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Abstract: Dry matter (DM) and nitrogen (N) transport from nutritive organs to the grain is critical
for cereal crop yield and protein content. There is limited research on the effects of slow-release
or controlled-release fertilizers on dry matter and nitrogen partitioning in the nutrient organs of
spring corn. A field trial was conducted in the National Corn Industry Technology System Xinzhou
Comprehensive Experiment Station, China. The effects of different fertilizer management on yield,
photosynthetic capacity, and nutrient partitioning of spring maize were studied. We modeled local
farmers’ planting and management practices (T3). Based on T3, we added a slow-release compound
fertilizer (T2), which does not require a follow-up fertilizer, and a controlled-release formulated
fertilizer (T1), which is highly efficient and has low carbon emissions. The net photosynthetic rate
(Pn), transpiration rate (E), stomatal conductance (Gs), and intercellular CO2 concentration (Ci) were
23%, 18.5%, 18%, 10.5% and 19%, 10.9%, 7%, and 5.5% higher in T1 compared to those of T3 and T2,
respectively, at the ripening stage. The contribution of post-flowering DM transport to the kernel of T1
was 46% and 41.4% higher than that of T3 and T2, respectively. The nitrogen content of the kernel of
T1 was 35.2% and 18.5% higher than that of T3 and T2, respectively. After a comprehensive analysis,
T1 prolonged the photosynthetic effect through adequate nitrogen supply, provided nutrients to the
kernel, promoted maize nitrogen uptake and utilization, and ultimately improved yield.

Keywords: fate and transport; grain; maize; nitrogen; nutrients; soil fertility and productivity

1. Introduction

Dry farming areas account for about 50 percent of the total arable land in China.
Dry-crop agricultural areas have a large potential for yield increase and are important
production areas in China to address food security in the city [1]. Maize is the number one
food crop in the country and the third largest in the world [2]. In terms of the human diet,
maize provides food calories to more than 4.5 billion people globally, a figure that accounts
for at least 30 percent of the overall food calories in these regions. Especially in developing
countries, maize, as one of the main dietary sources, is crucial for the livelihood and dietary
structure of the population [3].

Ordinary fertilizers need to be followed up in field use, which can increase labor
inputs [4]. Therefore, there is a need for simple and efficient nitrogen fertilizer management.
Slow-release and controlled-release fertilizers are long-lasting and can save labor costs [5].
It has been shown that the use of slow- or controlled-release nitrogen fertilizers can reduce
NH4

+ concentrations in surface water and soil solution [6], which may lead to reduced
ammonia volatilization losses [7,8]. Research has indicated that the utilization of slow-
release fertilizers and urea in a higher proportion within the fertilizer combination than
regular urea can considerably enhance the effectiveness of nitrogen use in maize, resulting
in consistent increases in yield [9]. The mixture of the two controlled-release fertilizers
with urea significantly promoted the conversion of soil nitrogen into maize kernels and
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consequently increased crop yields compared to ordinary urea [10]. Controlled-release
fertilizers have a fixed fertilizer release curve and release cycle, which is often required to
be synchronized with the crop nutrient uptake curve and adjustment, which effectively
improves the nutrient utilization of the season, while slow-release fertilizers are different
from controlled-release fertilizers in that they cannot be adjusted according to the pattern
of controlling the release curve of nutrients [11]. Thus, soil nutrients are transformed and
taken up differently by plants based on the type of fertilizer used. Additionally, nitrogen
greatly impacts a plant’s photosynthetic capacity.

