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Abstract: Dense planting effectively increases maize yield while increasing stalk lodging risk. Ap-
propriate row spacing can improve the maize population structure and stalk lodging resistance, but
its physiological ecological mechanisms and interaction with planting density are unclear. Here, a
two-year field experiment to determine the joint effects of row spacing and planting density on
maize stem characteristics and the quantitative relationship of the light condition within a maize
population with stalk lodging resistance indicated that the stalk mechanical strength showed a
quadratic function relationship with photosynthetically active radiation (PAR), whereas the lodging
rate showed an exponential function relationship with basal light transmittance (LT). Further, the
basal LT was significantly positively correlated with basal internode thickness, dry weight per unit
stem length (DWUL), mechanical and cortical tissue thickness, and lignin and cellulose contents.
Increasing the planting density decreased the basal LT and PAR; correspondingly decreased the
basal internode thickness, DWUL, mechanical and cortical tissue thickness, lignin and cellulose con-
tents, and stalk mechanical strength; and increased the lodging rate, while increasing row spacing
did the opposite. Thus, optimizing the row spacing enhanced the lodging resistance through LT and
PAR improvement of the lower part of the population and further increased the grain yield by op-
timizing the yield components. The appropriate row spacing varied with the planting density. The
proper strategy for high stalk lodging resistance and grain yielding under this experimental condi-
tion was 67,500 plants ha™ density with 60 + 60 cm equal row spacing.

Keywords: planting density; row spacing; light transmittance; internode characteristics; stalk
lodging resistance

1. Introduction

Maize is China’s largest food crop [1], and thus, higher maize yields are required to
ensure national food security [2]. A high planting density can increase the maize yield;
however, it increases the risk of stalk lodging [3], which not only reduces the maize yield
by 5-70% [4] but also directly hinders the mechanized harvesting of maize [5]. Stalk lodg-
ing is related to many factors, such as plant and basal internode morphology, stem ana-
tomical structure, dry matter accumulation, and cell wall structure and composition [6—
8]. The lodging rate is significantly negatively correlated with the stalk bending strength
(S5BS), rind penetration strength (RPS), dry weight per unit stem length (DWUL), and cel-
lulose and lignin contents [9,10]. SBS and RPS are significantly positively correlated with
basal internode diameter and DWUL [11]. As the plant density increases, leaves overlap
with each other, consequently reducing the photosynthetic capacity and carbohydrate
transportation to the stalk [12]. Therefore, the basal internodes of stalks become thinner;
the dry matter weight, lignin and cellulose contents, per unit stem length, thickness of
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mechanical and cortical tissue, area and number of vascular bundles, and RPS and SBS
decrease; and the lodging rate increases [13-16].

Planting density determines the plant population size, and row spacing influences
the distribution pattern of plant populations [17]. As row spacing improves the light con-
ditions for maize populations [18], promotes stalk development, and increases stalk lodg-
ing resistance [19], it is an optimal approach to ensure uniform high-density cultivation.
Thus, both planting density and row spacing determine the field structure of maize pop-
ulations. Presently, many studies have reported the effects of density on maize stalk char-
acteristics and lodging resistance [13,20-22]. However, research on the relevance of row
spacing in stalk lodging resistance and its interaction with planting density is limited, and
their physiological ecological mechanisms are not yet clear.

Light is a main environmental factor affecting plant growth and development and
stalk formation. Previous studies on the effects of light on the stalk characteristics and
lodging resistance of maize basal internode through shading reported that low light re-
duces the SBS and RPS, DWUL, and cellulose and lignin contents of basal internodes,
which promote lodging [15,16]. Xue et al. [12,23] also obtained similar results while stud-
ying the light distribution in maize populations and its impact on maize stalk characteris-
tics and lodging resistance by cutting leaves and adjusting the leaf angle. However, most
of these studies were conducted under artificially adjusted or simulated light conditions.
The exact quantitative relationship between basal light transmittance (LT) in maize pop-
ulations and the lodging resistance of maize under natural light conditions remains un-
clear.

