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nitrogen use of irrigated wheat in South Shanxi, China

Qiang Wang ', Hafeez Noor ', Min Sun ', Aixia Ren ', Yu Feng ', Peng Qiao ', Jingjing Zhang ', Zhiqiang Gao “"™" '

1
Shanxi Agricultural University, Taiyuan, China

Corresponding Author: Zhigiang Gao
Email address: gaosxau@163.com

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™", represented as NO, 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™", WS with

180 kg N ha™*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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ABSTRACT

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™!, represented
as NO, 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™!, WS with 180 kg N ha! had almost equal grain

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



Peer]

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

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



Peer]

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

INTRODUCTION

With the current growth rate, the global population will reach about 10 billion in 2050 (UN,
2017). Increasing crop yield to maintain food security while reducing environmental impacts of
agriculture is the dual challenges for humans in the future (Manschadi & Soltani, 2021). Wheat
(Triticum aestivum L.) is the global staple food feeding about 30% of the world population
(Fahad et al., 2018). China is the largest producer of wheat. The North China Plain (NCP) is one
of the most vital cereal production regions in China, with 25% of the of national food production
(Duan et al., 2019; Fan et al., 2019). Thus, the future productivity of wheat will have more
influence on China and global food security.

Nitrogen (N) is a major driver for crop production, as it directly influences dry matter
production of crop plants by influencing the leaf area, radiation interception, photosynthetic
efficiency (Duan et al., 2019; Manschadi & Soltani, 2021, Li et al., 2022). Crop yield and
quality considerably depend on N application (Zhang et al., 2016). In many parts of the world, a
large increase in N fertilizer input was required to increase crop yield (Manschadi & Soltani,
2021). However, the increase in the crop yield has not matched the increase in N fertilizer input.
For example, from 1980 (9.3 Mt) to 2012 (24 Mt), the increase in N fertilizer input was 158%,
which was associated with a 70% increase in China's crop yield (321-547 Mt) (Yang et al.,
2017). In addition, excessive N input significantly reduces crop yield and N use efficiency
(NUE, the ratio of grain dry matter yield to N supply, N supply is the sum of N from soil and
fertilizer) (Nehe et al., 2020; Manschadi & Soltani, 2021). Furthermore, excessive N input also

leads to N fertilizer residue, which causes many environmental problems, such as soil
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acidification, N,O emissions, decreased soil microbial activity (Zhang et al., 2015; Duan et al.,
2019). Therefore, it is widely recognized that improving NUE to alleviate hazards to the
environment of crop production systems and improve their economic and environmental
performance (Yang et al., 2017).

NUE can be defined as the grain dry matter yield (kg ha™') divided by the supply of
available N supply from soil and fertilizer (kg N ha™!; Moll et al., 1982). NUE is calculated as
the product of two subcomponents: (i) N uptake efficiency (total N at maturity / N supply from
soil and fertilizer; NUpE). (ii) N utilization efficiency (grain dry matter yield / total N at
maturity; NUtE). Besides NUE and its components, agronomic N use efficiency (AEy), N
recovery efficiency (REy), and partial factor productivity of applied N (PFPy) were also usually
used to evaluate efficiency of N use. AEy is defined as the difference of grain yield in N
treatment minus grain yield in blank N treatment divided by the N supply from N fertilizer,
which indicates the grain yield produced per unit of supplied N fertilizer (Zhang et al., 2015).
REjy is defined as the difference of total N in N treatment minus total N in blank N treatment
divided by the N supply from N fertilizer. which indicates the percentage of fertilizer N absorbed
by plants (Yang et al., 2017). PFPy is the ratio of grain yield to the supplied fertilizer N, which
indicates the grain yield produced per unit of fertilizer applied (Cox et al., 1986). According to
the current situation of agricultural production, N fertilizer input is a common management
strategy to achieve high crop yield (Duan et al., 2019; Li et al., 2022). Increasing N fertilizer
application can significantly improve crop yield but inevitably reduce NUE according to the

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

An important factor to improve wheat yield is the sowing method, which influences the
spatial distribution of plants as well as their growth (Fan et al., 2019; Liu et al., 2020).
Compared with the traditional sowing method, drill sowing (DS), the wide space sowing (WS)
alters the former sowing width from 2—-3 cm to 5—8 cm, in addition to changing the seed
distribution by separating single grains from each other instead of planting all the seeds in a line,
while using the same seeding rate (Zhao et al., 2013). It was reported that an extreme winter
grain yield, 12.4 t ha™!, was achieved under WS in north China (Liu et al., 2020). WS has been
proven useful in improving crop productivity in China (Fan et al., 2019; He, 2020). Liu et al.
(2017) showed that ear number under WS was significantly higher than that under DS,
accounting for increased grain yield under WS than that under DS. It was reported that the
increased ear number was attributed to the stems number rather than productive stem percentage
(Chu et al., 2018). 1t was reported that WS had higher NUE than that under DS (Chu et al., 2018;
Liu et al., 2021a). However, whether WS can achieve both high yield and NUE at the same time
remains unclear.

South Shanxi is located in the NCP, which supplies more than 50% of the winter wheat
produced in China. However, excessive N application is common in this region, causing
decreased NUE. Considering the demand for achieving high yield, high NUE and environmental
protection is urgent in this region. Thus, we conducted a two-year field experiment to examine

the effect of sowing method and N application on winter wheat production and NUE. The main
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objectives of this study were to (1) clarify the effects of N rate under WS on population
development and yield formation; and (2) determine whether WS could help improve both yield
and NUE simultaneously.
MATERIALS AND METHODS
Site description

Field experiments were conducted in a farmer’s field at Shangyuan Village, Hougong
Township, Wenxi County, Shanxi Province, China (35°24'N, 111°26'E) in 2017-2018 and
repeated in the nearby field in 2018-2019. This site has a typical semiarid warm temperature and
continental monsoon climate (K&ppen classification) with average daily temperature of 8.6°C,
average precipitation of 190.5 mm, and 3015.6 MJ m~ of total solar radiation during wheat
growing season (from middle October to early June) from 2005 to 2015. Soil samples from the
upper 20 cm layer were randomly collected with five replicates for soil analysis before the wheat
was sowed in 2017 and 2018. The soil type was classified as calcareous cinnamon soil according
to Chinese soil taxonomy with a pH of 8.47-8.61, organic matter of 13.61-14.31 g kg™!, total N
of 1.01-1.05 g kg ™!, alkaline N of 40.05-44.07 mg kg~!, Olsen P of 10.71-11.25 mg kg!, and
available K of 188.87-200.24 mg kg™! in 2017-2018 and 2018-2019 (Table 1). The cropping
pattern of the experiment site is winter wheat-summer maize double-cropping system. The
climate parameter in 2017-2018 and 2018-2019 was collected from a weather station (Watchdog
2000 Series, Spectrum Technologies Inc, Aurora, USA) about 200—metres distance from the
experimental field.

