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Abstract: The optimized winter wheat sowing method comprising wide-belt sowing (WBS) can
improve the ears number and biomass to increase the grain yield, compared with conventional
narrow-drill sowing (NDS). The seed rate and the interaction between the sowing method and seed
rate also affect yield formation. However, the effects of the sowing method and seed rate, as well
as their interaction on biomass production, particularly the interception of solar radiation (ISR) and
radiation use efficiency (RUE), are unclear. A field experiment was conducted for two seasons in
southern Shanxi province, China, using a split-plot design with sowing method as the main plot
(WBS and NDS) and seed rate as the sub-plot (100–700 m−2). Our results showed that while WBS had
a significant and positive effect, increasing the yield by 4.7–15.4%, the mechanism differed between
seed rates. Yield increase by WBS was mainly attributed to the increase in total biomass resulting
from both the promoted pre- and post-anthesis biomass production, except that only the increase in
post-anthesis biomass mattered at the lowest seed rate (100 m−2). The higher biomass was attributed
to the increased ISR before anthesis. After anthesis, the increased ISR contributed mainly to the
increased biomass at low seed rates (100 and 200 m−2). In contrast, the increased RUE, resulting from
the enhanced radiation distribution within canopy and LAI, contributed to the higher post-anthesis
biomass at medium and high seed rates (400 to 700 m−2). The greatest increases in total biomass,
pre-anthesis ISR, and post-anthesis RUE by WBS were all achieved at 500 seed m−2, thereby obtaining
the highest yield. In summary, WBS enhanced grain yield by increasing ISR before anthesis and
improving RUE after anthesis, and adopting relatively higher seed rates (400–500 m−2) was necessary
for maximizing the positive effect of WBS, and thus the higher wheat yield.

Keywords: wide-belt sowing; seed rate; wheat yield; radiation interception; radiation use efficiency

1. Introduction

Wheat (Triticum aestivum L.) is one of the most important food crops throughout the
world, with an annual harvested area of 221 million hectares and total yield of 771 million
tons in 2021. World wheat yield in 2021 increased by 28.4%, compared to 2000 [1]. On
one hand, the increased wheat yields were attributed to genetic improvements, such as
enhanced photosynthesis, spike fertility, and the partitioning of available assimilates to the
spikes [2,3]. On the other hand, intensified crop management practices involving improved
fertilization, irrigation, control of pests and weeds, and different plant arrangements have
critical roles in improving wheat yields [4–6]. In particular, the sowing method and seed
rate can be changed to readily adjust the plant arrangement, and they have clear effects on
crop growth and yield formation [7,8].

Many studies have shown that wide-belt precision planting enhances the yield, com-
pared with conventional cultivation planting or narrow-drill sowing (NDS) [9–11]. Using
low seed rates (less than 200 m−2), wide-belt precision planting changes the seed distri-
bution from a narrow belt (3–5 cm) or a line into a wide belt (6–10 cm) for increasing the
distance among single seed [12]. This high-yielding sowing technique required high land
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preparation quality and good soil fertility to ensure a high emergence rate and tillering
capacity to produce sufficient ears for high yields. However, in many wheat produc-
ing regions in China, the lack of sufficient labor and large machinery, as well as inferior
soil mechanical properties and fertility, limit the application and performance benefits
of wide-precision planting. Thus, increasing the seed rate is applied to adapt wide-belt
precision planting to compensate for the negative impacts of suboptimal land preparation
and low soil fertility on the emergence rate and tillering capacity. For example, after this
technique was introduced in Shanxi Province, China, the local farmers applied seed rates
of 300–700 m−2 or even higher, and the yields increased by more than 10% [13]. Due to
the higher seed rate, especially with suboptimal soil preparation, this sowing technique is
referred to as wide-belt sowing (WBS). Previous studies have demonstrated that the yield
increases under WBS are due to increases in the tillering capacity, ears number, and leaf
area index (LAI), and thus biomass production [13–15].

The crop biomass is the product of intercepted solar radiation (ISR) and the radiation
use efficiency (RUE) [16]. ISR is determined by the speed of canopy development and
closure, leaf absorbance, canopy longevity, size, and architecture. Particularly, leaf area
index (LAI) was usually recognized as a critical indicator to reflect radiation capture
capacity [17,18]. RUE, namely utilization of solar radiation per unit of biomass, was
the fundamental bottleneck to raising wheat yield [2] and was sensitive to the leaf N
condition, especially specific leaf N content (SLN) [18–20]. Biomass increase can be achieved
by improving either or both parameters. Zhao et al. [21] and Liu et al. [22] found that
WBS could influence PAR interception by the canopy and the distribution of PAR within
the canopy by affecting the morphological characteristics of the canopy, particularly the
population size and leaf area. So far as we know, this is the case; however, little information
is available about how different sowing methods affect RUE, as well as the associated
physiological mechanisms.

Wheat crops are also highly sensitive to the seed rate [7,23–25]. Under relatively low
seed rates, wheat plants produce stronger individual tillers or ears, but low nitrogen uptake
and light interception by the canopy limits the capacity for biomass production, thereby
restricting the yield performance. In addition, very high seed rates are not beneficial for
increasing the uptake of nitrogen and intercepting more solar energy due to the limited
nitrogen supply in the soil and already closed canopy, respectively. Thus, an optimum seed
rate should be selected to maximize light interception and biomass production, and thus
the grain yield.

Recently, Zheng et al. found a significant interaction between the effects of the sowing
method and seed rate on the grain yield in a trial conducted over two seasons [6]. The
positive effect of WBS depended significantly on the seed rate. The seed rate at which
the top yield was obtained under WBS was higher than NDS. Similarly, the preliminary
observations in our field experiments and in farmers’ fields in southern Shanxi province
also suggested a strong interaction between the effects of the sowing method and seed rate
on the grain yield. Zheng et al. systematically investigated the underlying mechanism
in terms of the yield components, and N uptake and utilization, but lacked insights into
biomass production, ISR and RUE, which determined the crop yield potential and drove
actual yield performance [17,26].

In the present study, the yield and yield components, population size and individual
productivity, biomass production and partitioning, canopy solar radiation interception and
distribution, RUE, LAI, and SLN were determined for winter wheat in a field experiment
conducted for two growing seasons under two sowing methods (NDS and WBS) and seven
seed rates (100 to 700 m−2, with an interval of 100 m−2). The objectives of this study
were: (1) to determine how the sowing method, seed rate, and their interaction affected
the yield, biomass accumulation, and capture and use of solar radiation; and (2) to identify
the associated agronomic and physiological mechanisms that were involved in the yield
increases by WBS at various seed rates. In addition to hypothesizing that WBS can enhance
the solar radiation interception and/or RUE, and thereby promote biomass production and
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grain yield, we also hypothesize that the importance of solar radiation interception and
RUE differ at various seed rates.

