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Abstract

Nitrogen application rate (N rate) is a key factor affecting maize yield, but the physiologi-
cal mechanisms by which it improves yield through the coordination of the source-sink
relationship remain unclear. In this study, field experiments were conducted in the black
soil region of Northeast China for three consecutive years (2022-2024). Five N rates were
tested: 0 kg ha—! (N0), 90 kg ha—! (N90), 135 kg ha—! (N135), 180 kg ha—! (N180), and
225 kg ha~! (N225). The results showed that the N'180 treatment achieved the highest yield
across the three growing seasons, with yields 7.23-51.40% higher than those of the other
treatments. This was mainly attributable to the synergistic improvement in grain number
per ear and 100-grain weight. After anthesis, the N180 and N225 treatments significantly
increased chlorophyll content (SPAD), PSII photochemical efficiency-related parameters
(Fo/Fm, Ppsy, and gP), and the activities of carbon assimilation-related enzymes (RuBPCase
and PEPCase) in the ear leaf, indicating improved photosynthesis-related physiological
status. Meanwhile, N180 significantly promoted the translocation of stored dry matter
from pre-anthesis vegetative organs to the grains, resulting in a 5.21-51.41% increase in
the proportion of dry matter allocated to the grains at maturity compared with the other
treatments. Logistic equation fitting showed that an increased grain-filling rate and an
extended grain-filling period were the main reasons for the higher grain weight under N180.
Although N225 maintained high post-anthesis dry matter accumulation, more assimilates
were retained in vegetative organs, which limited further improvement in grain-filling and
grain weight. These findings provide a theoretical basis and practical guidance for the
rational application of nitrogen fertilizer in this region.

Keywords: nitrogen application rate; yield; grain filling; plant dry matter; enzyme activity;
chlorophyll fluorescence parameters

1. Introduction

Maize is the cornerstone of global food security and a primary source of food, feed,
and industrial raw materials [1]. As a major maize-producing region, the black soil area in
Northeast China accounts for approximately one-third of the country’s total maize output.
Therefore, ensuring consistent and robust maize yields in this area is vital for national kernel
security [2]. The application of nitrogen fertilizer is an effective means of increasing maize
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yields; however, in local agricultural practices, there is still a widespread tendency to rely
on excessive nitrogen application in the pursuit of high yields [3]. Research indicates that
excessive nitrogen fertilizer application does not lead to sustained yield increases; instead,
long-term over-application may exacerbate soil acidification and reduce soil organic matter
content, thereby threatening the sustainable productivity of black soil [3,4]. Therefore,
optimizing nitrogen fertilizer application rates in the Northeast black soil region to achieve
both increased maize yields and the sustainable use of black soil resources has become an
urgent issue in agricultural production.

Leaves serve as the primary “source” of photosynthetic products after anthesis, and
their photosynthetic activity directly determines the plant’s dry matter production capacity
and ultimately influences grain-filling and yield formation [5]. Nitrogen is an essential
component of chlorophyll and photosynthetic proteins, and nitrogen supply regulates leaf
photosynthetic characteristics by modulating post-anthesis plant nitrogen metabolism [6].
Insufficient nitrogen supply impedes chlorophyll synthesis, reduces the light energy cap-
ture and electron transport efficiency of Photosystem II (PSII), and consequently accelerates
leaf senescence [7]. Chlorophyll (SPAD) content and chlorophyll fluorescence parameters
(such as F,/Fy;, ©pgyp, and gP) are important indicators of PSII light absorption and energy
distribution capacity and are closely related to the plant’s photosynthetic rate and grain
yield [8]. Studies have shown that fluorescence parameters such as F,/F, are significantly
and positively correlated with net photosynthetic rate. Within a certain range, as nitrogen
application rates (N rates) increased, the Fy,/F,;, @pgy;, and gP values of the ear leaf during
the grain-filling stage of maize significantly increased and reached a maximum at a nitrogen
application rate (N rate) of 180 kg ha~!; however, further increasing nitrogen application to
270 kg ha~! did not further enhance these parameters and even caused them to decline [9].
Furthermore, nitrogen influences the photosynthetic carbon fixation process by regulat-
ing the activity of key carbon assimilation enzymes such as ribulose-1,5-bisphosphate
carboxylase (RuBPCase) and phosphoenolpyruvate carboxylase (PEPCase) [10]. Studies
have shown that an optimal N rate can significantly increase the activity of RuBPCase and
PEPCase in leaves, alleviate the inhibitory effects of environmental stress on photosynthesis,
and promote post-anthesis dry matter accumulation and yield increase [11]. Therefore,
optimizing nitrogen application is crucial for sustaining the photosynthetic apparatus
and the activity of key carbon assimilation enzymes, as well as ensuring the supply of
assimilates for grain-filling.