Meanwhile, the quality of maize kernels is strongly connected to their nitrogen and
protein content [12]. Plants take nitrogen from the soil and redistribute N during repro-
ductive phases, determining the nitrogen content of the grain. To achieve the criteria of
high grain production and quality, it is vital to understand DM and N accumulation, varia-
tion, and redistribution processes. Prior work has primarily concentrated on N dispersion
and redistribution after the VT stage [13,14]. At different fertilizer rates, previous studies
have found that the seeds absorb large amounts of DM and N from nutrient organs when
N usability is low [15]. Grain DM may arise either from assimilation that is currently
going straight to the seed or from allocation of domestication that was for a short-term
held in vegetative organs through pre-silking photosynthesis [16]. However, the relative
contribution of photosynthesis and redistribution of DM to the grain depends on soil N
availability [17]. Although extra N redistribution needs to occur to sustain grain growth,
it might be accompanied by higher leaf N content, which accelerates leaf senescence and
results in lesser green area and canopy photosynthesis [18]. Therefore, the accumulation of
plant nutrients and the yield of maize are closely tied to the amount of nitrogen in the soil.

It has been found that the relative contribution of photosynthesis and redistribution
to the seed may differ between maize genotypes, with older varieties having less DM
accumulation and more redistribution of DM from the nutrient organs to the grain [19,20].
In terms of fertilizer application, studies have shown that seeds with high nitrogen levels
have less uptake of nitrogen nutrients from the nutrient organs, reducing leaf nitrogen loss
and preventing senescence [15]. Then, the contribution of dry matter, nitrogen translocation,
and nutrient partitioning from nutrient organs to seed grain yield of different fertilizer types
at consistent fertilizer application rates is not clear. There were three main objectives for this
study: (i) evaluate the effect of fertilizer treatments on yield in spring maize, (ii) take a quiz
on the differences in photosynthetic traits among different treatments, and (iii) quantify the
contribution of dry matter, nitrogen accumulation, and translocation to the grain, as well as
the proportion of nutrient partitioning from nutrient organs to the seed.

2. Materials and Methods
2.1. Experimental Site

This study was conducted at the experimental base of the National Corn Industry Tech-
nology System Xinzhou Comprehensive Experiment Station, China. (38◦24′ N 112◦43′ E).
The area has a temperate continental monsoon climate, with an average daily temperature
of 22.1 ◦C and a total rainfall of 376.1 mm (reproductive period). Moisture was insufficient
from 19 May to 9 June. Subsequent rainfall met crop needs. The meteorological data for the
maize growing seasons (sowing to harvesting) during the experiment are shown in Figure 1.
The soil texture was sandy loam, and the analytical methods used for each indicator are
listed below: organic matter was determined using the potassium dichromate-sulfuric
acid solution method; total nitrogen was determined by the Kjeldahl digestion method;
available phosphorus was determined using the molybdenum blue method; and available
potassium was determined with the flame photometric method [21]. Basic soil fertility
(0–60 cm) is shown in Table 1.



Agronomy 2023, 13, 2999 3 of 13

Agronomy 2023, 13, x FOR PEER REVIEW 3 of 14 
 

 

molybdenum blue method; and available potassium was determined with the flame 

photometric method [21]. Basic soil fertility (0–60 cm) is shown in Table 1. 

 

Figure 1. Daily temperature and precipitation during the maize growing seasons of 2022. 

Table 1. Fertility status of the 0–60 cm soil base of the experimental field (sampled on 18 May 2022). 

Soil Layer 

(cm) 

Organic 

Matter 

(g kg−1) 

Total 

Nitrogen 

(g kg−1) 

Available 

Phosphorus 

(mg kg−1) 

Available 

Potassium 

(mg kg−1) 

0–20 14.04 1.03 13.3 154.53 

20–40 12.11 0.83 10.7 140.94 

40–60 8.53 0.62 8.48 106.15 

2.2. Experimental Design 

This experiment was conducted in 2022 with fertilizer type as the variable and 

sowing on the side of the membrane. To explore the effects of different fertilizers on the 

contribution of dry matter and nitrogen translocation to the kernel and photosynthetic 

characteristics, we modeled local farmers’ planting and management practices (T3). Based 

on T3, we added a slow-release compound fertilizer (T2), which does not require a follow-

up fertilizer, and a controlled-release formulated fertilizer (T1), which is highly efficient 

and has low carbon emissions. The amount and timing of the fertilizer application for each 

treatment are shown in Table 2. No plots without fertilizer were set up in this experiment. 

