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Highlights

¢ Timely application of drip irrigation for seedling emergence within 3 days after sowing in summer maize can
significantly improve the emergence rate, increase the number of harvested ears and kernel weight per ear, while
enhancing population uniformity, thereby boosting the final yield.

* The critical operation window for drip irrigation management is within 3 days after seeding, and the yield increase
effect of drip irrigation cannot be fully realized if the window period is missed.

¢ Population uniformity is critically linked to yield; delayed irrigation disrupts uniformity through intensified resource
competition, diminishing the yield potential of drip irrigation.

Abstract

Uneven crop stands arise from natural variations in emergence time, which are influenced by different irrigation measures
applied post-sowing. In the pursuit of high-yielding maize populations, the emergence rate and uniformity of maize stands
are critical factors. This study investigates the effects of different irrigation methods and drip irrigation at various days after
sowing on the emergence uniformity and yield of summer maize. The experiment consisted of six treatments: drip irrigation
on the 0th, 3rd, 6th, 9th, and 12th days after sowing (DASO, DAS3, DAS6, DAS9, and DAS12), and sprinkling irrigation (SI)
on the Oth day after sowing (SI0). Agronomic traits, ear characteristics, harvest yield, and indices of population uniformity
were evaluated at critical growth stages. Results indicated that timely drip irrigation (DAS0-3) significantly increased
the emergence rate and number of harvestable ears by 9.57% (8,621.61 plants ha™") and 10.54% (8,017.05 ears ha™)
compared to the Sl treatment. Treatment with DAS0-3 resulted in a significant increase of 13.50% in ear length and 24.85%
in kernel weight per ear compared to the Sl treatment. Maize populations subjected to delayed drip irrigation (DAS6-12)
demonstrated a progressive decline in quality throughout the growth period. At the silk stage, the uniformity of plant height
and ear height decreased by 47.19 and 44.85%, respectively, compared to the DAS0-3 treatment. Furthermore, at harvest,
the uniformity of dry matter accumulation and leaf area index (LAl) was reduced by 28.24 and 41.83%, respectively, relative
to the DAS0-3 treatments. Correlation analysis reveals that the uniformity of kernel weight per ear is most significantly
associated with yield, as indicated by a correlation coefficient of 0.90". The yield in the DAS0-3 treatments was significantly
higher than that in the Sl treatment by 23.71%. The yields of the DAS6-12 treatments were notably lower than those of
the DAS0-3 treatments, ranging from 13.18 to 23.97% lower, and were comparable to those observed in the Sl treatment.
The suboptimal implementation of drip irrigation technology has prevented it from realizing its full potential to increase crop
yields. Each day’s delay in initiating drip irrigation after the third day post-sowing reduces yield by an average of 0.32 Mg
ha™. Timely drip irrigation following maize seeding significantly enhances emergence rate and population uniformity,
increases the number of harvestable ears and kernel weight per ear, ultimately leading to higher final yields. Applying drip
irrigation for seedling emergence within 3 days after sowing can better realize its yield-increasing potential.
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1. Introduction

Maize is a globally significant food and feed crop and is
the primary grain crop in China (Neumann et al. 2010; Cui
et al. 2018). Increasing planting density has been proven
to effectively increase maize yield and is applied in various
regions (Ren et al. 2017; Li et al. 2020; Shao et al. 2024; Yan
et al. 2024). This approach can allow optimal use of available
sunlight, promoting efficient conversion of carbon dioxide
and water into maize grains (Simkin et al. 2019; Ma et al.
2020; Hu et al. 2022). However, dense planting can lead to
intraspecific competition for available resources, namely light
(in the aerial tissues) and nutrients and water (in the roots)
(Deng et al. 2012; Duan et al. 2023). Under high-density
planting conditions, the uniformity of emergence and plant
population uniformity significantly influence final yield.

Maize seed germination is highly sensitive to soil moisture
and soil temperature (Li et al. 2011). Although summer maize
is grown during the rainy season with high temperatures,
unevenly rainfall distribution often causes short-term
droughts, so supplemental irrigation is required during the
critical growth stages of summer maize (Yan et al. 2017).
Studies have demonstrated that maize emergence is rapid
when soil moisture is between 21 and 25%, normal when it is
between 18 and 21%, slow when it is between 16 and 18%,
and markedly delayed when soil moisture falls below 16% (Ma
et al. 2012). Thus, the traditional method of supply irrigation
after sowing is commonly employed in field production to
enhance the emergence rate of maize seeds (Zhou and
Zhao 2019; Yi et al. 2022). Conventional flood irrigation and
pipeline irrigation methods often lead to spatial variability
in soil moisture and temperature. The variability in crop
emergence, usually associated with spatial variability in soil
moisture and temperature, is a major cause of heterogeneous
plant sizes within a stand (Zhao et al. 2019).

Uniformity is often used to measure the degree of variation
between individuals, indicating the production stability of a
group. The degree of difference between plants in production
is field uniformity, which is expressed by the reciprocal
coefficient of variation (Tollenaar and Wu 1999; Liu et al.
2004; Boomsma et al. 2009). Early-emerging plants gain a
competitive advantage in resource acquisition, becoming taller
and developing a better root system earlier in the growing
season (Liu et al. 2004), leading to higher yields. Studies
have shown that grain yield decreases in unevenly emerged
stands with increased planting density, where early-emerging
plants produce more grain per plant than late-emerging ones
(Ford and Hicks 1992). For example, studies have shown
that grain yield can be reduced by 10 to 22% in plants with a
21-day delay in emergence compared to those that emerged
initially (Carter et al. 1990), and individual plant yield can be
reduced by 5.25% for each day of emergence delay (Nemergut
et al. 2021). Studies evaluating plant-to-plant variability have
shown that dominant plants outyield dominated plants, but the
higher yield of the dominant plants does not compensate for
the lower yield of dominated plants, such that the overall yield
in a heterogeneous crop stand is reduced when compared to
a homogeneous stand (Novak and Ransom 2018; Parra et al.
2022). Light is one of the most critical environmental factors

influencing crop growth, development, and productivity, as
90-95% of total dry matter originates from the photosynthetic
fixation of atmospheric carbon dioxide (Xie et al. 2019).
Maximizing light interception ensures adequate energy supply
for photosynthesis (Sarlikioti ef al. 2011). However, with the
increasing adoption of high-density planting for higher yields,
leaf-to-leaf shading has become progressively more severe.
Enhancing population uniformity and ensuring optimal light
distribution within the maize canopy are essential strategies to
achieve high yields (Li R F et al. 2021).

