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Abstract: The decrease of maize stalk quality is an important reason for stalk lodging during the
grain filling stage. In the present study, a maize cultivar was planted at densities of 7.5, 9.0, 10.5, 12.0,
and 13.5 × 104 plants ha−1 and subjected to nitrogen application rates of 0, 270, 360, and 450 kg ha−1

(denoted as N0, N270, N360, and N450). The stalk breaking force, mechanical strength, carbohydrate
content, and nitrogen content of basal internodes were determined to study the effects of nitrogen
application rate on the stalk lodging resistance of maize under different planting densities with
integrated watering and fertilization using drip irrigation. At densities of 7.5 to 10.5 × 104 plants
ha−1, the stalk breaking force, rind penetration strength (RPS), and crushing strength (CS) of the basal
internode decreased first and then increased with increasing nitrogen application rate, with the lowest
values obtained for the N270 treatment. Meanwhile, at planting densities of 12.0 × 104 plants ha−1

and above, the stalk breaking force, RPS, and CS increased with increasing nitrogen application rate.
The basal internode dry weight per unit length (DWUL) and total N content increased with increasing
nitrogen application rate. The breaking force was significantly positively correlated with the DWUL
and mechanical strength of the basal internode. The RPS showed a positive linear correlation with the
contents of cellulose, lignin, and total N of the third internode. Under the split application of water
and fertilizer, the maize stalk total dry matter and contents of cellulose, lignin, and total nitrogen
increased with increasing nitrogen fertilization rate during the grain filling stage at high planting
density, so the stalk lodging resistance improved.

Keywords: nitrogen fertilizer; planting density; drip irrigation; lodging resistance; stalk strength

1. Introduction

Maize lodging results in reduced yield [1,2], reduces the efficiency of mechanical harvesting,
and increases harvesting costs [3–5]. Lodging includes root lodging and stalk lodging, with the latter
causing higher loss of maize yield than the former [6]. Stalk lodging occurs most frequently at the
basal internodes above the soil surface during grain filling [7,8]. This is because during the filling stage
of maize, ear weight gradually increases, thus raising the maize plant’s center of gravity. At the same
time, carbohydrates in the stalk are transported to the grain, which reduces stalk quality and increases
the ease of stalk breakage. Under dense planting conditions, the radiation quantities are low in the
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lower part of the canopy and leaf aging accelerates [9], which causes stalk quality to decline and the
stalk lodging rate to increase in the filling stage [10]. Therefore, improving the stalk quality of maize in
the filling stage under dense planting conditions is an important measure that can be taken to improve
its lodging resistance.

Lodging resistance in maize has been related to some of its morphological characteristics,
such as plant height; diameter and length of the basal internode; rind thickness and unit length dry
weight of the basal section; stalk breaking strength and crushing strength; stalk diameter, weight,
and density; and rind penetrometer resistance [11–13]. Lodging resistance has also been related to
cell wall structural components such as lignin and cellulose [14,15]. The breaking force of maize
stalks can be used to determine the varieties with higher resistance to stalk breakage and a lower
risk of stalk lodging in the field [16]. The basal internodes of maize stalks play a vital role in lodging
resistance [17,18]. Measures of the mechanical strength of basal internodes, such as the rind penetration
strength (RPS), crushing strength (CS), and bending strength (BS), are important factors affecting the
stalk mechanical resistance [1] and have been shown to be significantly negatively correlated with the
rate of stalk lodging in the field [19,20]. Cellulose and lignin are the main components of cell walls
and play an important role in the mechanical strength of the stalk and accordingly in its ability to
resist stalk lodging, while soluble carbohydrate also has an important effect on the plumpness and
mechanical strength of stalks [21].