2. Results
2.1. Yield and Yield Components

The grain yield was significantly affected by the sowing method and seed rate (Table 1).
In the 2020–2021 season, the highest yields of 7.91 and 8.71 t ha−1 were obtained at SR300
and SR400 under NDS and WBS, respectively (Figure 1). In the 2021–2022 season, SR400
and SR500 produced the greatest yields of 8.61 and 9.60 t ha−1 under NDS and WBS,
respectively. The grain yield increased initially and then decreased with the increasing seed
rate under both sowing methods. The clear yield decrease was observed when the seed
rate increased from 400 to 500 m−2, whereas it occurred as the seed rate increased from 500
to 600 m−2 under WBS. Thus, the effect of the interaction between the sowing method and
seed rate on the grain yield was significant. Furthermore, the difference in yield between
sowing methods increased from 4.7–5.4% at SR100, peaked to 15.3–15.4% at 500 seeds m−2,
and then decreased to 10.2–10.8% at SR700 in the two seasons.

Table 1. Analysis of variance for yield and yield-related traits.

Season Source Yield EN GPE GW MSN PSP YPE Bpre Bpost Btotal ISRpre ISRpost ISRtotal RUEpre RUEpost RUEseasonal HI LAIan SLNan

2020– SM ** ** ns ns ** ns * ** ** ** ** * ** * ** * ns ** ns
2021 SR ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** **

SM × SR ** ** ns ns ** ns ** ** ** ** ** * ** * ** ** ns ** ns
2021– SM ** ** ns ns ** ns * ** ** ** ** * ** * ** * ns ** ns
2022 SR ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** **

SM × SR ** ** ns ns ** ns ** ** ** ** ** * ** * ** ** ns ** ns

* and **, significant at 0.05 and 0.01 probability levels, respectively; ns, not significant at 0.05 probability level;
SM, sowing method; SR, seed rate; EN, ears number; GPE, grains per ear; GW, grain weight; MSN, the maximum
stem number; PSP, productive stem percentage; YPE, yield per ear; Bpre, pre-anthesis biomass; Bpost, post anthesis
biomass; Btotal, total biomass; HI, harvest index; ISRpre, pre-anthesis intercepted solar radiation; ISRpost, post-
anthesis intercepted solar radiation; ISRtotal, total intercepted solar radiation; RUEpre, pre-anthesis radiation use
efficiency; RUEpost, post-anthesis radiation use efficiency; RUEseasonal, seasonal radiation use efficiency; LAIan,
leaf area index at anthesis; SLNan, specific leaf nitrogen content.
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bars are SE (n = 4). The dashed reference line indicates that the difference percentage in yield or 
yield component between WBS and NDS is zero. The * and ** indicate there is significant difference 
between WBS and NDS at the same seed rate, according to Student’s t-test at α = 0.05 and 0.01, 
respectively. 
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The increase in the ears per m2 under WBS was only attributed to the increased max-
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Figure 1. Grain yield and yield components of winter wheat with narrow drill sowing (NDS) and
wide-belt sowing (WBS) in the 2020–2021 and 2021–2022 growing seasons. Data are means and error
bars are SE (n = 4). The dashed reference line indicates that the difference percentage in yield or yield
component between WBS and NDS is zero. The * and ** indicate there is significant difference between
WBS and NDS at the same seed rate, according to Student’s t-test at α = 0.05 and 0.01, respectively.

All yield components (ears per m2, grains per ear, and grain weight) were significantly
affected by the seed rate in both seasons (Table 1). However, only the ears per m2 was
also affected by the sowing method and the interaction between the sowing method and
seed rate. The ears per m2 tended to increase as the seed rate increased under both sowing
methods in both seasons. WBS significantly increased the ears per m2 at all seed rates,
except for SR100. The highest difference in the ears number was obtained at SR500 in both
seasons. There was no significant difference in the grains per ear and grain weight between
WBS and NDS at any seed rate, except the grain weight was 4.6–4.7% higher (p < 0.05)
under WBS at SR100.

2.2. Population Size and Individual Productivity of Stems

The increase in the ears per m2 under WBS was only attributed to the increased
maximum stem number (Figure 2). When the seed rate exceeded 200 m−2, the maximum
stem numbers were 7.6–14.5% and 6.4–15.5% higher under WBS than NDS during the
2020–2021 and 2021–2022 seasons, respectively. There was no significant difference in the
productive stem percentage and yield per productive stem between WBS and NDS at any
seed rate, except the yield per productive stem was 4.4–4.8% (p < 0.05) higher under WBS
at SR100.
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Figure 2. Maximum number of stems, percentage of effective stems and yield per effective stem
in two growing seasons. Data are means and error bars are SE (n = 4). The dashed reference line
indicates that the difference percentage in a specific trait between WBS and NDS is zero. The * and
** indicate there is significant difference between wide-belt sowing (WBS) and narrow-drill sowing
(NDS) at the same seed rate, according to Student’s t-test at α = 0.05 and 0.01, respectively.

2.3. Biomass Production and HI

All of Biomasspre, Biomasspost, and Biomasstotal increased initially and then decreased
as the seed rate increased in both seasons (Figure 3). At all seed rates, Biomasspre,
Biomasspost, and Biomasstotal were 6.5–15.5%, 7.1–12.0%, and 5.3–13.9% higher under
WBS, compared with NDS, respectively, except for Biomasspre at SR100. The highest in-
crease in biomass production was obtained at SR500 in both seasons. HI tended to decrease
as the seed rate increased under both sowing methods and no difference was observed
between WBS and NDS at any seed rate in either season.
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tween WBS and NDS is zero. The * and ** indicate there is significant difference between WBS and 
NDS at the same seed rate, according to Student’s t-test at α = 0.05 and 0.01, respectively. 
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Figure 3. Biomass production and harvest index of winter wheat with narrow-drill sowing (NDS) and
wide-belt sowing (WBS) in two growing seasons. Data are means and error bars are SE (n = 4). The
dashed reference line indicates that the difference percentage in biomass or harvest index between
WBS and NDS is zero. The * and ** indicate there is significant difference between WBS and NDS at
the same seed rate, according to Student’s t-test at α = 0.05 and 0.01, respectively.