Crop yield formation is the result of the synergistic interaction among “sources”
(dry matter production), “sinks” (grain accumulation), and “fluxes” (dry matter trans-
port) [12,13]. Dry matter accumulation in maize grains primarily stems from post-anthesis
dry matter accumulation and from the transport of stored dry matter from pre-anthesis
vegetative organs to the grains [14]. Studies have shown that increased nitrogen fertiliza-
tion can significantly enhance total dry matter accumulation in maize plants after anthesis;
however, the contribution of the transport of pre-anthesis stored dry matter during grain-
filling remains significant, particularly under low-nitrogen conditions, where grain-filling
relies more heavily on the transport and redistribution of stored dry matter from vegetative
organs [15]. Studies on wheat indicate that a N rate of 225 kg ha~! significantly increases
the post-anthesis transport of assimilates to the grain and the contribution of this process
to yield, while simultaneously enhancing the initial grain-filling potential and average
grain-filling rate, shortening the duration of the maximum filling rate, and thereby increas-
ing yield. However, when nitrogen application was increased to 300 kg ha~!, although
aboveground dry matter accumulation was significantly higher than at 225 kg ha~!, the
grain-filling rate actually decreased, leading to lower grain yield [16]. A growing body of
research indicates that increases in grain weight are always constrained by “sinks” rather
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than limited by “sources.” Therefore, coordinating dry matter production from “sources”
with the transport capacity of “fluxes” to meet the demands of “sinks” is key to optimizing
nitrogen application for increased maize yield.

Although previous studies have investigated the effects of N rates on maize leaf
photosynthetic activity, dry matter accumulation, and yield formation, most have focused
on individual processes of the source, sink, or flux. The comprehensive mechanism by
which N rate regulates source-sink-flux coordination to improve spring maize yield has not
been fully elucidated, and multi-year systematic studies under the black soil conditions of
Northeast China remain particularly lacking. We hypothesized that an appropriate N rate
could maintain a relatively high photosynthetic activity in the ear leaf after anthesis, while
promoting the translocation of pre-anthesis stored dry matter from vegetative organs to the
grains and enhancing grain-filling intensity, thereby achieving a synergistic improvement
in source-sink-flux coordination and ultimately increasing grain yield and nitrogen use
efficiency. To address this, we conducted a three-year field experiment in the major maize-
producing region of Northeast China. The objectives of this study were: (1) to clarify the
dynamic changes in leaf chlorophyll content, photochemical efficiency, and activities of
key carbon assimilation enzymes after anthesis under different N rates; (2) to elucidate the
effects of N rate on grain-filling characteristics and dry matter accumulation and allocation
patterns; and (3) to reveal the physiological mechanisms by which optimized nitrogen
application coordinates source-sink relationships to increase spring maize yield. This study
aimed to provide a theoretical basis for the efficient use of nitrogen fertilizer and sustainable
yield increases in spring maize production in the black soil region.

2. Materials and Methods
2.1. Test Materials and Design

The experiment was conducted during the spring maize-growing seasons of 2022, 2023,
and 2024 at the experimental field of Jilin Academy of Agricultural Sciences (43°29'55” N,
124°48'43" E), located in Gongzhuling City, Jilin Province. The region has a temperate
continental monsoon climate, with an average annual temperature of 5.6 °C and an average
annual precipitation of 594.8 mm. It is a typical rain-fed agricultural region. The cropping
system in the experimental area is a single maize monoculture per year. Mean temperatures
and precipitation during the maize-growing season are shown in Figure 1. The soil at
the experimental site is black soil, characterized by a clay loam texture. The average soil
nutrient contents in the 0-20 cm tillage layer before sowing in 2022, 2023, and 2024 were
as follows: organic matter 27.8 g kg~!; total nitrogen 1.56 g kg~!; inorganic N (NO3 ~-N
+ NH,*-N) 20.97 mg kg ~!; available phosphorus 99.9 mg kg~!; and available potassium
166.1 mg kg~ !. The experiment was conducted on the same field in all three years. The
maize variety used was ‘Fumin 985’. Five N rates were established: 0 (NO), 90 (IN90),
135 (N135), 180 (N180), and 225 (N225) kg ha~!. Nitrogen fertilizer was split-applied,
with 40% as basal fertilizer before sowing and 60% at the jointing stage. Phosphorus
(P05 at 75 kg ha!) and potassium (K,O at 90 kg ha~?') fertilizers were both applied
basally before sowing. The N, P, and K fertilizers were applied in the form of urea, calcium
superphosphate, and potassium chloride, respectively. All fertilizers were placed in furrows
at a depth of 8-10 cm and then covered with soil. A randomized complete block design
with three replications was adopted. Each plot area was 200 m? (20 x 10 m), with a planting
density of 60,000 plants ha~!. In addition, to minimize plot margin effects on maize growth
and development, two extra rows of maize were planted on either side of each plot, and the
ends of the planted rows were extended. The distance between all neighboring plots was
sufficient to ensure the independence of each plot. Sowing dates were 12 May 2022, 1 May
2023, and 27 April 2024, with corresponding harvest dates on 6 October 2022, 26 September
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2023, and 25 September 2024. After harvest, straw was returned to the field, followed by
deep loosening and deep plowing. The field management practices for diseases, pests, and
weeds were the same as those used in local production.
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Figure 1. Average precipitation and average temperature during the spring maize growing season
from 2022 to 2024.