Stalk lodging resistance is affected by many factors, including genotype, environment,
and cultivation practices [17,22,23]. Previous studies were conducted at low and medium plant
density, while high plant density decreased the duration of internode thickening and dry matter
accumulation, which caused the diameter and dry weight per unit length to decline, resulting in
lodging [10]. N supply can significantly improve the stalk quality and decrease the risk of stalk
lodging [24]. However, high nitrogen (N) and phosphorus (P) content can increase the elongation rate
and length of the basal internode and significantly reduce the cellulose content of maize stalks [25,26],
thereby decreasing stalk strength and increasing the lodging rate. Meanwhile, it was found that
drip irrigation combined with reduced irrigation and slow-release N fertilizer effectively promoted
maize rooting and increased yield [27], while splitting N into three applications proved to be a better
strategy for all of the selected winter and summer cereals [28]. However, it was seldom mentioned
how nitrogen application affected stalk lodging resistance under the conditions of close planting and
multiple nitrogen fertilizer applications with irrigation.

The planting density and yield of maize are high in Northwest China; in this region, integrated
mulch drip irrigation and fertilization is one of the key technologies used to increase planting density
and yield. In recent research by our team [29], it was found that pure nitrogen application rates of
360 kg ha−1 of nitrogen at 12.0 plants m−2 obtained the highest grain yield (21.5–21.6 t ha−1) and
economic return (USD 3399.7–3440.3 ha−1) and a relatively high nitrogen partial factor productivity
(59.7–60.1 kg kg−1) and nitrogen agronomic efficiency (23.7–25.1 kg kg−1). However, it has not
yet been clarified how the nitrogen application and plant density affect stalk lodging resistance of
maize under the case of applying extreme doses of fertilization at extremely high sowing density.
Therefore, we hypothesized that nitrogen split application can improve the stalk lodging resistance of
maize planted at high density. To test this hypothesis, maize was planted under the split application
of the conditions of water and fertilizer at different planting densities and with different nitrogen
fertilizer treatments. The aim of this study was to explore the influences of nitrogen application rates
on stalk lodging resistance at various planting densities and then to explain the potential mechanism.
The differences in stalk mechanical strength and carbohydrate and N contents were determined for
different treatments in order to determine the effect of nitrogen application rate and planting density
on the lodging resistance of stalks. The results provide theoretical reference and a practical basis for
the high-density cultivation and lodging resistance of maize under mulch drip irrigation.
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2. Materials and Methods

2.1. Experimental Station

The experiment was conducted between 2017 and 2018 at the Experimental Demonstration
Base of the Xinjiang Qitai Farm (43◦50′ N, 89◦46′ E; altitude: 1020 m a.s.l.) of the Crop Science
Institute of the Chinese Academy of Agricultural Sciences. In this area, the rainfall is scarce, the soil
is barren, and the light resources are sufficient. Precipitation and air temperature were measured by
the Watch Dog Weather Station data loggers (Spectrum Technologies, Inc., Washington, DC, USA)
at the experiment site. Selected monthly weather conditions during the experiment and their historical
averages are shown in Table 1.

Table 1. Precipitation and air temperature during the 2017 and 2018 growing seasons.

Month
Precipitation

(mm)
Average Temperature

(◦C)
Maximum Temperature

(◦C)
Minimum Temperature

(◦C)

2017 2018 2007–2016
Average 2017 2018 2007–2016

Average 2017 2018 2007–2016
Average 2017 2018 2007–2016

Average

May 42.7 59.5 26.7 17.2 13.7 17.0 23.6 21.0 24.9 10.7 6.5 9.3
June 72.2 6.2 25.0 21.0 20.9 21.8 27.3 27.7 29.3 14.9 13.9 14.2
July 0.9 15.9 35.5 24.3 21.9 23.2 30.7 28.4 31.1 17.9 15.2 15.5

August 18.9 88.0 28.5 20.5 21.1 21.7 27.1 27.8 30.4 14.4 14.8 13.9
September 13.5 30.9 17.8 14.9 12.7 15.5 22.4 20.6 24.6 8.1 5.9 8.1

October 27.8 28.1 15.7 5.2 6.4 7.8 12.6 13.9 16.4 −0.7 0.5 1.9
Total/average 176.0 228.6 137.3 17.2 16.1 17.8 24.0 23.2 26.1 10.9 9.5 10.5