Drip irrigation is one of the most widely adopted irrigation
methods globally. In recent years, due to the rapid
advancement of agricultural modernization in China, drip
irrigation has become increasingly prevalent in agricultural
practices (Fan ef al. 2017; Hu 2021). Compared to sprinkling,
pipe, and furrow irrigation, drip irrigation offers several
advantages, including maintaining optimal root zone moisture,
high water use efficiency, short irrigation cycles, and distinct
wet and dry interfaces, all of which promote uniform crop
emergence (Yang et al. 2020; Jia et al. 2021; Wang and Wang
2024). Several studies have found that different crops and
soil types respond positively to drip irrigation, significantly
improving crop yield compared to sprinkling irrigation (Liu et al.
2022; Yan et al. 2022; Irmak 2024). Drip irrigation facilitates
water conservation, enhances crop photosynthesis, promotes
dry matter accumulation, grain filling, and yield formation
(Madani et al. 2010; Cao et al. 2021; Li J P et al. 2021).

Currently, due to the gradual depletion of groundwater
resources in the Huang-Huai-Hai region (Kong et al. 2016;
Qi et al. 2022), local governments have strengthened
groundwater management and promoted water-saving
irrigation technologies. The traditional flood irrigation
method after sowing has been largely abandoned by farmers
due to its severe water waste, high labor costs, and time
consumption. Currently, farmers predominantly adopt
sprinkler irrigation systems for supplemental irrigation (Ren
et al. 2023; Zhang et al. 2024). There is a lack of research
on the effects of drip irrigation and sprinkling irrigation on the
growth, development, and population uniformity of maize,
with few systematic comparative studies conducted over
multiple years. This study aims to (1) investigate the impact
of drip irrigation at different days after sowing and sprinkling
irrigation on the emergence rate and yield of summer maize;
(2) determine the optimal window period for drip irrigation that
maximizes yield potential; and (3) explore the relationship
between varying levels of population uniformity and yield.
By comparing the characteristics of different populations,
this study provides a foundation for developing high-yielding
maize cultivation techniques.

2. Materials and methods
2.1. Site description

Field experiments were conducted during the 2022-2024
maize growing seasons at the Luohe Experiment Station in
Henan Province, China (113°76°15°'N, 33°60°27 'E), both
affiliated with the Chinese Academy of Agricultural Sciences.
Meteorological data, including air temperature and rainfall, for
the study period are presented in Fig. 1. The physical and
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Fig. 1 Variability in average daily temperature (AT), maximum daily temperature (MT), and rainfall during the maize growth period

in the field.

chemical characteristics of the soil are presented in Table 1.
Soil samples were collected from the 0—-30 cm depth layer
prior to sowing.

2.2. Experimental design and field management

The maize varieties Jingnongke 728 (JNK728), widely
cultivated in the Huang-Huai-Hai region, were selected for this
study. From 2022 to 2024, the sowing date was consistently
set on 5 to 6 June, while the harvesting period ranged from
1 to 5 October. The planting density across three years was
90,095 plants ha™'. Randomly arranged plots measured
70 mx21.6 m, adhering to local field practices. A split-plot
design was used, with seeds planted in alternating wide
(80 cm) and narrow (40 cm) rows. Drip tape with a patch-
type design, dripper spacing of 0.2 m, and a flow rate of
2.0 L h™ (0.1 MPa) was installed. Each plot included a high-
precision water meter (LXS-25, Ningbo, China), a pressure
gauge, and a control valve to ensure consistent discharge and
pressure stability. Before sowing, 30 kg N ha™", 120 kg P,Os
ha™, and 105 kg K,O ha™ were applied. A total of 270 kg N
ha™" was applied through drip irrigation at the jointing, 12-leaf,
silking, and filling stages of maize, with each application being
uniform. Weeds, pests, and diseases were well controlled
throughout the crop growing season.

The trial was divided into different irrigation methods
after sowing and different days post-sowing for drip
irrigation treatments. The specific experimental treatments
and irrigation amounts are shown in Table 2. The sprinkler
irrigation system operates by continuously moving in a
parallel manner, evenly distributing water to the ground
through a set of nozzles suspended from the equipment.
The sprinkler irrigation plots are spaced sufficiently apart
from the drip irrigation plots to prevent interference. Due
to the influence of rainfall, the drip irrigation on the 12th
day after sowing (DAS12) treatment was not conducted
during 2023-2024.

Table 1 Soil properties at Luohe Experiment Station, Henan
Province, China, before sowing, including soil organic matter
(SOM), total nitrogen (TN), bulk density (BD), total porosity
(TP), and field water content (FWC)"

Year SOM(gkg”) TN(gkg”) BD (gcm?) TP (%) FWC (%)
2022 8.14 1.23 1.26 4525 2347
2023 9.30 1.18 1.01 4311 2214
2024 8.55 1.31 1.18 4235 2435

“The soil texture is Fluvisols.

2.3. Measurement items and methods

Emergence rate In each plot, three 10 m sections were
randomly selected from different rows, and the number of
maize seedlings on both sides was counted at the third
leaf collar (V3) stage. The plant density of maize at the V3
stage was calculated. Subsequently, the emergence rate
was calculated using the following formula: Emergence rate
(%)=(Emergence density/Sowing density)x100.

Leaf area index (LAI) During the jointing stage (V6), milk
stage (R1), and harvest stage of maize, five uniformly
growing plants previously marked in each plot were selected,
leaf area was measured, and leaf area was calculated using
the length—width coefficient method (0.75), and converted to
LAI. The calculation formula is: Leaf area index (LAl)=Total
leaf area on the land area/Land area.