In summary, the lodging resistance of maize is related to the stem characteristics,
which are affected by the light conditions. Furthermore, increasing the planting density
would increase the shade conditions and decrease the stalk lodging resistance, and row
spacing could change the light distribution for maize populations. Therefore, we hypoth-
esized that optimizing row spacing could increase stalk lodging resistance by improving
the light distribution to dense maize populations. A two-year field experiment was con-
ducted by considering different planting densities and row spacings to study the light
intensity and transmittance in the lower parts of a maize population structure and the
stalk characteristics and lodging rate of maize. Primarily, this study aimed to determine
(i) how planting density and row spacing jointly regulate the basal internode traits and
lodging resistance of maize; (ii) the quantitative relationship between basal light transmit-
tance (LT) and the mechanical strength and lodging rate of stalks under natural condi-
tions; and (iii) the appropriate row spacing for both stalk lodging resistance and high yield
of maize in dense populations in the low-light hilly region of Sichuan Basin, China.

2. Materials and Methods
2.1. Experimental Site

Field experiments were conducted in Zhongjiang County (30°95" N, 104°63’ E), Si-
chuan Province, Southwest China, from May 2017 to September 2018. The area experi-
ences a subtropical humid monsoon climate, and the frost-free period lasts for 286 d. The
temperature and precipitation from maize sowing to harvest are shown in Figure 1. Ac-
cording to the Genetic Soil Classification of China (GSCC), the experimental soil was clas-
sified as purple soil, which was sampled from the top 20 cm of the top layer and had the
following properties: 21.03 g kg! organic matter, 1.39 g kg total N, 21.96 mg kg alkali-
hydrolyzed N, 5.83 mg kg™ Olsen P, 112.68 mg kg exchangeable K, and pH 7.60.
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Figure 1. Average temperature and precipitation at the experiment site during the maize growing
period.

2.2. Experimental Design

A semi-compact maize hybrid variety, Zhenghong No. 6 (Sichuan Zhenghong Bio
Co., Ltd., Chengdu, Sichuan, China), used locally on a large scale. was used as the exper-
imental material. The experiments were arranged in a two-factor split-plot design with
planting density as the main factor and row spacing as the sub-factor, with three repli-
cates. The plant spacing was determined according to the planting density and row spac-
ing. In 2017, two planting densities were considered, namely 45,000 (D1) and 67,500 (D2)
plants ha™!, with five row spacing configurations (cm + cm), i.e., 60 + 60, 80 + 40, 80 + 80,
110 + 50, and 100 + 100. To further explore the potential for increased density in this area,
a density of 90,000 (D3) plants ha! was added in 2018, resulting in three planting densities
of 45,000 (D1), 67,500 (D2), and 90,000 (D3) plants ha™! being considered with four row
spacing configurations (cm + cm) of 60 + 60, 80 + 40, 80 + 80, and 110 + 50. Among them,
the 45,000 plants ha! density and 110 cm + 50 cm row spacing, i.e., a lower planting den-
sity and wide-narrow row spacing, are commonly used due to the low light conditions in
the region. Maize was sown on May 16 and harvested on September 3 in 2017 and was
sown on May 15 and harvested on September 5 in 2018. Each plot contained 6 rows of
maize, and the plot size was 21.6 m? (6.0 m x 3.6 m), 28.8 m? (6.0 m x 4.8 m), and 36.0 m?
(6.0 m x 6.0 m) according to the different row spacings. Further, 750 kg ha! of compound
fertilizer (Stanley Agricultural Group Co., Ltd., Linyi, Shandong, China) (N:P205:K20 =
15:6:8) was applied as a base fertilizer, and 112.5 kg ha™ of urea (Taiwo Technology Group
Co., Ltd., Mianyang, Sichuan, China) (N content > 46%) was applied at the 12th leaf stage
(V12) as an ear fertilizer. Other management measures were the same as those used in
local maize production.

