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Introduction: The grain filling process is strongly influenced by weather during
the reproductive growth stage, but grain filling and yield of corn under various
weather conditions resulting from different sowing dates remain uncertain.

Methods: A two-year study was conducted at Henan Agricultural Research Farm
in 2015 and 2016 to investigate the grain filling dynamics of corn under different
temperatures that were modified through four distinct sowing dates: spring
sowing in late April, early summer sowing in late May, summer sowing in mid-
June, and autumn sowing in early July.

Results: The findings indicated that the elevated temperatures in 2016 led to an
8.7% reduction in yield and a 7.4% decrease in 1000-kernel weight compared to
the normal temperatures in 2015, attributed to a shortened grain filling period
resulting from the higher temperature (31.6°C). Significant differences in yield
were observed across the four sowing dates. Findings from this study also
highlighted that growing degree-days had a weak direct, but a strong indirect
positive effect on thousand kernel weight through the grain filling duration. The
average daily temperature had a weak direct negative, but a strong indirect
positive effect on kernel weight through mean grain filling rate.

Discussion: With the global climate changing, the intensity and frequency of high
temperatures are expected to increase. To reduce corn yield loss due to high
temperature in North China Plain advancing sowing dates from mid-June to late
May is recommended. It is concluded that early sowing could effectively prolong
the active grain filling duration and offset the decline in grain filling rate caused by
high temperatures. The findings demonstrated advancing sowing dates improved
the grain filling and yield of summer corn, thereby mitigating high temperature
stress under global warming.
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1 Introduction

A global climatic warming trend has been documented during
the last several decades, and this trend is projected to accelerate in
the future, increasing the risk of food insecurity globally (Zhao et al.,
2017; Wing et al., 2021; Farooq et al., 2022; Wheeler and von Braun,
2013). Global warming, reaching 1.5°C above pre-industrial levels
during 2021-2040, is expected to cause unavoidable increases in
multiple climate hazards and multiple risks to ecosystems and cause
variable precipitation patterns across most land areas (IPCC, 2022).
Therefore, agricultural systems need to adapt to the anticipated
warmer and more extreme climates to maintain or increase
productivity (Zhu et al,, 2018).

Corn is the world’s largest cereal crop in terms of total production
and plays a critical role in ensuring food security (Wheeler and von
Braun, 2013). The North China Plain (NCP) is one of China’s most
important grain production areas (Zhang et al., 2013), which has an
annual corn-sown acreage of approximately 15 million hectares and
accounts for roughly 29.0% of national corn production (National
Bureau of Statistics of the People’s Republic of China, 2014, https://
data.stats.gov.cn/). Crop production in the NCP is sensitive to
changes in both temperature and management practices (Liu
et al,, 2010) and has been impacted by global warming, which has
led to more frequent and intensified of heat stress during grain
filling seasons increasing in recent decades, causing substantial yield
losses (Wang et al., 2021). Corn grain yield is primarily determined
by kernel number (Bonelli et al., 2016; Tsimba et al., 2013), but
variations in kernel weight can affect corn yield (Bonelli et al., 2016;
Zhou et al., 2017; An et al., 2018; Borras and Gambin, 2010). Kernel
weight is influenced by grain filling parameters, such as the average
filling rate, effective grain filling duration, and middle grain filling
stage (Jia et al., 2018; Jiang et al., 2016; Mirosavljevic et al., 2018).

The dynamics of kernel mass accumulation may be significantly
affected by weather conditions such as high temperatures, solar
radiation, and precipitation (Edreira et al., 2014; Gouache et al,
2012). High temperatures accelerate corn grain filling rate but
shorten the growth duration; however, the increase in grain filling
rate does not compensate for the reduced duration, thus resulting in
lower grain yield (Farooq et al., 2011; Kim et al,, 2011; Mayer et al,
2014). High temperature was the primary cause of aborted kernels,
shortened grain filling duration, leading to a reduction of kernel weight
(Barnabas et al, 2008). When corn is exposed to daily maximum
temperatures>35°C, the grain filling period was shortened by 6-17 days
compared to corn exposed to a 26°C temperature (Tao et al., 2016b). A
decrease in solar radiation during the grain filling period caused a
reduction in corn grain yield (Hatfield, 2014), although some studies
pointed out that solar radiation is not a limiting factor for the low
production of summer corn (Hu et al,, 2019). Precipitation during corn
growing seasons showed a decreasing trend in the northeast China
from 1981 to 2010 (Liu et al,, 2012). During the year from 1954 to 2014,
temperature increased significantly during both vegetative and
reproductive growing periods of corn in the NCP with a slight
decline in precipitation (Huang et al., 2018). With the widespread
adoption of modernized agricultural machinery in recent years, corn
sowing date is typically delayed by 10 days in the NCP. Such delay is
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due to the conversion from a winter wheat-summer corn relay
cropping system to a rotation where corn is sown after wheat
harvest. Despite the importance of corn production in the NCP, few
studies have examined the influence of cropping systems and weather
variability on the dynamics of kernel weight and grain filling, which
contributes to developing strategies to adapt to climate change in corn
production. To address these issues, we conducted a two-year field
experiment to investigate the impact of temperature difference created
by different sowing dates on grain filling process and yield of summer
corn. Understanding the response of kernel weight to the temperature
variance resulting from different sowing dates and the mechanisms
governing the grain filling process is essential for developing strategies
to adapt to climate change in corn production. The study aims to
understand the response of kernel weight to weather variance resulting
from different sowing dates, providing essential insights for developing
effective corn production strategies to mitigate anticipated high
temperature stress under projected global warming.

2 Materials and methods
2.1 Site description

A two-year study (2015 and 2016) was conducted in 2015 and
2016 at Henan Agricultural Research Farm located in Zhengzhou,
Henan Province, China, as shown in Figure 1. The study site has a
long-term average annual precipitation of 609.5 mm, a mean
temperature of 14.7°C, and a frost-free period of 216 d. The
baseline soil fertility in the 0-20 cm soil layer was as follows: soil
organic matter 9.18 gkg™', total N 0.98 g kg™, alkaline-extractable N
63.5 mg kg', Olsen-extractable P 22.8 mg kg', and Olsen-
extractable K 133.8 mg kg™

2.2 Experimental design

This study includes four sowing date treatments: spring sowing
in late April (SSA), early summer sowing in late May (SSM),
summer sowing in mid-June (SS]), and autumn sowing in early
July (AS]). Sowing occurred from late April to early July to capture
the earliest and latest dates suitable for sowing corn in the study
region. Each plot was 6 m long and 3.6 m wide and consisted of 6
rows. A randomized complete block design with three replications
was used for this study. The weather variables for each sowing date
treatment at the experimental site are presented in Table 1. A widely
grown corn cultivar, Zhengdan 958 (ZD958) was chosen for this
study because of its high yield, resistance to multiple stressors, and
extensive adaptability. Before sowing, plots were finely prepared
with a disk plow. Corn was planted at a row spacing of 0.6 m and
plant spacing of 24.7 cm. To achieve uniform plant density, all plots
were thinned at the V4 stage to achieve population densities of
67,500 plants ha™', which was recommended by the local corn
grower guide to maximize grain yield under unstressed conditions.