Dry matter accumulation During V6, R1, and harvest of
maize, representative plants in each plot were selected, three
plants with consistent growth were chosen, the green was
killed at 105°C for 30 min, dried at 80°C until constant weight,
and the dry matter weight of the plants was weighed and
measured.

Plant height and ear height During the silking stage of
maize, 20 representative plants from each treatment were
selected, and plant height and ear height were measured with
a meter ruler, and their uniformity was calculated. Plant height
uniformity=Plant height mean value/Plant height standard
deviation, Ear height uniformity=Ear height mean value/Ear
height standard deviation.

Ear length and kernel weight of per ear During the harvest
stage of maize, 20 consecutive maize ears in each plot were
randomly selected, the length of the ear was measured with
a tape measure, the ears were manually threshed, dried at
80°C until constant weight, and the kernel weight per ear
was weighed and measured. The mean, standard deviation,
and uniformity of each parameter were calculated. The
calculation formula is: Uniformity=Mean value/Standard
deviation.

Yield During the maturity stage, 10 m of double rows in
each plot were taken, repeated five times, the number of
ears per hectare was calculated, the ears were threshed,
and after determining the grain moisture content, the yield
was converted to 14% moisture content (Chen et al. 2024).
Data statistics and analysis The data were processed using
Excel 2021, and the Pearson correlation analysis and variance
analysis of the measurement indicators were conducted using
SPSS 26 software (IBM, Chicago, IL, USA). Regression
models and graphs were generated in Graph Pad Prism 8.
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Table 2 Sowing and irrigation dates for different treatments
Interval

Treat- Sowing Irrigation  between Irrigation Irrigation
Year . amounts
ment” data  data sowing and method
S (md)
irrigation (d)
2022 DASO 6/5 6/5 0 Drip irrigation 30
DAS3 6/5 6/8 3 Drip irrigation 30

DAS6  6/5 6/11
DAS9  6/5 6/14
DAS12  6/5 6/17
Sl 6/5 6/5
2023 DASO 6/6 6/6
DAS3  6/6 6/9

6 Drip irrigation 30
9
2
0
0
3
DAS6  6/6 6/12 6
9
0
0
3
6
9

Drip irrigation 30
Drip irrigation 30
Sprinkling irrigation 30
Drip irrigation 30
Drip irrigation 30

N

Drip irrigation 30

DAS9 6/6 6/15 Drip irrigation 30

Si 6/6 6/6 Sprinkling irrigation 30

2024 DASO 6/5 6/5 Drip irrigation 30

DAS3  6/5 6/8
DAS6  6/5 6/11

Drip irrigation 30
Drip irrigation 30
DAS9 6/5 6/14 Drip irrigation 30

Sl 6/5 6/5 0 Sprinkling irrigation 30

" DAS0-12, drip irrigation on the Oth, 3rd, 6th, 9th, and 12th days
after sowing; Sl, sprinkling irrigation.

3. Results

3.1. Changes in maize yield under different irrigation
methods and application timing

As illustrated in Fig. 2, the maize yield under drip irrigation
after sowing was higher than that under sprinkling irrigation,
except for the DAS12 treatment. With each day’s delay in
initiating drip irrigation for seedling emergence, the maize
yield exhibited a gradual decline. Specifically, the yield of the
DAS12 treatment was lower than that of the Sl treatment. The
yields of the DASO and DAS3 treatments were not significantly
different, showing average increases of 25.21 and 22.21%,
respectively, compared to the Sl treatment. In contrast, the
yields of the DAS6 and DAS9 treatments increased by an
average of 7.57 and 0.80%, respectively, relative to the Sl
treatment, but these increases were not statistically significant.
According to the fitted equation, each day’s delay in initiating
drip irrigation for seedling emergence resulted in an average
yield reduction of 0.32 Mg ha™.

Comparing across different years, there were no
significant differences in yield between the DASO (uniformity
(UF)=27.33) and DAS3 (UF=27.55) treatments, both of
which demonstrated high population uniformity (Fig. 2).
Conversely, the DAS6 (UF=15.74) and DAS9 (UF=11.20)
treatments exhibited significant interannual yield variability
and low population uniformity.

3.2. Changes in emergence rate and harvest ears
under different irrigation methods and application
timing

As shown in Fig. 3, the emergence rate of maize seeds
treated with drip irrigation for seedling emergence after
sowing is consistently higher than that of the sprinkling
irrigation method post-sowing. With each day’s delay
in initiating drip irrigation for seedling emergence, the
emergence rate of maize exhibits a gradual decline.

Specifically, the emergence rate of the DAS12 treatment is
lower than that of the Sl treatment. The emergence rates for
the DASO and DAS3 treatments are predominantly above
90%, with the highest reaching 97.90%. Compared to the
S| treatment, the emergence rates for the DASO and DAS3
treatments are significantly higher by 9.57%, while those
for the DAS6-9 treatments show an increase of 3.33%.
After sowing, for each additional day of delay in initiating
drip irrigation for seedling emergence, the emergence rate
decreases by an average of 0.97% (Fig. 3-A-C). The
emergence rate of the DAS12 treatment was significantly
lower than that of the DAS0-3 treatments by 15.05%.
Timely application of supplementary drip irrigation after
sowing can effectively improve the emergence rate of maize.

The trend in the number of harvest ears mirrors that of
the emergence rate. There were no significant differences
in the number of harvest ears between the DASO and DAS3
treatments, which on average increased by 11.65 and 9.42%,
respectively, compared to the S| treatment. The DAS6 and
DAS9 treatments increased the number of harvest ears by
0.83 and 0.21%, respectively, compared to the SI treatment,
but these increases were not statistically significant. The
harvest ears under the DAS0-3 treatments were significantly
higher by 10.81% compared to the DAS6-9 treatments and
by 20.79% compared to the DAS12 treatment. For each
additional day of delay in initiating drip irrigation, the number
of ears per ha decreased by an average of 83.34 ears
(Fig. 3-D—F). Timely drip irrigation after sowing effectively
increased the number of harvest ears, thereby laying a
foundation for achieving high yield.