2.3. Sampling and Measurements
2.3.1. Light Distribution

At the silking stage, under clear and cloudless weather conditions, a quantum sensor
and data logger (LI-190SA and LI-1400, respectively; LI-COR Inc., Lincoln, NE, USA) were

used to measure photosynthetically active radiation (PAR) at 0, 50, 100, 150, 200, and 250

cm above the ground in a diagonal manner. The light transmittance (LT = Ii x 100%,
0

where [ is the PAR within the population, which was the average value for the wide-

narrow row spacing, and o is the PAR at the top of the canopy) and extinction coefficient
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(Ln (IL) = K X h + a, where } is the measured height, K is the extinction coefficient of the
0

maize population, and a is a constant) were calculated.

2.3.2. Internode Morphology and Dry Matter Accumulation

At the silking stage and filling stage (30 d after silking), six representative plants were
randomly selected from each plot, and their internode length, diameter, dry weight, and
dry weight per unit stem length (DWUL) [24] of the 3rd, 5th, and 7th internodes from the
base were measured.

2.3.3. Internode Anatomic Structure

At the silking stage, approximately 1.5 cm of the middle of the 3rd and 5th internodes
in each treatment was cut, fixed using a formaldehyde-alcohol-acetic acid mixture (Si-
chuan Durit Technology Co., Ltd., Chengdu, Sichuan, China), preserved in 70% etha-
nol (Sichuan Durit Technology Co., Ltd., Chengdu, Sichuan, China), embedded for
paraffin sectioning using a JB-P5 machine (Wuhan Junjie Electronics Co., Ltd., Wuhan,
Hubei, China), and sliced using a rotary microtome (RM2016, Leica Inc.,, Wetzlar, Hessian,
Germany). The paraffin sections were dewaxed, saffron-stained, decolorized, fast green-
stained, mounted, and examined under a microscope. After the images were scanned, a
Case Viewer (Digital pathology slice scanner, 3DHISTECH Inc., Budapest, Hungary) was
used to analyze and measure the cross-sectional areas of the stem, the number and areas
of large and small vascular bundles, and the thickness of the stem cortical and mechanical
tissue.

2.3.4. Internode Mechanical Strength

Six representative plants were randomly selected at the silking and filling stages, and
an AWOS-SL04 plant stalk strength tester (Shijiazhuang Aiwoshi Technology Co., Ltd.,
Shijiazhuang, Hebei, China) was used to measure the crushing and breaking strengths of
the 3rd, 5th, and 7th internodes from the plant base. A circular probe with a cross-sectional
area of 1 cm? was used to measure the stalk crushing strength (SCS), and a Y-type probe
with a cross-sectional area of 0.5 cm? was used to measure the stalk breaking strength
(SBS) while the fulcrum was 10 cm.

2.3.5. Internode Structure Material Content

After measuring the SCS and SBS, the 3rd, 5th, and 7th internodes were dried,
crushed, and passed through a 100-mesh sieve to determine the cellulose and lignin con-
tents. The cellulose and lignin contents were measured using the anthrone-H>501 method
[25] and the phloroglucinol color method [26], respectively.

2.3.6. Field Lodging and Folding Rates

At the mature stage, the number of lodging plants (plants with stalks and vertical
lines at an angle > 45° without breaking) and folding plants (plants with stalks broken
below the ear internode) in each plot was determined, and the corresponding lodging and
folding rates were calculated.

