letters are significantly different according to Tukey’s
HSD test (α=0.05) among four N treatments.
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Figure 3
Figure 3

Figure 3. Productive stem percentage of winter wheat under different sowing method and N
rate in 2017-2018 and 2018-2019. DS, drill sowing; WS, wide space sowing. Within each
growing season, bars with different upper-case letters are significantly different according to
Tukey’s HSD test (α=0.05) between two sowing methods. Within each growing season for
sowing method, bars with different lower-case letters are significantly different according to
Tukey’s HSD test (α=0.05) among four N treatments.
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Figure 4
Figure 4.

Figure 4. Leaf area index at anthesis of winter wheat under different sowing method and N
rate in 2017-2018 and 2018-2019. DS, drill sowing; WS, wide space sowing. Within each
growing season, bars with different upper-case letters are significantly different according to
Tukey’s HSD test (α=0.05) between two sowing methods. Within each growing season for
sowing method, bars with different lower-case letters are significantly different according to
Tukey’s HSD test (α=0.05) among four N treatments.
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Table 1(on next page)

Table1.

Table 1 Soil basic fertility before sowing at the experimental site in 2017-2018 and
2018-2019
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1 Table 1 Soil basic fertility before sowing at the experimental site in 2017-2018 and 2018-2019.

Year pH

Organic matter

(g kg-1)

Total N

(g kg-1)

Alkaline N

(mg kg-1)

Olsen P

(mg kg-1)

Available K

(mg kg-1)

2017-2018 8.61 13.61 1.06 44.07 10.71 188.87

2018-2019 8.47 14.31 1.01 40.05 11.25 200.24

2
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Table 2.

Table 2 The climate parameters in 2017-2018 and 2018-2019.
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1 Table 2 The climate parameters in 2017-2018 and 2018-2019. 

Year Period Precipitation
Daily mean 

temperature

Total accumulated 

temperature
Incident radiation

mm °C °C d MJ m-2

2017- S-J 35.3 3.2 654.7 1395.1

2018 J-B 47.5 11.9 226.1 303.9

B-A 27.1 18.1 344.7 360.8

A-M 44.3 20.9 753.1 708.1

Whole season 154.2 7.9 1978.6 2767.9

2018- S-J 48.9 3.7 732.8 1588.0

2019 J-B 20.7 13.2 304.5 338.1

B-A 22.7 18.6 371.4 370.0

A-M 10.7 21.8 871.6 738.5

Whole season 103.0 8.7 2280.3 3034.5

2 S-J, from sowing to jointing; J-B, from jointing to booting; B-A, from booting to anthesis; A-M, from anthesis to maturity.

3
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Table 3

Table 3 Growth durations in wheat growing season in 2017-2018 and 2018-2019
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1 Table 3 Growth durations in wheat growing season in 2017-2018 and 2018-2019.

Year S-J J-B B-A A-M Whole season (d)

2017-2018 155 19 19 36 229

2018-2019 162 23 20 40 245

2 S-J, from sowing to jointing; J-B, from jointing to booting; B-A, from booting to anthesis; A-M, from anthesis to maturity.

3
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Table 4

Table 4 Grain yield and yield components of winter wheat under different sowing method and
N treatment in 2017-2018 and 2018-2019.
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1 Table 4 Grain yield and yield components of winter wheat under different sowing method and N treatment in 2017-

2 2018 and 2018-2019.