Comparing across different years, there are no significant
differences between the DASO and DAS3 treatments. However,
the emergence rates for the DAS6-12 treatments in different
years are significantly lower than those for the DAS3 treatment,
with an average reduction of 4.87%. The trend in the number
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Fig. 2 Effects of different irrigation methods on maize yield.
UF, uniformity. DAS0-12, drip irrigation on the Oth, 3rd, 6th, 9th,
and 12th days after sowing; Sl, sprinkling irrigation. Boxplots display
the 25th percentile, means, and 75th percentile (horizontal line
from top to bottom), and bars show the maximum (top edge) and
minimum (lower edge) percentiles. The scattered points represent
the data distribution. Different lowercase letters indicate significant
differences among treatments (P<0.05).



Zhenhua Yan et al. / Journal of Integrative Agriculture 2026, 25(9): 3629-3638 3633

A qo0q B 100 C 100,
—_ a —_ —_
9 i ‘E g 4 a a £ 1 =2 a
S i b S - S ) .
Fol ERg ol oL
T ERL e T Reg e 1T P
c - N C =4 c ~
5 \ 5 Sl [
2 8o . 2 80 2 80 .
£ £ £
w i w i w i
2022 2023 2024
70 T T T T T T 70 T T T T T 70 T T T T T
DASO DAS3 DAS6 DAS9 DAS12 Sl DASO DAS3 DAS6 DAS9 Sl DASO DAS3 DAS6 DAS9 Sl
D 40,000 E 90,000 F' 90,000
~ a a ~ a —~ a
T 4 - T ] T 4 a
:  |dp P =T 2 F B
[22] A (2] -~ (2] - ~
£ 80,000 e, b 2 80,000 N= =1 . . £ 80,000 ~3 b X .
ki) O o S0 c kS
o B8y o === I%I » 1 = =i
: W . B g 8= : = s
2 70,000 é 2 70,000 % 70,000
[ (0] [0
S S S
© A © 1 © A
T 2022 T 2023 T 2024
60,000 60,000 , 60,000

T T T T T T
DASO DAS3 DAS6 DAS9 DAS12 Sl

Different treatments

T T T T
DASO DAS3 DAS6 DAS9 SI

Different treatments

T T T T T
DASO DAS3 DAS6 DAS9 SI

Different treatments

Fig. 3 Effects of different irrigation methods on emergence rate and harvest ears. DAS0-12, drip irrigation on the Oth, 3rd, 6th, 9th,
and 12th days after sowing; Sl, sprinkling irrigation. Boxplots display the 25th percentile, means, and 75th percentile (horizontal line from
top to bottom), and bars show the maximum (top edge) and minimum (lower edge) percentiles. The scattered points represent the data
distribution. Different lowercase letters indicate significant differences among treatments (P<0.05).

of harvested ears follows that of the emergence rate.

3.3. Impact of different irrigation methods and applica-
tion timing on maize ear traits

Over the course of 3 years, there was a significant trend of
decreasing ear length with the delay of drip irrigation after
sowing. The ear lengths in the DAS0, DAS3, DAS6, and
DASO9 treatments were increased by 18.85, 8.16, 6.34, and
2.57%, respectively, compared to the Sl treatment. Among
the treatments, only the difference between the DAS12
and Sl treatments was significant, with no significant inter-
annual differences (Fig. 4-A—C). The treatments of DAS
0-3 (UF=13.59-17.69) exhibited high uniformity. However,
as irrigation was delayed after sowing, the uniformity of ear
length gradually decreased (UF=8.76-15.01).

As shown in Fig. 4-D-F, the kernel weight per ear of
maize treated with drip irrigation after sowing was generally
higher than that of the sprinkling irrigation method post-
sowing. The DASO treatment significantly increased the
kernel weight per ear by 29.62% on average compared to
the Sl treatment, while the DAS3 treatment increased it by
20.08%, the DASG6 treatment by 17.21%, and the DAS9
treatment by 7.01%. For each additional day of delay in
drip irrigation, the kernel weight per ear decreased by an
average of 4.20 g. There was no significant difference in
kernel weight per ear between the DAS12 treatment and
the Sl treatment. The treatments of DAS0-3 (UF=9.31-
12.52) exhibited high uniformity. However, as irrigation
was delayed after sowing, the uniformity of kernel weight
gradually decreased (UF=3.29-9.37).

The results indicate that the timely initiation of drip
irrigation after sowing significantly enhances maize ear
length and kernel weight per ear, with the most substantial
improvements observed in the DAS0-3 treatments.
Conversely, delays in drip irrigation lead to a progressive

decline in both ear length and kernel weight uniformity,
highlighting the critical importance of prompt irrigation for
optimizing maize yield.

3.4. Impact of different irrigation methods and application
timing on plant height and ear height

As shown in Fig. 5, from DASO to DAS12 treatments and then
to the Sl treatment, there were no significant differences in
plant height and ear height at silking stages among the various
treatments. However, the degree of variation increased,
and the uniformity decreased, with the DAS12 treatment
reaching the lowest level. The range of plant height in the
DASO0-3 treatments was 252.48—-304.38 cm, in the DAS6-12
treatments it was 234.22-306.69 cm, and in the Sl treatment
it was 198.09-311.50 cm (Fig. 5-A—C). The variation range of
ear height for the DAS 0-3 treatments was 85.77—-116.34 cm,
for the DAS6-12 treatments it was 66.86—131.96 cm, and for
the Sl treatment it was 87.80-120.60 cm, with similar trends
observed across years (Fig. 5-D—F). The plant height and ear
height of DAS0-3 (UF=14.06-55.76) exhibited high uniformity.
However, as irrigation was delayed after sowing, the uniformity
gradually decreased (UF=7.04—24.42).

The effects of different irrigation methods and delayed drip
irrigation after sowing on plant height and ear height were
primarily reflected in the uniformity, while the specific values
of plant height and ear height across different treatments did
not show a clear pattern.