2.3.7. Grain Yield

At the physiological maturity stage, the effective ears of each plot were surveyed,
and all ears were harvested to calculate the grain yield, while 20 representative ears were
selected by the average ear weight method to investigate ear traits such as the number of
grains and the 100-grain weight.
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2.4. Statistics Analysis

Statistical data analysis was performed using an analysis of variance (ANOVA) be-
tween planting density and row spacing by SPSS 27.0 (IBM Inc., Version 27.0, Amonk, NY,
USA), and the means of treatments were compared based on the Tukey test at the 0.05
probability level. The means were compared between row spacing at each planting den-
sity. The “mean values” (Mean) in tables were compared between planting densities
within each year. The exponential and quadratic function equations were fitted using
Origin Pro 9.0 (OriginLab, Version 9.0, Northampton, MA, USA), and graphs were pre-
pared using Graph Pad Prism V. 5.0 (GraphPad Software Inc., Version 5.0, San Diego, CA,
USA). As the internode morphology and mechanical strength performance at the filling
and silking stages were similar, only the data at the silking stage were listed. As the char-
acteristics of the 3rd, 5th, and 7th basal internodes among different treatments performed
similarly, only the average is listed in the tables and figures.

3. Results
3.1. Light Transmittance and Extinction Coefficient

The planting density and row spacing significantly affected the basal light transmit-
tance (LT), photosynthetically active radiation (PAR), and extinction coefficient (K) (Table
1). As the planting density increased, K increased, but PAR and LT decreased. Further, as
the row spacing increased, LT and PAR gradually increased, and K gradually decreased.
However, the increase or decrease range gradually decreased under the 90,000 (D3) plants
ha! density —that is, the relationship of LT (Yvrr) at 0 cm and K (Yx) with row spacing (X)
under the densities of 45,000 (D1) and 67,500 (D2) plants ha™! was linear. The correspond-
ing regression equations for these two densities were Ypi-LTocm= 2.8 + 0.2342X, R? = 0.958
5 Yporroem=3.7 + 0.1285X, R? = 0.985 **; Yp1k= 0.01 + 0.000048X, R? = 0.924 **; and Ypo-x=
0.01 + 0.000022X, R? = 0.869 **. The relationship of LT at 0 cm and K with row spacing
under the 90,000 (D3) plants ha density was quadratic, and the corresponding regression
equations were Yps-LToem=-0.95 + 0.181X-0.00084X?, R?=0.935 *, and Yps-x=0.01 — 0.00007X
+0.00000003X2, R? = 0.962 **.

Table 1. Effects of planting density and row spacing on light transmittance and extinction coefficient
in 2018.

Density Row Spacing (cm) LT (%) PAR (umol m=2s™) K
(D) 0cm 50 cm 0cm 50 cm

60 + 60 17.45 18.10 185.90 192.83 0.0077

80 + 40-narrow 11.95 13.61 125.83 143.28 0.0088

80 + 40-wide 23.68 29.43 254.83 316.65 0.0061

45,000 80 + 80 20.02 22.03 215.43 236.98 0.0070

110 + 50-narrow 14.05 17.67 148.32 186.50 0.0083

110 + 50-wide 28.16 31.94 307.05 348.25 0.0056

Mean 19.22 22.13 206.23 237.42 0.0073

60 + 60 11.71 13.07 115.68 129.1 0.0087

80 + 40-narrow 8.42 13.39 65.89 104.83 0.0091

80 + 40-wide 14.49 16.5 149.43 170.05 0.0078

67,500 80 + 80 14.27 17.65 131.25 162.4 0.0079

110 + 50-narrow 10.07 14.14 90.44 126.95 0.0088

110 + 50-wide 17.37 19.00 183.55 200.73 0.0077

Mean 12.72 15.62 122.71 149.01 0.0083

60 + 60 7.02 9.47 76.99 103.87 0.0108

80 + 40-narrow 457 7.73 45.94 77.75 0.0116

90,000 80 + 40-wide 7.58 10.87 83.20 119.33 0.0102

80 + 80 8.32 9.82 91.25 107.65 0.0104

110 + 50-narrow 6.49 8.24 69.57 88.37 0.0110
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110 + 50-wide 8.86 12.18 99.41 136.68 0.0100
Mean 7.14 9.72 77.73 105.61 0.0107
Note: LT—light transmittance; PAR— photosynthetically active radiation; K—the extinction coeffi-
cient of the maize population.