2.2. Determination Items and Methods
2.2.1. Grain Yield and Nitrogen Agronomic Efficiency

At the maize maturity stage, three central rows were harvested from each plot across
three replicates, and the number of ears collected per plot was tallied. From each replicate,
30 representative ears were randomly sampled, air-dried, and then assessed for yield
components (ear number, grain number per ear, and 100-grain weight). Grain yield was
adjusted to 14% moisture content. Nitrogen agronomic efficiency was calculated as follows
(Equation (1)):

Nitrogen agronomic efficiency = (yield under nitrogen-fertilized treatment —

)

yield under non-fertilized treatment)/nitrogen application rate

2.2.2. Grain-Filling Characteristics

Plants with consistent growth at the anthesis stage were selected and tagged with the
date. At 12, 24, 36, 48, and 60 days after anthesis, three representative ears were selected
from the tagged plants. One hundred grains were taken from the middle section of each
ear, blanched at 105 °C for 30 min, then dried at 75 °C to constant weight and weighed.
The grain-filling rate was then calculated (Equation (2)).

Grain-filling rate (g d~!) = [100-grain dry weight at current measurement (g)
—100-grain dry weight at previous measurement (g)]/interval between )
two measurements (d)

The grain-filling parameters were calculated through simulation with the logistic equa-
tion, following the method of Fang et al., [17]. The model form is as follows (Equation (3)):

y=a/(1+be”) (3)

where a, b, and c are fitted characteristic parameters of grain-filling. The grain-filling
parameters were calculated using the following formulas (Equations (4)—(8)):

Grain weight at the maximum grain-filling rate Wax (g 100 grains ') =052 (4)

Times needed for reaching the maximum grain-filling rate Tmax (d) =Inb/c (5)
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Maximum grain-filling rate Gmax (g 100 grains*1 d™1) = [c X Whax (g 100

6

grains_l)] X [1 = (Wmax (g 100 grains_l)/a)] ©)
Mean grain-filling rate Gmean (g 100 grains*1 dYH=uac/6 (7)
Active grain-filling stage D (d) = 6/c 8)

2.2.3. Dry Matter Accumulation and Translocation

At anthesis, 12, 24, 36, 48 days after anthesis, and maturity, three representative maize
plants with consistent growth were selected from each plot for sampling. At anthesis and 12,
24, 36, 48 days after anthesis, the aboveground parts of the plants were separated into stems,
leaves, and grains. At maturity, they were separated into stems, leaves and grains, and cob,
bract and tassel. Samples were blanched at 105 °C for 30 min, then dried at 75 °C to constant
weight and weighed. Pre-anthesis dry matter translocation and post-anthesis dry matter
accumulation were calculated using the following formulas [18] (Equations (9) and (10)):

Pre-anthesis dry matter translocation (kg ha~!) = Dry matter accumulation in
vegetative organs at anthesis — Dry matter accumulation in vegetative )
organs at maturity

Post-anthesis dry matter accumulation (kg ha~!) = Dry matter accumulation
in grains at maturity — Pre-anthesis dry matter translocation from (10)
vegetative organs

2.2.4. SPAD and Chlorophyll Fluorescence

At anthesis and 12, 24, 36, 48 days after anthesis, between 9:00 and 11:00 a.m., five
representative maize plants were selected from each plot. The SPAD value of the ear leaf
was measured using a portable CCM-200 Plus Chlorophyll Content Meter (Opti-Sciences
Inc., Hudson, NH, USA). A portable chlorophyll fluorometer (FMS-2, Hansatech, King’s
Lynn, UK) was used to measure the initial fluorescence (Fj), maximum fluorescence (Fy;),
minimum fluorescence (F(’), maximum fluorescence under light (F,,"), and steady-state
fluorescence (F;) of the ear leaf. Based on the above parameters, the following indices were
calculated [19] (Equations (11)—(13)):

Fv/Fm=(Fm_FO)/Fm (11)
CDPSH = (Fm/ - Fs)/Fm/ (12)
qP = (Fu' — Fs)/(Fu' — Fy') (13)

2.2.5. Photosynthetic Enzyme Activities

At anthesis and 12, 24, 36, and 48 days after anthesis, between 9:00 and 11:00 a.m., five
representative maize plants were selected from each plot. A 0.5 g sample was cut from
the middle part of the ear leaf. The leaf sample was homogenized in a pre-chilled mortar
with 10 mM Tris-HCI buffer (pH 8.4, containing 10 mM MgCl,, 1 mM EDTA, 7 mM -
mercaptoethanol, 5% glycerol, and 1% PVP). The homogenate was centrifuged at 15,000 g
for 10 min at 4 °C, and the resulting supernatant was used for enzyme activity assays [20].

RuBPCase activity was determined as follows: the reaction mixture (total volume 3 mL)
contained 0.3 mL of 1 mM Tris-HCl buffer, 0.3 mL of 0.1 mM MgCl,, 0.3 mL of 50 mM ATP,
0.3 mL of 50 mM DTT, 0.3 mL of 2 mM NADH, 0.3 mL of 1 mM EDTA, 0.1 mL of 200 uM
NaHCO3, 0.1 mL of 3-phosphoglycerate kinase/3-phosphoglyceraldehyde dehydrogenase
(15U/15 U), and 0.8 mL of H,O; the final pH was 8.0. The mixture was pre-incubated at
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30 °C for 30 min, and the reaction was started by adding 0.1 mL of enzyme extract and
0.1 mL of 9 mM RuBP. The absorbance was recorded at 340 nm.