3.5. Impact of different irrigation methods and application
timing on dry matter accumulation and LAI

The differences in dry matter accumulation under various
treatments increased as the growth period progressed. Maize
populations that experience delayed drip irrigation (DAS6-12)
exhibited a progressive deterioration in quality throughout the
growth (Fig. 6-A). At the V6 stage, there were no significant
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differences among the treatments. At the R1 stage, the
dry matter accumulation of the DAS0-3 treatments was
significantly higher by 23.00% compared to the Sl treatment
and by 30.15% compared to the DAS6-12 treatments. At
the harvest stage, the dry matter accumulation in the DASO
and DAS3 treatments was significantly higher than in the Sl
treatment by 18.89 and 14.37%, respectively. On average,
for each additional day of delay in drip irrigation for seedling

emergence, the dry matter weight decreased by 1.57%. The
dry matter weight of the S| treatment was comparable to that
of the DASG6 treatment.

As shown in Fig. 6, the LAl of maize was significantly
influenced by different irrigate ion methods and the timing of
drip irrigation after sowing. During the R1 stage, the DASO
treatment exhibited the highest LAI, which was 11.37% higher
than that of the DAS12 treatment (Fig. 6-B).
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At the V6 stage, the above-ground dry matter
accumulation exhibited high uniformity (UF=10.85-14.12).
At the R1 stage, the uniformity of dry matter accumulation
decreased progressively with delay drip irrigation after
sowing, declining from an average of 13.58 (DASO) to 9.67
(DAS9). At the harvest stage, the uniformity of dry matter
accumulation decreased with delay drip irrigation, from
14.73 (DASO) to 8.19 (DAS9), and further to 6.41 in the
DAS12 treatment.

However, as irrigation was delayed after sowing, the
uniformity gradually decreased (UF=5.24-11.48). The trend
in the LAl is similar to that of the above-ground dry matter
accumulation. At the R1 stage, with the delay of drip
irrigation after sowing, the uniformity of LAl decreased from
17.63 (DASO) to 13.41 (DAS9). At the harvest stage, with
the delay of irrigation after sowing, LAl showed a gradually
increasing trend; however, the uniformity decreased from
16.74 (DASO) to 10.81 (DAS12) and further declined to 6.24
under the DAS12 treatment.

3.6. Correlation analysis of various indicators and
their uniformity

The correlation analysis revealed that yield has the highest
correlation with emergence rate, reaching a highly significant
level (0.977). It is also highly significantly correlated with dry
matter, LAI, ear length, kernel weight per ear, and harvest
ears, significantly correlated with plant height. There is no
significant correlation with ear height, but a highly significant
correlation with the uniformity of ear height. Additionally,
yield is highly significantly correlated with the uniformity of dry
matter, LAI, kernel weight per ear, and harvest ears (Fig. 7).

Path analysis indicates that compared to the DAS12
treatment (Fig. 8), the DAS0-3 treatments have a higher direct
path coefficient for HE (0.78), while the DAS6-12 treatments
have a higher direct path coefficient for KWE (0.51).
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Harvest Uniformity

4. Discussion
4.1. Timely drip irrigation after sowing can effectively
increase the emergence rate and harvest ears

The emergence rate is a critical factor influencing the number
of harvest ears, with higher emergence rates ultimately
leading to greater ear counts (Albarenque et al. 2023). Given
that maize is highly sensitive to drought stress, prolonged
burial of seeds in the soil can reduce their viability. Previous
studies have found that the uneven distribution of soil
moisture or soil temperature caused by straw returning to
the field or cultivation methods is the key factor affecting
the emergence rate of maize (Zhao et al. 2019). This study
demonstrates that altering the irrigation method for maize
seedling emergence and applying drip irrigation at different
days after sowing can influence the emergence rate. Maize
seeds under drip irrigation exhibit a significant emergence
advantage compared to those under sprinkling irrigation,
utilizing water and nutrients more efficiently. As the period of
delayed drip irrigation after sowing increases, seed activity
diminishes, leading to a decline in the emergence rate. Drip
irrigation on the day of sowing achieves the highest maize
emergence rate, averaging up to 94.05%, which is 8.36%
higher than the average emergence rate under sprinkling
irrigation. The number of harvest ears in treatments with
timely drip irrigation after sowing (DAS0-3) was significantly
higher by 10.54% compared to the sprinkling irrigation
treatment. For each additional day of delay in drip irrigation
after sowing, the number of harvest ears per ha decreases by
an average of 83.34 ears.

4.2. Irrigation methods and application timing affect
the uniformity of the population by influencing dry
matter accumulation and LAI

Sprinkling irrigation can lead to uneven soil moisture

B
LAI
si [[086a | 408p [ 186 | &
DAS6 - 489D 131¢
V6 R1 Harvest Uniformity

Growth stage

Fig. 6 Effects of different irrigation methods on dry matter accumulation and leaf area index (LAI). DAS0-12, drip irrigation on the
0th, 3rd, 6th, 9th, and 12th days after sowing; Sl, sprinkling irrigation. Different lowercase letters indicate signiffcant differences among

treatments (P<0.05).
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Fig. 7 Correlation analysis of various indicators and their uniformity. LAIl, leaf area index; UF, uniformity. ~ and ™ indicate

significances at the 0.05 and 0.01 probability levels, respectively.

DAS6-12 |

| DAS0-3 | |

Fig. 8 Path analysis of the relationship between harvest
ears (HE), kernel weight per ear (KWE), and yield. DAS0-12,
drip irrigation on the Oth, 3rd, 6th, and 12th days after sowing. ™
indicates signiffcance at the 0.01 probability level.

distribution, while delayed drip irrigation can cause a decline
in seed vigor. Both factors contribute to reduced population
uniformity. Uniform crop stands outperform non-uniform
stands when growing conditions and management are
favorable (Andrade and Abbate 2005; Rutto et al. 2014).
Early-emerging plants have a competitive advantage in
resource acquisition compared to later-emerging plants. They
tend to grow taller and develop a more robust root system
earlier in the growing season, leading to healthier plants (Liu
et al. 2004). Material accumulation is the physical foundation
for the formation of maize kernel yield, and within a certain
range, the dry matter production capacity and the amount of
dry matter accumulation are directly proportional to kernel
yield (Liu et al. 2023). In this study, at the harvest stage,
the dry matter accumulation in the timely drip irrigation after
sowing (DAS0-3) treatments was 16.63% higher than under
the Sl treatment. During the R1 stage, the timely drip irrigation
after sowing (DAS0-3) treatments exhibited a 12.12% higher
accumulation than the DAS6-12 treatments. The treatment
without timely irrigation after sowing exhibited delayed
emergence compared to the timely drip irrigation treatment,
ultimately failing to achieve full physiological maturity at
harvest while demonstrating a 51.52% higher average LAI

than the irrigated control. Although the maturity of maize at
harvest is inconsistent due to non-uniform emergence times, it
is traditionally harvested at the same time. This inconsistency
in maturity is a significant contributor to yield loss.