3.2. Morphology and Material Enrichment of Basal Internodes

As the planting density increased, the basal internode length increased, whereas the
diameter, dry weight, and dry weight per unit stem length (DWUL) decreased (Table 2).
At the densities of 45,000 and 67,500 plants ha™, the internode diameter, dry weight, and
DWUL of the equal row spacing treatments (60 + 60 and 80 + 80) were slightly higher than
those of the wide-narrow row spacing treatments (80 + 40 and 110 + 50). However, at the
90,000 plants ha™ density, the parameters mentioned above showed higher values in the
110 + 50 row spacing than in the 80 + 80 row spacing. These morphology and material
traits at the filling stage were similar to those at the silking stage (Tables S1-54). The
effects of density and row spacing on dry weight per stem volume (data omitted) were
similar to their impacts on dry weight per unit stem length. The dry weight per stem vol-
ume and the dry weight per unit stem length were significantly and positively correlated.
The correlation coefficients for the 3rd, 5th, and 7th internodes in the silking stage and the
filling stage were 0.7868 **, 0.6820 **, and 0.6648 ** (p <0.01, N = 22) and 0.7614 **, 0.6639
**, and 0.8602 ** (p <0.01, N = 22), respectively. In addition, the dry weight and dry weight
per unit stem length of the internodes were significant (p < 0.01) and positively correlated
with internode diameter and negatively correlated with internode length at the silking
and filling stages.

Table 2. Effects of density and row spacing on the internode morphology and dry matter accumu-
lation.

Internode Length  Internode Diameter

Density (D) Row Slfacmg (cm) (cm) DWUL (g/cm)
® 2017 2018 2017 2018 2017 2018
60 + 60 12.81 ¢ 14.53 ¢ 1.862 2.03 2 0472 0422
80 + 40 13.41 % 15.29 @b 1.81a 2.00 0.42 be 0.36"
45,000 80+ 80 13.19° 15.21° 1.78 2 1.97 @ 0.44 @ 0.39
! 110+50 13.78 2 15.752 1.76 2 1.94° 0.41 be 0.35°
100 + 100 13.80 2 1732 0.40 ¢
Mean 13.40° 15.19 ¢ 1.79 2 1.99 2 0.43 2 0.38 2
60 + 60 14.04 4 15.54 « 1.71a 1.96 2 0.37 2 0.36 2
80 +40 14.51 ¢ 15.95 @b 1.682 1.88° 0.352 0.33 20
67,500 80 + 80 14.84 ¢ 1592 abe 1.682 1.85 be 0.332 0.34 b
! 110 + 50 1521 % 16.194 1.652 1.81¢ 0.29° 0.32°
100 + 100 15442 1.632 0.28°
Mean 14.812 15.90°" 1.67 2 1.88° 0.33° 0.34"
60 + 60 16.58 © 1.77 2 0.27 ab
80 +40 17.18 2 1.752 0.25°
90,000 80+ 80 17.36 2 1732 0.28 2
110+ 50 17.00 @b 1.752 0.29 a
Mean 17.03 2 1.75¢ 0.27 <
D 195.58 **  56.79* 1099  60.51** 166.28 **  55.22 **
F-value R 37.37* 1327 ** 221 s 10.25 ** 14.13 ** 6.79 **
D xR 2.45ns 1.92 s 0.21 s 1.86 1.37 ns 2.74 rs

Note: Values are the average of the 3rd, 5th, and 7th internodes. DWUL — dry weight per unit length;
D —the density factor; R—the row spacing factor; DxR —the interaction of the density and row spac-
ing factors. The means of treatments were compared based on the Tukey test at a probability level
of 0.05. Different lowercase letters in the same column indicate significant difference at p < 0. 05.
ns—non-significant. ** indicates a significance level of 0.01 (p < 0.01).
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3.3. Vascular Bundles and Mechanical Organization of Basal Internodes