The standard fertilizer application rate was 472.5 kg ha−1. A randomized complete block 

design was utilized in the stations, consisting of three treatments, each with three 

replicates. The area of each fertilizer plot was 350 m2 (7 m in length × 50 m in width). All 

treatments (iso-row planting) were sown on the side of the membrane (50 cm spacing). 

The seeds were sown on 19 May and harvested on 28 September. 
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Table 1. Fertility status of the 0–60 cm soil base of the experimental field (sampled on 18 May 2022).

Soil Layer
(cm)

Organic
Matter

(g kg−1)

Total
Nitrogen
(g kg−1)

Available
Phosphorus
(mg kg−1)

Available
Potassium
(mg kg−1)

0–20 14.04 1.03 13.3 154.53
20–40 12.11 0.83 10.7 140.94
40–60 8.53 0.62 8.48 106.15

2.2. Experimental Design

This experiment was conducted in 2022 with fertilizer type as the variable and sowing
on the side of the membrane. To explore the effects of different fertilizers on the contribution
of dry matter and nitrogen translocation to the kernel and photosynthetic characteristics,
we modeled local farmers’ planting and management practices (T3). Based on T3, we added
a slow-release compound fertilizer (T2), which does not require a follow-up fertilizer, and a
controlled-release formulated fertilizer (T1), which is highly efficient and has low carbon
emissions. The amount and timing of the fertilizer application for each treatment are shown
in Table 2. No plots without fertilizer were set up in this experiment. The standard fertilizer
application rate was 472.5 kg ha−1. A randomized complete block design was utilized in
the stations, consisting of three treatments, each with three replicates. The area of each
fertilizer plot was 350 m2 (7 m in length × 50 m in width). All treatments (iso-row planting)
were sown on the side of the membrane (50 cm spacing). The seeds were sown on 19 May
and harvested on 28 September.

Table 2. Fertilizer type, timing, and amount of application.

Treatment
Name of
Fertilizer

The Periods and Rates of Fertilizer
Application (kg ha−1)

Fertilizer Manufacturer
Fertilizer Pre-Seeding At the Nine-Leaf

Stage (V9)

T1 28-15-8
(IKPS)

N 254 0
A kind of fertilizer developed by the School of

Resources and Environment of Southwest
University, which is highly efficient without

chasing fertilizers and low carbon emissions, not
currently marketed.

P2O5 139 0
K2O 74 0
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Table 2. Cont.

Treatment
Name of
Fertilizer

The Periods and Rates of Fertilizer
Application (kg ha−1)

Fertilizer Manufacturer
Fertilizer Pre-Seeding At the Nine-Leaf

Stage (V9)

T2 27-15-10
N 245 0 Zhongnong Shuntian Ecological Fertilizer Co.,

Ltd., Linyi City, Shandong Province, China.P2O5 136 0
K2O 91 0

T3 NPK

N 90 165
Urea, potassium sulfate: Zhongnong Shuntian

Ecological Fertilizer Co., Ltd., Shandong Province,
China; calcium superphosphate: Yuxi Chemical
Fertilizer Factory Co., Ltd., Yuxi City, Yunnan

Province, China.

P2O5 123 0
K2O 94 0

Note: T1: controlled-release formulas; T2: urea–formaldehyde compound; T3: combination of urea (46%), calcium
superphosphate (12%), and potassium sulfate (50%).

2.3. Sampling and Measurements
2.3.1. Dry Matter Accumulation and Nitrogen Use Efficiency Index

Plant samples were taken at the six-leaf (V6), twelve-leaf (V12), tasseling (VT), milky
(R3), and physiological maturity (R6) stages. Plant samples were separated into two parts
of stem and leaf or four parts of stem, leaf, grain, and axis. The samples were oven-dried
(80 ◦C) to a constant weight and weighed. Plant samples were dried and ground to a
powder after being air-dried and sieved through a 60-mesh sieve. Soil samples were air-
dried and sieved through a 60-mesh sieve. The samples were digested by H2SO4-H2O2
(8 mL of H2SO4 per sample with 3 mL of H2O2 every 20 min at 360 ◦C) until the solution was
clear (milky white soil sample solution). The solution was cooled and volume-determined
into a 50 mL volumetric flask, and the supernatant was taken for measurement of nitrogen
content using the Kjeldahl method [22]. Calculations were conducted for the nitrogen
utilization efficiency following these indices:

N use efficiency (NUE kg kg−1) = grain yield (kg ha−1)/N fertilizer application rate
(kg ha−1) [23];

N uptake efficiency (UPE%) = aboveground N accumulation at maturity (kg ha−1)/N
fertilizer application rate (kg ha−1) × 100 [24];

Pre-anthesis N remobilization amount (PNRA kg ha−1) = aboveground N accumula-
tion at tasseling stage (kg ha−1) − nitrogen accumulation in non-harvest organs at maturity
(kg ha−1) [25];

Pre-anthesis N remobilization efficiency (PNRE%) = nitrogen transport before anthesis
(kg ha−1)/aboveground N accumulation at tasseling stage (kg ha−1) ×100 [25];

Contribution rate of pre-anthesis N remobilized to grain N (CPNR%) = nitrogen transport
before anthesis (kg ha−1)/N accumulation in grains at maturity (kg ha−1)× 100 [25];

Post-anthesis N accumulation amount (PNAA kg ha−1) = aboveground N accumula-
tion at maturity (kg ha−1) − aboveground N accumulation at tasseling stage (kg ha−1) = N
accumulation in grains at maturity (kg ha−1)− nitrogen transport before anthesis (kg ha−1) [25];

Contribution rate of post-anthesis N accumulated to grain N (CPNA%) = nitrogen accu-
mulation after flowering (kg ha−1)/N accumulation in grains at maturity (kg ha−1)× 100 [25];

N harvest index (NHI) = N accumulation in grains at maturity (kg ha−1)/aboveground
N accumulation at maturity (kg ha−1) [25];

N content of grain (kg ha−1) = grain yield × grain nitrogen concentration [24];
Soil N content (kg ha−1) = soil total N concentration × soil bulk density × soil

volume [25].
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2.3.2. Contribution of Dry Matter and Nitrogen Translocation to Grain, Dry Matter, and
Nitrogen Partitioning

Post-anthesis dry matter accumulation amount (kg ha−1) = physiological maturity
stage dry matter accumulation amount (kg ha−1)− tasseling stage dry matter accumulation
amount (kg ha−1) [26];

Dry matter transfer amount (kg ha−1) = tasseling stage dry matter accumulation
amount (kg ha−1) − physiological maturity stage dry matter accumulation amount in
nutrient organs (kg ha−1) [26];

Dry matter transfer rate (%) = dry matter transfer amount/tasseling stage dry matter
accumulation amount × 100 [26];

Dry matter partitioning (%) = dry matter of specific vegetative organ/whole-plant dry
matter × 100% [15];

N partitioning (%) = N of specific vegetative organ/whole-plant N × 100% [15].
DM partitioning and N partitioning were defined as the fractions of DM or N of each

organ to whole-plant DM or N, where the specific vegetative organs represent the leaf,
stem, tassel, and grain, respectively.

2.3.3. Leaf Area Index (LAI)

Three plants with similar growth were selected from each plot at the six-leaf stage (V6),
twelve-leaf stage (V12), tasseling stage (VT), milk stage (R3), and physiological maturity
stage (R6). The length and width of each maize plant’s leaves that were green were
measured, and the leaf area index was computed:

Single leaf area = length × width × 0.75 [27].
Leaf area index (LAI) = (leaf area per plant× number of plants per unit land area)/unit

land area [27].

2.3.4. SPAD Value

At the V12, VT, R3, and R6 growth stages, we selected 10 plants in each plot and
measured SPAD values using a SPAD-502 Plus (Konica Minolta Investments Ltd., Tokyo,
Japan) meter. The average values were then obtained.