The two-year trial was conducted at two different experimental fields in the same area with the
same soil properties. The soil in the fields was sandy loam with 13.6% clay, 39.2% silt, and 47.2%
sand. The alkali-hydrolyzed nitrogen was tested by the alkaline hydrolysis diffusion method [30],
the available phosphorus in soils was tested by extraction with sodium bicarbonate [31], the available
potassium was assessed with a modified sodium tetraphenylboron method [32], the organic matter
content of the soil was determined by potassium dichromate volumetric method coupled with
an external heating method [33], and the soil pH was determined by a PHS-3E model pH meter
(Shanghai Instrument Science Instrument Co., Ltd., Shanghai, China). The determined soil nutrient
contents are shown in Table 2.

Table 2. Soil nutrient contents in the experimental field.

Year
Alkali-Hydrolyzed

Nitrogen
(mg kg−1)

Available
Phosphorus
(mg kg−1)

Available
Potassium
(mg kg−1)

Organic
Matter

(g kg−1)
pH

2017 81.5 65.9 147.3 14.3 8.0
2018 73.4 59.1 93.8 11.8 7.9

2.2. Experimental Design

The maize variety studied was Xianyu 335. A two-factor experimental design was used, and three
repetitions were performed. Three different planting densities were used in 2017, namely 7.5, 10.5,
and 13.5 × 104 plants ha−1, and some trends in these plant densities were found. Therefore, we reduced
the density gradient from 3.0 × 104 to 1.5 × 104 plants ha−1 in 2018. Five planting densities were used in
2018, namely 7.5, 9.0, 10.5, 12.0, and 13.5 × 104 plants ha−1. The planting density used by local farmers
was 9.0 × 104 plants ha−1, and the highest grain yields were obtained at 12.0 × 104 plants ha−1 [29].
In order to explore the trend of stalk lodging resistance of maize under the treatments of high nitrogen
application and high plant density, four nitrogen fertilization levels were set in both years, namely
no nitrogen fertilizer (N0) and 270, 360, and 450 kg ha−1 of pure nitrogen (N270, N360, and N450,
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respectively). N360 is the N application rate used by local farmers. Wide—narrow row planting
(70 cm + 40 cm) and integrated plastic-film mulch with surface drip irrigation and fertilization were
employed, and each nitrogen treatment was applied to separate plots with no interaction. A joint
planter was used to synchronize these procedures so that drip tape was followed by plastic film with
holes punched for seedling growth [34]. Seeds were planted along each row and covered with thin soil
(Figure 1a). The plastic film was transparent with a width of 70 cm and a thickness of 0.01 mm. The area
of each plot was 88 m2 (length: 10 m; width: 8.8 m), and each treatment included three replications.
Before sowing, 108 kg ha−1 P2O5 and 37.5 kg ha−1 K2O were applied in treatment N0, and 36 kg ha−1 N,
108 kg ha−1 P2O5, and 37.5 kg ha−1 K2O were applied in treatments N270, N360, and N450. In the latter
three treatments, the remainder of the nitrogen dressing was applied with equal ratio in the V9 (ninth
leaf), V12 (twelfth leaf), VT (tasseling), R2 (blister stage), and R3 (milk stage) stages by drip irrigation
(Figure 1d). The total irrigation amount was the optimal amount (540 mm), as determined in a previous
study on drip irrigation with plastic-film mulching systems in arid regions [34]. One day after sowing,
15 mm of water was applied to assure uniform, rapid germination (Figure 1a). To prevent late lodging
and to harden seedlings, no irrigation was applied from sowing to 60 days after sowing. Chemical
control (DA-6 Ethephon, China Agrotech, Shanxi, China) was applied at 600 mL ha−1 in the V8–V10
period of maize growth. The 2,4-D butyl ester emulsion was used to weed before the seedlings were
planted; phoxim granule was used to prevent and control corn borers, mancozeb wettable powders
was used to control leaf spot diseases; and pyridaben wettable powders were used to control corn
aphids, leafhopper and red spider. In addition, mechanical weeding was conducted three times in the
prophase of maize growth.
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Figure 1. Field image of seeding and nitrogen dressing method. Figure (a) showing the relative positions
of row spacing, drip tape, and plastic film. (b–d) are pictures of the field during the experiment.