2.4. Radiation Interception and RUE

At seed rates of 100–300 m−2, the post-anthesis PARI under WBS was higher than
NDS, and when the seed rate was higher, there was a smaller difference (Figure 4). In
addition, the obvious difference in PARI between sowing methods appeared at 163, 158,
and 133 d after sowing under seed rates of 100, 200, and 300 m−2, respectively. At seed rates
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of 400–700 m−2, there was no obvious difference in post-anthesis PARI between sowing
methods, and the difference in PARI disappeared earlier when the seed rate increased from
400 to 700 m−2.
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In general, as the seed rate increased, the pre-anthesis and total ISR tended to continu-
ously increase, but the post-anthesis ISR increased when the seed rate increased from 100
to 300 and from 100 to 400 m−2 in 2020–2021 and 2021–2022 seasons, respectively, and then
stabilized (Figure 5). There was no significant difference between WBS and NDS at SR100
in either season. For pre-anthesis ISR, significant increases by WBS were 6.8–14.5% and
6.5–14.8% in the 2020–2021 and 2021–2022 seasons, respectively, and the highest increase
occurred at SR500. For post-anthesis ISR, significant increases by WBS, of 8.1–8.2% and
7.0–7.3%, were observed at SR100 and SR200, respectively. For the total ISR, significant
increases by WBS were recorded for any rare seed, with the highest percentage of 8.9–9.5%
at SR500.
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Figure 5. Intercepted solar radiation (ISR) of winter wheat with narrow-drill sowing (NDS) and
wide-belt sowing (WBS) in two growing seasons. Data are means and error bars are SE (n = 4). The
dashed reference line indicates that the difference percentage in ISR between WBS and NDS is zero.
The * and ** indicate there is significant difference between WBS and NDS at the same seed rate,
according to Student’s t-test at α = 0.05 and 0.01, respectively.

In both seasons, the RUE during pre-anthesis, post-anthesis, and the entire season
tended to decrease when the seed rate increased from 100 to 700 m−2 (Figure 6). There was
no difference in pre-anthesis RUE between WBS and NDS at any seed rate. However, signif-
icant increases of 5.2–9.0% and 5.3–9.2% in post-anthesis RUE by WBS were obtained in the
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2020–2021 and 2021–2022 seasons, respectively. The seasonal RUE increased significantly
under WBS, compared to NDS, only at SR500 in each season.
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Figure 6. Radiation use efficiency (RUE) of winter wheat with narrow-drill sowing (NDS) and
wide-belt sowing (WBS) in two growing seasons. Data are means and error bars are SE (n = 4). The
dashed reference line indicates that the difference percentage in RUE between WBS and NDS is zero.
The * and ** indicate there is significant difference between WBS and NDS at the same seed rate,
according to Student’s t-test at α = 0.05 and 0.01, respectively.

2.5. PAR Distribution within Wheat Canopy at Anthesis

At SR100 and SR200, the relative PAR intensity at the soil surface, or PAR transmission
ratio, decreased by 29.2–30.4% under WBS, compared to NDS at anthesis (Figure 7). At
SR300, the relative PAR intensity did not differ significantly between methods at any
canopy height. At the seed rates of 400 to 700 m−2, the relative PAR intensity increased at
canopy heights of 60 and 45 cm. At the canopy height of 60 cm, the relative PAR intensities
were 5.0–7.7% and 6.4–8.9% higher under WBS than NDS in the 2020–2021 and 2021–2022
seasons, respectively, and the corresponding increases at the height of 45 cm were 7.0–12.4%
and 9.1–10.8%. In addition, at the height of 30 cm, the relative PAR intensities were higher
(by 9.5–11.6%, p < 0.05) under WBS than NDS, at 400 seeds m−2 in both seasons.
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Figure 7. Relative photosynthetically active radiation (PAR) intensity at different height within
the canopy in the 2020–2021 and 2021–2022 growing seasons. Relative PAR intensity presents the
percentage of the intensity of PAR at a specific height within the canopy to the intensity above the
canopy. The * and ** indicate there is significant difference between narrow-drill sowing (NDS) and
wide-belt sowing (WBS) at the same seed rate, according to Student’s t-test at α = 0.05 and 0.01,
respectively.



Plants 2024, 13, 986 11 of 20

2.6. Leaf Area Index and Specific Leaf Nitrogen at Anthesis

The LAI at anthesis was significantly affected by the sowing method, seed rate, and
their interaction, but the SLN at anthesis was only significantly affected by the seed rate
(Table 1). Under both sowing methods, LAI increased as the seed rate increased and then
statured at SR500, whereas SLN tended to decrease in both seasons (Figure 8). At SR100,
there was no significant difference in LAI between WBS and NDS in either season. However,
when the seed rate exceeded 100 m−2, the LAI values were 5.1–10.4% and 5.4–10.5% higher
under WBS than NDS in the 2020–2021 and 2021–2022 seasons, respectively. By contrast,
the SLN values were slightly lower, but not significantly (0.1–2.5%, p > 0.05), under WBS in
both seasons.
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(n = 4). The dashed reference line indicates that the difference percentage in leaf area index or specific
leaf N between WBS and NDS is zero. The * and ** indicate there is significant difference between
WBS and NDS at the same seed rate, according to Student’s t-test at α = 0.05 and 0.01, respectively.

2.7. Correlation Analysis

In both seasons, the difference in the grain yield between WBS and NDS was sig-
nificantly positively correlated with the differences in the ears number, the maximum
stems number, pre-anthesis, post-anthesis and total biomass, pre-anthesis and total ISR,
post-anthesis and seasonal RUE, and LAI at anthesis; but was significantly and negatively
correlated with the difference in grain weight (Figure 9).
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Figure 9. The correlation coefficient (r) of difference in yield and difference in yield-related traits
in two growing seasons, based on Pearson correlation analysis. The dashed reference line indicates
the critical r value at p = 0.05. EN, ears number; GPE, grains per ear; GW, grain weight; MSN, the
maximum stem number; PSP, productive stem percentage; YPE, yield per ear; Bpre, pre-anthesis
biomass; Bpost, post anthesis biomass; Btotal, total biomass; HI, harvest index; ISRpre, pre-anthesis
intercepted solar radiation; ISRpost, post-anthesis intercepted solar radiation; ISRtotal, total intercepted
solar radiation; RUEpre, pre-anthesis radiation use efficiency; RUEpost, post-anthesis radiation use
efficiency; RUEseasonal, seasonal radiation use efficiency; LAIan, leaf area index at anthesis; SLNan,
specific leaf nitrogen content at anthesis.

3. Discussion

It has been widely recognized that the more uniform crop spatial patterns can boost
crop yield, with the reduced row distance and the increased within-row uniformity playing
vital roles in this regard [27]. However, the effects on yield usually varied depending on
crop sowing density (i.e., seed rate) [28–30]. The optimized winter wheat sowing method
comprising WBS combining the two above aspects significantly enhanced the yield, but the
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yields and the underlying agronomic and physiological mechanisms differed between seed
rates. Our results showed that the increase in the yield under WBS, compared with NDS,
was greater at a higher seed rate. However, when the seed rate reached 600 and 700 m−2,
the increase in the yield was decreased. High yields were obtained at SR300 and SR400
under NDS, but the high yields under WBS were obtained at relatively greater seed rates of
400–500 m−2, and similar results were reported by Zheng et al. (2020) [6]. These results
suggest that relatively higher seed rates are suitable for enhancing the positive effect of
WBS to maximize yields.