2.3.5. Photosynthetic Characteristics

Photosynthesis measures, including the rate of photosynthesis (Pn), water loss (E),
the force by which plants release water vapor (Gs), and internal CO2 concentration (Ci),
were recorded using a CI-340 (En Edison Eco-Scientific Instruments, Inc., Ames, IA, USA)
photosynthesizer during the milky ripening (R3) and ripening (R6) stages. The middle
portion of the leaves of the spike was measured between 10 a.m. and 12 p.m. on a sunny
day. Five plants were selected from each plot.

2.3.6. Yield

The total number of plants in the population, the number of double spikes, and lodging
plants at the maturity stage were recorded. In each plot, 20 ears were randomly harvested
from the middle double rows, dried naturally, and tested indoors. The number of rows, the
number of grains in the rows, and a thousand kernel weights were assessed, and spring
maize yield was calculated at 14% moisture:

Yield (kg) = number of ears per unit area× kernel number per×weight of 1000 kernels
(g)/1000/1000 × (1 − grain water content (%))/(1–14%) [27].

2.3.7. Statistical Analysis

The treatments were analyzed using ANOVA, with the aid of SPSS 20.0 software (SPSS
Inc., Chicago, IL, USA). Significant values were determined as p ≤ 0.05. SigmaPlot 14.0
(Systat Software, Inc., Jose, CA, USA) was utilized to create the graphs.



Agronomy 2023, 13, 2999 6 of 13

3. Results
3.1. Yield of Spring Maize

T1 had the greatest yield among the three treatments. Its yield and weight of 1000 ker-
nels were higher than T3′s by 4.8% and 7.1%, respectively. Compared to those of T2, there
were increases of 3.2% and 4.8%, respectively. The yield difference between T2 and T3 was
insignificant (Table 3).

Table 3. Effects of fertilizer type on yield and yield components of spring maize.

Treatment
Ears Kernels TKW Grain Yield

(ears ha−1) per Ear (g) (kg ha−1)

T1 79,902.35 a 598 a 385.13 a 13,386.3 a
T2 79,047.85 b 580.67 b 381.38 a 12,936.45 b
T3 75,979.9 c 577.33 b 368.29 b 12,722.7 b

Note: T1: controlled-release formulas; T2: urea–formaldehyde compound; T3: combination of urea (46%), calcium
superphosphate (12%), and potassium sulfate (50%). Different letters indicate that the difference reached a
significant level (p < 0.05).

3.2. Leaf Area Index and SPAD Value

During the V6–R6 stage, it was observed that T1 gave a higher leaf area index than the
other treatments did. The increase was significant, with a rise of 23%, 14.2%, 11.2%, 24%,
and 30% compared to that of T3. Similarly, compared to that of T2, the increase was 15.1%,
9.2%, 6%, 19.4%, and 19.6%.

Additionally, the SPAD values of the treatments reached their highest point during
the VT stage. For V12–R6 and T1, the SPAD values were 19.7%, 15.3%, and 25.7% higher
than those of T3 and 13.9%, 9.1%, and 14% higher than those of T2, respectively (Figure 2).
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Figure 2. Effect of fertilizer type on leaf area index and SPAD value. (A) Leaf area index (LAI) under
fertilizer treatments. (B) SPAD value under fertilizer treatments. T1: controlled-release formulas; T2:
urea–formaldehyde compound; T3: combination of urea (46%), calcium superphosphate (12%), and
potassium sulfate (50%). Different letters in each column indicate significant differences at p < 0.05
(LSD).