2.3. Measurements and Methods

2.3.1. Stalk Breaking Force

Three maize plants were randomly selected from each plot at the filling stage (20 days after silking).
Then, using a YYD-1 stalk strength instrument (Zhejiang Top Instrument Co., Ltd., Hangzhou, China),
the stalk breaking force (SBF) was measured by pushing the plant over at the ear position. The thrust
direction was always perpendicular to the direction of the stalk during the measurement [16]. Before the
measurement, the root soil was solidified to avoid root lodging.

2.3.2. Mechanical Strength of Basal Internodes

The third, fourth, and fifth internodes were excised from the stalk of each plant in each treatment.
Rind penetration strength (RPS) of the basal third internode was determined with a stalk strength
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tester. The stalk strength test probe with a cross-sectional area of 1 mm2 was vertically applied to the
middle of the basal internode, and the value of RPS was displayed on the screen of this tester [17].
By using a stalk strength test probe with a cross-sectional area of 1 cm2, the crushing strength (CS) was
determined as the mechanical strength of the basal fourth internode. The bending strength (BS) of the
fifth internode was measured using a mechanical three-point bend test [19]. The above measurements
were carried out on the long axis of the fifth internode, and the test probe was moved downwards
slowly with a constant speed during the measurement [35].

2.3.3. Carbohydrate and Total Nitrogen Contents of Basal Internodes

The length of every internode was measured with a ruler, after which the internodes were dried
at 80 ◦C in a forced-draft convection oven to a constant weight and then weighed. Dry weight per cm
was calculated by dividing the dry weight of the internode by its length, using the following formula:
dry weight per unit length (DWUL, mg cm−1) = dry weight (g)/length (cm) × 1000.

The third internode samples of all treatments in 2018 were preserved. The dry internode samples
were crushed, and then the crushed samples of each treatment were screened over a 1 mm mesh
screen. The total nitrogen content was measured using a Hanon-K9840 Automatic Kellogg’s Nitrogen
Meter (Shandong Haineng Scientific Instrument Co., Ltd., Dezhou, China) [36], and the cellulose and
lignin contents were measured using a fiber system (A200i, ANKOM, Macedon, NY, USA) and a filter
bag as required by the manufacturer’s instructions [37]. The per-unit-length contents of structural
carbohydrate and total nitrogen in the basal internodes were calculated as follows: per-unit-length
content (structural carbohydrate or total nitrogen) (mg cm−1) = DWUL (mg cm −1) × content (cellulose,
lignin, or total nitrogen) percentage (%).

2.4. Data Analysis

Data analyses were conducted with SPSS 21.0 software (IBM Inc., Amonk, NY, USA). Statistical
analysis was preceded by tests for normality and homogeneity of variances. The variances of the
data were first calculated within years and then compared to assess the homogeneity of the variances.
Planting density, nitrogen application rate, and their interaction effect were tested using univariate
ANOVA. Planting density and nitrogen application rate were treated as fixed factors, and replication
was considered a random effect. Differences were judged by the least significant differences test using a
0.05 level of significance. Pearson’s correlations were calculated to determine the relationship between
the RPS and the cellulose, lignin, and total nitrogen contents of the third internode. Figures were
plotted using the SigmaPlot 14.0 software (Systat Software, Inc., San Jose, CA, USA).