The fertilizer application rates were determined based on soil
test recommendations. Basal fertilizers were applied at a rate of 90
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FIGURE 1
The location of experimental site.

kg N ha™', 120 kg P,Os ha', and 50 kg K,O ha'. Furthermore,
additional N fertilizer (135 kg N ha™') was applied at the 12th leaf
stage (V12). The experimental field was first irrigated using
sprinkler systems with groundwater as the water source. The
sprinklers systems were placed in the middle of each row. The
sprinklers spacing was 3 cm, and the flow rate was 0.32 Lh™" at an
operating pressure of 0.1 MPa (Tianye Inc., China). Each plot was
connected to a high precision water meter (LXS-40F, Ningbo,
China) and control valve. The irrigation level was determined
based on the local irrigation quota. The irrigation generally
occurred two or three times depending on rainfall. The maize was
irrigated immediately after sowing and was irrigated again at the
V12 stage, following a split nitrogen application. The total amount
of irrigation water applied ranged from 50 to 75 mm based on crop
requirement. The local best management practices were followed
for achieving high yield. All experimental fields were well-managed,

10.3389/fpls.2025.1539207
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and no water or drought stress or pest damage was observed during
the growing season.2.3 Weather data

Long-term (1987-2016) weather data such as daily weather data,
including the average daily temperature (ADT), daily maximum
temperature (T,.y), daily minimum temperature (T,,,), daily
sunshine duration (DSD), and effective precipitation (EP) were
obtained from the China Meteorological Data Sharing Service
System (http://data.cma.cn/site/article/id/347 html) Zhengzhou
station. Daily sunshine hours were the actual duration of sunlight
throughout the entire day (Hu et al., 2019; Liu et al., 2010). During
the study period, weather data such as temperature and
precipitation were collected from an on-site research farm
weather station using an HL-10 automatic weather station
(Jauntering International Corporation, Taiwan), which was
located approximately 500 meters away from the experimental
field. The long-term (1987-2016) mean annual temperature and

TABLE 1 Weather conditions during the corn reproductive growth stage from June 20th to October 20th across different sowing dates for the 2015

and 2016 growing seasons and the 30-year (1987-2016) average.

30-year average

Date of reproductive stage

DSD ADT EP
June 20%-July 20 176.1 272 140.3 5412 140.4 26.1 143.6 506.6 186.8 27.8 256.3 559.5
July 21%-Aug.20™ 172.9 27.1 1265 540.9 153.6 284 91.1 574.8 186.4 294 713 6134
Aug.21%-Sep.20™ 162.7 232 95.8 4233 177.4 233 1115 4242 184.7 26.0 60.3 505.0
Sep.21™-0ct.20™ 154.1 18.1 44.0 263.9 162.7 204 349 3227 129.1 20.0 527 309.8
Total 665.8 406.6 1769.3 | 634.1 3811 18282 | 687.0 440.6 1987.7
Mean 24.0 245 259

DSD, daily sunshine duration; ADT, average daily temperature; EP, effective precipitation; GDD, growing degree-days.
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effective precipitation during corn growing season were 23.9°C and
406.6 mm, respectively (Figure 2). Compared to the 30-year
average, 2016 was considered a hot and wet year and 2015 was
close to a normal year. The distribution of growing degree-days,
average daily temperature and precipitation during corn growing
season in 2015 and 2016 are shown in Figure 3. The first killing frost
occurred on the October 24™, 2015; and October 23, 2016.

The growth and development of crops occur within a range of
temperatures, defined by a base temperature (T},,) and an upper
temperature threshold (T,,). In most field environments,
temperatures fall between Ty, and T,, and there is a linear
relationship between cumulative temperature and the growth rate.
This concept, is known as “GDD” or “heat units”, is used to describe
and predict crop development. GDD is a more reliable predictor of
crops are development than calendar days because it is not affected
by the temperature range in which the crop is grown, provided
temperatures remain between T, and T,,. Base temperatures vary
among crops (Qian et al., 2010). For warm season crop corn, we set
Tpase and T, to 10°C and 35°C, respectively. The GDD was
calculated as the following (Cross and Zuber, 1972; McMaster
and Wilhelm, 1997):

N Tmax + Tmin
GDD = 2“#

t=1

)} - Tbase}

Where N, T,,.000 Tonin> and Tpae are number of days from sowing
to harvesting, the daily maximum temperature, the daily minimum
temperature, and the base temperature, respectively. If T« Thaser
then T, = Tpase- Similarly, if T, > Ty then Tpppy = T
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FIGURE 2

The distribution of daily mean temperature and cumulative
precipitation during the corn growing season from April to October,
1987-2016. Data points are labeled with years from 1987 to 2016.
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2.4 Grain filling, grain yield, and yield
components

Before silking, the selected corn ears were marked and bagged
until the silks grew 2-3 cm long. Then, manual pollination was
conducted from 9:00 am to 10:00 am after removing the bags to
ensure uniform pollination timing. Silking date, which is defined as
the date when at least 50% of plants in a plot have one or more silks
emerged from the upper ear, was recorded based on daily
observations. To estimate the grain filling rate, kernels were
measured from pre-tagged ears in the central rows of each plot.
Starting from 10 days after silking, ears from three plants in each
plot were sampled at five-day intervals until physiological maturity,
indicated by a black layer in the kernel. Kernels were dried at 80°C
to a constant weight and weighed. The process of grain filling was
fitted with the logistic equation (Richards, 1959), and the grain
filling parameters of corn were calculated as follows:

3 A
T 1+BeM
_ AKB™
T (1+Be ™)
AK
Giax = T
AK
Gmeun ?
6
D=—
K

A is the maximum kernel weight (g), t is the days after
pollination (d), B is the coefficient at the initial stage, and K is the
slope of the logistic curve. G, and G,,,.,, are the maximum and
mean kernel growth rates during the effective grain filling period,
respectively. D is the effective grain filling duration.

At the physiological maturity stage, an area of 2.4 m* from the
center of each plot (two central 2-m long rows) was manually
harvested, and the weight of the grains was measured. A portable
moisture meter (PM8188-A, Kett Electric Laboratory, Tokyo,
Japan) was used to determine the grain moisture content. Grain
yield was adjusted to a moisture content of 14% and reported. To
determine 1000-kernel weight, a random sample of 1000 kernels
was selected and weighted.

2.5 Statistical analysis

Data of grain yield (GY), kernel number per plant (KNP), and
1000-kernel weight (TKW) were analyzed using the Proc Mixed Model
of SAS (Littell et al., 1998), considering sowing date a fixed factor, block
a random factor. Since a preliminary data analysis showed a significant
interaction between year and sowing date, data were analyzed
separately each year. When the sowing date effect was significant at
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FIGURE 3

Growing-degree days, average daily temperature and daily effective precipitation during corn growing season for eight sowing dates in 2015 and
2016. VE-R1, vegetative stage; and R1-R6, reproductive stage. Bars are divided by year and growth stages, VE-R1 and R1-R6, for 2015 and 2016,
color-coded in yellow and green. Line graph below shows average daily temperature and effective precipitation for 2015 and 2016, with blue and
red dots for average daily temperature and vertical lines for daily effective precipitation over the year.

the 5% level, the means comparisons (Least Significant Difference) were
performed and the least squares means (e.g., Ismeans) were reported.
The grain filling process in the field was simulated using CurveExpert
Professional 2.6.3 software (https://www.curveexpert.net/).

Structural equation modelling (SEM) (Schermelleh-Engel et al.,
2003) was performed using IBM SPSS Amos version 19 statistical
software (Arbuckle, 2010). SEM was chosen to explore the direct
and indirect effects of weather factors and grain filling parameters
on kernel weight. The overall fit of the model was evaluated using
several indicators, including the XZ statistic with the associated
probability, the root mean square error of approximation (RMSEA)
with the associated probability, and the Bentler-Bonett Index or
Comparative Fit Index (CFI). A RMSEA p-value greater than 0.05
and a CFI value greater than 0.90 are considered to indicate a good
fit of the model. The significance of each path in the model was
determined by the probability level (P< 0.05).