Experimental design and crop management
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The experiment was arranged in a split-plot design with sowing method as the main plots
and N rate as subplots with three replications. Two sowing methods (Figure 1), wide space
sowing (WS, sowing and row width were 8 and 25 cm, respectively) and drill sowing (DS,
sowing and row width were 3 and 20 c¢m, respectively), and four N rates, 0 kg ha™!, 180 kg ha™!,
240 kg ha™!, and 300 kg ha™! (represented as NO, N180, N240, and N300, respectively) were
applied in this research. DS was accomplished with drill sowing machine (2BXF-12, Nonghaha
mechanical Co. Ltd. Hebei, China), WS was accomplished with wide space sowing machine
(2BMYF-10/5, Yuncheng Gongli Co. Ltd. Shandong, China).

Each subplot size was 8 m in length and 4 m in width. A widely planted wheat cultivar
Liangxing99 was planted on October 25 and October 11 in 2017 and 2018, respectively. The
expected plant density was about 300 plant m~2 for both sowing methods. The plant density at
three-leaves stage (Zadoks code 13) were 295 and 312 plant m2in 2017 and 2018, respectively,
and there was no significant difference between WS and DS.

The fertilizer N was applied as urea (46.0% N), 60% of the fertilizer N was applied before
sowing, and 40% of the fertilizer N was applied as topdressing fertilizer at jointing (Zadoks code
32). 150 kg P,Os kg ha™! in the form of calcium super-phosphate (16% P,0s) and 90 kg K,O ha™!
in the form of potassium chloride (52% K,0) were applied before sowing. Each plot was
irrigated triple, with 60 mm (1.92 m3/plot) water at the wintering (Zadoks code 26), jointing
(Zadoks code 32), and anthesis (Zadoks code 65), the irrigation water was supplied by a movable
sprinkler system, and the amount of water applied was measured a flow meter. The field was

kept free from diseases, pests, insects and using pesticides as needed. Weeds were well

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



Peer]

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

controlled with herbicides 2-3 times in each experimental year.
2.3 Sampling and measurements

Stems number (the sum of main stems and tillers) of the wheat plant was counted in a
typical and central row of 1-metre length at jointing, at which the wheat plants had the maximum
stems number (Lu et al., 2021). Then the productive stem percentage was calculated as the ratio
of ear number to maximum stems number. During each growing season, the wheat plants were
sampled in a row of 0.5 m length at anthesis and maturity (Zadoks code 91). At anthesis, all
green leaves were separated and measured at anthesis using a leaf area meter (LI-3100C, LI-
COR, Lincoln, NE, USA) for calculating the leaf area index. Then all samples were divided into
ear and vegetative parts (stem, sheath plus leaves). At maturity, after counting the ear number,
the samples were divided into grain and straw (stem, sheath, leaves, chaff plus rachis). All the
separated samples were oven at 105°C for 30 min and weighed after further drying at 70°C to a
constant weight. Grain number per ear and 1000-grain weight were calculated by using the grain
sample above. Yield was determined from a 10 m? area at maturity in the center of each plot and
adjusted to the standard moisture content of 0.125 g HyO g™! fresh weight. Grain moisture
content was measured with a digital moisture tester (PM8188A, Kett Electric Laboratory, Tokyo,
Japan).

After the dry matter of all separated samples plants at anthesis and maturity were weighed,
then they were shredded by applying plant ball mill pulverizer (Jxfstprp-11, Jingxin Co Ltd,
Shanghai, China) for N concentration measurement. N concentration of the samples was

determined by using the standard indophenol-blue colorimetric method (Novamsky et al., 1974).
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The soil samples were collected from 0-20, 2040, 40-60, 60—80, and 80—100 cm soil
depth in each plot , which were analyzed for total mineral N content (NO;™-N and NH4"-N) using
the method described Wagner, (1974) and Benesch & Mangelsdorf, (1972).

Statistical analysis and calculations

Experimental data was statistically analyzed using Microsoft Excel 2016 and Statistix 8.0
(Analytical Software, Tallahassee, FL, USA), and the figure was generated using Origin Lab pro
2021b (OriginLab Corporation, Northampton, MA, USA). All data are means of three replicates
(n = 3). Comparisons among multiple groups were performed using Tukey’s honestly significant
difference (HSD) test. Probability values p < 0.05 were considered statistically significant. Statistix
8.0 software was used for variance analysis.

The accumulation, partitioning, and translocation of dry matter and N were calculated using
the following equations (Laza et al., 2003 ; Cox et al., 1986).

Post-anthesis dry matter production (DM, t ha™!) = Total dry weight at maturity — TDW,, (1)
Harvest index (%) = Grain dry weight /Total dry weight at maturity (2)
Post-anthesis accumulated N (N, kg ha™) = TN — TN, 3)

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

Where TDW, (t ha™') is total dry weight at anthesis. TN (kg ha™!) and TN, (kg ha™!) are
total N quantity at maturity and anthesis, respectively. GN (kg ha™!) is grain N content.

N use related traits was calculated by the following Equations (Moll et al., 1982; Foulkes et
al., 2009).

N uptake efficiency (NUpE, %) = TN/ soil N (pre-sowing soil mineral N + Ny) (5)
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N utilization efficiency (NUtE, kg kg™!) = Grain dry weight / TN x1000 (6)
N use efficiency (NUE, kg kg™!) = NUpE x NUtE (7)
Agronomic N use efficiency (AEy, kg kg™!) = (Yn— Yo) / N¢x1000 (8)
N recovery efficiency (REy, %) = (TNy — TNg) / N¢ )
Partial factor productivity of applied N (PFPN, kg kg™") = Yield / N¢x1000 (10)

Where, Yy and Yy are yield (t ha™!) in N fertilization and NO treatment, respectively. TNy and
TN are total N quantity at maturity (kg ha™') in N fertilization and NO treatment, respectively. N¢
is the total input of fertilizer N (kg ha™!).
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RESULTS
Weather conditions and crop growth duration

Seasonal precipitation in 2017-2018 was 51.2 mm greater than that in 2017-2018, due to the
more rainfall from jointing to booting and from anthesis to maturity in the former growing
season (Table 2). However, there were higher mean temperature, more accumulated temperature,
and greater incident solar radiation during all growing periods in 2018-2019 than those in 2017—
2018, especially from jointing to booting and from anthesis to maturity.