PEPCase activity was determined as follows: the reaction mixture (total volume 3 mL)
contained 1 mL of 100 mM Tris-HCI buffer, 0.1 mL of 10 mM MgCl,, 0.1 mL of 10 mM
NaHCO;3,03mLoflg L~1 NADH, 0.3 mL of 50 U mL~! malate dehydrogenase, 0.5 mL of
H,O, and 0.5 mL of enzyme extract; the final pH was 9.2. The mixture was pre-incubated
at 28 °C for 10 min, and the reaction was initiated by adding 200 uL of 40 mM PEP. The
absorbance was measured at 340 nm.

2.3. Statistical Analysis

Microsoft Excel 2022 was used for data summarization. All data were first tested
for normality and homogeneity of variances. Considering the three-year experimental
design, a linear mixed model was fitted using the MIXED procedure in SPSS 26.0 (SPSS Inc.,
Chicago, IL, USA). The model included year, nitrogen rate, and their interaction as fixed
factors, while the replicate (or block) nested within year was treated as a random effect.
When the year x nitrogen rate interaction was significant, simple effects were examined.
Multiple comparisons among nitrogen rate treatments within each year were performed
on the estimated marginal means using Tukey’s HSD test, with a significance level of
o = 0.05. Equation fitting for the grain-filling process and determination of parameters A,
B, and C were carried out using Curve Expert 1.3 software. All plots were generated using
Origin 2024.

3. Results
3.1. Grain Yield and Its Components, and Nitrogen Agronomic Efficiency

Nitrogen fertilization rates (N) significantly affected grain number per ear, 100-grain
weight, yield, and nitrogen agronomic efficiency. Year (Y) significantly affected 100-grain
weight, yield, and nitrogen agronomic efficiency, and a significant interaction was observed
between nitrogen fertilization rate (N) and year (Y). In all three growing seasons, the highest
yield and nitrogen agronomic efficiency were obtained in the N180 treatment (Table 1). The
yield in N180 increased by 51.40%, 22.60%, 13.48%, and 7.23% compared with NO, N90,
N135, and N225, respectively, and the nitrogen agronomic efficiency increased by 19.21%,
23.74%, and 47.54% compared with N90, N135, and N225, respectively. With the increase in
N rate, the number of grains per ear gradually increased, with the highest values in the
N180 and N225 treatments. The 100-grain weight showed a trend of first increasing and
then decreasing, with the highest value in the N180 treatment. Compared to the NO, N90,
N135, and N225 treatments, the 100-grain weight increased by 33.74%, 13.93%, 9.31%, and
4.14%, respectively. There were no significant differences in the number of ears per hectare
among the treatments, indicating that the N180 treatment achieved the highest grain yield
by increasing the number of grains per ear and the 100-grain weight.

3.2. Grain Dry Weight and Grain-Filling Rate

Across three growing seasons, there were no significant differences in 100-grain weight
among the treatments 12 days after anthesis (Figure 2). At 24, 36, 48, and 60 days after
anthesis, the 100-grain weight of each treatment showed a trend of first increasing and then
decreasing with the increase in N rate, specifically in the order of N180 > N225 > N135 >
N90 > NO. At 60 days after anthesis, the 100-grain weight of the N180 treatment was 47.42%,
27.66%, 20.01%, and 9.27% higher than that of the NO, N90, N135, and N225 treatments,
respectively. The grain-filling rate of each treatment followed a single-peak curve, with the
N180 treatment exhibiting the fastest starch accumulation rate, followed by N225, N135,
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N90, and NO treatments. This indicates that the N180 treatment significantly improved the
grain-filling rate and increased the dry weight of the grains.

Table 1. Effect of nitrogen application rate (N rate) on grain yield and nitrogen agronomic efficiency.

Ear Number Grain 100-Grain Yield Nltrogert
Year Treatment (No./hm?) Number Weight (2) (ke ha-1) Agronomic
’ Per Ear sntie 8 Efficiency (kg kg—1)
2022 NO 59,702 a 549 d 26.74 e 8765.02 e -
N90 59,835 a 573 ¢ 32.12d 11,012.01d 2497b
N135 59,783 a 597 b 3349 ¢ 11,951.47 c 23.60 ¢
N180 59,187 a 639 a 37.39 a 14,138.56 a 29.85 a
N225 59,571 a 628 a 35.84b 13,407.19 b 20.63d
2023 NO 59,692 a 555d 27.83 e 9220.77 e -
N90 59,782 a 583 c 32.67d 11,386.93 d 24.07b
N135 59,521 a 607 b 34.05c 12,302.08 c 22.82 ¢
N180 58,245 a 644 a 3722 a 13,960.28 a 26.33 a
N225 57,548 a 633 a 35.74b 13,019.22 b 16.88 d
2024 NO 61,102 a 558 d 26.97 e 9195.46 e -
N90 59,494 a 581 c 32.21d 11,133.67 d 21.54b
N135 59,419 a 606 b 33.62 ¢ 12,105.82 c 21.56b
N180 58,894 a 638 a 37.86 a 14,225.58 a 27.95 a
N225 59,056 a 637 a 36.11b 13,584.12 b 19.51 ¢
N ns *% *% % *%
Y ns ns * * *
N xY ns ns ns * ns
Note: Different lowercase letters indicate that the differences between the various nitrogen application rates (N
rates) are statistically significant at the 0.05 level. * Significance at the 0.05 probability level. ** Significance at the
0.01 probability level. ns, not significant.
2022 2023 2024
40 40 40
0O NO
35F -@=N90 4 35
230} 30t
ED 25 25
=
T 20} 20
f 15+ 15+
= 10 10
S5t St
0 0
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Days after anthesis (d) Days after anthesis (d) Days after anthesis (d)