40

3 Results

3.1 Weather during corn reproductive
growth stage

Long term (30-year) temperature data showed that peak
temperatures during corn growing seasons typically occurs from mid-
June to late July (Figure 4). Analysis of the number of high-temperature
days (>35°C) during the silking stage indicated the likelihood of high
temperature declines after early August. The silking stage of corn planted
in late April (e.g., SSA) occurred in early June, while the silking stage of
early summer corn planted in late May (SSM) fell in early August.

The grain filling window varied due to different sowing dates,
ranging from June 20 to Oct 20 in our study. In comparison with the
30-year average (1987-2016), the average daily temperature increased
by 2.1% and 7.9% in 2015 and 2016, respectively (Table 1). Growing

A - B
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FIGURE 4

Distribution of (A) maximum temperature during corn growing seasons and (B) days with T, greater than 35°C during silking stage, 1987 to 2016.
E-Apr., M-Apr. and L-Apr. denotes early, middle and late April, respectively, and so on. Solid and dotted lines in the interquartile box plots are the

medium and mean, respectively.
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degree-days increased by 3.3% and 12.3% in 2015 and 2016,
respectively. Daily sunshine duration decreased by 4.8% in 2015 and
increased by 3.2% in 2016, while effective precipitation increased by
8.4% in 2016 and decreased by 6.3% in 2015. Temperature conditions
in 2015 was similar to the 30-year average, while those in 2016 were
characterized by high temperatures.

There were remarkable variations in GDD, T .y, and EP during
grain filling across eight environments (four sowing dates and two
years), and the coefficient of variation was 12.1%, 11.5% and 42.0%,
respectively (Table 1 and Figure 5). GDD and ADT averaged across
the four sowing dates were 6.7% and 7.1% higher in 2016 than in
2015, respectively. This difference was most evident for the SSM and
AS] sowing dates. The effective precipitation average across the four
sowing dates was 14.7% higher in 2016 than in 2015, with the
greatest difference being observed for the SSA sowing date, which
was 116.4% higher in 2016 than in 2015. Throughout the corn grain
filling stage, the SSJ experienced more days of high temperatures,
particularly during the early to middle stages of grain filling
compared to other sowing dates (Figure 5).

3.2 Grain yield, kernel number per plant
and 1000-kernel weight

In each year, grain yield (P< 0.01), kernel number per plant (P<
0.01) and 1000-kernel weight (P< 0.01) were affected by sowing dates
(Figure 6). In 2015, GY, KNP and TKW first increased and then
decreased as sowing was delayed; while in 2016, GY, KNP, and TKW
decreased gradually as a result of delayed sowing. In comparison with
the ASJ, the GY increased by 21.1% in SSA, 17.9% in SSM and 9.4% in
SSJ, respectively; the KNP increased by 12.0% in SSA, 9.2% in SSM
and 4.4% in SSJ, respectively; the TKW increased by 13.3% in SSA,
15.6% in SSM and 8.1% in SSJ, respectively. Therefore, the earlier
sowing, the higher GY and the higher KNP and TKW (Figure 6).

The differences in GY for various sowing dates ranged from
1.4% to 19.8% in 2015, while the differences ranged from 5.1% to
24.4% in 2016. The average GY, KNP, and TKW across all sowing
dates were 8.7%, 6.1%, and 7.4% lower in 2016 than in 2015. The
SSM in 2016 encountered high temperatures, with the average daily
maximum temperature reaching as high as 36.8°C on the 5th day
after tasseling, which was 6.4% higher than the highest temperature
recorded during corn tasseling period in 2015. As a result, GY and
KNP were 12.4% and 9.5% lower in 2016 than in 2015, respectively.

The GY for the spring-, summer-, and autumn-sown corn were
4.9%, 11.6%, and 10.5% higher in 2015 than in 2016, respectively.
KNP for the spring-, summer-, and autumn-sown corn were 4.0%,
7.3%, and 7.7% higher in 2015 than in 2016, respectively. The TKW
for the spring-, summer-, and autumn-sown corn were 5.2%, 6.7%,
and 14.2% higher in 2015 than in 2016, respectively.

3.3 Grain filing of corn kernels

The grain filling parameters derived from the logistic model showed
significant differences among different sowing date treatments (Table 2).
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FIGURE 5
Trmax (A-D) ADT (E-H), and Tpmin (I-L) during the corn grain filling
period in 2015, 2016 and the 30-yr long-term period (1987-2016).
Tmax. @verage daily maximum temperature; ADT, average daily
temperature; Tynin, average daily minimum temperature; SSA, SSM,
SSJ and ASJ represent spring sowing in late April, summer sowing in
late May, summer sowing in mid-June and autumn sowing in early
July, respectively.

On average, across the four sowing dates, the grain filling duration in a
normal year 2015 was 2.97 days longer than in a high temperature year
2016, while the mean grain filling rate was 0.07% higher in 2015 than in
2016. Over the two-year study period, spring-sown corn had a longer
active grain filling period, with a 1.40-day increase compared to
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sowing in late April, summer sowing in late May, summer sowing in mid-June and autumn sowing in early July, respectively.

summer-sown corn and a 3.47-day increase compared to autumn-sown
corn. In contrast, summer-sown corn showed a 0.8% increase in mean
grain filling rate compared to spring-sown corn, and a 5.6% increase
compared to autumn-sown corn.

The grain filling process, measured by the change of kernel
weight (KW) over days after pollination followed a logistic model
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pattern (Figure 7). Significant differences in KW were observed
among sowing dates during the early grain filling stage, and the
mean grain filling rate was 14.2% lower in 2016 than in 2015
(Figure 7 and Table 3). Significant differences in KW were observed
among sowing dates during the middle grain filling stage, with the
weight gain following the order: ASJ< SSJ< SSA< SSM. In 2015, the
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TABLE 2 Estimated parameters for the grain filling logistic model W = ‘)}(  of corn seeded on different dates, 2015 and 2016.

1—F

Year Treatments A B ¢ Gmax Gmean D

2015 SSA 34.33b 29.19¢ 0.140¢ 1.21b 0.81b 42.77a
SSM 35.92a 32.28bc 0.143¢ 1.28a 0.85a 42.11a
SSJ 32.96¢ 3331b 0.149b 1.23b 0.82b 40.18¢
ASJ 31.80d 42.53a 0.156a 1.23b 0.82b 38.60c

2016 SSA 33.75a 38.98b 0.153¢ 1.292 0.86a 39.23a
SSM 32.60b 39.52b 0.157b 1.28a 0.85a 38.19b
SSJ 31.31c 38.39b 0.158b 1.24b 0.83b 37.92¢
AS] 27.82d 55.11a 0.165a 1.14c 0.76¢ 36.46¢

A is the maximum kernel weight (g), B is the coefficient at the initial stage and K is the slope of the logistic curve. G,,,,., maximum grain filling rate (g 100 grain'd™"); G,,,cq» grain filling rate (g 100
grain”'d™); D, grain filling duration (days). Parameters within a column marked with different letters within a year indicate a significant difference at the 0.05 probability level. SSA, SSM SSJ and
AS] represent sowing dates in late April, late May, mid-June and early July, respectively.