Year
Sowing 

method

N

treatment

Yield

(t ha−1)

Ear number

(106 ha−1)

Grain number

per ear

1000-grain 

weight (g)

2017- DS N0 3.88 d 2.59 d 28.5 c 44.1 a

2018 N180 6.31 b 4.08 c 33.3 a 41.2 b

N240 6.79 a 4.33 b 33.2 a 40.9 b

N300   5.99 c # 4.53 a 30.4 b 38.2 c

Mean 5.74 B 3.88 B 31.3 A 41.1 A

WS N0 4.43 c 3.41 d 25.8 c 43.0 a

N180 6.86 b 4.60 c 32.9 a 40.1 b

N240 7.64 a 5.01 b 32.7 a 40.0 b

N300 7.79 a 5.65 a 29.9 b 39.1 c

Mean 6.68 A 4.67 A 30.3 B 40.6 A

2018- DS N0 5.02 c 3.56 d 27.0 c 44.6 a

2019 N180 7.47 b 4.77 c 32.8 a 42.0 b

N240 8.04 a 5.19 b 32.8 a 41.9 b

N300   7.46 b # 5.49 a 29.4 b 40.2 c

Mean 7.00 B 4.75 B 30.5 A 42.2 A

WS N0 5.51 c 4.30 d 24.8 c 44.3 a

N180 8.23 b 5.36 c 31.7 a 42.3 b

N240 8.95 a 6.10 b 30.8 a 41.9 b

N300 9.12 a 6.82 a 28.9 b 40.4 c

Mean 7.95 A 5.65 A 29.0 B 42.2 A

ANOVA

Year (Y) ** ** ** ** **

Sowing (S) ** ** ** ** ns

N rate (N) ** ** ** ** **

Y×S ns ns ns ns ns

Y×N ns ns ns ns ns

S×N ** ** ** ** **

Y×S×N ** ** ** ** **

3 DS, drill sowing; WS, wide space sowing. #, lodging happened during grain filling. Within a column for each growing season, means followed by different 

4 upper-case letters are significantly different according to Tukey’s HSD test (α=0.05) between two sowing methods. Within a column for sowing method, 

5 means followed by different lower-case letters are significantly different according to Tukey’s HSD test (α=0.05) among four N treatments. * and **. 

6 significant at 0.05 and 0.01 probability levels, respectively; ns, not significant at 0.05 probability level.

7
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Table 5

Table 5 Total dry weight, harvest index, total dry weight at anthesis, post-anthesis dry matter
production of winter wheat under different sowing method and N treatment in 2017-2018 and
2018-2019.
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1 Table 5 Total dry weight, harvest index, total dry weight at anthesis, post-anthesis dry matter production of winter 

2 wheat under different sowing method and N treatment in 2017-2018 and 2018-2019.

Year
Sowing 

method

N

treatment

Total dry 

weight

(t ha−1)

Harvest 

index

(%)

Total dry weight 

at anthesis 

(t ha−1)

Post-anthesis dry 

matter production 

(t ha−1)

2017- DS N0 6.34 c 51.2 a 4.12 c 2.22 c

2018 N180 12.09 b 46.3 b 8.05 b 4.04 b

N240 12.94 a 45.8 b 8.60 a 4.34 a

N300 12.10 b 43.4 c 8.14 b 3.96 b

Mean 10.87 B 46.7 A 7.23 B 3.64 B

WS N0 7.61 c 49.7 a 4.90 d 2.71 c

N180 12.98 b 46.6 b 8.26 c 4.72 b

N240 14.20 a 46.0 b 9.01 b 5.19 a

N300 14.63 a 45.1 b 9.40 a 5.23 a

Mean 12.35 A 46.9 A 7.89 A 4.46 A

2018- DS N0 9.27 c 46.3 a 6.09 c 3.18 c

2019 N180 14.90 b 43.7 b 9.77 b 5.13 b

N240 16.46 a 43.5 b 10.72 a 5.74 a

N300 15.20 b 42.7 b 10.04 b 5.16 b

Mean 13.96 B 44.1 A 9.16 B 4.80 B

WS N0 10.19 c 46.3 a 6.53 c 3.66 c

N180 16.90 b 42.5 b 10.91 b 5.99 b

N240 18.53 a 42.5 b 11.83 a 6.70 a

N300 18.75 a 42.4 b 12.06 a 6.69 a

Mean 16.09 A 43.4 A 10.33 A 5.76 A

ANOVA

Year (Y) ** ** ** **

Sowing (S) ** ns ** **

N rate (N) ** ** ** **

Y×S ns ns ns ns

Y×N ns ns ns ns

S×N ** ** ** **

Y×S×N ** ** ** **

3 DS, drill sowing; WS, wide space sowing. Within a column for each growing season, means followed by different upper-case letters are significantly different 

4 according to Tukey’s HSD test (α=0.05) between two sowing methods. Within a column for sowing method, means followed by different lower-case letters 

5 are significantly different according to Tukey’s HSD test (α=0.05) among four N treatments. * and **. significant at 0.05 and 0.01 probability levels, 

6 respectively; ns, not significant at 0.05 probability level.