3. Results

3.1. Stalk Breaking Force

There were significant differences in planting densities and nitrogen application rates between the
two years, and the interaction of density and nitrogen application rate reached a significant level in 2018.
With increasing planting density, the breaking force of maize stalks decreased (Figure 2). At planting
densities of 7.5 to 10.5 × 104 plants ha−1, with increasing nitrogen application rate, the breaking
force first decreased and then increased, with the lowest breaking force being observed for the N270
treatment. At planting densities of 12.0 to 13.5 × 104 plants ha−1, the breaking force gradually increased
with the amount of applied nitrogen. For treatment N0, the rate of decline in stalk breaking force with
increasing planting density is the fastest among the different nitrogen application treatments. The stalk
breaking force was lower in 2018 than in 2017 under the same fertilization treatment.

3.2. Stalk Mechanical Strength

Planting density and nitrogen application rate had significant effects on RPS, CS, and BS of
basal internodes, and the interaction of density and nitrogen application rate reached a significant
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level of influence on stalk mechanical strength. With increasing planting density, the RPS of the
third internode, the CS of the fourth internode, and the BS of the fifth internode decreased gradually
(Figure 3). At planting densities of 7.5 to 10.5 × 104 plants ha−1 in 2017, the RPS and CS of the
basal internode decreased first and then increased with increasing nitrogen application rate, with the
lowest values of RPS and CS being obtained for the N270 treatment. At planting densities of 12.0 to
13.5 × 104 plants ha−1, RPS and CS gradually increased with increasing nitrogen application rate.
At planting densities of 7.5 to 9.0 × 104 plants ha−1, RPS in 2018 and BS in both years decreased first
and then increased with increasing nitrogen application rate, with the lowest value being observed for
the N270 treatment. Meanwhile, at planting densities of 10.5 to 13.5 × 104 plants ha−1, BS increased
with increasing nitrogen application rate.

3.3. DWUL and Carbohydrate Content of Basal Internodes

Planting density and nitrogen application rate had effects on DWUL of the basal internodes in
two years, but interaction of density and nitrogen application rate did not significantly affect DWUL
of the basal internodes in 2018. With increasing planting density, the DWUL of the third, fourth,
and fifth internodes of the maize stalks gradually decreased (Figure 4). Under the same planting
density, the average DWUL increased with increasing nitrogen application rate. At planting densities
of 7.5 and 12.0 × 104 plants ha−1, the average DWUL did not differ significantly between nitrogen
treatments, while at the other planting densities there were significant differences in the average DWUL
between the four nitrogen application rates.

Planting density and nitrogen application rate had an effect on cellulose and lignin contents
of the third basal internode of maize, and the interaction of density and nitrogen application rate
had a significant effect the on contents of cellulose and lignin of the third basal internodes in both
years. At a planting density of 7.5 × 104 plants ha−1, the cellulose and lignin contents of the third
internode decreased first and then increased with increasing nitrogen application rate, with the lowest
contents being observed for the N270 treatment (Figure 5). Meanwhile, at planting densities of
9.0 to 13.5 × 104 plants ha−1, the cellulose and lignin contents increased with increasing nitrogen
application rate.

3.4. N Content of the Basal Internode

Planting density and nitrogen application rate had effects on the N content of the basal third
internode of maize, and interaction of density and nitrogen application rate reached a significant level
of influence on the N content of the basal third internode of maize. At the same planting density, the
total N content of the third internode increased with increasing nitrogen application rate (Figure 6).
For the N0 treatment, the N content showed a significant downward trend with increasing planting
density, while there was no significant difference in N content at different densities for the other
nitrogen treatments.

3.5. Related Analysis

Significant positive correlations were observed between the maize stalk breaking force and the
mechanical strength and DWUL of the basal internodes, while significant correlations were also observed
between the DWUL and the RPS, CS, and BS of the basal internodes (Table 3). Moreover, the RPS of
the third internode was positively linearly correlated with the per-unit-length cellulose content, lignin
content, and total N content (Figure 7).
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Table 3. Correlations between the stalk breaking force and the mechanical strength and dry weight per
unit length (DWUL) of the basal internodes.