mean grain filling rate was 7.4%, 4.0%, and 1.2% higher for SSM  duration and 24% in mean grain filling rate. The results showed
than for SSA, SSJ, and AS], respectively. In 2016, the mean grain  that the grain filling duration and rates had direct positive effects on
filling rate was 0.8%, 4.2%, and 12.7% higher for SSA than for SSM,  kernel weight with path coefficients of 0.42 and 0.52, respectively.
SSJ, and ASJ, respectively. During the late grain filling stage,  However, effective precipitation had direct negative effects on kernel
although the KW for all treatments gradually increased, the value  weight with a path coefficient of -0.18. The growing degree-days
for SSM was the largest and significantly higher than other sowing  were strongly associated with the grain filling duration (path
dates in 2015. KW was 4.0%, 8.1%, and 11.5% higher for SSM than  coefficient: 0.85) and indirectly affected the kernel weight through
for SSA, SSJ, and AS]J, respectively. The highest KW was achieved  the grain filling duration with the product of path coefficients of
for SSA in 2016, with KW being 3.1%, 6.6%, and 27.6% higher for = 0.36. Furthermore, the average daily temperature was strongly
SSA than for SSM, SSJ, and AS], respectively. associated with the mean grain filling rate (path coefficient: 0.49)
and had indirect positive effects on kernel weight (product of path
coefficient of 0.25), primarily through the grain filling rate.
3.4 Relationships between weather factors
and grain filling
4 Discussion
A structural equation modeling analysis was conducted to
examine the relationship between weather factors and grain filing 4.1 High temperature during grain filling
parameters. It was found that specific weather factors had a reduced grain yield
significant impact on grain filling parameters (Figure 8). SEM
explained 88% of variation in kernel weight, 96% in average daily High temperatures are predicted to become more intense and
temperature, 86% in growing degree-days, 71% in grain filling  more frequent, potentially creating

40

30 -

20

100-kernel weight (g)

S 10 15 20 25 30 35 40 45 50 55 10 15 20 25 30 35 40 45 50 55

Days after pollination (d) Days after pollination (d)

FIGURE 7
The dynamic change of grain filling of corn sown on different sowing dates, (A) 2015 and (B) 2016. SSA, SSM, SSJ and ASJ were spring sowing in late
April, summer sowing in late May, summer sowing in mid-June, and autumn sowing in early July, respectively.
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TABLE 3 Effects of sowing dates on grain filling traits during early, middle and late grain filling stages of corn, 2015 and 2016.

Early grain filling stage Middle grain filling stage Late grain filling stage
Year | Treatments ¢ MGR Days MGR Days MGR
) (g 100 grains™ d-%) )] (g 100 grains™t d-1) (d) (g 100 grains™t d-%)
SSA 15.1b 0.482b 19.1a 1.045¢ 23.7a 0.293¢
SSM 15.1b 0.502a 18.5b 1.122a 23.0b 0.314a
2015
SSJ 14.7¢ 0.475b 17.6¢ 1.079b 22.0c 0.302b
ASJ 16.0a 0.419¢ 16.5d 1.108a 20.6d 0.311a
SSA 15.0b 0.465a 17.2a 1.132a 214a 0.317a
SSM 15.3¢ 0.459b 16.8b 1.123a 20.9b 0.315a
2016
SSJ 14.7d 0.449¢ 16.7b 1.086b 20.7b 0.304b
ASJ 16.4a 0.359d 16.0¢ 1.004¢ 19.9¢ 0.281c

The estimated parameters within a column for each year marked with different letters indicate a significant difference at the 0.05 probability level. MGR, mean grain filling rate; SSA, SSM, SSJ and
AS] represent sowing dates in late April, late May, mid-June and early July, respectively.

FIGURE 8

The structural equation model (SEM) illustrating the direct and indirect effects of weather factors, grain filling parameters and KW. Variables inside the
boxes are measured variables entered in the model. Numbers adjacent to arrows are standardized path coefficients, analogous to partial regression
weights and indicative of the effect size of the relationship. ***p< 0.001; **p< 0.01; *p< 0.05. Continuous and dashed arrows indicate positive and
negative relationships, respectively. The path widths are scaled proportionally to the path coefficients. As in linear models, R indicates the
proportion of variance explained. SEM showed a good fit to the data, as indicated by criteria of CFl (0.91) and RMSEA (P = 0.28). KW, kernel weight;
Gmean. Mmean grain filling rate; D, active grain filling day; GDD, growing degree-days; ADT, average daily temperature; T, average daily minimum
temperature; and EP, effective precipitation.

Frontiers in Plant Science 09 frontiersin.org


https://doi.org/10.3389/fpls.2025.1539207
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

An et al.

disadvantageous conditions during the reproductive growth
stage for crops such as corn, wheat, soybean, and rice, leading to
a significant reduction in grain yield (Eyshi Rezaei et al., 2015;
Gabaldon-Leal et al., 2016; Lobell et al., 2013; Mastilovic et al., 2017;
Siebers et al., 2015). Historical climate change trend from 1961 to
2015 resulted in a simulated yield decrease of 161.2 kg ha™ per
decade, mostly due to a significant temperature increase of 0.43°C
per decade (Zhang et al,, 2019). Grain yield was highly correlated
with kernel number and kernel weight (Mayer et al., 2014; An et al,,
2018; Villegas et al., 2015). The average 1000-kernel weight and
kernel number per plant across the four sowing dates was 8.0% and
6.5% higher in 2015 than in 2016, respectively, due to the high
temperatures during grain filling in 2016. Mayer et al. also reported
a similar observation that kernel weight experienced a rapid decline
during the grain filling period under high temperature (Mayer et al.,
2014). An early termination of grain filling under high temperature
was not attributed to early leaf senescence resulting from the lack of
assimilate, but rather to the abortion of kernels, resulting in reduced
sink activity (Mayer et al., 2014). Consequently, the average grain
yield was 9.5% higher in 2015 than in 2016 due to high
temperature ripening.

The weather changes over the past forty-five years at the
experimental site was consistent with findings from previous
studies conducted in other regions of the NCP (Tao et al., 2016a;
Wang et al.,, 2012; Xiao and Tao, 2016; Zhang et al., 2015). Our
study demonstrated that the weather change trend during the corn
growth period included increased temperature, decreased
cumulative sunshine durations, and reduced effective precipitation
(Table 1). The historical average corn yield was 5249.9 kg ha™ in the
NCP from 1981 to 2009 (Tao et al., 2016a). Compared with this 29-
year average, the

corn yield increased by 92.2% in 2015 and by 75.5% in 2016.
These yield increases may be attributed to the development of corn
cultivars with greater stress tolerance (Ci et al., 2011; Gouache et al.,
2012) and improvements of agronomic management practices
(Chen et al,, 2013), such as alteration of sowing dates. Adjusting
sowing dates proved to be an effective strategy for examining the
influence of various weather factors on crop yield (Tsimba et al,
2013). To mitigate the impact of weather variation on corn
production, optimizing sowing date is critical to maximize the
utilization of temperature, thermal and water resources, thus
improving yields.

4.2 Early sowing achieved high yield

Studies showed that the prolonged heat stress during corn
silking reduced kernel number per plant (KNP) (Ordofnez et al,
2015; Wang et al., 2019). Specifically, Wang et al. (2019) found that
exposure to high temperature of 40°C significantly reduced KNP.
Another study reported that corn kernels exposed to 35°C
temperature stress for either 4 or 8 days showed different
abortion rates: 97% for prolonged (8 days) stress and about 23%
for short-term (4 days) stress (Cheikh and Jones, 1994). This
suggests that extended high temperatures during silking lead to
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kernel abortion, whereas shorter heat stress periods have minimal
impact on KNP. In our study, we observed a 3.5% decrease in KNP
in SSM than in SSA in 2016. During the silking stage of SSM in
2016, effective precipitation and cumulative sunshine duration were
recorded at 52.4 mm and 41.3 hours, respectively. The combined
stress of waterlogging and shading during the silking stage inhibited
the growth of ovaries and silks at the tip ear, resulting in a reduction
in the number of emerged silks and total kernel number per plant
(Zhou et al.,, 2021; Ren et al., 2023).