Figure 2. Effect of nitrogen application rate (N rate) on grain dry weight and grain-filling rate of
spring maize. Note: Different lowercase letters indicate that the differences between the various N
rates are statistically significant at the 0.05 level. ns indicates no significant difference.
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3.3. Grain-Filling Parameters

Across three growing seasons, the times needed to reach the maximum grain-filling
rate did not significantly change with the increase in N rate (Table 2). The maximum grain-
filling rate, mean grain-filling rate, and active grain-filling stage all exhibited a trend of first
increasing and then decreasing with the increase in N rate, with the N180 treatment being
the best. Compared to the NO, N90, N135, and N225 treatments, the mean grain-filling
rate of the N180 treatment increased by 37.95%, 20.49%, 14.41%, and 4.42%, respectively,
and the active grain-filling stage increased by 7.94%, 6.97%, 6.07%, and 5.91%, respectively.
The grain weight at the maximum grain-filling rate over the three years was 17.54 g. This
indicates that the N180 treatment is most conducive to the grain-filling process, significantly
increasing grain weight.

Table 2. Effect of N rate on grain-filling parameters of spring maize.

Year  Treatment Equation Parameter Correlation  Tmax Whnax Gmax Gmean D
A B C Coefficient (d (g) gd1H (gd™ d
2022 NO 2411 35.47 0.14 0.9995 24.83 12.06 0.87 0.58 41.75
N90 27.22 28.41 0.14 0.9989 24.73 13.61 0.92 0.61 44.34
N135 29.32 26.61 0.14 0.9987 24.85 14.66 0.97 0.65 45.45
N180 34.83 24.06 0.13 0.9984 25.17 17.41 1.10 0.73 47.48
N225 32.06 25.81 0.13 0.9986 24.80 16.03 1.05 0.70 45.78
2023 NO 23.24 30.18 0.14 0.9992 24.34 11.62 0.81 0.54 42 .86
N0 26.85 29.42 0.14 0.9992 24.38 13.43 0.93 0.62 43.25
N135 28.52 28.12 0.14 0.9991 24.25 14.26 0.98 0.65 43.62
N180 34.61 24.44 0.13 0.9986 24.65 17.30 1.12 0.75 46.27
N225 31.30 28.36 0.14 0.9991 24.36 15.65 1.07 0.72 43.68
2024 NO 23.64 32.79 0.14 0.9994 25.06 11.82 0.82 0.55 43.08
N0 27.09 29.05 0.14 0.9992 24.50 13.55 0.93 0.62 43.63
N135 29.14 28.96 0.14 0.9992 24.55 14.57 0.99 0.67 43.77
N180 35.81 25.02 0.13 0.9987 24.76 17.91 1.16 0.78 46.15
N225 32.63 28.89 0.13 0.9992 25.07 16.32 1.09 0.73 44.71

Note: A, B, and C are model parameters; Tmax: times needed for reaching the maximum grain-filling rate; Wmax:
grain weight at the maximum grain-filling rate; Gyax: maximum grain-filling rate; Gmean: mean grain-filling rate;
D: active grain-filling stage.

3.4. Aboveground Dry Matter Accumulation

The N rate had a significant impact on the dynamics of dry matter accumulation in
the aboveground parts of maize after anthesis (Figure 3). Across three growing seasons, the
dry matter accumulation in the aboveground parts of each treatment followed a sigmoid
growth curve after anthesis. At 0, 12, 24, 36, and 48 days after anthesis, the dry matter
accumulation in the aboveground parts of the N180 treatment was significantly higher than
that of the NO, N90, and N135 treatments, but there was no significant difference compared
to the N225 treatment. At 48 days after anthesis, the dry matter accumulation in the N180
treatment increased by 35.95%, 17.65%, and 8.64% compared to the NO, N90, and N135
treatments, respectively. This indicates that increasing nitrogen fertilizer application can
promote the continuous accumulation of dry matter after anthesis, providing a sufficient
material basis for grain-filling.
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Figure 3. Effect of N rate on post-anthesis aboveground total dry matter accumulation of spring
maize. Note: Different lowercase letters indicate that the differences between the various N rates are
sta-tistically significant at the 0.05 level.
3.5. Post-Anthesis Dry Matter Translocation from Various Organs
The N rate had a significant impact on dry matter translocation and post-anthesis dry
matter accumulation (Figure 4). Across the three growing seasons, the post-anthesis dry
matter accumulation in maize gradually increased with the increase in N rate, with the
N180 and N225 treatments showing the highest accumulation. The dry matter translocation
amount showed a trend of first increasing and then decreasing with the increase in N rate,
with the N180 treatment having the highest amount. Compared to the N0, N90, N135, and
N225 treatments, the dry matter translocation in the N180 treatment increased by 115.34%,
52.00%, 23.03%, and 14.40%, respectively. The results indicated that the N180 treatment
significantly increased the dry matter translocation amount and post-anthesis dry matter
accumulation, laying a foundation for improving maize yield.
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Figure 4. Effect of N rate on post-anthesis dry matter translocation amount from various organs of
spring maize. Note: Different lowercase letters indicate that the differences between the various N
rates are statistically significant at the 0.05 level.