7

PeerJ reviewing PDF | (2022:01:70054:1:2:NEW 6 May 2022)

Manuscript to be reviewed



Table 6(on next page)

Table 6

Table 6 Grain N concentration and content (GNC% and GN) at maturity, total N quantity at

maturity (TN), N harvest index (NHI), total N quantity at anthesis (TNas), post-anthesis

accumulated N (Npost) of winter wheat under different sowing method and N treatment in

2017-2018 and 2018-2019.
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1 Table 6 Grain N concentration and content (GNC% and GN) at maturity, total N quantity at maturity (TN), N harvest 

2 index (NHI), total N quantity at anthesis (TNas), post-anthesis accumulated N (Npost) of winter wheat under different 

3 sowing method and N treatment in 2017-2018 and 2018-2019.

Year
Sowing 

method

N

treatment

GNC%

(%)

GN

(kg ha−1)

TN 

(kg ha−1)

NHI

(%)

TNas 

(kg ha−1)

Npost 

(kg ha−1)

2017- DS N0 2.19 b 71.3 c 99.1 d 71.9 a 70.2 d 28.9 d

2018 N180 2.46 a 137.6 b 198.8 c 69.2 b 149.6 c 49.2 c

N240 2.52 a 149.3 a 218.6 b 68.3 b 161.1 b 57.5 b

N300 2.57 a 134.7 b 235.6 a 57.2 c 168.6 a 67.0 a

Mean 2.43 A 123.2 B 188.0 B 66.6 B 137.4 B 50.6 B

WS N0 2.19 c 82.6 d 111.1 d 74.4 a 79.2 d 31.9 d

N180 2.54 b 153.6 c 218.1 c 70.4 b 157.0 c 61.2 c

N240 2.59 b 169.0 b 244.5 b 69.1 b 172.3 b 72.2 b

N300 2.72 a 179.5 a 269.8 a 66.5 c 189.6 a 80.2 a

Mean 2.51 A 146.2 A 210.9 A 70.1 A 149.5 A 61.4 A

2018- DS N0 2.12 b 90.9 c 123.6 d 73.6 a 91.6 d 32.0 d

2019 N180 2.30 a 150.0 b 222.9 c 67.3 b 156.3 c 66.6 c

N240 2.31 a 165.6 a 247.5 b 66.9 b 172.6 b 74.9 b

N300 2.39 a 155.3 b 264.2 a 58.8 c 179.6 a 84.6 a

Mean 2.28 A 140.4 B 214.6 B 66.6 B 150.0 B 64.5 B

WS N0 2.12 c 100.0 d 136.0 d 73.5 a 99.0 d 37.0 d

N180 2.31 b 165.7 c 241.4 c 68.7 b 169.8 c 71.5 c

N240 2.34 b 184.1 b 270.3 b 68.1 b 185.1 b 85.1 b

N300 2.48 a 197.3 a 299.5 a 65.9 c 201.6 a 97.9 a

Mean 2.31 A 161.8 A 236.8 A 69.0 A 163.9 A 72.9 A

ANOVA

Year (Y) ** ** ** ** ** **

Sowing (S) ns ** ** ** ** **

N rate (N) ** ** ** ** ** **

Y×S ns ns ns ns ns ns

Y×N ns ns ns ns ns ns

S×N ** ** ** ** ** **

Y×S×N ** ** ** ** ** **

4 DS, drill sowing; WS, wide space sowing. Within a column for each growing season, means followed by different upper-case letters are significantly different 