Temperature was a critical factor that influenced post-silking
dry matter accumulation and grain yield (Zhou et al., 2016).
Previous studies suggested that longer grain filling duration
increase yield by promoting kernel dry matter accumulation (Liu
et al, 2010; Zhu et al, 2018). The average active grain filling
duration across the four sowing dates was 7.2% longer in 2015
than in 2016, while the mean grain filling rate was 0.7% higher in
2016 than in 2015. Our findings showed that the high temperatures
during grain filling periods shortened the effective grain filling
periods while increasing mean grain filling rates. However, the
increased grain filling rate was insufficient to compensate for the
yield losses caused by the shortened grain filling duration. As a
result, high temperatures during grain filling shortened the active
grain filling period and greatly reduced kernel weight and
grain yield.

Given the harmful effects of high temperatures on crop yields,
researchers suggested various adaptation strategies to mitigate the
reduction in corn production. These strategies include adjusting
sowing dates, selecting appropriate cultivars, and irrigation (Lv
et al, 2020; Tack et al., 2017), while research showed that adjusting
sowing date did not mitigate the heat stress around silking (Gao
et al, 2021). Sowing date had varying effects on the weather
conditions during the growth period, including changes in solar
radiation and temperature (Ji et al, 2024), which can affect the
process of grain filling of corn (Yan et al., 2017). Altering sowing
dates may be an appropriate agronomic measure to avoid creating
an unfavourable environment for crops (Opsi et al, 2013) and
better adapt to changing climate conditions (Bonelli et al., 2016;
lizumi et al., 2014). Early sowing tended to minimize terminal high
temperature (Paudel et al., 2023). Studies showed that delaying the
sowing date led to a 1% decrease in grain yield per day, which was
attributed to low temperatures during crop vegetative growth,
elevated temperatures during the grain filling period, and a short
duration of grain filling (Shah et al., 2020).

Our results indicated that growing degree-days had weak direct
positive, but strong indirect influence on kernel weight through the
grain filling duration. The early summer-sown corn increased
growing degree-days by 11.4%, compared with the summer-sown
corn. Early sowing could increase growing degree days and promote
indirect effects on kernel weight through prolonging the active grain
filling duration. The contribution of grain filling stage to the final
kernel weight was in the following order: middle (57.7%), early
(21.1%) and late (20.1%) stages. In 2016, the early summer-sown
corn exhibited a 4.1% increase in early grain filling duration, a 3.4%
increase in grain filling rate for the middle grain filling duration and a
3.6% increase in grain filling rate for the late grain filling duration
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compared to the summer-sown corn. Thus, the early summer-sown
corn increased kernel weight by prolonging the grain filling duration,
especially during the early grain filling stage, and increasing grain
filling rate for the middle and late grain filling durations.

4.3 Average daily temperature and growing
degree days were key drivers of kernel
weight

SEM was used as an effective method to identify both direct and
indirect relationships among various variables (Grace, 2006). In the
current study, the grain filling duration and mean grain filling rates
had direct and positive effects on kernel weight, which is consistent
with previous research suggesting that variations in final kernel
weight were associated with changes in kernel growth rate and the
active grain filling period (Hatfield, 2014). Research showed that
precipitation and temperature are major limiting factors of crop
production in Inner Mongolia (Li et al., 2022). In our study,
effective precipitation had direct and significant negative effects
on kernel weight, likely due to waterlogging and shading during
silking, which results in low assimilation availability, poor
pollination, and reduced kernel number per ear (Gao et al., 2018).
As corn was irrigated and no water stress was observed during
growing season, excessive precipitation could potentially reduce
grain yield. On the other hand, the impact of sunshine duration on
kernel weight was minimal, as it could meet the demands of the late
grain filling stage and was not a limiting factor for the final kernel
weight (Hu et al., 2019).

A previous study showed that effective grain filling period was
correlated with growing degree-days, and kernel growth rate was
influenced by the average daily temperature, with kernel weight
strongly correlated with growing degree-days (Zhou et al,, 2017). In
our study, growing degree-days had weak and direct positive effects
on kernel weight (path coefficient>0.1, but P>0.5), while it had strong
indirect effects on kernel weight through the grain filling duration. In
addition, the average daily temperature had weak direct negative
effects but a significant indirect positive influence on kernel weight
through mean grain filling rate. The findings indicated that planting
corn earlier could increase growing degree-days and higher average
daily temperature, thereby strengthening the indirect effects on kernel
weight through the grain filling duration and mean grain filling rate.

5 Conclusion

In conclusion, this two-year study demonstrated that weather
conditions during the grain filling period had a significant impact
on the yield and grain filling process of corn in the North China
Plain region. High temperatures during the grain filling period had
a negative impact on the yield, reducing kernel weight and active
grain filling duration. Compared with the normal temperatures in
2015, the active grain filling duration has decreased by 7.2%, and the
grain yield has decreased by 8.7% in 2016. The results also showed
that the increased mean grain filling rate was insufficient to
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compensate for the yield loss caused by the reduction in active
grain filling duration. The findings suggested that advancing the
sowing date of summer corn from mid-June to late May prolong the
active grain filling duration, offering a potential management
practice to mitigate high temperature-induced yield loss. This
study provides valuable insights for optimizing sowing dates to
address the impacts of anticipated high temperatures resulting from
climate change on corn production in the North China Plain region.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

PA: Investigation, Writing — original draft. KL: Conceptualization,
Writing - review & editing. MZ: Writing — review & editing, Data
curation. SZ: Writing - review & editing, Conceptualization,
Methodology. XJ: Software, Writing — review & editing. XW: Data
curation, Writing - original draft. PD: Resources, Writing - review &
editing. YZ: Conceptualization, Writing — review & editing. QW:
Conceptualization, Methodology, Writing - review & editing. CL:
Conceptualization, Methodology, Writing - review & editing, Funding
acquisition, Resources, Supervision. TL: Conceptualization,
Methodology, Supervision, Writing — review & editing.

Funding
The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported

by Major Science and Technology Project of Henan Province [grant
numbers 241100110300].

Acknowledgments

We thank Dr. Ruiyang Zhang and Dr. Guoqi Wen for providing
the guidance for structural equation modelling.

Conflict of interest

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

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1539207
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

An et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

An, P, Ming, B,, Dong, P., Zhang, M., Huang, D., Zhao, Y., et al. (2018). Response of
maize (Zea mays L.) yield to climatic ecological condition on the south yellow-huaihe-
haihe rivers plain. Acta Agron. Sin. 44, 442-453. doi: 10.3724/SP.].1006.2018.00442

Arbuckle, J. L. (2010). IBM SPSS Amos 19 User’s Guide (Crawfordville, FL: Amos
Development Corporation), 635.