As the planting density increased, the total area of large and small vascular bundles,
the number of large and small vascular bundles, the mechanical tissue thickness (Tm), and
the cortical thickness (T¢) of the basal internodes decreased (Table 3). This in turn weak-
ened the strength and durability of the vascular tissue. Under the densities of 45,000 and
67,500 plants ha, the Sb, Nb, Tm, and T. values of the equal row spacing (60 + 60 and 80 +
80) treatments were generally greater than those of the wide-narrow row spacing treat-
ments (80 + 40 and 110 + 50). However, under the 90,000 plants ha™ density, the Sy, Nb, Tm,
and Tcvalues were greater with the 110 + 50 row spacing than with the 80 + 80 row spacing.

Table 3. Effects of planting density and row spacing on basal internode cortical tissue and vascular
bundles.

Density Row Tm T Sb Nb
(D) Spacing (R) 2017 2018 2017 2018 2017 2018 2017 2018
60 + 60 36.41a 37.164 898.12 958.8a 29.204 31.112 648.4 2 671.7 2
80 +40 33.96 2 35404 839.7° 885.67 b 26.56 2 26.70 b 609.2 b 626.7 b
45,000 80 + 80 32.28 be 32.720 815.8 P 845.5¢ 23.15%P 22.39 ¢ 566.4 ¢ 566.7 ¢
! 110 + 50 31.43 be 29.52 ¢ 806.4 " 796.4 4 21.16 be 18.714 539.04 501.7 4
100 + 100 30.20 © 727.6 < 18.90 « 516.7 ¢
Mean 32.862 33.704 817.52 871.62 23.804 2473 575.93 a 591.7 a
60 + 60 30.67 a 32.564 766.7 2 794.52 22.364 22942 559.6 2 576.7 2
80 +40 28.17 @b 30.58 2 738.3 ab 741.1° 20.51 @ 21.36° 5429 b 556.9 b
67500 80+ 80 27.59 ab 27.80 701.5 be 72390 1891° 18.61 © 511.3¢ 521.7 <
! 110 + 50 26.43 P 27.07 b 671.1¢ 700.5° 17.27 be 16.62 d 489.3 4 478.7 4
100 + 100 25.82°b 667.3 ¢ 15.83 ¢ 465.9 ¢
Mean 27.73P 29.50 P 708.97 b 740.0° 18.97° 19.88 © 513.79 b 533.5P
60 + 60 29.67 2 696.6 2 20.73 550.2 2
80 + 40 27.08 b 684.3 2 18.71%b 520.2 b
90,000 80+ 80 24.62 ¢ 620.3° 15.98 « 477.24
110 + 50 26.57 be 654.0 ab 17.43°® 504.2 ¢
Mean 26.98 ¢ 663.8 b 18.21° 512.9¢P
D 138.83 ** 143.7 ** 1426.31 ** 129.80 ** 197.89 ** 64.81 ** 506.96 ** 63.05 **
F-value R 7.66 ** 46.35 ** 2475 ** 35.93 ** 28.64 ** 215.35*  1457.42*  8225.29 **
DxR 0.17 »s 3.99 ** 2.18 ns 4,17 ** 1.57 ns 26.69 ** 46.57 ** 1061.98 **

Note: Values are the average of the 3rd and 5th internodes. Tm—mechanical tissue thickness; Tc—
cortical thickness; So—total area of large and small vascular bundles; Nb— total number of large and
small vascular bundles. D—the density factor; R—the row spacing factor; DxR—the interaction of
the density and row spacing factors. The means of treatments were compared based on the Tukey
test at a probability level of 0.05. Different lowercase letters in the same column indicate significant
difference at p <0. 05. " —non-significant. ** indicates a significance level of 0.01 (p < 0.01).