The growing durations in each period (sowing to jointing, jointing to booting, and anthesis
to maturity) were longer in 2018-2019 than those in 20172018, thus total growing durations
was longer in 2018-2019 (Table 3). It should be noted that the wheat crop was sowed late (about
10 days) in 2017-2018 due to the continuous raining weather before sowing.

Yield and yield related attributes

The sowing method and N rate significantly affected the grain yield (Table 4). The wheat
crop under WS produced higher grain yield by 16.38% and 13.57% averaged across N rates than
that under DS in 2017-2018 and 2018-2019, respectively. There were significant increases in
yield when the N rate increased from 0 to 180 kg ha™! and then to 240 kg ha ! under both sowing
methods in two growing seasons. The sowing method and N rate had a significantly interactive
effect on grain yield. Grain yield slightly improved with the further increasing N rate (from 240
to 300 kg ha ') under WS in both growing seasons, whereas significant yield reductions (11.78%

in 2017-2018 and 7.21% in 2018-2019) were observed under DS. In addition, the wheat crop
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under WS with N application of 180 kg ha™! produced the commensurate yield compared with
that under DS with 240 kg N ha™! applied in both growing seasons.

The positive effect of WS on grain yield was mainly due to the increased ear number per ha
(Table 4). Averaged across N rates, the wheat crop under WS showed higher ear number per ha
by 20.36% and 18.95% than that under DS in 2017-2018 and 2018-2019, respectively. There was
little or no difference in the grain number per ear and 1000-grain weight between sowing methods.
Under both sowing methods, although it was observed that the higher N rate, the more ear. The
rates of ear number increase under WS with improved N rate (from 180 to 240 kg ha™! and from
240 to 300 kg ha™!) was significantly larger than those under DS (8.91%—13.81% vs. 4.62%—
8.81%). However, with the increase in N rate, a decreasing trend in grain number per ear and 1000-
grain weight was recorded in both sowing methods and two growing seasons.

Although the maximum stems number and productive stem percentage under WS were both
significantly higher than those under DS (Fig.2 and3). The improvement in maximum stems
number (14.52%—16.09%), rather than productive stem percentage (3.24%—3.85%), mainly
accounted for that the wheat crop under WS produced more ears per ha. With the increase in N
rate, the maximum stems number of winter wheat significantly and continuously increased. A
decreasing trend, however, was recorded in productive stem percentage in both sowing methods
and two growing seasons.

Leaf area index at anthesis under WS was significantly higher by 6.70% and 7.97%
averaged across N rates than that under DS in 2017-2018 and 2018-2019, respectively (Fig.4).

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

Total dry weight at maturity under WS was significantly higher by 13.62% and 15.26%
averaged across N rates than that under DS in 2017-2018 and 2018-2019, respectively, whereas
no significant difference was observed in harvest index between sowing methods (Table 5). Total
dry weight at maturity significantly increased when the N rate increased from 0 to 180 kg ha™'
and then to 240 kg ha™! under both sowing methods in two growing seasons. Given further
increasing N rate (from 240 to 300 kg ha™!), total dry weight at maturity under WS slightly
improved in both growing seasons, but significant reductions of 6.49% and 7.65% were observed
under DS in 2017-2018 and 2018-2019, respectively. The harvest indices with N fertilizer
applied were significantly lower than those without N applied. There was no significant
difference in the harvest index among treatments with N applied except that N rate of 300 kg
ha™! demonstrated significantly lower value than N rates of 180 and 240 kg ha™! under DS in
2017-2018.

Total dry weight at anthesis and post-anthesis dry matter production were both significantly
higher under WS than those under DS in two growing seasons, which account for the advantage
in total dry weight of the wheat crop under WS over DS (Table 5). Pre-anthesis dry matter
production and post-anthesis dry matter production significantly increased when the N rate
increased from 0 to 180 kg ha™! and then to 240 kg ha™! under both sowing methods in two
growing seasons. When N rate further increased (from 240 to 300 kg ha™!), pre-anthesis dry

matter production and post-anthesis dry matter production under WS demonstrated an increasing
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or unchanging trend in both growing seasons, but significant reductions of 5.35%-6.34% and
8.76%-10.10% were recorded under DS in 2017-2018 and 2018-2019, respectively.
N uptake, utilization, and related efficiencies

There was no significant difference in grain N concentration between sowing methods
averaged across N rates in two growing seasons (Table 6). Among the treatments with N applied,
there was no significant difference in grain N concentration under DS except that significant
improvements (5.02%—5.98%) were recorded at 300 kg N ha ! under WS in two growing
seasons. The grain N content under WS was significantly higher than that under DS by 18.67%
and 15.24% in 2017-2018 and 2018-2019, respectively. The grain N content significantly
increased when the N rate increased from 0 to 180 kg ha™! and then to 240 kg ha™! under both
sowing methods in two growing seasons. When the wheat crop received more N fertilizer (300
kg ha™!), the grain N content under WS significantly and continuously improved in both growing
seasons, but significant reductions of 9.78% and 6.22% were observed under DS in 2017-2018
and 2018-2019, respectively.

The wheat crop under WS had higher total N quantity at maturity and N harvest index
averaged across N rates than those under DS in both growing seasons (Table 6). With the
increase in N rate, total N quantity at maturity significantly and consistently increased in both
sowing methods and two growing seasons, whereas N harvest index showed a decreasing trend.
Pre-anthesis N uptake and post-anthesis N uptake were both significantly higher under WS than
those under DS in two growing seasons, which account for the advantage in total N quantity at

maturity under WS over DS. With the increase in N rate, both pre-anthesis N uptake and post-
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anthesis N uptake significantly and continuously increased in both sowing methods and two
growing seasons. In addition, there were commensurate values in total N (including pre-anthesis
N uptake and post-anthesis N uptake, and total N quantity at maturity) between DS with 240 kg
N ha!applied and WS with 180 kg N ha™! applied.