Breaking Force DWUL RPS CS

DWUL 0.896 **
RPS 0.668 ** 0.713 **
CS 0.884 ** 0.899 ** 0.510 **
BS 0.851 ** 0.940 ** 0.864 ** 0.768 **

Note: ** indicates significant correlation at p < 0.01, n = 32. DWUL: dry weight per unit length; RPS: rind penetration
strength; CS: crushing strength; BS: bending strength.
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4. Discussion

High-density planting is the most commonly used way to realize high yield and increase
the efficiency of maize cultivation in Northwest China; however, the high risk of lodging under
dense planting is an important factor which limits the increase of planting density and yield.
Additionally, fertilizer is an important agricultural production substance and plays a very important
role in food security. The application of nitrogen fertilizer can extend the functional period of the lower
and middle leaves and improve the photosynthesis capacity of the maize population, especially for
single leaves in the middle and late growth stages, which is highly conducive to increasing yield [38,39].
Previous research has found that the rate of maize lodging is significantly negatively correlated with
stalk nitrogen content but is not strongly correlated with stalk phosphorus or potassium content [40].
In this study, SBF of maize was used as a comprehensive index to evaluate the stalk lodging resistance
under different nitrogen fertilization treatments. The results show that with increasing planting density,
the lodging resistance of maize stalks gradually decreased.

Previous studies reported that removal of ear at flowering increased the stalk quality [41];
thus, there was a competitive relationship between ear and stalk sinks [42]. At densities of 7.5 to
10.5 × 104 plants ha−1, the breaking force decreased first and then increased with increasing nitrogen
application, with the lowest breaking force being observed for the N270 treatment. This result may
be related to the distribution of nitrogen and carbohydrates in the plant. In the N0 (no nitrogen)
treatment, the stalk nitrogen content was the lowest among all the treatments, and the differentiation
of female ears was restricted, resulting in a smaller grain “sink” and the reduced transport of the
dry matter from stalks to the grain in the filling stage, which led to a higher lodging resistance.
However, in the N270 treatment, female ears developed normally, the total carbohydrate content in
the stalk did not increase significantly, and the increased N content in the stalk was not conducive
to cellulose and lignin synthesis, so the cellulose and lignin contents of stalks in the N270 treatment
are lowest at a planting density of 7.5 × 104 plants ha−1. At higher nitrogen application amounts
(treatments N360 and N450), the total carbohydrate content of stalks increased, which increased the
stalk plumpness, thus improving the stalk lodging resistance. Under the high-density conditions of
12.0 to 13.5 × 104 plants ha−1, the low total carbohydrate content of the stalks was the most important
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factor affecting the stalk mechanical strength. Increasing the nitrogen fertilization rate can prolong the
functional period of the lower and middle leaves [43,44] and increase the total carbohydrate content of
the stalks, thus enhancing the mechanical strength and lodging resistance of the stalks. Furthermore,
increasing the nitrogen application rate at the V12 stage can significantly improve maize lodging
resistance [45]. Liu et al. [46] showed that the flexural strength of maize stalks was negatively correlated
with the lodging rate and that the amount of nitrogen fertilizer application could improve the lodging
resistance or mechanical strength of the stalks. The results of the ANOVA analysis in this study show
that the interaction effect between nitrogen fertilization rate and planting density reached a significant
level for lodging indicators. Compared with the no-nitrogen treatment, the response of the maize stalks
to the change in planting density in nitrogen application treatments is slow, and the stalk resistance
is more sensitive to changes in planting density at higher nitrogen application rates; however, the
sensitivity is still lower than that in the no-nitrogen treatment.

Carbohydrates are the material basis of mechanical strength in maize stalks, and the cellulose
content per unit length of maize stalks explained 85% of the stalks’ flexural strength [47]. In the late
growth stage of maize, the dry matter content of stalks is directly related to the mechanical strength,
with greater accumulation of stalk dry matter and lignin tending to be observed in lodging-resistant
varieties [48]. In this study, the dry weight per unit length between the basal internodes in the maize
filling stage was found to be positively correlated with the stalk mechanical strength and stalk breaking
force. Cellulose, lignin, and total nitrogen contents were found to be positively correlated with
internode RPS, consistent with the results of Ma et al. [49] This shows that the DWUL and cellulose,
lignin, and total nitrogen contents of the basal internodes are the material basis of the stalk strength,
and the increase of these parameters in the stalk in the filling stage is an important measure that can be
taken to improve the lodging resistance.