3.4. Cellulose and Lignin Contents of Basal Internodes

The cellulose and lignin contents of the basal internodes decreased as the density
increased (Table 4). Moreover, the cellulose and lignin contents of the basal internodes in
the equal row spacing (60 + 60 and 80 + 80) treatments were higher than those in the cor-
responding wide-narrow row treatments under the 45,000 and 67,500 plants ha! densi-
ties, while those of the 110 + 50 row spacing were higher than those of the 80 + 80 row
spacing under the 90,000 plants ha™ density. On averaging the data at the silking and
filling stages (Tables S5 and S6), the coefficients of variation (CVs) of cellulose content in
the 3rd, 5th, and 7th internodes were 4.04%, 2.32%, and 3.01% for 2017 and 3.52%, 3.27%,
and 4.18% for 2018, respectively, while the values of lignin content were 5.72%, 5.54%, and
5.11% for 2017 and 5.52%, 4.94%, and 6.18% for 2018, respectively. Thus, the overall CV
values for lignin content were higher than those for cellulose content, indicating that the
planting density and row spacing had a greater effect on the lignin content than on the
cellulose content.
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Table 4. Effects of density and row spacing on basal internode cellulose and lignin contents of maize.

) ) Lignin Content (%) Cellulose Content (%)
Density (D) Row Spacing (R)
2017 2018 2017 2018
60 + 60 14312 12.59 2 27.232 2450
80 +40 12.48 be 11.68 25.84° 23.04°
80+ 80 13.24 b 10.63 © 2323« 22.31¢
45,000 110 + 50 12.27 be 10.59 © 22.89 ¢ 21.604
100 + 100 11.62¢ 20.96 4
Mean 12.78 2 11.372 24.03 2 22.86°
60 + 60 10.722 10.74 2 23.822 22.09
80 +40 10.38 2 10.51 20.74 ¢ 20.20°
67 500 80+ 80 10.322 9.74° 22.58 20.95°
’ 110+ 50 9.854 9.93 @ 21.25%bc 20.44°
100 + 100 9.514 20.46 ©
Mean 10.16 ® 10.23 21.77 2 20.92°
60 + 60 10.06 2 20.122
80 +40 9.41 @ 19.30®
90,000 80+ 80 8.75° 19.47°®
110 +50 9.55 @b 20.05°
Mean 9.44 © 19.73 ¢
D 52.5*% 177.21 ** 5.18 ns 85.32 **
F-value R 9.95 ** 17.89 ** 45.45 ** 26.37 **
D xR 1.81 s 2.04 s 14.02 ** 7.58 **

Note: Values are the average of the 3rd, 5th, and 7th internodes. D —the density factor; R—the row
spacing factor; DxR—the interaction of the density and row spacing factors. The means of treat-
ments were compared based on the Tukey test at a probability level of 0.05. Different lowercase
letters in the same column indicate significant difference at p < 0. 05. ™ —non-significant. ** and *
indicate a significance level of 0.01 (p <0.01) and 0.05 (p < 0.05), respectively.

3.5. Crushing and Breaking Strength of Basal Internodes

The stalk crushing strength (SCS) and stalk breaking strength (SBS) of each basal in-
ternode decreased significantly with the increasing planting density. At the 45,000 and
67,500 plants ha densities, the SCS and SBS of the equal row spacing treatments were
greater than those of the wide—narrow row spacing treatments, with those in the 60 + 60
row spacing being the largest. However, at the 90,000 plants ha™ density, the SCS and SBS
with the 60 + 60 row spacing were greater than those with the 80 + 40 row spacing. In
addition, the SCS and SBS with the 110 + 50 row spacing were higher than those with the
other row spacing treatments (Figure 2).