5 according to Tukey’s HSD test (α=0.05) between two sowing methods. Within a column for sowing method, means followed by different lower-case letters 

6 are significantly different according to Tukey’s HSD test (α=0.05) among four N treatments. * and **. significant at 0.05 and 0.01 probability levels, 

7 respectively; ns, not significant at 0.05 probability level.
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Table 7 N use efficiency (NUE), N uptake efficiency (NUpE), N utilization efficiency (NUtE),
agronomic N use efficiency (AEN), N recovery efficiency(REN), partial factor productivity of

applied N (PFPN) of winter wheat under different sowing method and N treatment in

2017-2018 and 2018-2019.
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1 Table 7 N use efficiency (NUE), N uptake efficiency (NUpE), N utilization efficiency (NUtE), agronomic N use 

2 efficiency (AEN), N recovery efficiency(REN), partial factor productivity of applied N (PFPN) of winter wheat under 

3 different sowing method and N treatment in 2017-2018 and 2018-2019.

4

5 DS, drill sowing; WS, wide space sowing. Within a column for each growing season, means followed by different upper-case letters are significantly different 

6 according to Tukey’s HSD test (α=0.05) between two sowing methods. Within a column for sowing method, means followed by different lower-case letters 

7 are significantly different according to Tukey’s HSD test (α=0.05) among four N treatments. * and **. significant at 0.05 and 0.01 probability levels, 

8 respectively; ns, not significant at 0.05 probability level.

9

Year
Sowing 

method

N

treatment

NUE

(kg kg-1)

NUpE

(%)

NUtE

(kg kg-1)

AEN

(kg kg-1)

REN

(%)

PFPN

(kg kg-1)

2017- DS N0 21.0 a 63.9 a 32.8 a - - -

2018 N180 16.7 b 59.3 b 28.1 b 13.5 a 55.4 a 35.0 a

N240 15.0 c 55.4 c 27.1 b 12.1 b 49.8 b 28.3 b

N300 11.5 d 51.8 d 22.3 c 7.0 c 45.5 c 20.0 c

Mean 16.0 B 57.6 B 27.6 A 10.9 B 50.2 B 27.8 B

WS N0 24.4 a 71.7 a 34.0 a - - -

N180 18.1 b 65.1 b 27.7 b 13.5 a 59.5 a 38.1 a

N240 16.5 c 61.9 c 26.7 b 13.4 a 55.6 b 31.8 b

N300 14.5 d 59.3 d 24.5 c 11.2 b 52.9 b 26.0 c

Mean 18.4 A 64.5 A 28.2 A 12.7 A 56.0 A 32.0 A

2018- DS N0 26.4a 76.1 a 34.7 a - - -

2019 N180 19.0 b 65.1 b 29.2 b 13.6 a 55.2 a 41.5 a

N240 17.8 c 61.5 c 29.0 b 12.6 b 51.6 b 33.5 b

N300 14.0 d 57.2 d 24.6 c 8.1 c 46.9 c 24.9 c

Mean 19.3 B 65.0 B 29.4 A 11.4 B 51.3 B 33.3 B

WS N0 29.1 a 83.8 a 34.7 a - - -

N180 21.0 b 70.5 b 29.7 b 15.1 a 58.5 a 45.7 a

N240 19.5 c 67.2 c 29.1 b 14.4 b 55.9 b 37.3 b

N300 17.2 d 64.8 d 26.6 c 12.1 c 54.5 b 30. 4 c

Mean 21.7 A 71.6 A 30.0 A 13.8 A 56.3 A 37.8 A

ANOVA

Year (Y) ** ** ** ** ** **

Sowing (S) ** ** ns ** ** **

N rate (N) ** ** ** ** ** **

Y×S ns ns ns ns ns ns

Y×N ns ns ns ns ns ns

S×N ** ** ** ** ** **

Y×S×N ** ** ** ** ** **
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