The wheat crop under WS showed higher NUE by 15.00% and 12.44% averaged across N
rates than that under DS in 2017-2018 and 2018-2019, respectively (Table 7). The more N
fertilizer applied, the significantly lower NUE was recorded. NUpE under WS was significantly
higher by 11.98% and 10.15% averaged across N rates than that under DS in 2017-2018 and
2018-2019, respectively, whereas there was no significant difference in NUtE between two
sowing methods in two growing seasons. The higher NUE under WS largely resulted from the
advantage in NUpE over DS.

AEy under WS was significantly higher by 16.51% and 21.05% averaged across N rates
than that under DS in 2017-2018 and 2018-2019, respectively (Table 7). AEy significantly
decreased when the N rate increased from 180 kg ha™! to 240 kg ha™! and then to 300 kg ha™'
under both sowing methods in two growing seasons except that there was no significant
difference between 180 kg ha™! and 240 kg ha ! under WS in 2017-2018.

Higher REyunder WS was observed than that under DS by 11.55% and 9.75% averaged
across N rates in 2017-2018 and 2018-2019, respectively (Table 7). When the N rate increased
from 180 to 240 kg ha™! and then to 300 kg ha™!, REy under DS significantly and continuously
decreased except for that under WS in 2017-2018 and 2018-2019, respectively.

The wheat crop showed significantly higher PFPyunder WS by 15.11% and 13.51%
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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, PFPy significantly and continuously decreased in both sowing

300 methods and two growing seasons.
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DISCUSSION

The wheat crop under wide space sowing produced higher grain yield than that under drill
sowing in our present study. The yield advantage under wide space sowing over drill sowing was
attributed to increased ear number. Similar effects of wide space sowing on grain yield were
reported in previous studies (Zhao et al., 2013; Fan et al., 2019). The individual wheat plant
under wide space sowing had more distance with each other than that under drill sowing (Zhao et
al., 2013), which reduced intraspecific competition for resources and growing space and resulted
in more stems produced (Liu et al., 2017; Liu et al., 2020). Additionally, it was observed that
wide space sowing had a significantly positive effect on improving productive stem percentage.
It could be reasonably assumed that the wheat crop under wide space sowing could uptake more
N and water from soil, and then manufacture greater carbohydrates by canopy for maintaining
the growth and differentiation of the huge population of stems. It was reported that wide space
sowing could optimize root distribution and enhance root absorptive capacity of wheat than that
under drill sowing (He, 2020). Our result also showed that the wheat crop uptake more N under
wide space sowing than that under drill sowing at the same N rate.

The N input of 240 kg N ha™! was a locally recommended rate which could produce high
yield with acceptable N use efficiency (Chen et al., 2016; Zhang et al.,2016; Duan et al., 2019).
It is worth noting that the wheat crop under wide space sowing received N application of 180 kg
ha™! produced the commensurate yield compared with that under drill sowing with 240 kg N ha™!
applied. This result indicted that an effective sowing method could compensate the yield loss due

to a reduction of 25% in N input.
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This study also found that, compared with the locally recommended N rate (240 kg ha™'),
even though there was no significant increase in grain yield due to the higher N application (300
kg ha™!) under wide space sowing, an obvious enhance of about 6% in grain N concentration was
recorded. Whereas, the significant yield reduction and no significant increase in grain N
concentration were observed under drill sowing with 300 kg N ha™! applied due to stem lodging
occurring during grain filling. It was reported that the wheat crop under drill sowing with high N
rate had the lower bending resistance of stem and the higher lodging possibility of wheat due to
the contradiction between population and individual plants (Liu et al., 2021b; Li et al., 2022) ,
which caused a decline in grain yield and quality (Foulkes et al., 2011). These results indicated
that, even though great amount N fertilizer was applied, the enhanced sowing method, wide
space sowing, could not only maintain the high yield level but also improved the grain nutrient
quality.

Crop yield was determined by dry matter production and harvest index (Yoshida et al.,
1972). Thus, crop yield can be enhanced by increasing dry matter accumulation, harvest index or
both (Carolina et al., 2019). In the present study, higher total dry weight at maturity under wide
space sowing was achieved than that under drill sowing, whereas no significant difference in
harvest index was recorded between two sowing methods. This result suggested that the wheat
crop under wide space sowing over drill sowing produced greater total dry weight instead of
higher biomass partitioning efficiency. Additionally, pre-anthesis dry matter production and
post-anthesis dry matter production were both significantly higher under wide space sowing than

those under drill sowing. Similar results were also reported in previous studies (Liu et al., 2017).
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Dry matter production largely depended on canopy photosynthetic area, leaf area index (Man et
al., 2017; Fan et al., 2019), meanwhile leaf area growth was affected by N supply and uptake
(Peng & Ismail, 2004). In the present study, the wheat crop under wide space sowing uptake
greater N before anthesis than that under drill sowing, which attributed to higher leaf area index
at anthesis than that under drill sowing. It was also reported that wide space sowing could
increase photosynthetic rate and delay senescence of flag leaves, and promoted carbohydrates
accumulation after anthesis (Fan et al., 2019). Our results also showed that the wheat crop under
wide space sowing received 180 kg N ha™! could produce statistically equal amounts of dry
matter (including pre-anthesis dry matter production and post-anthesis dry matter production,
and total dry weight at maturity) compared with those under drill sowing received 240 kg N ha™!,
which accounted for the same yield under the above-mentioned treatments.