It is widely accepted that the increase in the yield under WBS, compared with NDS,
is mainly due to the increased ears number [13,21,31,32]. In the present study, the im-
provement in ears number increased initially and then decreased as the seed rate increased
under WBS, and this trend was similar to that in the yield (Figure 3). Furthermore, the
correlation analysis showed at least 93.9% of the variation in the increase in yield under
WBS could be explained by the increase in ears number (p < 0.01, Figure 9). The ears number
is determined by the tillering capacity (maximum stem number) and the productive stem
percentage [33]. Previous studies also showed that WBS reduced intraspecific competition
for resources and growing space, thereby resulting in the production of more stems [22,34].
In the present study, wheat plants produced 5.5–15.5% more stems under WBS, compared
with NDS, at seed rates of 200–700 m−2 but without the cost of depressed productive stem
percentage. On the other hand, it should be noted that wheat plants produced more ears
under WBS but without a decrease in the yield per ear. In particular, at a low seed rate of
100 m−2, the yield only increased by 4.7–5.4% under WBS, which was solely attributed to
the increase in the grain weight or yield per ear instead of the ears number. A previous
trial conducted by Liu et al., using a density of 150 plants m−2, also found a relatively
low yield increase of 2.7–4.6% under WBS, compared with NDS [22]. The omission of
intraspecific competition among individuals at a seed rate of 100 m−2 probably explains
the insignificant improvement in the population size (maximum stem number and ears
number) by optimizing the seed distribution. These results suggest that optimizing the
seed distribution in the field allowed the establishment of a greater wheat population size,
while also maintaining a considerable individual productivity at seed rates of 200 m−2

and higher.
The crop yield is determined by biomass production and HI, but greater yields are

obtained by increasing the net primary productivity of modern rice, maize, and wheat
varieties [3,35]. In our previous study, we showed that the biomass, rather than HI, ex-
plained the increased grain yield under WBS at 300 plants m−2 [13], as recognized by Chen
et al. [36,37]. In the present study, our results confirmed the positive effect of WBS on
biomass production, and correlation analysis showed that the increase in total biomass
under WBS could explain at least 91.3% of the variation in the increase in yield (p < 0.01,
Figure 9). The increased total biomass under WBS at SR100 was mainly attributed to the
increased post-anthesis biomass, whereas the biomass production during the pre- and
post-anthesis periods were both important at seed rates of 200–700 m−2. The crop biomass
production is the product of ISR and RUE, which indicates the capacities of the canopy in
capturing and using solar radiation to produce biomass, respectively [19,38,39]. At all seed
rates, the significant increases in the total biomass under WBS were mainly attributed to
the significant increases in total ISR, as well as the significant increase in the seasonal RUE
at 500 m−2. Both the highest increase in the total ISR and unique significant increase in the
seasonal RUE contributed to the greatest improvement in the total biomass under WBS
at SR500.

The importance of ISR or RUE for the increases in biomass during the pre- and post-
anthesis periods differed between seed rates. In the pre-anthesis period, the significant
increases in the biomass at 200–700 seeds m−2 were mainly due to the significant increase
in ISR, whereas the lack of any significant effect of WBS on ISR or RUE led to no significant
difference in the biomass at SR100. In the post-anthesis period, the increased ISR made
the main contribution to the increase in the biomass at SR100 and SR200. Relatively small
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increases (3.3–4.1%, p > 0.05) in ISR and RUE contributed to the significant increase in the
biomass at SR300. At seed rates of 400–700 m−2, the increases in the biomass were mainly
due to the increase in RUE. The increased population size and higher LAI could explain
the enhanced pre-anthesis ISR. Olsen and Weiner stated that the uniform planting pattern
could enhance LAI by 33–37% [40].

Previous studies also showed that seed arrangement could regulate the capture and
distribution of PAR within the canopy [41–43]. At relatively low densities of 222 and
150 plants m−2, WBS narrowed the space between seedling belts and extended the belts to
produce a more homogeneous canopy, and thus a higher proportion of PAR was intercepted
at anthesis, compared with NDS [21,22]. In the present study, we attributed the more
homogeneous canopy under WBS mainly to the significantly increased PAR interception
ratio after anthesis at SR100, because no greater population size and LAI was observed. At
SR200, besides the more homogeneous canopy, the enlarged population size and LAI under
WBS also helped improved the PAR interception ratio after anthesis. At SR300 and higher,
the increases in the population size and LAI under WBS improved the pre-anthesis ISR by
10.1–14.8%, whereas there was only a small and not significant improvement (1.8–4.1%)
in the post-anthesis ISR due to the almost closed canopy since anthesis, even under NDS.
These results indicated that, at extremely low seed rate, WBS mainly improved the post-
anthesis ISR, which was due to the more homogeneous canopy; whereas the enlarged
population size or LAI were more important at medium or high seed rates during the
pre-anthesis period.

It is widely acknowledged that SLN is a critical physiological trait that affects the
potential capacity for leaf photosynthesis, and thus the canopy RUE [44,45]. However,
our results showed that WBS significantly increased the post-anthesis RUE, despite the
lack of a significant increase in the canopy SLN at anthesis at seed rates of 400–700 m−2.
These results suggested that the SLN, or the potential capacity for leaf photosynthesis, was
not responsible for the increased post-anthesis RUE under WBS. Yan et al. [46] and Chen
et al. [47] showed that an enhanced PAR distribution within the canopy could be beneficial
for increasing the RUE and wheat yield. Our results showed that WBS significantly
increased the PAR intensity in the sub-top and middle canopy layers. The increased
PAR intensity would enhance the actual photosynthesis rate in the sub-top and middle
canopy layers, where leaves usually received insufficient light intensity to fully perform
their photosynthetic capacity [48]. In addition to the enhanced actual photosynthetic rate,
the greater LAI (photosynthetic area) also contributed to the increase in post-anthesis RUE
under WBS. Future studies should focus on understanding why WBS allowed more PAR to
be transmitted into the deeper layers despite the larger total leaf area—here it is possible
that angle of inclination and size of the upper leaves may have important roles.

4. Materials and Methods
4.1. Site Description

Field experiments were conducted at Gucheng Village (35◦43′ N, 111◦44′ E), Tangxing
Town, Yicheng County, Shanxi Province, in two winter wheat growing seasons during
2020–2021 and 2021–2022. The site has a typical semi-arid, warm temperate, and continental
monsoon climate (Köppen classification), where the dominant cropping system is winter
wheat and summer corn rotation. Experiments were conducted in the same field in the two
growing seasons, where the previous crop was summer corn with normal and uniform man-
agement (similar with local farmers). Five replicate soil samples were randomly collected
from the 0–20 cm and 20–40 cm soil layers for soil analysis before applying the basal fertil-
izer in 2020 and 2021. The soil type was classified as silty clay loam according to the USDA
Soil Taxonomy, with a pH of 8.33–8.41, organic matter content of 19.52–20.38 g kg−1, total
N content of 0.94–1.01 g kg−1, alkaline N content of 48.25–50.07 mg kg−1, Olsen P content
of 19.23–19.55 mg kg−1, and available K content of 171.87–174.24 mg kg−1 in 0–20 cm soil.
For 20–40 cm soil, the pH valued 8.36–8.46, organic matter content was 16.14–16.67 g kg−1,
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total N content was 0.81–0.92 g kg−1, alkaline N content was 37.36–40.11 mg kg−1, Olsen P
content was 17.41–18.37 mg kg−1, and available K content was 161.44–169.17 mg kg−1.