4.3. Timely drip irrigation after sowing can increase
the uniformity of the maize population and thereby
enhance yield

Previous studies have demonstrated that single-seed precision
sowing and precision fertilization can achieve uniform plant
distribution, reduce inter-plant competition, and fully realize
the production potential of individual plants (Zhang et al.
2020). In our study, the uniformity of plant height and ear
height in the treatment with timely drip irrigation after sowing
was significantly higher than that in the sprinkling irrigation
treatment. Similar trends were observed in LAl at the R1
stage and dry matter accumulation at harvest. There were
no significant differences in population uniformity (including
plant height and ear height) between the DASO and DAS3
treatments. Delayed sowing and irrigation led to a reduction
in the uniformity of plant height from an average of 32.57
(DAS0-3) to 17.20 (DAS6-12), and the uniformity of ear
height decreased from 16.41 (DAS0-3) to 9.08 (DAS6-12).
The specific values of plant height and ear height are less
affected by different irrigation methods and drip irrigation at
various days after sowing, with the primary impact being on
the uniformity of plant height and ear height. This is primarily
attributed to the inequitable competition for nutrients and
spatial resources. The quality of each treated maize population
exhibited a progressive deterioration throughout the growth
period, with the extent of decline varying among groups. From
the V6 to R1 stage, the uniformity of dry matter accumulation
under the DAS0-3 treatments decreased from an average
of 13.67 to 11.45, while under the DAS6-12 treatments, it
dropped from an average of 13.87 to 8.39. Before the V6
stage, the competition among plants under the DAS0-3
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treatments was relatively weak, resulting in a higher uniformity
of the population. However, as the plants grew larger from
the R1 stage and beyond, the competition for space and
nutrients intensified, causing the uniformity of the population
to decline to some extent as the growth period progressed.
Nevertheless, the decline was much less significant compared
to the DAS6-12 treatments. This decrease in uniformity may
be related to reduced seed germination capacity caused by
delayed irrigation, which affects plant growth consistency and
final yield performance.

The literature is consistent in reporting the negative
effect of delayed emergence on crop yield (Nafziger et al.
1991; Tollenaar and Wu 1999; Liu et al. 2004; Andrade and
Abbate 2005). Some studies planted maize at several
dates to simulate delayed emergence and reported
yield reduction in plants with delayed emergence, noting
that late emerged plants could not compete with early
emerged plants for resources (Nafziger et al. 1991). A
study reported per-plant yield reductions of 5.25% per day
of delay in emergence when the plants emerged nearly
7 days after planting (Nemergut et al. 2021). The yield of
timely drip irrigation after sowing (DAS0-3) treatments was
significantly higher than in the Sl treatment by 23.67%.
The yield of the treatment without timely drip irrigation was
significantly lower than that of the timely drip irrigation
treatment by 13.18-23.97%, comparable to the yield of
the Sl treatment. The ineffective implementation of drip
irrigation technology fails to leverage its yield-increasing
effects. According to the fitted equation, after sowing, for
every day the drip irrigation timing is delayed beyond the
third day, the yield per hectare decreases by an average
of 0.32 Mg. The correlation analysis revealed that yield
has the highest correlation with emergence rate, reaching
a highly significant level (0.977). Path analysis indicates
that, compared to the DAS6-12 treatments, the DAS0-3
treatments have a higher direct path coefficient for HE
(0.78), while the DAS6-12 treatments have a higher direct
path coefficient for KWE (0.51) (Fig. 8). The reason for this
difference may be due to the lower harvest ears of DAS6—
12, which leads to the greater impact of individual plant
productivity on population yield. Timely drip irrigation after
sowing (DAS0-3) effectively maximizes the yield-enhancing
effects of high-density planting, with the increased harvest
ears contributing significantly to yield formation. Previous
studies reported that delayed emergence decreased maize
total yield and yield components, and the reduction in total
crop yield could be explained by the reduction in the grain
number per plant (Albarenque et al. 2023). However, this
study has found that although the maize population could
partially compensate for the yield loss through increased
kernel weight per ear, the significant intra-population
variation in kernel weight means that the elevated kernel
weight in some plants was insufficient to offset the overall
yield reduction at the population level.

5. Conclusion
Timely application of drip irrigation for seedling emergence
within 3 days after sowing in summer maize can significantly

improve emergence rate, increase the number of harvested
ears and kernel weight per ear, and enhance population
uniformity, thereby boosting the final yield. According to our
findings, for every day the drip irrigation timing is delayed
beyond the third day after sowing, the yield per hectare
decreases by an average of 0.32 Mg. This highlights the critical
operation window for drip irrigation management within 3 days
after seeding, and the yield increase effect of drip irrigation
cannot be fully realized if the window period is missed.

Acknowledgements

This work was supported by the grants from the National
Key Research and Development Program of China
(2023YFD2303300), the Key Research and Development
Project of Henan Province, China (241111112000), the
earmarked fund for China Agriculture Research System
(CARS-02-15), and the Agricultural Science and Technology
Innovation Program, China (CAAS-ZDRW202004).

Declaration of competing interest
The authors declare that they have no conflict of interest.

Declaration of generative Al and Al-assisted
technologies in the writing process

The authors declare that they did not use Al in the preparation
and writing of this manuscript.