Barnabas, B., Jiger, K., and Feher, A. (2008). The effect of drought and heat stress on
reproductive processes in cereals. Plant Cell Environment. 31, 11-38. doi: 10.1111/
j.1365-3040.2007.01727.x

Bonelli, L. E., Monzon, J. P., Cerrudo, A., Rizzalli, R. H., and Andrade, F. H. (2016).
Maize grain yield components and source-sink relationship as affected by the delay in
sowing date. Field Crops Res. 198, 215-225. doi: 10.1016/j.fcr.2016.09.003

Borras, L., and Gambin, B. L. (2010). Trait dissection of maize kernel weight: towards
integrating hierarchical scales using a plant growth approach. Field Crops Res. 118, 1-
12. doi: 10.1016/j.fcr.2010.04.010

Cheikh, N., and Jones, R. J. (1994). Disruption of corn kernel growth and
development by heat stress. Plant Physiol. 106, 45-51. doi: 10.1104/pp.106.1.45

Chen, X, Chen, F,, Chen, Y., Gao, Q., Yang, X,, Yuan, L, et al. (2013). Modern corn
hybrids in northeast China exhibit increased yield potential and resource use efficiency
despite adverse climate change. Glob Chang Biol. 19, 923-936. doi: 10.1111/gcb.12093

Ci, X, Li, M., Liang, X., Xie, Z., Zhang, D., Li, X,, et al. (2011). Genetic contribution to
advanced yield for corn hybrids released from 1970 to 2000 in China. Crop Sci. 51, 13-
20. doi: 10.2135/cropsci2010.04.0207

Cross, H. Z., and Zuber, M. S. (1972). Prediction of flowering dates in corn based on
different methods of estimating thermal units1. Agron. J. 64, 351-355. doi: 10.2134/
agron;j1972.00021962006400030029x

Edreira, J. I. R,, Mayer, L. L, and Otegui, M. E. (2014). Heat stress in temperate and
tropical maize hybrids: Kernel growth, water relations and assimilate availability for
grain filling. Field Crops Res. 166, 162-172. doi: 10.1016/j.fcr.2014.06.018

Eyshi Rezaei, E., Webber, H., Gaiser, T., Naab, J., and Ewert, F. (2015). Heat stress in
cereals: Mechanisms and modelling. Eur. J. Agron. 64, 98-113. doi: 10.1016/
j.€2.2014.10.003

Farooq, M., Bramley, H., Palta, J. A., and Siddique, K. H. M. (2011). Heat stress in
wheat during reproductive and grain filling phases. Crit. Rev. Plant Sci. 30, 491-507.
doi: 10.1080/07352689.2011.615687

Faroogq, M. S., Uzair, M., Raza, A., Habib, M., Xu, Y., Yousuf, M., et al. (2022).
Uncovering the research gaps to alleviate the negative impacts of climate change on
food security: A review. Front. Plant Sci. 13, 927535. doi: 10.3389/fpls.2022.927535

Gabaldon-Leal, C., Webber, H., Otegui, M. E,, Slafer, G. A., Ordofiez, R. A., Gaiser,
T., et al. (2016). Modelling the impact of heat stress on maize yield formation. Field
Crops Res. 198, 226-237. doi: 10.1016/j.fcr.2016.08.013

Gao, Z., Feng, H,, Liang, X, Lin, S., Zhao, X,, Shen, S., et al. (2021). Adjusting the
sowing date of spring maize did not mitigate against heat stress in the north China
plain. Agric. Meteorol. 298-299, 108274. doi: 10.1016/j.agrformet.2020.108274

Gao, Z., Feng, H,, Liang, X, Zhang, L., Lin, S., Zhao, X,, et al. (2018). Limits to maize
productivity in the North China Plain: A comparison analysis for spring and summer
maize. Field Crops Res. 228, 39-47. doi: 10.1016/.fcr.2018.08.022

Gouache, D., Le Bris, X., Bogard, M., Deudon, O., Pagé, C., and Gate, P. (2012). Evaluating
agronomic adaptation options to increasing heat stress under climate change during wheat
grain filling in France. Eur. J. Agron. 39, 62-70. dok: 10.1016/j.¢j2.2012.01.009

Grace, J. B. (2006). Structural equation modeling and natural systems (Cambridge
University Press). doi: 10.1017/CB09780511617799

Hatfield, J. L. (2014). Radiation use efficiency: evaluation of cropping and
management systems. Agron. J. 106, 1820-1827. doi: 10.2134/agronj2013.0310

Hu, Q., Ma, X, He, H,, Pan, F,, He, Q.,, Huang, B, et al. (2019). Warming and
dimming: interactive impacts on potential summer maize yield in north China plain.
Sustainability. 11, 2588. doi: 10.3390/su11092588

Huang, S., Lv, L., Zhu, ], Li, Y., Tao, H., and Wang, P. (2018). Extending growing
period is limited to offsetting negative effects of climate changes on maize yield in the
north China plain. Field Crops Res. 215, 66-73. doi: 10.1016/j.fcr.2017.09.015

Tizumi, T., Sakurai, G., and Yokozawa, M. (2014). Contributions of historical changes
in sowing date and climate to U.S. maize yield trend: An evaluation using large-area
crop modeling and data assimilation. J. Agric. Meteorol. 70, 73-90. doi: 10.2480/
agrmet.D-13-00023

Frontiers in Plant Science

12

10.3389/fpls.2025.1539207

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

IPCC. (2022). Climate Change 2022: Impacts, Adaptation and Vulnerability.
(Cambridge University Press).

Ji, Y., Xu, Y., Sun, X,, Hassan, M. A., Zhou, Y., Zou, H,, et al. (2024). Optimization of
sowing dates for enhanced rice yield: insights from field experiments in the middle and
lower reaches of the Yangtze River, China. BMC Plant Biol. 24, 1011. doi: 10.1186/
§12870-024-05729-7

Jia, Q., Sun, L., Mou, H., Ali, S., Liu, D., Zhang, Y., et al. (2018). Effects of planting
patterns and sowing densities on grain filling, radiation use efficiency and yield of maize
(Zea mays L.) in semi-arid regions. Agric. Water Manage. 201, 287-298. doi: 10.1016/
j.agwat.2017.11.025

Jiang, Q., Du, Y., Tian, X,, Wang, Q., Xiong, R., Xu, G., et al. (2016). Effect of panicle
nitrogen on grain filling characteristics of high-yielding rice cultivars. Eur. J. Agron. 74,
185-192. doi: 10.1016/.¢ja.2015.11.006

Kim, J., Shon, J., Lee, C., Yang, W., Yoon, Y., Yang, W., et al. (2011). Relationship
between grain filling duration and leaf senescence of temperate rice under high
temperature. Field Crops Res. 122, 207-213. doi: 10.1016/j.fcr.2011.03.014

Li, Y., Wang, J., Fang, Q., Hu, Q., Zhang, J., Pan, Z,, et al. (2022). Optimal planting
dates for diverse crops in inner Mongolia. Field Crops Res. 275, 108365. doi: 10.1016/
j.fcr.2021.108365

Littell, R. C., Henry, P. R,, and Ammerman, C. B. (1998). Statistical analysis of
repeated measures data using SAS procedures. Am. Soc. Anim. Science. 76, 1216-1231.
doi: 10.2527/1998.7641216x

Liu, Y., Wang, E,, Yang, X, and Wang, J. (2010). Contributions of climatic and crop
varietal changes to crop production in the north China plain, since 1980s. Glob Chang
Biol. 16, 2287-2299. doi: 10.1111/j.1365-2486.2009.02077.x.e

Liu, Z., Yang, X., Hubbard, K. G., and Lin, X. (2012). Maize potential yields and yield
gaps in the changing climate of northeast China. Glob Chang Biol. 18, 3441-3454.
doi: 10.1111/j.1365-2486.2012.02774.x