Climate parameters, comprising the daily minimum temperature, maximum tempera-
ture, incident solar radiation, and precipitation during the growing period from sowing
to maturity in both seasons, were collected from a weather station (AWS 800, Campbell
Scientific, Inc., Logan, UT, USA) located about 50 m from the experimental field. The
developmental stages of wheat plants were recorded using the Zadoks scale [49]. The
seasonal average daily mean temperature, total precipitation, and incident solar radiation
in the growing seasons during 2020–2021 and 2021–2022 were 9.8 ◦C and 10.3 ◦C, 176.2 mm
and 132.3 mm, and 2990 MJ m−2 and 2792 MJ m−2, respectively (Figure 10).
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Figure 10. Daily mean temperature, solar radiation and precipitation recorded from sowing to
maturity in the 2020–2021 and 2021–2022 growing seasons. The upward arrow indicates the date
of anthesis; SADMT, seasonal average daily mean temperature; TP, total precipitation; TSR, total
solar radiation.

4.2. Experimental Design and Crop Management

The treatments were laid out in a split-plot design with four replicates. Sowing method
was designated as the main plot and seed rate as the sub-plot. Each subplot measured 6.0 m
in length and 2.0 m in width. The sowing methods (Figure 11) comprised conventional
NDS (sowing belt and row widths of 3 cm and 25 cm, respectively) and WBS (sowing
belt and row widths of 10 cm and 25 cm, respectively), which is used widely for wheat
production in the study region. The widely planted wheat cultivar Zhongmai175 was
selected. For both sowing methods, the seven seed rates were 100, 200, 300, 400, 500, 600,
and 700 m−2 (SR100, SR200, SR300, SR400, SR500, SR600, and SR700). Although sowing
is always done with a planter in farmers’ fields in the Shanxi province and on a national
scale, a preliminary study showed that the designed sowing densities cannot be obtained
accurately with planters, so the sowing was done manually in this study. The plant density
was counted at the three-leaf stage (Zadoks code 13) and the ratios of plants relative to
seeds were 93.7% and 92.0% in 2020 and 2021, respectively, and there was no significant
difference between the treatments in each year.
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Figure 11. The sketch maps of narrow-drill sowing (NDS) and wide-belt sowing (WBS) used in
this study.

Wheat crops were sowed on 15 October and 24 October in 2020 and 2021, respectively.
In 2021, the heavy rain in early October made the soil quite wet and not suitable for sowing,
and thus sowing was delayed for 9 days, compared with 2020.

N fertilizer was applied as urea (46% N), where 60% (135 kg N ha−1) of the N fertilizer
was applied before sowing, with 40% (90 kg N ha−1) as topdressing fertilizer during the
jointing stage (Zadoks code 32). Before sowing, phosphate, in the form of calcium super-
phosphate (16% P2O5), was applied at 150 kg P2O5 ha−1 and potassium, in the form of
potassium chloride (52% K2O), was applied at 90 kg K2O ha−1. Each plot was irrigated
three times in the first season and two times in the second season. Irrigation water was
applied (60 mm, 0.72 m3 plot−1) before winter dormancy (Zadoks code 23) in the first
growing season and at the jointing and anthesis (Zadoks code 65) stages in both growing
seasons. Irrigation water was supplied by a movable sprinkler system and the amount
of water was measured using a flow meter. The field was kept free of diseases and pests.
Weeds were controlled by spraying with herbicide three times in each experimental season.

4.3. Sampling and Measurements

The maximum number of stems (sum of main stems and tillers) was counted in four
typical and central rows over a length of 1 m (1.00 m2) at jointing. The productive stems
percentage (PSP) was calculated as the ratio of the ears number at maturity (Zadoks code
91), relative to the maximum number of stems at jointing. At anthesis, wheat plants were
sampled from a typical and central row over a length of 0.5 m (0.125 m2). The green leaves
were separated and measured using a leaf area meter (LI-3100C, LI-COR, Lincoln, NE,
USA), before calculating the LAI as follows.

LAI (m2m−2) =
Leaf area

Sampled land area
(1)

After measuring the leaf area, the leaves were oven dried to constant weight at
80 ◦C and then ground for analysis. The leaf N concentration (N mass per unit dry



Plants 2024, 13, 986 17 of 20

weight, mg g−1) was determined using an elemental analyzer (Rapid N Exceed, Elementar,
Langenselbold, Germany). The specific leaf N (SLN, g m−2) was calculated as follows.

SLN (gm−2) =
Leaf N concentration × Leaf mass

Sampled leaf area
(2)

At anthesis, the dry weights of whole plants were measured after oven drying to
constant weight at 80 ◦C, to determine the pre-anthesis biomass (Biomasspre). At maturity,
plants sampled from a typical and central row over a length of 0.5 m (0.125 m2) were
manually divided into grain and straw. Dry weights were measured for the grain and straw
after oven drying to constant weight at 80 ◦C. The total biomass at maturity (Biomasstotal)
was the total dry weight of grain and straw. The post-anthesis biomass (Biomasspost) was
calculated as follows.

Biomasspost (kgha−1) = Biomasstotal − Biomasspre (3)

The harvest index (HI) was calculated as follows.

HI (%) =
Yield × 0.87
Biomasstotal

× 100 (4)

At maturity, wheat ears were cut from an area of 1.0 m2 (length of 1.00 m in four
typical rows) in the center of each plot, and the number of productive ears that produced at
least five grains was recorded. The grain yield was adjusted to a standard moisture content
of 0.130 g H2O g−1 fresh weight. The grain moisture content was measured using a digital
moisture tester (PM8188A, Kett Electric Laboratory, Tokyo, Japan). Three sub-samples
weighing 50.00 g were taken from the grain samples to count the number of grains and
calculate the grain weight, which was also adjusted to a moisture content of 13.0%. The
number of grains per ear was calculated as follows.

Grains per ear =
Grains yield

Grains weight × Ears number
(5)

Canopy PAR interception was measured during the growing seasons. The measure-
ments were performed between 1100 h and 1300 h at an interval of 10–15 days using a
linear PAR ceptometer (AccuPAR LP-80, Decagon Devices Inc., Pullman, WA, USA). In
each plot, the transmitted PAR intensity was measured by placing the light bar vertical to
rows and slightly above the soil surface. The PAR intensity above the canopy was recorded
immediately after measuring the transmitted PAR intensity. Six pairs of PAR intensity
measurements were recorded below and above the canopy. The canopy PAR interception
ratio (PARI) was calculated as follows.