References

Albarenque S, Basso B, Davidson O, Maestrini B, Melchiori R. 2023.
Plant emergence and maize (Zea mays L.) yield across multiple
farmers’ fields. Field Crops Research, 302, 109090.

Andrade F H, Abbate P E. 2005. Response of maize and soybean to
variability in stand uniformity. Agronomy Journal, 97, 1263—1269.

Boomsma C R, Santini J B, Tollenaar M, Vyn T J. 2009. Maize
morphophysiological responses to intense crowding and low
nitrogen availability: An analysis and review. Agronomy Journal,
101, 1426-1452.

CaoY X, CaiH J, Sun S K. 2021. Effects of growth-stage-based limited
irrigation management on the growth, yields, and radiation utilization
efficiency of winter wheat innorthwest China. Journal of the Science
of Food and Agriculture, 101, 5819-5826.

Carter P R, Nafziger E D, Lauer J G. 1990. Uneven Emergence in
Corn (NCR Publication No.344). North Central Regional Extension
Publication, America.

Chen J, Ren B Z, Zhao B, Liu P, Zhang J W. 2024. The environment,
especially the minimum temperature, affects summer maize grain
yield by regulating ear differentiation and grain development.
Journal of Integrative Agriculture, 23, 2227-2241.

Cui Z, Zhang H, Chen X, Zhang C, Ma W, Huang C, Zhang W, Mi G,
Miao Y, Li X, Gao Q, Yang J, Wang Z H, Ye Y L, Guo S W, Lu
JW,Huang JL,LvSH,SunY X, LiuYY, etal. 2018. Pursuing
sustainable productivity with millions of smallholder farmers. Nature,
555, 363-366.

DengJM,RanJZ,WangZQ, FanZ X, Wang G X, JiM F, Liu J, Wang
Y, LiuJ Q, Brown J H. 2012. Models and tests of optimal density and
maximal yield for crop plants. Proceedings of the National Academy
of Sciences of the United States of Ameirica, 109, 15823-15828.

Duan F Y, Wei Z, Soualiou S, Zhou W B. 2023. Nitrogen partitioning
in maize organs and underlined mechanisms from different plant
density levels and N application rate in China. Field Crops Research,
294, 108874.

Fan J L, WuLF, Zhang F C, Yan S C, Xiang Y Z. 2017. Evaluation
of drip fertigation uniformity affected by injector type, pressure
difference and lateral layout. /rrigation and Drainage, 66, 520—529.

Ford J H, Hicks D R. 1992. Corn growth and yield in uneven emerging
stands. Journal of Production Agriculture, 5, 185.

Hu J, Ren B Z, Dong S T, Liu P, Zhao B, Zhang J W. 2022.



3638 Zhenhua Yan et al. / Journal of Integrative Agriculture 2026, 25(9): 3629-3638

Poor development of spike differentiation triggered by lower
photosynthesis and carbon partitioning reduces summer maize
yield after waterlogging. The Crop Journal, 10, 478—489.

Hu J G Z H. 2021. Drip fertigation promotes water and nitrogen use
efficiency and yield stability through improved root growth for
tomatoes in plastic greenhouse production. Agriculture, Ecosystems
& Environment, 313, 10-18.

Irmak S. 2024. Maize response to different subsurface drip irrigation
management strategies: Yield, production functions, basal and crop
evapotranspiration. Agricultural Water Management, 300, 108927.

Jia Q, ShiHB, LiR P, Miao QF, Feng Y Y, Wang N, Li J W. 2021.
Evaporation of maize crop under mulch film and soil covered drip
irrigation: Field assessment and modelling on West Liaohe Plain,
China. Agricultural Water Management, 253, 106894.

Kong X B, Zhang X L, Lal R, Song W. 2016. Groundwater depletion
by agricultural intensification in China’s HHH Plains, since 1980s.
Advances in Agronomy, 135, 59-106.

Li J, Wu M, Wang K R, Ming B, Chang X, Wang X B, Yang Z S, Xie R
Z, Li S K. 2020. Identifying ways to narrow maize yield gaps based
on plant density experiments. Agronomy, 10, 281.

LiJ P, Wang Z M, Yao C S, Zhang Z, Liu Y, Zhang Y H. 2021. Micro-
sprinkling irrigation simultaneously improves grain yield and protein
concentration of winter wheat in the North China Plain. The Crop
Journal, 9, 1397-1407.

LiQ S, Gao L Q, Shi AL, Xing Z M, Liang Q H, Ji Z Q. 2011.
Relationships between soil temperature and emergence of maize.
Crops, 4, 10-18.

Li R F, Zhang G Q, Liu G Z, Wang K R, Xie R Z, Hou P, Ming B,
Wang Z G, Li S K. 2021. Improving the yield potential in maize by
constructing the ideal plant type and optimizing the maize canopy
structure. Food and Energy Security, 10, 312.

Liu G, Yang Y, Guo X, Liu W, Xie R, Ming B, Xue J, Wang K, Li S, Hou
P. 2023. A global analysis of dry matter accumulation and allocation
for maize yield breakthrough from 1.0 to 25.0 Mg ha™'. Resources,
Conservation and Recycling, 188, 106656.

LiuH J, Yuan B Z, Hu X D, Yin C Y. 2022. Drip irrigation enhances water
use efficiency without losses in cucumber yield and economic benefits
in greenhouses in North China. Irrigation Science, 40, 135—149.

Liu W, Tollenaar M, Stewart G, Deen W. 2004. Impact of planter type,
planting speed, and tillage on stand uniformity and yield of corn.
Agronomy Journal, 96, 1668—1672.

MalLS,LiYJ, WuPT,Zhao X1, Gao X D, Chen X L. 2020. Recovery
growth and water use of intercropped maize following wheat harvest
in wheat/maize relay strip intercropping. Field Crops Research,
256, 107924.