3.3. Photosynthetic Characteristics

At the R3 and R6 stages, the net photosynthetic rate (Pn) of T1 was increased by 10.9%
and 19%, and 28.1% and 34.2% compared to that of T2 and T3 treatments. The transpiration
rate (E) and stomatal conductance (Gs) of T1 were higher than those of T2 and T3 by
5.5%, 7%, 13.9%, 22%, and 23%, 18.5%, 23%, and 20.6%, respectively. The intercellular
CO2 concentration (Ci) in T1 was 10.5%, 18%, 8.6%, and 4.4% higher than in T2 and T3
(Figure 3).
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Figure 3. Effect of fertilizer type on photosynthetic characteristics at spring maize growth stages (R3
and R6). (A) Net photosynthetic rate (Pn) under fertilizer treatments. (B) Stomatal conductance (Gs)
under fertilizer treatments. (C) Transpiration rate (E) under fertilizer treatments. (D) Intercellular CO2
concentration (Ci) under fertilizer treatments; T1: controlled-release formulas; T2: urea–formaldehyde
compound; T3: combination of urea (46%), calcium superphosphate (12%), and potassium sulfate
(50%). Different letters indicate that the difference reached a significant level (p < 0.05).

3.4. Dry Matter and N Content Accumulation

As can be seen in Table 4, post-anthesis DM accumulation and translocation of each
treatment showed that T1 > T2 > T3. The contribution of DM translocation to the seed in
T1 was significantly higher than those in T3 and T2, by 46% and 41.4%, respectively. The
rate of DM translocation’s donations to the grain of T2 was comparable to those of T3. The
nitrogen content of the grain of the T1 treatment differed significantly from that of the T3
and T2, with increases of 35.2% and 18.5%, respectively. The grain was more dependent on
nitrogen than on DM.

Table 4. Effect of fertilizer type on DM and N content accumulation in spring maize.

Indicators/Treatment T1 T2 T3

Dry matter accumulation after silking (kg ha−1) 15,323.18 a 13,752.45 b 13,593.15 c
Transfer amount of dry matter (kg ha−1) 2506.7 a 1613.25 b 1512.675 c

Transfer rate of dry matter (%) 22.49 a 15.41 b 14.59 b
Contribution to grain of dry matter transportation (%) 16 a 11 b 10.5 b

VT nitrogen accumulation (kg ha−1) 146.05 a 134.29 b 117.5 c
R6 nitrogen accumulation (kg ha−1) 230.85 a 187.69 b 163.72 c

Transfer amount of nitrogen (kg ha−1) 84.8 a 53.4 b 46.22 c
Nitrogen content of grain (kg ha−1) 153.81 a 129.77 b 113.68 c

Transfer amount of nitrogen/nitrogen content of grain (%) 55.1 a 41.1 b 40.7 b

Note: T1: controlled-release formulas; T2: urea–formaldehyde compound; T3: combination of urea (46%), calcium
superphosphate (12%), and potassium sulfate (50%). Different letters indicate that the difference reached a
significant level (p < 0.05).
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3.5. Nitrogen Transportation and Nitrogen Use Efficiency

The type of fertilizer applied had a considerable influence on nitrogen transport and
efficiency in spring maize (refer to Table 5). PNRA and PNAA in T1 increased by 9.6%,
11%, 3.9%, and 2.4%, respectively, compared to those of T3 and T2. UPE and NUE with the
T1 treatment improved by 49.4%, and 11.5%, respectively, compared to those of T3. PNRE,
CPNA, NHI, and nitrogen utilization of T2 did not reach a level of significant difference
compared with those of T3.

Table 5. Effect of fertilizer type on N translocation in spring maize plants.

Treatment PNRA PNRE (%) PNAA CPNA (%) NHI UPE NUE

T1 95.34 a 65.28 a 84.80 a 45.80 a 0.69 b 88.96 a 51.58 a
T2 85.35 b 63.55 a 53.40 b 38.55 b 0.73 ab 76.49 b 52.72 a
T3 77.17 c 65.68 a 46.23 c 38.39 b 0.75 a 59.51 c 46.25 b

Note: PNRA: pre-anthesis N remobilization amount (kg ha−1); PNRE: pre-anthesis N remobilization efficiency (%);
PNAA: post-anthesis N accumulation amount (kg ha−1); CPNA: contribution rate of post-anthesis N accumulated
to grain N (%); UPE: N uptake efficiency.; NUE: N use efficiency; NHI: N harvest index. T1: controlled-release
formulas; T2: urea–formaldehyde compound; T3: combination of urea (46%), calcium superphosphate (12%), and
potassium sulfate (50%). Different letters indicate that the difference reached a significant level (p < 0.05).