3.6. Dry Matter Distribution in Various Organs at Maturity

The N rate significantly affects the dry matter partitioning at the maturity stage of
spring maize (Figure 5). Across three growing seasons, the distribution ratio of dry matter
among various organs at maturity follows the order: grain > stalk > leaf > cob, bract,
and tassel. At maturity, the accumulation of dry matter in grains initially increases and
then decreases with the increase in N rate, with the N180 treatment showing the highest
accumulation. Compared to the NO, N90, N135, and N225 treatments, the grain dry matter
of the N180 treatment increased by 51.41%, 27.07%, 13.48%, and 5.21%, respectively. The
dry matter in stems, leaves, cob, bract, and tassel gradually increased with the increase in
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N rate for all treatments. This indicates that the N180 treatment effectively enhances the
partitioning of dry matter to grains at the maturity stage of maize.
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Figure 5. Effect of N rate on dry matter distribution in various organs at maturity of spring maize.
Note: Different lowercase letters indicate that the differences between the various N rates are
statistically significant at the 0.05 level.

3.7. Spad Value of Ear Leaf

The N rate significantly affected the SPAD values of maize after anthesis (Figure 6).
Over the three growing seasons, as the growth process progressed after anthesis, the SPAD
values of each treatment gradually decreased. At 0, 12, 24, 36, and 48 days after anthesis,
the SPAD values were in the order of N180, N225 > N135 > N90 > NO, with no significant
difference between the N180 and N225 treatments.

2022 2023 2024
80 80 80

—=—NO

—8—N90

a
50
"
40
30
2() 1 1 1 1 1 20 1 1 1 1 1 20 1 1 1 1 1
0 12 24 36 48 0 12 24 36 48 0 12 24 36 48
Days after anthesis (d) Days after anthesis (d) Days after anthesis (d)

Figure 6. Effect of N rate on post-anthesis SPAD value of ear leaf. Note: Different lowercase letters
indicate that the differences between the various N rates are statistically significant at the 0.05 level.

3.8. Chlorophyll Fluorescence Parameters

Over three growing seasons, with the increase in days after anthesis, F,/Fy,, @pgir,
and gP of the ear leaf exhibited a continuous downward trend (Figure 7). As the N rate
increased, Fy/Fy;, @psy, and gP gradually increased, and remained at higher levels in the
N180 and N225 treatments. Compared with the NO, N90, and N135 treatments, F,/F,
increased by 5.51-20.35%, @pg;y increased by 6.86-23.69%, and gP increased by 6.72-22.14%
in the N180 treatment. This indicates that the N180 treatment is beneficial for delaying the
decline of PSII function in the ear leaf, maintaining higher photochemical efficiency and
electron transfer capacity, and thus providing a more durable photosynthetic physiological
basis for grain-filling. However, further increasing nitrogen application to N225 did not
further enhance this effect.
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Figure 7. Effect of N rate on post-anthesis chlorophyll fluorescence parameters of ear leaf Note:
Different lowercase letters indicate that the differences between the various N rates are statistically
significant at the 0.05 level.

3.9. Activities of Rubpcase and Pepcase

Over the three growing seasons, the activities of RuBPCase and PEPCase gradually
decreased as the number of days after anthesis increased (Figure 8). At 0, 12, 24, 36, and
48 days after anthesis, the activities of RuBPCase and PEPCase were highest in the N180
treatment. Compared to the NO, N90, and N135 treatments, the activities of RuBPCase
and PEPCase in the N180 treatment increased by 40.46%, 21.92%, 10.93%, and 32.18%,
16.46%, 8.17%, respectively. There was no significant difference between the N180 and
N225 treatments.

https://doi.org/10.3390/agronomy16111073


https://doi.org/10.3390/agronomy16111073

Agronomy 2026, 16, 1073

12 of 17

=)

RuBPCase (umol ml™! min™")
o<]

wn [=N)
(=] (=}

PEPCase (umol ml™! min™")
S
=]

20

2022

2023 2024

—=—N0

1 1 20 1 1 1 1 1 20 1 1 1 1 1

0 12 24

36 48 0 12 24 36 48 0 12 24 36 48

Days after anthesis (d) Days after anthesis (d) Days after anthesis (d)

Figure 8. Effect of N rate on post-anthesis activities of RuBPCase and PEPCase in ear leaf. Note:
Different lowercase letters indicate that the differences between the various N rates are statistically
significant at the 0.05 level.