Lobell, D. B., Hammer, G. L., Mclean, G., Messina, C., Roberts, M. J., and Schlenker,
W. (2013). The critical role of extreme heat for maize production in the United States.
Nat. Clim Change 3, 497-501. doi: 10.1038/nclimate1832

Lv, Z., Li, F., and Lu, G. (2020). Adjusting sowing date and cultivar shift improve
maize adaption to climate change in China. Mitig Adapt Strateg Glob Change 25, 87—
106. doi: 10.1007/s11027-019-09861-w

Mastilovig, J., Zivancev, D., Lonéar, E., Malbasa, R, Hristov, N., and Kevresan, Z.
(2017). Effects of high temperatures and drought during anthesis and grain filling
period on wheat processing quality and underlying gluten structural changes. J. Sci.
Food Agric. 98, 2898-2907. doi: 10.1002/jsfa.8784

Mayer, L. I, Rattalino Edreira, J. I, and Maddonni, G. A. (2014). Oil Yield
Components of Maize Crops Exposed to Heat Stress during Early and Late Grain
filling Stages. Crop Sci. 54, 2236-2250. doi: 10.2135/cropsci2013.11.0795

McMaster, G. S., and Wilhelm, W. W. (1997). Growing degree-days: one
equation, two interpretations. Agric. Meteorol. 87, 291-300. doi: 10.1016/S0168-1923
(97)00027-0

Mirosavljevic, M., Momdilovi¢, V., Trkulja, D., Mikic, S., Jockovi¢, B., and Przulj, N.

(2018). Grain filling variation in winter wheat, barley and triticale in pannonian
environments. Cereal Res. Commun. 46, 697-706. doi: 10.1556/0806.46.2018.036

Opsi, F., Fortina, R,, Borreani, G., Tabacco, E., and Lopez, S. (2013). Influence of
cultivar, sowing date and maturity at harvest on yield, digestibility, rumen fermentation
kinetics and estimated feeding value of maize silage. J. Agric. Science. 151, 740-753.
doi: 10.1017/50021859612000925

Ordoiiez, R. A., Savin, R., Cossani, C. M., and Slafer, G. A. (2015). Yield response to
heat stress as affected by nitrogen availability in corn. Field Crop Res. 183, 184-203.
doi: 10.1016/j.fcr.2015.07.010

Paudel, G. P., Chamberlin, J., Balwinder-Singh,, Maharjan, S., Nguyen, T. T,
Craufurd, P., et al. (2023). Insights for climate change adaptation from early sowing
of wheat in the Northern Indo-Gangetic Basin. Int. J. Disast. Risk Re. 92, 103714.
doi: 1041016/j4ijdrr.2023.103714

Qian, B., Zhang, X., Chen, K., Feng, Y., and O Brien, T. (2010). Observed long-term
trends for agroclimatic conditions in Canada. J. Appl. Meteorol Clim 49, 604-618.
doi: 10.1175/2009JAMC2275.1

Ren, B., Yu, W,, Liu, P, Zhao, B., and Zhang, J. (2023). Responses of photosynthetic
characteristics and leaf senescence in summer maize to simultaneous stresses of
waterlogging and shading. Crop J. 11, 269-277. doi: 10.1016/j.¢j.2022.06.003

frontiersin.org


https://doi.org/10.3724/SP.J.1006.2018.00442
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1016/j.fcr.2016.09.003
https://doi.org/10.1016/j.fcr.2010.04.010
https://doi.org/10.1104/pp.106.1.45
https://doi.org/10.1111/gcb.12093
https://doi.org/10.2135/cropsci2010.04.0207
https://doi.org/10.2134/agronj1972.00021962006400030029x
https://doi.org/10.2134/agronj1972.00021962006400030029x
https://doi.org/10.1016/j.fcr.2014.06.018
https://doi.org/10.1016/j.eja.2014.10.003
https://doi.org/10.1016/j.eja.2014.10.003
https://doi.org/10.1080/07352689.2011.615687
https://doi.org/10.3389/fpls.2022.927535
https://doi.org/10.1016/j.fcr.2016.08.013
https://doi.org/10.1016/j.agrformet.2020.108274
https://doi.org/10.1016/j.fcr.2018.08.022
https://doi.org/10.1016/j.eja.2012.01.009
https://doi.org/10.1017/CBO9780511617799
https://doi.org/10.2134/agronj2013.0310
https://doi.org/10.3390/su11092588
https://doi.org/10.1016/j.fcr.2017.09.015
https://doi.org/10.2480/agrmet.D-13-00023
https://doi.org/10.2480/agrmet.D-13-00023
https://doi.org/10.1186/s12870-024-05729-7
https://doi.org/10.1186/s12870-024-05729-7
https://doi.org/10.1016/j.agwat.2017.11.025
https://doi.org/10.1016/j.agwat.2017.11.025
https://doi.org/10.1016/j.eja.2015.11.006
https://doi.org/10.1016/j.fcr.2011.03.014
https://doi.org/10.1016/j.fcr.2021.108365
https://doi.org/10.1016/j.fcr.2021.108365
https://doi.org/10.2527/1998.7641216x
https://doi.org/10.1111/j.1365-2486.2009.02077.x.e
https://doi.org/10.1111/j.1365-2486.2012.02774.x
https://doi.org/10.1038/nclimate1832
https://doi.org/10.1007/s11027-019-09861-w
https://doi.org/10.1002/jsfa.8784
https://doi.org/10.2135/cropsci2013.11.0795
https://doi.org/10.1016/S0168-1923(97)00027-0
https://doi.org/10.1016/S0168-1923(97)00027-0
https://doi.org/10.1556/0806.46.2018.036
https://doi.org/10.1017/S0021859612000925
https://doi.org/10.1016/j.fcr.2015.07.010
https://doi.org/10.1016/j.ijdrr.2023.103714
https://doi.org/10.1175/2009JAMC2275.1
https://doi.org/10.1016/j.cj.2022.06.003
https://doi.org/10.3389/fpls.2025.1539207
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

An et al.

Richards, F. J. (1959). A flexible growth function for empirical use. J. Exp. Bot. 10,
290-300. doi: 10.1093/jxb/10.2.290

Schermelleh-Engel, K., Moosbrugger, H., and Miiller, H. (2003). Evaluating the fit of
structural equation models: tests of significance and descriptive goodness-of-fit
measures. Methods Psychol. Res. 8, 23-74. Available online at: https://www.
researchgate.net/publication/251060246 (Accessed July 2022).