In the present study, total N quantity at maturity and N harvest index under wide space
sowing was significantly higher than those under drill sowing, which resulted in the higher grain
N content under wide space sowing. The main sources determining total N at maturity were the
amount of N absorbed before and after anthesis (Dupont & Altenbach, 2003). Our study showed
that the wheat crop under wide space sowing had both higher pre-anthesis N uptake and post-
anthesis N uptake than those under drill sowing. In addition, the values of pre-anthesis
accumulated N and post-anthesis accumulated N, and total N quantity at maturity under wide
space sowing with N rate of 180 kg ha™! were statistically equal to those under drill sowing with
240 kg N ha™!. These results suggested that the wheat crop could uptake adequate N without high

N Fertilizer input but with enhanced sowing method.
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The ability to enhance N uptake is the first step to increasing NUE (Du et al., 2020). Our
results showed that NUE under wide space sowing was significantly higher than that under drill
sowing, and the higher NUE was the result of improvement in NUpE instead of NUtE. Previous
studies also suggested that the variation in NUE under wide space sowing was more closely
associated with NUpE, rather than NUtE (Chu et al., 2018; Liu et al., 2021a). The higher AEy
and REy in crop plant indicated that crop plant had an efficient use of fertilizer N, which
decreased the loss of N fertilizer (Yang et al., 2017). This present study also showed that AEy
and REy under wide space sowing were significantly higher than those under drill sowing. These
results indicated that the enhanced sowing method, wide space sowing, could not only produce
high grain yield but also decrease the risk of N leaching, ammonia emission, and ground runoff
which could cause environmental pollution. It is widely recognized that N use related
efficiencies (e.g., NUE, NUpE, NUtE, REy, AEy, PFPy) will decrease when N fertilizer rate is
improved (Yang et al., 2017; Duan et al., 2019; Manschadi & soltani, 2021). It was a remarkable
fact that all the above-mentioned efficiencies under wide space sowing with N rate of 240 kg
ha! were comparable to those under drill sowing with 180 kg N ha™! applied. These results
indicated that enhancement in sowing method provided an opportunity to not only maintain high

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

Compared with DS, WS had higher grain yield which was mainly attributed to ear number.
The increased grain yield under WS depended on improved total dry weight. Higher total N
quantity under WS was attributed to NUpE, which led to greater NUE. The wheat crop under
WS received N application of 180 kg ha™! produced the commensurate yield, total dry weight,
and total N quantity compared with those under DS with 240 kg N ha™!. Thus, WS with
moderate N fertilizer input can help to maintain high N use efficiencies and output high grain

yield.

Funding

This work was financially supported by the Research Program Sponsored by State Key
Laboratory of Sustainable Dryland Agriculture (in preparation), Shanxi Agricultural University
(No. 202003-1), the Ministerial and Provincial Co-Innovation Centre for Endemic Crops
Production with High-quality and Efficiency in Loess Plateau (No. SBGJXTZX-38), the Shanxi
Research Fund for outstanding doctor (No. SXYBKY2020005), the Shanxi Agricultural
University Scientific Research Fund (No. 2020BQ41), the Modern Agriculture Industry
Technology System Construction(No. CARS-03-01-24), the “1331” Engineering Key Innovation
Cultivation Team-Organic Dry Cultivation and Cultivation Physiology Innovation Team
(No.SXYBKY201733), and Shanxi University Technological Innovations Plan (No.2021L171).
The funders had no role in study design, data collection and analysis, decision to publish, or

preparation of the manuscript.

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



Peer]

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

Grant Disclosures

The following grant information was disclosed by the authors:

Research Program Sponsored by State Key Laboratory of Sustainable Dryland Agriculture (in

preparation), Shanxi Agricultural University: 202003-1.

Ministerial and Provincial Co-Innovation Centre for Endemic Crops Production with High-

quality and Efficiency in Loess Plateau: SBGJXTZX-38.

Shanxi Research Fund for outstanding doctor: SXYBKY?2020005.

Shanxi Agricultural University Scientific Research Fund: 2020BQ41.

Modern Agriculture Industry Technology System Construction: CARS-03-01-24.

“1331” Engineering Key Innovation Cultivation Team-Organic Dry Cultivation and Cultivation

Physiology Innovation Team: SXYBKY201733.

Shanxi University Technological Innovations Plan: 2021L171.

Competing Interests

The authors declare that they have no competing interests.

Author Contributions

® (Qiang Wang performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.

® Hafeez Noor conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the paper, and approved the final draft.

® Min Sun performed the experiments, analyzed the data, prepared figures and/or tables, and

approved the final draft.

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



Peer]

424

425

426

427

428

429

430

431

432

433
434
435

436
437
438

439
440
441
442
443
444
445
446
447
448
449
450
451

® Aixia Ren conceived and designed the experiments, analyzed the data, authored or reviewed
drafts of the paper, and approved the final draft.

® Yu Feng performed the experiments, prepared figures and/or tables, and approved
the final draft.

® Peng Qiao performed the experiments, prepared figures and/or tables, and approved
the final draft.

® Jingjing Zhang conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the paper, and approved the final draft.

® Zhiqgiang Gao conceived and designed the experiments, authored or reviewed drafts of the

paper, and approved the final draft.
Data Availability

The following information was supplied regarding data availability:

The raw data are available in the Supplemental Files.
Supplemental Information

Supplemental information for this article can be found online at

REFERENCES

1. Benesch R, Mangelsdorf P, 1972. A method for colorimetric determination of ammonia in sea water.
Helgolander Wiss. Meeresunters 1972, 23(3): 365-376.

2. Carolina, Rivera-Amado, Eliseo, grellos T-N, Gemma, Molero, Matthew, P., Reynolds, Roger. 2019.
Optimizing dry-matter partitioning for increased spike growth, grain number and harvest index in spring
wheat - ScienceDirect. Field Crops Research 240:154-167 DOI 10.1016/j.fcr.2019.04.016

3. Crook MJ, Ennos AR, 1995. The effect of nitrogen and growth regulators on stem and root characteristics
associated with lodging in two cultivars of winter wheat. Journal of Experimental Botany 46, 931-938
DOI 10.1093/jxb/46.8.931

4. Chen ZM, Wang H, Liu X, Lu D, Zhou J, 2016. The fates of ’'N-labeled fertilizer in a wheat—soil system
as influenced by fertilization practice in a loamy soil. Scientific Reports 6.34754 DOI 10.1038/srep34754

5. Cox MC, Qualset CO, Rains DW. 1986. Genetic Variation for Nitrogen Assimilation and Translocation in

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



Peer]

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Wheat. III. Nitrogen Translocation in Relation to Grain Yield and Proteinl. Crop Science DOI
10.2135/cropscil 986.0011183x002600040022x

Chu JP, Zhu WM, Yin LJ, Shi YH, Deng SZ, et al. 2018. Effects of wide-range planting on the yield and
nitrogen use efficiency of winter wheat cultivar Tainong18. Chinese Journal of Applied Ecology 29(8),
2517-2524 (in Chinese, with English abstract).