PARI (%) =
PAR intensity above canopy − PAR intensity slightly above the soil surface

PAR intensity above canopy
× 100 (6)

At the anthesis stage in all seasons, we also measured the PAR intensity within the
canopy at 0 (slightly above the soil surface), 15, 30, 45, and 60 cm above the soil surface.
The relative PAR intensity at a specific canopy height was calculated as follows.

Relative PAR intensity (%) =
PAR intensity at specific canopy height

PAR intensity above canopy
× 100 (7)

The plant height was about 75 cm for wheat, so the PAR intensity at 75 cm above the
soil surface was the PAR intensity above the canopy in practice.

The intercepted solar radiation (ISR) during a growth period was calculated using
the average canopy PARI and accumulated incident solar radiation in the growth period,
as follows.
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ISR (MJm−2) =
PARI at the beginning + PARI at the end of the period

2
× incident solar radiation (8)

The ISR during the entire growing season was the summed ISR during each growth
period. The RUE during one period was calculated as follows.

RUE (g MJ−1) =
Biomass

ISR
(9)

4.4. Data Analysis

Statistical analyses were performed with Statistix 9.0 (Analytical Software, Tallahassee,
FL, USA). Analysis of variance was conducted separately in each year. Differences in yield
and yield-related traits under NDS and WBS at the same seed rate were detected using
the Student’s t-test (α = 0.05). Pearson correlation analysis was conducted to determine
the correlation coefficient (r). All graphical representations of data were produced using
SigmaPlot 12.5 (Systat Software Inc., Point Richmond, CA, USA).

5. Conclusions

Overall, WBS had a significant and positive effect on the grain yield (4.7–15.4%), but
the underlying mechanism involved differed between seed rates. Yield increase by WBS
was mainly attributed to the increase in total biomass resulting from both the promoted
pre- and post-anthesis biomass production, except that only the increase in post-anthesis
biomass mattered at the lowest seed rate (SR100). Before anthesis, the increased ISR led to
the higher biomass. After anthesis, the increase in biomass was attributed to the increased
ISR rather than RUE at low seed rates (100 and 200 m−2), for which the more homogeneous
canopy was, whether mainly or partly, responsible. In contrast, the increased RUE instead
of ISR worked at medium and high seed rates (400 to 700 m−2), where the enhanced PAR
distribution within canopy and the increased ISR played an important role. The greatest
increases in total biomass, pre-anthesis ISR, and post-anthesis RUE were all achieved
at SR500, thereby obtaining the highest yield. Our research found that WBS enhanced
grain yield by increasing ISR before anthesis and improving RUE after anthesis, and we
highlighted that the relatively higher seed rates (400–500 m−2) should be adopted, to fully
use the positive effect of WBS to maximize wheat yields.

Author Contributions: Conceptualization, Y.W. and Z.G.; methodology, W.L. (Wen Li) and Y.X.;
software, W.L. (Wen Li) and J.T.; validation, W.L. (Wen Li), Y.X. and W.L. (Wen Lin); formal analysis,
W.L. (Wen Li); investigation, W.L. (Wen Li); resources, W.L. (Wen Li); data curation, W.L. (Wen Li);
writing—original draft preparation, W.L. (Wen Li); writing—review and editing, J.X., Y.W. and
Z.G.; visualization, Y.W. and Z.G.; supervision, Y.W. and Z.G.; project administration, Z.G.; funding
acquisition, W.L. (Wen Li), Y.W. and Z.G. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Ministerial and Provincial Co-Innovation Centre for
Endemic Crops Production with High Quality and Efficiency in Loess Plateau (SBGJXTZX-38); the
Shanxi Research Fund for outstanding doctors (SXYBKY2020005), the Shanxi Agricultural Univer-
sity Scientific Research Fund (2020BQ41), the Shanxi University Technological Innovations Plan
(2021L171); the Modern Agriculture Industry Technology System Construction (CARS-03-01-24); and
the Shanxi Graduate Research Innovation Project (2023KY326).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.



Plants 2024, 13, 986 19 of 20

References
1. FAO (Food and Agriculture Organization). Online Statistical Database: Crops and Livestock Products. FAOSTAT. [2023-8-12].

2023. Available online: https://www.fao.org/faostat/en/#data/QCL (accessed on 30 January 2024).
2. Reynolds, M.; Foulkes, M.J.; Slafer, G.A.; Berry, P.; Parry, M.A.J.; Snape, J.W.; Angus, W.J. Raising Yield Potential in Wheat. J. Exp.

Bot. 2009, 60, 1899–1918. [CrossRef] [PubMed]
3. Foulkes, M.J.; Slafer, G.A.; Davies, W.J.; Berry, P.M.; Sylvester-Bradley, R.; Martre, P.; Calderini, D.F.; Griffiths, S.; Reynolds, M.P.

Raising Yield Potential of Wheat. III. Optimizing Partitioning to Grain While Maintaining Lodging Resistance. J. Exp. Bot. 2011,
62, 469–486. [CrossRef] [PubMed]

4. Cassman, K.G. Ecological Intensification of Cereal Production Systems: Yield Potential, Soil Quality, and Precision Agriculture.
Proc. Natl. Acad. Sci. USA 1999, 96, 5952–5959. [CrossRef] [PubMed]

5. Fischer, R.A.; Ramos, O.H.M.; Monasterio, I.O.; Sayre, K.D. Yield Response to Plant Density, Row Spacing and Raised Beds in
Low Latitude Spring Wheat with Ample Soil Resources: An Update. Field Crops Res. 2019, 232, 95–105. [CrossRef]

6. Zheng, F.N.; Chu, J.P.; Zhang, X.; Fei, L.W.; Dai, X.L.; He, M.R. Interactive Effects of Sowing Pattern and Planting Density on
Grain Yield and Nitrogen Use Efficiency in Large Spike Wheat Cultivar. Acta Agron. Sin. 2020, 46, 423–431. [CrossRef]

7. Dai, X.L.; Xiao, L.L.; Jia, D.Y.; Kong, H.B.; Wang, Y.C.; Li, C.X.; Zhang, Y.; He, M.R. Increased Plant Density of Winter Wheat Can
Enhance Nitrogen–Uptake from Deep Soil. Plant Soil 2014, 384, 141–152. [CrossRef]

8. Wang, K.; Jia, Y.H.; Luo, S.W.; Wang, R.Q.; Hao, L.D.; Zhang, J.C. Effect of Sowing Pattern and Planting Density on Growth and
Yield of Winter Wheat. J. Triticeae Crops 2023, 43, 225–232.

9. Zhao, B.Q.; Yu, S.L.; Li, F.C.; Yu, Z.W. Studies on Correlation of Strip Type-seed Rate-yield of Strip Planting Wheat. Sci. Agric. Sin.
1999, 32, 33–39.