4. Discussion
4.1. Effects of N Rates on Photosynthetic Activity of Spring Maize

Photosynthesis is the basis of maize yield formation and dry matter production [21].
Relative chlorophyll content (SPAD) reflects leaf chlorophyll status and is widely used as
an indicator of the physiological status of photosynthetic tissues [22]. In the present study,
the SPAD value of the ear leaf increased with increasingN rate after anthesis. SPAD values
under N180 and N225 were significantly higher than those under the low-nitrogen treat-
ments (NO, N90, and N135), which is consistent with previous findings [23]. Nitrogen is an
essential component of chlorophyll and photosynthetic proteins, and its supply therefore
affects the physiological activity of PSII and related physiological characteristics [6]. Liu
et al. (2018) [24] reported that, under a N rate of 185 kg ha~!, F,/F,, was 4-13%, 3-7%,
and 4% higher, and ®pg;; was 7-21%, 10-15%, and 5-7% higher, respectively, than underN
rates of 0, 129, and 300 kg ha~!. In this study, the trends in F,/F;;, ®pgsjy, and gP of the
ear leaf after anthesis were generally consistent with the trend observed for SPAD as N
rate varied; N180 and N225 maintained relatively high levels with no significant difference
between them. This indicates that N180 can fully meet the nitrogen requirements for
chlorophyll synthesis and photosynthetic protein assembly, likely promoting the allocation
of nitrogen in the ear leaf to thylakoids and components related to electron transport,
which helps maintain the ear leaf’s light energy capture and electron transport capabili-
ties [25]. However, although N225 also maintained relatively high SPAD and chlorophyll
fluorescence values, it did not further improve these parameters compared with N180.
This suggests that the promoting effect of nitrogen on photosynthesis-related traits may
reach a plateau once the nitrogen supply is sufficient to meet the demands of chlorophyll
synthesis and photosynthetic protein assembly. In addition, it has been suggested that
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excessive nitrogen may promote the accumulation of reactive oxygen species and aggravate
membrane lipid peroxidation, thereby restricting further improvements in PSII activity
and electron transport efficiency [26]. Previous studies have shown that nitrogen supply
levels have a dual effect on photosynthetic carbon fixation. On the one hand, sufficient
nitrogen provides the raw materials for the synthesis of RuBPCase and PEPCase; on the
other hand, excessive nitrogen disrupts the carbon-nitrogen metabolic balance, reducing
the proportion of nitrogen allocated to photosynthetic enzyme components and thereby
limiting further increases in their activity. Therefore, an appropriate N rate can ensure
an adequate nitrogen supply while avoiding negative effects, thereby facilitating the full
expression of photosynthetic enzyme activity [27]. This study confirmed that as the N
rate increased, the RuBPCase and PEPCase activities in the ear leaf significantly increased;
however, no further significant increase was observed beyond N180, indicating that the
carbon fixation process had reached equilibrium with nitrogen supply at this application
rate. In summary, under the conditions of this study, the N180 treatment maintained
post-anthesis chlorophyll status and supported higher PSII photochemical efficiency and
key carboxylase activities in the ear leaf, which was conducive to sustaining assimilate
supply capacity during grain-filling [28].

4.2. Dry Matter Accumulation and Transport in Spring Maize in Response to N Rates

N rate significantly affects plant dry matter accumulation and translocation. Coordi-
nating post-anthesis dry matter accumulation with pre-anthesis dry matter translocation
is a fundamental approach to achieving high yield [29]. Maintaining a high level of post-
anthesis dry matter accumulation is a prerequisite for grain-filling [30]. Lu et al. (2024) [31]
noted that the accumulation of dry matter in the aboveground parts of maize first increased
and then decreased as the N rate increased, reaching a maximum at a N rate of 180 kg ha~1,
which was 28.4% and 14.2% higher than that under N rates of 0 and 270 kg ha~!, re-
spectively. Zhai et al. (2022) [32] found that, within the N rate range of 0-360 kg ha~!,
post-anthesis dry matter accumulation increased as the N rate increased, but tended to
stabilize beyond this range. In this study, post-anthesis dry matter accumulation gradually
increased as the N rate increased, but no significant difference was observed between the
N180 and N225 treatments. This indicates that a N rate of 180 kg ha~! can meet the re-
quirement for post-anthesis dry matter production while avoiding excessive nitrogen input.
Although the contribution of dry matter translocation to grain yield is only 16-22%, it is
preferentially mobilized and utilized during grain-filling, playing a crucial role in enhanc-
ing grain sink activity and promoting grain-filling [30]. Studies have shown that total dry
matter translocation was highest under a N rate of 180 kg ha~!, increasing by 23.2-105.2%
compared with treatments with N rates of 0, 120, 300, and 360 kg ha~!, but there was no
significant difference compared with the treatment at a N rate of 240 kg ha~! [33]. This
study found that the amount of dry matter translocated first increased and then decreased
as the N rate increased, reaching a maximum at N180. This may be because an appropriate
N rate synergistically enhances source growth and sink capacity, enabling strong grain
sink demand in the late stage of grain-filling to drive the efficient translocation of stored
substances from stems and leaves to the grains [34]. Although the post-anthesis dry matter
accumulation at N225 was comparable to that at N180, the amount of dry matter translo-
cated significantly decreased, indicating that more dry matter was retained in vegetative
organs such as stems and leaves (Figure 4), thereby limiting the reutilization of stored dry
matter from these organs. This may be because excessive nitrogen application promotes
the vegetative growth of maize and delays leaf senescence, leading to an imbalance in
the source-sink relationship, where more assimilates are used to maintain the growth of
vegetative organs rather than being allocated to the grains [35]. In addition, it has been
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reported that excessive nitrogen application can significantly enrich specific soil microbial
taxa (such as Lechevalieria and Botryotrichum), which may indirectly promote excessive
vegetative growth and thereby inhibit dry matter redistribution to the grains [33].