Du YD, Zhang Q, Cui BJ, Sun J, Wang Z, Ma LH, Niu WQ. 2020. Aerated irrigation improves tomato
yield and nitrogen use efficiency while reducing nitrogen application rate. Agricultural Water
Management, 235. 106152 DOI 10.1016/j.agwat.2020.106152

Duan JZ, Shao YH, He L, Li X, Hou GG, Li S, Feng W, Zhu YJ, Wang Y, Xie Y. 2019. Optimizing
nitrogen management to achieve high yield, high nitrogen efficiency and low nitrogen emission in winter
wheat. Science of The Total Environment 697:134088 DOI 10.1016/j.scitotenv.2019.134088

Dupont FM, Altenbach SB. 2003. Molecular and biochemical impacts of environmental factors on wheat
grain development and protein yield. Journal of Cereal Science 38:133-146 DOI 10.1016/S0733-
5210(03)00030-4

Fan Y, LiuJ, Zhao J, Ma Y, Li Q. 2019. Effects of delayed irrigation during the jointing stage on the
photosynthetic characteristics and yield of winter wheat under different planting patterns. Agricultural
Water Management 221. DOI 10.1016/j.agwat.2019.05.004

Fahad S, Abdul B, Adnan M. 2018. Global wheat production[M]. Intech Open United Kingdom DOI
10.5772/intechopen.72559

Foulkes MJ, Hawkesford MJ, Barraclough PB, Holdsworth MJ, Kerr S, Kightley S, Shewry PR. 2009.
Identifying traits to improve the nitrogen economy of wheat: Recent advances and future prospects. Field
Crops Research DOI 114:329-342. 10.1016/j.fcr.2009.09.005

Foulkes, MJ, Slafer, GA, Davies, WJ, Berry, PM, Sylvester-Bradley R, Martre P, 2011. Raising yield
potential of wheat. III. Optimizing partitioning to grain while maintaining lodging resistance. Journal of
experimental botany 62: 469-86. DOI 10.1093/jxb/erq300

He JN.2020. Study on the Soil Characteristics of Wheat Field Under Various Tillage Practices and the
Physiological Basis of Water Saving in Wide-range Sowing of Wheat. Shang Dong Agricultural
University.

Li WQ, Han MM, Pang DW, Jin C, Wang YY, Dong HH, Chang YL, Min J, Luo YL, Yong L. 2022.
Characteristics of lodging resistance of high-yield winter wheat as affected by nitrogen rate and irrigation
managements. Journal of Integrative Agriculture 21:1290-1309 DOI 10.1016/S2095-3119(20)63566-3
Liu YJ, Zheng FN, Zhang X, Chu JP, Yu HT, Dai XL, He MR, 2021a. Effects of wide range sowing on
grain yield, quality, and nitrogen use of strong gluten wheat. Acta Agronomica Sinica 09, 1-12 (in
Chinese, with English abstract).

Liu X, Wang W X, Lin X, Gu SB, Wang D. 2020. The effects of intraspecific competition and light
transmission within the canopy on wheat yield in a wide-precision planting pattern. Journal of Integrative
Agriculture 19:1577-1585. DOI 10.1016/S2095-3119(19)62724-3

Liu ZQ, Bian CY, Liu XH. 2021b. Effects of planting patterns on the lodging resistance characteristics
and yield of winter wheat with delaying irrigation at the jointing stage. Transactions of the Chinese
Society of Agricultural Engineering 37,101-107 (in Chinese, with English abstract).

Liu XH, Ren YJ, Gao C, Yan ZX, Li QQ. 2017. Compensation effect of winter wheat grain yield

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



Peer]

493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

reduction under straw mulching in wide-precision planting in the North China Plain. Scientific Reports
7:213 DOI 10.1038/s41598-017-00391-6

Laza MR, Peng S, Akita S, Saka H. 2003. Contribution of Biomass Partitioning and Translocation to
Grain Yield under Sub-Optimum Growing Conditions in Irrigated Rice. Plant Production Science 6:28-
35 DOI 10.1626/pps.6.28

LulJ, Hu T, Geng C, Cui X, Fan J, Zhang F. 2021. Response of yield, yield components and water-
nitrogen use efficiency of winter wheat to different drip fertigation regimes in Northwest China.
Agricultural Water Management 255 DOI 10.1016/j.agwat.2021.107034

Manschadi AM, Soltani A. 2021. Variation in traits contributing to improved use of nitrogen in wheat:
Implications for genotype by environment interaction. Field Crops Research 270. 108211 DOI
10.1016/j.fcr.2021.108211

Moll RH, Kamprath EJ, Jackson WA. 1982. Analysis and interpretation of factors which contribute to
efficiency of nitrogen utilization, Agronomy Journal 74, 562-564 DOI
10.2134/agron;j1982.00021962007400030037x

Man J, Yu Z, Shi Y, 2017. Radiation interception, chlorophyll fluorescence and senescence of flag leaves
in winter wheat under supplemental irrigation. Scientific Reports 7:7767. DOI 10.1038/s41598-017-
07414-2

Nehe AS, Misra S, Murchie EH, Chinnathambi K, Singh Tyagi B, Foulkes MJ, 2020. Nitrogen
partitioning and remobilization in relation to leaf senescence, grain yield and protein concentration in
Indian wheat cultivars. Field Crops Research 251 DOI 107778 10.1016/j.fcr.2020.107778

Novamsky I, Eck RV, Schouwenburg CV, Walinga 1. 1974. Total nitrogen determination in plant material
by means of the indophenol-blue method. Netherlands Journal of Agricultural Science 22:3-5 DOI
10.18174/njas.v22i1.17230

Peng SB, Ismail A. 2004.Physiological basis of yield and environmental adaptation in rice. Physiology
and Biotechnology Integration for Plant Breeding DOI 10.1201/9780203022030.ch3

United Nations Department of Economic and Social Affairs/Population Division, 2017.World Population
Prospects: Key Findings and Advance Tables. ESA.
https://esa.un.org/unpd/wpp/publications/Files/WPP2017_KeyFindings.pdf

Wagner R. 1974. A new method for automated nitrate determination in sea water using the autoAnalyzer.
Technicon Symposium, Frankfurt am Main.