Shah, F., Coulter, J. A,, Ye, C.,, and Wu, W. (2020). Yield penalty due to delayed
sowing of winter wheat and the mitigatory role of increased seeding rate. Eur. J. Agron.
119, 126120. doi: 10.1016/j.€ja.2020.126120

Siebers, M. H., Yendrek, C. R,, Drag, D., Locke, A. M., Rios Acosta, L., Leakey, A. D.
B., et al. (2015). Heat waves imposed during early pod development in soybean (Glycine
max) cause significant yield loss despite a rapid recovery from oxidative stress. Glob
Chang Biol. 21, 3114-3125. doi: 10.1111/gcb.12935

Tack, J., Barkley, A., and Hendricks, N. (2017). Irrigation offsets wheat yield
reductions from warming temperatures. Environ. Res. Lett. 12, 114027. doi: 10.1088/
1748-9326/aa8d27

Tao, F,, Zhang, Z., Zhang, S., Rétter, R. P., Shi, W., Xiao, D, et al. (2016a). Historical data
provide new insights into response and adaptation of maize production systems to climate
change/variability in China. Field Crop Res. 185), 1-11. doi: 10.1016/j.fcr.2015.10.013

Tao, Z., Chen, Y., Li, C., Zou, J., Yan, P., Yuan, S., et al. (2016b). The causes and
impacts for heat stress in spring maize during grain filling in the North China Plain-A
review. J. Integr. Agriculture. 15, 2677-2687. doi: 10.1016/5S2095-3119(16)61409-0

Tsimba, R., Edmeades, G. O., Millner, J. P., and Kemp, P. D. (2013). The effect of
planting date on maize grain yields and yield components. Field Crops Res. 150, 135-
144. doi: 10.1016/j.fcr.2013.05.028

Villegas, D., Alfaro, C., Ammar, K., Ca Tedra, M. M., Crossa, J., Garcia del Moral, L.
F., et al. (2015). Daylength, temperature and solar radiation effects on the phenology
and yield formation of spring durum wheat. J. Agron. Crop science. 202, 203-216.
doi: 10.1111/jac.12146

Wang, J., Wang, E., Yang, X., Zhang, F., and Yin, H. (2012). Increased yield potential
of wheat-maize cropping system in the north China plain by climate change adaptation.
Climatic Change 113, 825-840. doi: 10.1007/s10584-011-0385-1

Wang, X, Yan, Y, Xu, C, Wang, X, Luo, N., Wei, D,, et al. (2021). Mitigating heat
impacts in maize (Zea mays L.) During the reproductive stage through biochar soil
amendment. Agriculture Ecosyst. Environment. 311, 107321. doi: 10.1016/j.agee.2021.107321

Wang, Y., Tao, H., Tian, B., Sheng, D., Xu, C, Zhou, H,, et al. (2019). Flowering
dynamics, pollen, and pistil contribution to grain yield in response to high temperature
during corn flowering. Environ. Exp. Bot. 158, 80-88. doi: 10.1016/j.envexpbot.2018.11.007

Frontiers in Plant Science

13

10.3389/fpls.2025.1539207

Wheeler, T., and von Braun, J. (2013). Climate change impacts on global food
security. Science. 341, 508-513. doi: 10.1002/fes3.261

Wing, I. S., De Cian, E., and Mistry, M. N. (2021). Global vulnerability of crop yields
to climate change. J. Environ. Econ. Manage. 109, 102462. doi: 10.1016/
j.jeem.2021.102462

Xiao, D., and Tao, F. (2016). Contributions of cultivar shift, management practice
and climate change to corn yield in north China plain in 1981-2009. Int. J. Biometeorol
60, 1111-1122. doi: 10.1007/s00484-015-1104-9

Yan, P,, Tao, Z., Chen, Y., Zhang, X., and Sui, P. (2017). Spring maize kernel number
and assimilate supply responses to high-temperature stress under field conditions.
Agron. J. 109, 1433-1442. doi: 10.2134/agronj2016.11.0662

Zhang, X., Wang, S., Sun, H., Chen, S., Shao, L., and Liu, X. (2013). Contribution of
cultivar, fertilizer and weather to yield variation of winter wheat over three decades: a
case study in the north China plain. Eur. J. Agron. 50, 52-59. doi: 10.1016/
j.€ja.2013.05.005

Zhang, Y., Zhang, L., Yang, N., Huth, N., Wang, E., van der Werf, W, et al. (2019).
Optimized sowing time windows mitigate climate risks for oats production under cool
semi-arid growing conditions. Agric. Meteorol. 266-267, 184-197. doi: 10.1016/
j.agrformet.2018.12.019

Zhang, H., Zhao, X,, Yin, X,, Liu, S., Xue, J., Wang, M., et al. (2015). Challenges and
adaptations of farming to climate change in the north China plain. Climatic Change
129, 213-224. doi: 10.1007/s10584-015-1337-y

Zhao, C., Liu, B., Piao, S., Wang, X,, Lobell, D. B., Huang, Y., et al. (2017).
Temperature increase reduces global yields of major crops in four independent
estimates. Proc. Natl. Acad. Sci. 114, 9326-9331. doi: 10.1073/pnas.1701762114

Zhou, J., Tian, L., Wang, S., Li, H., Zhao, Y., Zhang, M,, et al. (2021). Ovary abortion
induced by combined waterlogging and shading stress at the flowering stage involves
amino acids and flavonoid metabolism in corn. Front. Plant Sci. 12. doi: 10.3389/
fpls.2021.778717

Zhou, B, Yue, Y., Sun, X, Ding, Z., Ma, W., and Zhao, M. (2017). Maize kernel
weight responses to sowing date-associated variation in weather conditions. Crop J. 5,
43-51. doi: 10.1016/j.¢j.2016.07.002

Zhou, B., Yue, Y., Sun, X., Wang, X., Wang, Z., Ma, W., et al. (2016). Maize grain
yield and dry matter production responses to variations in weather conditions. Agron. J.
108, 196-204. doi: 10.2134/agronj2015.0196

Zhu, P, Jin, Z., Zhuang, Q., Ciais, P., Bernacchi, C., Wang, X, et al. (2018). The
important but weakening maize yield benefit of grain filling prolongation in the US
Midwest. Glob Chang Biol. 24, 4718-4730. doi: 10.1111/gcb.14356

frontiersin.org


https://doi.org/10.1093/jxb/10.2.290
https://www.researchgate.net/publication/251060246
https://www.researchgate.net/publication/251060246
https://doi.org/10.1016/j.eja.2020.126120
https://doi.org/10.1111/gcb.12935
https://doi.org/10.1088/1748-9326/aa8d27
https://doi.org/10.1088/1748-9326/aa8d27
https://doi.org/10.1016/j.fcr.2015.10.013
https://doi.org/10.1016/S2095-3119(16)61409-0
https://doi.org/10.1016/j.fcr.2013.05.028
https://doi.org/10.1111/jac.12146
https://doi.org/10.1007/s10584-011-0385-1
https://doi.org/10.1016/j.agee.2021.107321
https://doi.org/10.1016/j.envexpbot.2018.11.007
https://doi.org/10.1002/fes3.261
https://doi.org/10.1016/j.jeem.2021.102462
https://doi.org/10.1016/j.jeem.2021.102462
https://doi.org/10.1007/s00484-015-1104-9
https://doi.org/10.2134/agronj2016.11.0662
https://doi.org/10.1016/j.eja.2013.05.005
https://doi.org/10.1016/j.eja.2013.05.005
https://doi.org/10.1016/j.agrformet.2018.12.019
https://doi.org/10.1016/j.agrformet.2018.12.019
https://doi.org/10.1007/s10584-015-1337-y
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.3389/fpls.2021.778717
https://doi.org/10.3389/fpls.2021.778717
https://doi.org/10.1016/j.cj.2016.07.002
https://doi.org/10.2134/agronj2015.0196
https://doi.org/10.1111/gcb.14356
https://doi.org/10.3389/fpls.2025.1539207
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Assessing effects of temperature driven by sowing dates on the grain filling and kernel weight of corn in the North China Plain
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Experimental design
	2.4 Grain filling, grain yield, and yield components
	2.5 Statistical analysis

	3 Results
	3.1 Weather during corn reproductive growth stage
	3.2 Grain yield, kernel number per plant and 1000-kernel weight
	3.3 Grain filing of corn kernels
	3.4 Relationships between weather factors and grain filling

	4 Discussion
	4.1 High temperature during grain filling reduced grain yield
	4.2 Early sowing achieved high yield
	4.3 Average daily temperature and growing degree days were key drivers of kernel weight

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