4.3. Grain-Filling Characteristics and Yield Formation of Spring Maize as Affected by N Rate

N rate directly affects maize grain yield by influencing the number of grains per ear
and the 100-grain weight. Therefore, coordinating the relationship between these two
components is crucial for realizing the yield potential of maize. Previous studies have
shown that the relationship between maize yield and N rate is not simply linear [24].
Under suitable irrigation conditions, when the N rate is within the range of 0-186 kg ha—1,
maize yield increases as the N rate increases; however, beyond this range, yield no longer
increases and may even decrease [36]. In this study, the N180 treatment had the highest
yield. In terms of yield components, the number of grains per ear increased as the N
rate increased. However, when the N rate increased from 180 kg ha~! to 225 kg ha 1,
the increase in the number of grains per ear became negligible. However, the 100grain
weight reached its peak at a N rate of 180 kg ha~! and decreased when the N rate increased
to 225 kg ha~!. This indicates that at higher nitrogen application levels, grain weight
becomes a key factor restricting further yield improvement [37]. The difference in grain
weight is closely related to the grain-filling process. Adequate nitrogen fertilizer supply is
beneficial for improving the grain-filling rate, prolonging the active grain-filling period,
and thereby increasing grain weight [16]. Studies have shown that when the N rate
is 300 kg ha~!, the average grain-filling rate increases by 13.15-13.88% compared with
150 kg ha~!, and the active grain-filling period increases by 6.44-13.82% [38]. This study
found, through logistic equation fitting, that the N180 treatment had higher maximum and
average grain-filling rates and a prolonged active grain-filling period, indicating that this
treatment is beneficial for the formation of a high-intensity and long-lasting grain-filling
process, thereby supporting higher grain weight. In contrast, the grain-filling rate and
active grain-filling period under the N225 treatment decreased compared with those under
N180, indicating that continued nitrogen fertilizer application not only failed to maintain
the grain-filling advantage but also inhibited dry matter accumulation in the grains. This
may be related to the coordination mechanism between leaf senescence and grain-filling.
Studies have shown that increasing nitrogen fertilizer application can delay senescence
of the ear leaf. However, when the N rate (274.5 or 343.5 kg ha~!) exceeds the optimal
N rate (205.5 kg ha~!), the grain-filling rate and maximum grain weight do not increase,
but instead decrease. This is because moderate nitrogen application can better match
the onset of leaf senescence with the peak period of grain-filling, thereby optimizing the
supply of assimilates. In contrast, excessive nitrogen application may delay senescence
of the ear leaf too much, leading to a mismatch between the functional period of the ear
leaf and the peak period of grain-filling, thereby reducing grain-filling efficiency [39]. In
addition, the higher grain-filling rate and yield are closely associated with plant dry matter
accumulation and assimilate transport after anthesis [40]. In this study, the appropriate N
rate (N180) significantly improved the photosynthetic performance of leaves after anthesis,
ensuring the accumulation of “source” photosynthetic products and their transport to the
grains, and thereby providing a sufficient assimilate supply for grain-filling. Our previous
research also showed that appropriate nitrogen application can optimize the balance of
endogenous hormones in grains and increase the activity of key enzymes involved in
starch synthesis, thereby enhancing grain storage capacity and transformation ability [41].
This is beneficial for maintaining a higher grain-filling rate and prolonging grain-filling
duration, which further explains why the N180 treatment showed greater grain-filling
advantages and higher grain weight. Excessive nitrogen application (N225) can lead
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to the retention of assimilates in vegetative organs, reducing their redistribution to the
grains. On the other hand, excessive nitrogen fertilizer application may cause soil mineral
nitrogen accumulation, inhibit root growth and physiological activity, and reduce post-
anthesis nitrogen absorption and transport capacity [42], ultimately weakening grain-filling
strength, shortening the effective grain-filling period, and leading to decreases in grain
weight and yield.

5. Conclusions

In this study, conducted in the black soil region of Northeast China using the maize
cultivar ‘Fumin 985’ at a planting density of 60,000 plants ha~!, the N180 treatment signif-
icantly enhanced the chlorophyll content, photochemical efficiency, and activities of key
carboxylases (RuBPCase and PEPCase) in the ear leaf after anthesis, thereby strengthening
the photosynthetic physiological activity of the “source”. While maintaining a high level of
post-anthesis dry matter accumulation, this treatment significantly promoted the translo-
cation of pre-anthesis stored dry matter from vegetative organs to the grains, increasing
the proportion of dry matter allocated to the grains at maturity. Furthermore, N180 signifi-
cantly improved the 100-grain weight by increasing the grain-filling rate and extending
the grain-filling period while stabilizing the number of grains per ear, ultimately achieving
the highest yield. In summary, under the conditions of this experiment, N180 coordinately
optimized the carbon assimilation activity of the “source”, the transport efficiency of the
“flux”, and the grain-filling intensity of the “sink”, thereby achieving a balance among
source, sink, and flux. This provides a physiological basis for high-yield cultivation and
rational nitrogen fertilizer application in spring maize in this region. Under the specific
soil and climatic conditions of this study, the regulatory effect of optimized N rate on
source-sink-flux coordination in maize and its mechanism for high yield and high efficiency
were clarified; further studies are still needed across different ecological conditions and
cultivar types.
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