Yang X, Lu Y, Ding Y, Yin X, Raza S, Tong Y. 2017. Optimising nitrogen fertilisation: A key to
improving nitrogen-use efficiency and minimising nitrate leaching losses in an intensive wheat/maize
rotation (2008-2014). Field Crops Research 206:1-10 DOI 10.1016/j.fcr.2017.02.016

Yoshida S, 1972. Physiological Aspects of Grain Yield. Annual Review of Plant Physiology 23,437-464
DOI 10.1146/annurev.pp.23.060172.002253

Zhang, S.L., Gao, P.C., Tong, Y.A., Norse, D., Lu, Y.L., Powlson, D., 2015. Overcoming nitrogen
fertilizer over-use through technical and advisory approaches: a case study from Shaanxi Province,
northwest China. Agriculture, Ecosystems & Environment. 209,89—99 DOI 10.1016/j.agee.2015.03.002
Zhang Y, Dai X, Jia D, Li H, Wang Y, Li C, Xu H, He M. 2016. Effects of plant density on grain yield,
protein size distribution, and breadmaking quality of winter wheat grown under two nitrogen fertilization
rates. European Journal of Agronomy 73 2, 1-10. DOI 10.1016/j.€ja.2015.11.015

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



PeerJ Manuscript to be reviewed

534 34. Zhao DD, Shen JY, Lang K, Liu QR, Li QQ. 2013. Effects of irrigation and wide-precision planting on

535 water use, radiation interception, and grain yield of winter wheat in the North China Plain. Agricultural
536 Water Management 118:87-92 DOI 10.1016/j.agwat.2012.11.019
537

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



PeerJ Manuscript to be reviewed

Figure 1

Figure 1 The sketch maps of drill sowing (A) and wide space sowing (B) used in this
study.
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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 (a=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 (a=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 (a=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 (a=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 (a=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 (a=0.05) among four N treatments.
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Table 1l(on next page)

Tablel.

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.

Organic matter Total N Alkaline N Olsen P Available K
Year pH
(gkg" (gkg" (mg kg™) (mg kg™ (mg kg™)
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
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Table 2(on next page)

Table 2.

Table 2 The climate parameters in 2017-2018 and 2018-20109.
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1 Table 2 The climate parameters in 2017-2018 and 2018-2019.

Manuscript to be reviewed

) o Daily mean Total accumulated ) o
Year Period Precipitation Incident radiation
temperature temperature
mm °C °Cd MJ m=
2017- S-J 353 32 654.7 1395.1
2018 J-B 47.5 11.9 226.1 303.9
B-A 271 18.1 344.7 360.8
A-M 443 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.
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Table 3(on next page)

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.
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Table 4(on next page)

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.

Vear Sowing N Yield Ear number Grain number 1000-grain
method  treatment (tha™) (10% ha™!) per ear weight (g)
2017- DS NO 3.88d 2.59d 285¢ 44.1 a
2018 N180 631D 4.08 c 333a 41.2b
N240 6.79 a 433D 332a 409b
N300 599c# 4.53 a 304D 382c¢
Mean 5.74 B 3.88B 31.3A 41.1 A
WS NO 443 ¢ 341d 25.8¢ 43.0 a
N180 6.86b 4.60 ¢ 329a 40.1b
N240 7.64 a 5.01b 32.7a 40.0b
N300 7.79 a 5.65a 2990 39.1c
Mean 6.68 A 4.67 A 30.3B 40.6 A
2018- DS NO 5.02¢ 3.56d 27.0c¢ 44.6 a
2019 N180 7.470b 477 c 328 a 42.0b
N240 8.04 a 5.19b 328 a 4190
N300 7.46 b # 549a 29.4b 402 ¢
Mean 7.00 B 475 B 305A 422 A
WS NO 551c 430d 248 ¢ 443 a
N180 823D 536¢ 31.7a 42.3b
N240 895a 6.10b 30.8a 4190
N300 9.12a 6.82 a 289b 404 c
Mean 7.95 A 5.65 A 29.0 B 422 A
ANOVA
Year (Y) sk kk sk sk sk
Sowing (S) *ok sk *k *k ns
Nrate (N) sk sk ks sk sk
YxS ns ns ns ns ns
YXN ns ns ns ns ns
SXN kk kk sk sk sk
Y xSxN sk Hk stk stk Hk

DS, drill sowing; WS, wide space sowing. #, lodging happened during grain filling. Within a column for each growing season, means followed by different
upper-case letters are significantly different according to Tukey’s HSD test (a=0.05) between two sowing methods. Within a column for sowing method,
means followed by different lower-case letters are significantly different according to Tukey’s HSD test (a=0.05) among four N treatments. * and **.

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

~N N B~ W
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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.

. Total dry Harvest Total dry weight ~ Post-anthesis dry
Year Sowing N weight index at anthesis matter production
method  treatment
(tha™) (%) (tha™) (tha™)
2017- DS NO 6.34c 512a 4.12¢ 222¢
2018 N180 12.09b 46.3b 8.05b 4.04b
N240 1294 a 458 b 8.60 a 434 a
N300 12.10b 43.4c 8.14b 3.96b
Mean 10.87 B 46.7 A 7.23 B 3.64 B
WS NO 7.6lc 49.7 a 490d 2.71¢c
N180 12.98 b 46.6 b 8.26 ¢ 4.72b
N240 14.20 a 46.0 b 9.01b 5.19a
N300 14.63 a 45.1b 9.40 a 523 a
Mean 1235 A 46.9 A 7.89 A 4.46 A
2018- DS NO 927c¢ 463 a 6.09c 3.18¢
2019 N180 14.90 b 43.7b 9.77b 513b
N240 16.46 a 43.5b 10.72 a 574 a
N300 15.20b 42.7b 10.04 b 5.16b
Mean 13.96 B 44.1 A 9.16 B 4.80 B
WS NO 10.19¢ 46.3 a 6.53 ¢ 3.66 ¢
N180 16.90 b 42.5b 1091 b 599b
N240 18.53 a 4250 11.83 a 6.70 a
N300 18.75a 42.4b 12.06 a 6.69a
Mean 16.09 A 434 A 1033 A 5.76 A
ANOVA
Year (Y) #k sk 3k 3k
Sowing (S) o ns ok ok
N rate (N) %k sk ok ok
YxS ns ns ns ns
YN ns ns ns ns
SXN sk sksk sk ksk
YXSxN ETS ok TS TS

DS, drill sowing; WS, wide space sowing. Within a column for each growing season, means followed by different upper-case letters are significantly different
according to Tukey’s HSD test (a=0.05) between two sowing methods. Within a column for sowing method, means followed by different lower-case letters
are significantly different according to Tukey’s HSD test (a=0.05) among four N treatments. * and **. significant at 0.05 and 0.01 probability levels,

respectively; ns, not significant at 0.05 probability level.