3.6. The Proportion of Dry Matter and Nitrogen in Plant Organs

At the R6 stage, more DM was allocated to the leaves and stems. Maize plants in T2
and T3 allocated less dry matter to the grain than in T1. The grain DM to total plant DM
ratio dropped from 0.51 in T1 and to 0.44 in T3. While the pattern of nitrogen distribution
was different, more N was in the grain. Among the three treatments, T1 had the highest
contribution of nitrogen translocation to the seeds (55.1%). In the nutrient organ nitrogen
allocation, the stem and leaf nitrogen percentage was higher in T1 than in T2 and T3. It
indicated that the T1 treatment prolonged photosynthesis (Figure 4).

Figure 4. Effect of fertilizer type on dry matter and nitrogen partitioning of plant organs. (A) The proportion
of DM in different plant organs to the total DM of the whole plant under different fertilizer treatments at the
R6 stages. (B): The proportion of N in different plant organs to the total N of the whole plant under different
fertilizer treatments at the R6 stages. T1: controlled-release formulas; T2: urea–formaldehyde compound;
T3: combination of urea (46%), calcium superphosphate (12%), and potassium sulfate (50%). Different
letters indicate significant (p < 0.05) differences between fertilizer treatments.

3.7. Soil Nitrogen Accumulation

Total nitrogen content decreased sequentially with increasing soil depth within 0–60 cm.
Total nitrogen in the 0 to 20 cm soil layer was 37.1% higher in the T1 treatment and 12.4%
higher in the T2 treatment compared with that of the T3 treatment. Total nitrogen in the
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20 to 40 cm soil layer was 39% higher in the T1 treatment and 11.3% higher in the T2
treatment compared to that of the T3 treatment (Figure 5).
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4. Discussion

Grain filling is closely linked to the formation of grains. Increasing the effective period
of grain filling and extending the green period of plant leaves are effective ways to increase
maize yields [28,29]. Chlorophyll and leaf area are important for photosynthesis in crops,
which has an important influence on the formation of crop yield [30,31]. Nitrogen has a
promoting effect on each link of photosynthesis, and reasonable nitrogen application can
improve Pn, chlorophyll content CO2 flux, etc. [32,33]; the effects of fertilizer treatments on
the photosynthetic characteristics of maize during the critical reproductive period were
as follows: Pn, Gs, Tr, leaf area, and SPAD value size law: T1 > T2 > T3, the same as the
change rule of soil nutrient content (Figures 2, 3 and 5). The same indicates that the effect
of different fertilizer types on soil nutrient content changes determined the differences in
maize photosynthetic characteristics. This is consistent with the study of Zhang et al. [34].
Compared with that of T2, the nutrient release curve of T1 matched crop demand, which
could extend the green period of leaves to meet the nitrogen demand of grain filling and
thus increase yield.