The nitrogen application period has an important effect on the lodging resistance of maize stalks.
The maize basal internode first rapidly thickens and elongates, followed by the rapid accumulation of
dry matter, the rapid synthesis of structural components, and finally the increase of stalk strength [36].
At the V6 stage, the basal internodes grow from the bottom up, and a large amount of irrigation or
nitrogen fertilizer being applied during this period will cause a rapid elongation of the basal internodes
and material filling; consequently, stalk strength will not be increased in time, and the lodging resistance
will therefore be reduced [49]. Additionally, high nitrogen levels are not conducive to the synthesis
and accumulation of cellulose in maize stalks [26], and postponing nitrogen fertilization is therefore
an important measure that can be taken to improve lodging resistance. In the traditional flooding
irrigation mode in China, it is difficult to achieve nitrogen fertilizer topdressing in the late growth stage,
and farmers typically perform heavy fertilization and watering before the seeding and V6 stage and do
not fertilize during the filling stage. This heavy fertilization and watering during early growth stages
and light fertilization and watering during late growth stages leads to the overgrowth of maize in the
early growth stages and increases the risk of lodging in the late growth stage. Additionally, the fact
that stalk material is transported to the grain in the filling stage results in a decline of the stalk material
content. In China, integrated water–fertilizer technology is used to apply topdressing to maize in the
late growth stages, which ensures that adequate amounts of nitrogen are available in all growth stages,
thus improving the source–sink relationship of maize, preventing late-stage premature senescence
due to lack of nitrogen, and consequently increasing the yield significantly [50,51]. A reasonable
nitrogen application period can promote the growth of the maize stalk, significantly reduce the ratio of
the length to diameter of the basal internodes, and improve the stalk lodging resistance. Applying
fertilizer at the V6 stage results in a higher ratio of the internode length to diameter and should
therefore be avoided in summer maize culture [45]. The results of previous research suggest that split
nitrogen application with a small amount in seed manure or seeding fertilizer and at a high ratio in
V12 stage fertilizer is beneficial to the robust growth of maize stalks and ears, thus promoting grain
yield and stalk lodging resistance of the plant [45]. Therefore, by postponing nitrogen fertilization in
drip irrigation systems, an increase in the amount of nitrogen application is beneficial in increasing the
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cellulose, lignin, and total nitrogen contents between the basal internodes of the stalk during the filling
stage and thus improving the stalk strength and lodging resistance.

In this study, soil foundation fertility was poor in the test fields, and this resulted in the stalk
lodging resistance and grain yield increasing as different nitrogen fertilization rates increased. However,
the effect of nitrogen on plant activity and grain yield decreased under long-term fertilization [52].
In addition, high doses of nitrogen compromise the soil–plant–atmosphere system, causing acidification
of soil [53], and pollution of freshwater [54]. In arid and semiarid areas of Northwest China, the use of
integrated watering and fertilization drip irrigation technology to postpone nitrogen application can
maximize the yield and nitrogen efficiency of crops [29]. This will result in relatively low risks from
emissions of greenhouse gases and nonpoint-source pollution. The effect of nitrogen application rate
on environmental changes and sustainable agricultural systems using nitrogen split application with
drip irrigation under long-term fertilization should be further clarified.

5. Conclusions

The use of integrated watering and fertilization drip irrigation technology to postpone nitrogen
application and increase the nitrogen application rate in high-density planting during the filling stage
increased the stalk contents of cellulose, lignin, and total nitrogen, which led to high stalk mechanical
strength and lodging resistance. In conclusion, nitrogen split application can increase the maximum
usable levels of nitrogen fertilization and plant density by mitigating the effects of high N doses and
high seeding densities.
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