10. Li, S.Y.; Feng, W.; Wang, Y.H.; Wang, C.Y.; Guo, T.C. Effects of Spacing Interval of Wide bed Planting on Canopy Characteristics
and Yield in Winter Wheat. Chin. J. Plant Ecol. 2013, 37, 758–767. [CrossRef]

11. Shao, M.M.; Huang, L.; Xu, X.K.; Zhao, K.; Sun, L.M.; Wang, L.; Yan, L.; Lv, P.; Ju, Z.C.; Gao, R.J. Effects of Different Line Spacing
and Seedling Width on Yield Formation of Broad-width Fine Sowing Wheat. Shandong Agric. Sci. 2019, 51, 30–34.

12. Yu, S.L.; Yu, Z.W.; Dong, Q.Y.; Wang, D.; Zhang, Y.L.; Yao, D.C.; Wang, J.Q. Winter Wheat High-yield Culture Technique of
789.9 kg per mu. Shandong Agric. Sci. 2010, 4, 11–12.

13. Wang, Q.; Noor, H.; Sun, M.; Ren, A.X.; Feng, Y.; Qiao, P.; Zhang, J.J.; Gao, Z.Q. Wide Space Sowing Achieved High Productivity
and Effective Nitrogen Use of Irrigated Wheat in South Shanxi, China. PeerJ 2022, 10, e13727. [CrossRef] [PubMed]

14. Liu, C.; Jia, Y.H.; Zhang, J.S.; Sun, P.; Luo, S.W.; Wang, H.; Li, P.; Shi, S.B. Effects of Seeding Pattern and Phosphorus Application
on Population Structure, Photosynthetic Characteristics and Yield of Winter Wheat. Chin. J. Appl. Ecol. 2020, 31, 919–928.

15. Liu, Y.J.; Zheng, F.N.; Zhang, X.; Chu, J.P.; Yu, H.T.; Dai, X.L.; He, M.R. Effects of Wide Range Sowing on Grain Yield, Quality, and
Nitrogen use of Strong Gluten Wheat. Acta Agron. Sin. 2022, 48, 716–725. [CrossRef]

16. Monteith, J.L.; Moss, C.J. Climate and the Efficiency of Crop Production in Britain. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1977, 281,
277–294.

17. Zhu, X.G.; Long, S.P.; Ort, D.R. Improving Photosynthetic Efficiency for Greater Yield. Annu. Rev. Plant Biol. 2010, 61, 235–261.
[CrossRef] [PubMed]

18. Fletcher, A.W.; Johnstone, P.R.; Chakwizira, E.; Brown, H.E. Radiation Capture and Radiation Use Efficiency in Response to N
Supply for Crop Species with Contrasting Canopies. Field Crops Res. 2013, 150, 126–134. [CrossRef]

19. Sinclair, T.R.; Muchow, R.C. Radiation use efficiency. Adv. Agron. 1999, 65, 215–265.
20. Ullah, H.; Santiago-Arenas, R.; Ferdous, Z.; Attia, A.; Datta, A. Improving Water Use Efficiency, Nitrogen Use Efficiency, and

Radiation Use Efficiency in Field Crops under Drought Stress: A Review. Adv. Agron. 2019, 156, 106–157.
21. Zhao, D.D.; Shen, J.Y.; Lang, K.; Liu, Q.R.; Li, Q.Q. Effects of Irrigation and Wide-precision Planting on Water Use, Radiation

Interception, and Grain Yield of Winter Wheat in the North China Plain. Agric. Water Manag. 2013, 118, 87–92.
22. Liu, X.; Wang, W.X.; Lin, X.; Gu, S.B.; Wang, D. The Effects of Intraspecific Competition and Light Transmission within the Canopy

on Wheat Yield in a Wide-Precision Planting Pattern. J. Integr. Agric. 2020, 19, 1577–1585. [CrossRef]
23. Puckridge, D.W.; Donald, C.M. Competition Among Wheat Plants Sown at a Wide Range of Densities. Aust. J. Agric. Res. 1967,

18, 193–211. [CrossRef]
24. Spink, J.H.; Semere, T.; Sparkes, D.L.; Whaley, J.M.; Foulkes, M.J.; Clare, R.W.; Scott, R.K. Effect of Sowing Date on the Optimum

Plant Density of Winter Wheat. Ann. Appl. Biol. 2000, 137, 179–188. [CrossRef]
25. Zhou, X.H.; He, M.R.; Dai, X.L.; Kong, H.B.; Xiao, L.L.; Li, C.X. Effects of Sowing Time and Density on Yield and Nitrogen

Utilization Efficiency of Different Wheat Varieties. Shandong Agric. Sci. 2013, 45, 65–69.
26. Parry, M.A.J.; Reynolds, M.; Salvucci, M.E.; Raines, C.; Andralojc, P.J.; Zhu, X.G.; Price, G.D.; Condon, A.G.; Furbank, R.T. Raising

Yield Potential of Wheat. II. Increasing Photosynthetic Capacity and Efficiency. J. Exp. Bot. 2011, 62, 453–467. [CrossRef]
27. Lu, P.; Jiang, B.W.; Weiner, J. Crop Spatial Uniformity, Yield and Weed Suppression. Adv. Agron. 2020, 161, 117–178.
28. Weiner, J.; Griepentrog, H.W.; Kristensen, L. Suppression of Weeds by Spring Wheat Triticum aestivum Increases with Crop Density

and Spatial Uniformity. J. Appl. Ecol. 2001, 38, 784–790. [CrossRef]
29. Medd, R.W.; Auld, B.A.; Kemp, D.R.; Murison, R.D. The Influence of Wheat Density and Spatial Arrangement on Annual

Ayegrass, Lolium Rigidum Gaudin, Competition. Aust. J. Agric. Res. 1985, 36, 361–371. [CrossRef]

https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1093/jxb/erp016
https://www.ncbi.nlm.nih.gov/pubmed/19363203
https://doi.org/10.1093/jxb/erq300
https://www.ncbi.nlm.nih.gov/pubmed/20952627
https://doi.org/10.1073/pnas.96.11.5952
https://www.ncbi.nlm.nih.gov/pubmed/10339523
https://doi.org/10.1016/j.fcr.2018.12.011
https://doi.org/10.3724/SP.J.1006.2020.91046
https://doi.org/10.1007/s11104-014-2190-x
https://doi.org/10.3724/SP.J.1258.2013.00079
https://doi.org/10.7717/peerj.13727
https://www.ncbi.nlm.nih.gov/pubmed/35846882
https://doi.org/10.3724/SP.J.1006.2022.11012
https://doi.org/10.1146/annurev-arplant-042809-112206
https://www.ncbi.nlm.nih.gov/pubmed/20192734
https://doi.org/10.1016/j.fcr.2013.06.014
https://doi.org/10.1016/S2095-3119(19)62724-3
https://doi.org/10.1071/AR9670193
https://doi.org/10.1111/j.1744-7348.2000.tb00049.x
https://doi.org/10.1093/jxb/erq304
https://doi.org/10.1046/j.1365-2664.2001.00634.x
https://doi.org/10.1071/AR9850361