The accumulation of dry matter (DM) after the vegetative stage is critical for achieving
a high yield of maize kernels, as most of the kernel DM is derived from photosynthetic
products produced during the post-vegetative stage [35,36]. In the present study, the
contribution of T1 dry matter translocation to the seeds was higher than that of T2 and T3,
which may be attributed to the fact that the accumulated post-silking DM produced by
canopy photosynthesis provided sufficient assimilates for kernel DM [37]. The grain was
more dependent on nitrogen than on DM. The characteristics of the contribution of nitrogen
transport to the seed grain of each treatment showed that T1 > T2 > T3. In the R6 stage, seed
nitrogen is redistributed from the edible organs, and this reliance on nitrogen redistribution
increases with lower fertilizer nitrogen efficacy (Table 4, Figure 4). Adequate soil nitrogen
efficacy is crucial to achieving greater DM and N accumulation and high yields in maize.
Due to the volatility and low fertilizer efficacy of urea, soil nitrogen levels were lower
with T3 compared to those with T1 and T2. The soil experienced nutrient deficiencies that
led to increased absorption of grain nitrogen from the nutrient organs (Figure 5). When
there is enough nitrogen, plants can enhance their ability to photosynthesize and absorb
nitrogen by delaying the aging of their leaves, increasing the size of their leaves, and
extending the duration of photosynthesis [38,39]. Controlled-release fertilizers decrease
nutrient uptake by maize kernels into nutrient organs by meeting the crop’s needs. The
leaves and stems are the main organs responsible for redistributing DM or N to the grain
when there is insufficient cumulative accumulation after VT [20,40]. In the R6 stage, dry
matter accumulation and dry matter translocation of T1 had the highest contribution to
the seed grain (Table 4). Maize plants benefit from a prolonged period of photosynthesis
after silking because it promotes the uptake of nitrogen from the shoot to the root. This
increased nitrogen uptake leads to a longer duration of photosynthesis in the canopy and
ultimately results in a higher amount of grain DM [31,41].

Pre-flowering nitrogen retransfer efficiency, nitrogen uptake rate, and nitrogen utiliza-
tion rate of T1 were higher than those of T2 and T3. T1 had higher post-flowering nitrogen
uptake capacity based on higher pre-flowering nitrogen retransfer efficiency, and grain
nitrogen relied more on the post-flowering nitrogen supply (Table 5). It has been suggested
that an adequate nitrogen supply may regulate the expression of genes in the root system.
NRT1.1 induces nitrogen into the cytoplasm when there is sufficient nitrogen in the soil.
Calcium-induced calcium-sensing protein kinase phosphorylates transcription factor-like
NIN protein 7 (NLP7) [42]. Controlled-release fertilizer promotes root growth and nutrient
uptake by obtaining higher soil nitrogen regulating gene function, thus increasing nitrogen
use efficiency and reducing non-point source pollution [9]. This is consistent with the
results of this experiment. The T3 treatment encountered continuous rainfall after fertilizer
application and the rain accelerated the release of fertilizer nutrients (Figure 1). The prob-
lem of urea limitation leads to nitrogen loss and greenhouse gas emissions [43]. It has been
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found that UPE and NUE show a significant correlation [37,43]. T1 with higher UPE and
NUE can reduce soil nutrient loss, resulting in improved yield and eco-efficiency.

T1 has higher N availability, making it possible to absorb more N from the soil needed
for grain growth, thus reducing the export of nutrients from post-flowering leaves, delaying
leaf senescence, maintaining a higher photosynthetic rate, prolonging the photosynthetic
active period, and providing sufficient carbohydrates for seed filling.

In dryland agriculture, mulching combined with fertilizer management can improve
agricultural production. Plastic film side dressing technology can solve the problem of
plastic film blocks and bundling at “emergence” in spring maize production. Controlled-
release fertilizers enable the nutrients to be released gradually or in stages, which can be
optimized to align with the timing of nutrient needs during crop growth, saving labor costs.
Combining the two is an option with great potential to improve the sustainability of local
dryland farming systems.

Concerning film-side sowing, at present, we have done little in-depth research on
the physiological aspects, based only on the fact that it is easier to recycle and reduces
the amount of residual film compared to that of conventional mulch planting. In this
experiment, although the contributions of dry matter, nitrogen, and nutrient organs to
grain yield were quantified, the dynamic responses of dry matter and nitrogen vertical
redistribution within the maize canopy under different fertilizer treatment conditions were
not addressed.

5. Conclusions

Adequate soil nitrogen will reduce the redistribution of nitrogen from the nutrient
organs to the grain while ensuring the supply of nutrients to the seeds, which in turn
will improve nitrogen uptake and utilization, prolong the photosynthetic effect, and con-
sequently increase the yield. T1 could realize the balance between yield and nitrogen
utilization and improve agricultural efficiency. It provides a theoretical basis for sustainable
development of dryland agriculture.
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