MaSQ,WangQ,LvHQ, XuLP, YuH, Zhang T L. 2012. Impact of water
and temperature on spring maize emergence speed and emergence
rate. Acta Ecologica Sinica, 32, 3378-3385. (in Chinese)

Madani A, Rad A S, Pazoki A, Nourmohammadi G, Zarghami R. 2010.
Wheat (Triticum aestivum L.) grain filling and dry matter partitioning
responses to source: Sink modifications under postanthesis water
and nitrogen deficiency. Acta Scientiarum-Agronomy, 32, 145-151.

Nafziger E D, Carter P R, Graham E E. 1991. Response of corn to
uneven emergence. Crop Science, 31, 12-18.

Nemergut K T, Thomison P R, Carter P R, Lindsey A J. 2021. Planting
depth affects corn emergence, growth and development, and yield.
Agronomy Journal, 113, 58-69.

Neumann K, Verburg P H, Stehfest E, Miller C. 2010. The yield gap
of global grain production: A spatial analysis. Agricultural Systems,
103, 316-326.

Novak L, Ransom J. 2018. Factors impacting corn (Zea mays L.)
establishment and the role of uniform establishment on yield.
Agricultural Sciences, 09, 1317-1336.

Parra G, Borras L, Gambin B L. 2022. Crop attributes explaining
current grain yield dominance of maize over sorghum. Field Crops
Research, 275, 108346.

Qi X X, Feng K'S, Sun L X, Zhao D D, Huang X J, Zhang D X, Liu Z
M, Baiocchi G. 2022. Rising agricultural water scarcity in China is
driven by expansion of irrigated cropland in water scarce regions.

One Earth, 5, 1139-1152.

Ren B Z, Liu W, Zhang J W, Dong S T, Liu P, Zhao B. 2017. Effects of
plant density on the photosynthetic and chloroplast characteristics
of maize under high-yielding conditions. The Science of Nature,
104, 12.

RenBZ,MaZT,GuoY Q, Liu P, Zhao B, Zhang J W. 2023. Applying
urea ammonium nitrate solution saves nitrogen resources by
changing soil microbial composition under micro sprinkling
fertigation: An effective nitrogen management practice. Field Crops
Research, 302, 109087.

Rutto E, Daft C, Kelly J, Chim B K, Mullock J, Torres G, Raun W. 2014.
Effect of delayed emergence on corn (Zea mays L.) grain yield.
Journal of Plant Nutrition, 37, 198—208.

Sarlikioti V, de Visser P H B, Marcelis L F M. 2011. Exploring the spatial
distribution of light interception and photosynthesis of canopies by
means of a functional-structural plant model. Annals of Botany,
107, 875-883.

Shao H, Wu X, Duan J, Zhu F, Chi H, Liu J, Shi W, Xu Y, Wei Z, Mi
G. 2024. How does increasing planting density regulate biomass
production, allocation, and remobilization of maize temporally and
spatially: A global meta-analysis. Field Crops Research, 315, 109430.

Simkin A J, Lépez-Calcagno P E, Raines C A. 2019. Feeding the world:
Improving photosynthetic efficiency for sustainable crop production.
Journal of Experimental Botany, 70, 1119-1140.

Tollenaar M, Wu J. 1999. Yield improvement in temperate maize is
attributable to greater stress tolerance. Crop Science, 39, 1597-1604.

Wang H X, Wang C X. 2024. Experimental study on the application of
“Dry sowing and wet emergence” drip irrigation technology with one
film, three tubes, and three rows. Agronomy, 14, 2406.

Xie XB, Shan SL, Wang Y M, Cao F B, Chen J N, Huang M, Zou Y B.
2019. Dense planting with reducing nitrogen rate increased grain
yield and nitrogen use efficiency in two hybrid rice varieties across
two light conditions. Field Crops Research, 236, 24—32.

YanS C,WuY, FanJL, Zhang F C, Guo J J, Zheng J, Wu L F. 2022.
Optimization of drip irrigation and fertilization regimes to enhance
winter wheat grain yield by improving post-anthesis dry matter
accumulation and translocation in Northwest China. Agricultural
Water Management, 271, 107782.

Yan Y'Y, Duan F Y, Li X, Zhao R L, Hou P, Zhao M, Li S, Wang Y H,
Dai T B, Zhou W B. 2024. Photosynthetic capacity and assimilate
transport of the lower canopy influence maize yield under high
planting density. Plant Physiology, 195, 2652—2667.

Yan Z X, Gao C, Ren Y J, Zong R, Ma Y Z, Li Q Q. 2017. Effects of
pre-sowing irrigation and straw mulching on the grain yield and
water use efficiency of summer maize in the North China Plain.
Agricultural Water Management, 186, 21-28.

Yang DN, Li S, Kang S Z, Du T S, Guo P, Mao X M, Tong L, Hao
X M, Ding R S, Niu J. 2020. Effect of drip irrigation on wheat
evapotranspiration, soil evaporation and transpiration in Northwest
China. Agricultural Water Management, 232, 106001.

Yi J, Li HJ, Zhao Y, Shao M, Zhang H L, Liu M X. 2022. Assessing
soil water balance to optimize irrigation schedules of flood-irrigated
maize fields with different cultivation histories in the arid region.
Agricultural Water Management, 265, 107543.

Zhang JL, Geng Y, Guo F, Li X G, Wan S B. 2020. Research progress
on the mechanism of improving peanut yield by single-seed
precision sowing. Journal of Integrative Agriculture, 19, 1919-1927.

ZhangY S, LiuJ,QuXQ, LiWF, YangH C, QinH X, Wang Y P, Wang
M, Zhu H K. 2024. Evaluating the adoption of irrigation technology
in a well-irrigated winter wheat-summer maize cropping system.
Heliyon, 10, €28970.

Zhao J L, Lu Y, Tian H L, Jia H L, Guo M Z. 2019. Effects of straw
returning and residue cleaner on the soil moisture content, soil
temperature, and maize emergence rate in China’s three major
maize producing areas. Sustainability, 11, 5796.

Zhou H, Zhao W Z. 2019. Modeling soil water balance and irrigation
strategies in a flood-irrigated wheat-maize rotation system. A
case in dry climate, China. Agricultural Water Management, 221,
286-302.

Managing Editor Ning Wang