Plants 2024, 13, 986 20 of 20

30. Testa, G.; Reyneri, A.; Blandino, M. Maize Grain Yield Enhancement Through High Plant Density Cultivation with Different
Inter-row and Intra-row Spacings. Eur. J. Agron. 2016, 72, 28–37. [CrossRef]

31. Fan, Y.; Liu, J.; Zhao, J.; Ma, Y.; Li, Q. Effects of Delayed Irrigation during the Jointing Stage on the Photosynthetic Characteristics
and Yield of Winter Wheat under Different Planting Patterns. Agric. Water Manag. 2019, 221, 371–376. [CrossRef]

32. Zhang, X.; Hua, Y.; Liu, Y.; He, M.; Ju, Z.; Dai, X. Wide Belt Sowing Improves the Grain Yield of Bread Wheat by Maintaining
Grain Weight at the Backdrop of Increases in Spike Number. Front. Plant Sci. 2022, 13, 992772. [CrossRef]

33. Lv, X.M.; Zhang, Y.X.; Li, H.W.; Fan, S.J.; Feng, B.; Kong, L.G. Wheat belt-planting in China: An innovative strategy to improve
production. Plant Prod. Sci. 2020, 23, 12–18. [CrossRef]

34. Liu, X.H.; Ren, Y.J.; Gao, C.; Yan, Z.X.; Li, Q.Q. Compensation Effect of Winter Wheat Grain Yield Reduction under Straw
Mulching in Wide-Precision Planting in the North China Plain. Sci. Rep. 2017, 7, 213. [CrossRef]

35. Yang, H.K.; Mo, P.; Chen, Y.F.; Chen, R.H.; Wei, T.; Xie, W.; Xiang, X.L.; Huang, X.L.; Zheng, T.; Fan, G.Q. Genetic Progress in Grain
Yield Radiation and Nitrogen Use Efficiency of Dryland Winter Wheat in Southwest China since 1965: Progress and Prospect for
Improvements. Crop Sci. 2021, 61, 4255–4272. [CrossRef]

36. Chen, T.; Zhu, Y.; Dong, R.; Ren, M.; He, J.; Li, F. Belt Uniform Sowing Pattern Boosts Yield of Different Winter Wheat Cultivars in
Southwest China. Agriculture 2021, 11, 1077. [CrossRef]

37. Chen, M.; Zhu, Y.H.; Ren, M.J.; Jiang, L.; He, L.; Dong, R. Does Belt Uniform Sowing Improve Winter Wheat Yield under High
Sowing Density? Agronomy 2022, 12, 2936. [CrossRef]

38. Plénet, D.; Mollier, A.; Pellerin, S. Growth Analysis of Maize Field Crops under Phosphorus Deficiency—I. Leaf Growth. Plant
Soil 2000, 224, 259–272. [CrossRef]

39. Long, S.P.; Zhu, X.G.; Naidu, S.L.; Ort, D.R. Can Improvement in Photosynthesis Increase Crop Yields. Plant Cell Environ. 2006, 29,
315–330. [CrossRef]

40. Olsen, J.; Weiner, J. The influence of Triticum aestivum density, sowing pattern and nitrogen fertilization on leaf area index and its
spatial variation. Basic Appl. Ecol. 2007, 8, 252–257. [CrossRef]

41. Li, S.Y.; Wang, Y.H.; Feng, W.; Hou, C.C.; Zhu, Y.J.; Guo, T.C. Effects of Wide Belt Planting on Canopy Characteristics and Yield
Winter Wheat with Large-spike. J. Triticeae Crops 2013, 33, 320–324.

42. Zhang, J.C.; Jia, Y.H.; Sun, P.; Liu, C.; Wang, H.; Luo, S.W.; Shi, S.B. Effect of Uniform Pattern and N Application Rate on Colony,
Photosynthesis and Dry Matter Accumulation of Winter Wheat. J. China Agric. Univ. 2021, 26, 12–24.

43. Zhang, J.; Cao, R.; Zhang, Z.; Wang, X.; Ma, X.; Xiong, S. Effects of Row Spacing on Soil Nitrogen Availability, Wheat Morpho-
Physiological Traits and Radiation Use Efficiency. Front. Soil Sci. 2022, 2, 981263. [CrossRef]

44. Evans, J.R. Nitrogen and Photosynthesis in the Flag Leaf of Wheat (Triticum aestivum L.). Plant Physiol. 1983, 72, 297–302.
[CrossRef] [PubMed]

45. Sinclair, T.R.; Horie, T. Leaf Nitrogen, Photosynthesis, and Crop Radiation Use Efficiency: A Review. Crop Physiol. Metab. 1989, 29,
90–98. [CrossRef]

46. Yan, C.S.; Xiao, S.H.; Zhang, X.Y.; Hai, L. Distribution of Solar Radiation in Winter Wheat Canopy. Acta Agric. Boreali-Sin. 2002, 17,
7–13.

47. Chen, Y.H.; Yu, S.L.; Yu, Z.W. Relationship between Amount or Distribution of PAR Interception and Grain Output of Wheat
Communities. Acta Agron. Sin. 2003, 29, 730–734.

48. Townsend, A.J.; Retkute, R.; Chinnathambi, K.; Randall, J.W.P.; Foulkes, J.; Carmo-Silva, E.; Murchie, E.H. Suboptimal Acclimation
of Photosynthesis to Light in Wheat Canopies. Plant Physiol. 2018, 176, 1233–1246. [CrossRef]

49. Zadoks, J.C.; Chang, T.T.; Konzak, C.F. A Decimal Code for the Growth Stages of Cereals. Weed Res. 1974, 14, 415–421. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.eja.2015.09.006
https://doi.org/10.1016/j.agwat.2019.05.004
https://doi.org/10.3389/fpls.2022.992772
https://doi.org/10.1080/1343943X.2019.1698972
https://doi.org/10.1038/s41598-017-00391-6
https://doi.org/10.1002/csc2.20608
https://doi.org/10.3390/agriculture11111077
https://doi.org/10.3390/agronomy12122936
https://doi.org/10.1023/A:1004835621371
https://doi.org/10.1111/j.1365-3040.2005.01493.x
https://doi.org/10.1016/j.baae.2006.03.013
https://doi.org/10.3389/fsoil.2022.981263
https://doi.org/10.1104/pp.72.2.297
https://www.ncbi.nlm.nih.gov/pubmed/16662996
https://doi.org/10.2135/cropsci1989.0011183X002900010023x
https://doi.org/10.1104/pp.17.01213
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x

	Introduction 
	Results 
	Yield and Yield Components 
	Population Size and Individual Productivity of Stems 
	Biomass Production and HI 
	Radiation Interception and RUE 
	PAR Distribution within Wheat Canopy at Anthesis 
	Leaf Area Index and Specific Leaf Nitrogen at Anthesis 
	Correlation Analysis 

	Discussion 
	Materials and Methods 
	Site Description 
	Experimental Design and Crop Management 
	Sampling and Measurements 
	Data Analysis 

	Conclusions 
	References