~N N D B W
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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 (TN..), post-anthesis

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

2017-2018 and 2018-20109.
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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 (TN,), post-anthesis accumulated N (Np) of winter wheat under different
3 sowing method and N treatment in 2017-2018 and 2018-2019.

Year Sowing N GNC% GN TN NHI TNas Npost
method treatment (%) (kgha™)  (kgha) (%) (kgha™)  (kgha)
2017- DS NO 2.19b 713 ¢ 99.1d 719 a 70.2d 28.9d
2018 N180 2.46a 137.6b 198.8 ¢ 69.2b 149.6 ¢ 492 ¢
N240 2.52a 1493 a 218.6b 68.3b 161.1b 57.5b
N300 2.57 a 134.7b 235.6a 572¢ 168.6 a 67.0 a
Mean 243 A 1232 B 188.0 B 66.6 B 1374 B 50.6 B
WS NO 2.19¢ 82.6d 111.1d 744 a 79.2d 31.9d
N180 2.54b 153.6 ¢ 218.1¢ 704 b 157.0c 61.2c¢
N240 2.59b 169.0b 24450 69.1b 172.3b 72.2b
N300 2.72 a 179.5a 269.8 a 66.5 ¢ 189.6 a 80.2 a
Mean 251 A 146.2 A 2109 A 70.1 A 1495 A 61.4 A
2018- DS NO 2.12b 909 ¢ 123.6d 73.6 a 91.6d 32.0d
2019 N180 2.30a 150.0 b 2229¢ 673D 156.3 ¢ 66.6 ¢
N240 231a 165.6 a 24750 66.9b 172.6 b 749D
N300 2.39a 15530b 2642 a 58.8¢ 179.6 a 84.6a
Mean 228 A 1404 B 214.6 B 66.6 B 150.0 B 64.5B
WS NO 2.12¢ 100.0d 136.0d 73.5a 99.0d 37.0d
N180 231b 165.7 ¢ 241.4c¢ 68.7b 169.8 ¢ 71.5¢
N240 2.34b 184.1b 2703 b 68.1b 185.1b 85.1b
N300 248 a 1973 a 299.5a 659 ¢ 201.6a 979 a
Mean 231 A 161.8 A 236.8 A 69.0 A 163.9 A 729 A
ANOVA
Year (Y) skx skk ko kxk koK ko
SOWing (S) ns skk ko kxk ki ko
Nrate (N) skx skk ko kk ki kok
YxS ns ns ns ns ns ns
YxN ns ns ns ns ns ns
SXN skx skk kok kxk koK ko
YXSXN skx skk ko kxk koK ko

DS, drill sowing; WS, wide space sowing. Within a column for each growing season, means followed by different upper-case letters are significantly different
according to Tukey’s HSD test (a=0.05) between two sowing methods. Within a column for sowing method, means followed by different lower-case letters
are significantly different according to Tukey’s HSD test (¢=0.05) among four N treatments. * and **. significant at 0.05 and 0.01 probability levels,

respectively; ns, not significant at 0.05 probability level.

00 N N D b
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Table 7

Table 7 N use efficiency (NUE), N uptake efficiency (NUpE), N utilization efficiency (NUtE),

agronomic N use efficiency (AE,), N recovery efficiency(RE,), partial factor productivity of

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

2017-2018 and 2018-20109.
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Table 7 N use efficiency (NUE), N uptake efficiency (NUpE), N utilization efficiency (NUtE), agronomic N use
efficiency (AEy), N recovery efficiency(REy), partial factor productivity of applied N (PFPy) of winter wheat under
3 different sowing method and N treatment in 2017-2018 and 2018-2019.

Vear Sowing N NUE NUpE NUE AEyN REN PFPN
method treatment (kg kg™ (%) (kg kg (kg kg (%) (kg kg™
2017- DS NO 21.0a 639a 328a - - -
2018 N180 16.7b 59.3b 28.1b 135a 554a 35.0a
N240 150c¢c 554c¢ 27.1b 12.1b 49.8 b 28.3b
N300 11.5d 51.8d 223¢ 7.0c 455¢ 20.0c
Mean 16.0 B 57.6 B 27.6 A 109B 50.2 B 27.8B
WS NO 244 a 71.7a 340a - - -
N180 18.1b 65.1b 27.7b 135a 595a 38.1a
N240 16.5¢ 619c 26.7b 134a 55.6b 31.8b
N300 14.5d 59.3d 245¢ 11.2b 5290 26.0c
Mean 184 A 64.5 A 282 A 12.7 A 56.0 A 32.0A
2018- DS NO 26.4a 76.1a 347a - - -
2019 N180 19.0b 65.1b 29.2b 13.6a 552a 415a
N240 17.8 ¢ 61.5¢c 29.0b 12.6 b 51.6b 335D
N300 14.0d 57.2d 246 ¢ 8.1lc 469 c 249c¢c
Mean 193 B 65.0B 294 A 114B 513B 333B
WS NO 29.1a 83.8a 347a - - -
N180 21.0b 70.5b 29.7b 15.1a 585a 457 a
N240 19.5¢ 67.2c¢c 29.1b 144b 5590 373D
N300 17.2d 64.8d 26.6 ¢ 12.1¢c 545D 30.4¢
Mean 21.7 A 71.6 A 30.0 A 13.8 A 563 A 378 A
ANOVA
Year (Y) sk Hok sk sk sk sk
Sowing (S) ok ok ns sk sk sk
N rate (N) ok ok EE sk sk sk
Y%S ns ns ns ns ns ns
YxN ns ns ns ns ns ns
SXN sk kok kk skk skk skk
YXSXN sk kok kk skk sk skk

DS, drill sowing; WS, wide space sowing. Within a column for each growing season, means followed by different upper-case letters are significantly different
according to Tukey’s HSD test (a=0.05) between two sowing methods. Within a column for sowing method, means followed by different lower-case letters
are significantly different according to Tukey’s HSD test (a=0.05) among four N treatments. * and **. significant at 0.05 and 0.01 probability levels,

respectively; ns, not significant at 0.05 probability level.

O 0 39 N n b

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