As the internode position increased, the SCS (Figure S2A,C) and SBS (Figure S2B,D)
of the 3rd (53), 5th (S5), and 7th (S7) internodes decreased. Averaging S3, S5, and S7, the
SCS and SBS at the 67,500 plants ha™! density in 2017 were 15.76%, 25.39% (silking stage),
and 12.64%, respectively, being 29.16% (filling stage) lower than those at the 45,000 plants
ha! density. In 2018, compared with the densities of 45,000 and 67,500 plants ha!, the SCS
at the 90,000 plants ha! density decreased by 20.12% and 13.60% (silking stage) and
28.90% and 13.17% (filling stage), respectively, and the SBS decreased by 25.12% and
12.25% (silking stage) and 25.12% and 13.91% (filling stage), respectively.
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Figure 2. Effects of planting density and row spacing on the SCS and SBS of basal internodes. Note:
The data in the figure are the average values of the 3rd, 5th, and 7th basal internodes. (A)—stalk
crushing strength at the silking stage in 2017; (B)—stalk crushing strength at the silking stage in
2018; (C)—stalk breaking strength at the silking stage in 2017; (D)—stalk breaking strength at the
silking stage in 2018. Different small letters above the bars indicate a significant difference at the
0.05 level among treatments.

3.6. Stalk Lodging and Folding Rates and Grain Yield

As the planting density increased, the stalk lodging and folding rates increased (Fig-
ure 3), and although the grain yield increased initially, it later decreased (Figure 4). In
general, under the Al and A2 planting densities, the stalk lodging and folding rates were
slightly lower under the equal row spacing than under the wide-narrow row spacing (ex-
cept the folding rate under the 67,500 plants ha™ density in 2018). However, the lodging
and folding rates with the 80 + 80 cm row spacing were higher than those with the 110 +
50 cm row spacing under the 90,000 plants ha™ density. This showed that the 60 + 60 cm
row spacing enhanced the stalk lodging resistance and led to a higher grain yield under
medium (67,500 plants ha') and low (45,000 plants ha™) densities, while the 110 + 50 cm
row spacing improved the stalk lodging resistance and led to a higher grain yield under
high density (90,000 plants ha™).

The correlation between the grain yield and the stalk lodging and folding rates was
not significant. However, further regression analysis showed that the relationship be-
tween grain yield (Y) and folding rate (X) was a quadratic convex function, and the corre-
sponding regression equation was Y = 6008.7 + 1100.30X — 153.286X? (p = 0.0052, N = 22).
Further, when the folding rate exceeded 3.50%, the maize yield decreased rapidly. Stalk
lodging first affected the earing and reduce the number of effective ears. The earing rate
(the ratio of effective ear number to the number of plants planted) was negatively corre-
lated with the lodging and folding rates, with correlation coefficients of -0.6100 ** and
-0.2595 ** (n = 66), respectively. The earing rate decreased by 0.86 and 3.68 percent with a
one percentage increase in the lodging and folding rates, respectively. Secondly, the grain
filling and setting of lodging plants would be affected, which could lead to a decrease in
the grain number per ear and 100-grain weight. The correlation coefficients of grains per
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ear and 100-grain weight with lodging rate in 2017 were -0.3542 ** (n = 30) and —-0.5996 **
(n = 36), respectively, while those in 2018 were —-0.6593 ** and -0.7890 **, respectively.
Therefore, stalk lodging and folding decreased the grain yield by reducing the yield com-
ponents of maize, especially the number of effective ears.
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Figure 3. Effects of planting density and row spacing on lodging and folding rates. Note: (A)—the
stalk lodging and folding rates in 2017; (B)—the stalk lodging and folding rates in 2018. The means
of treatments were compared based on the Tukey test at a probability level of 0.05. In the same year,
different lowercase letters indicate a significant difference.
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Figure 4. Effects of planting density and row spacing on grain yield and its components. Note: (A)—
the effcetive ear number in 2017 (left) and 2018 (right); (B)—the grains per ear in 2017 (left) and
2018 (right); (C)—the 100-grain weight in 2017 (left) and 2018 (right); (D)—the grain yield in 2017
(left) and 2018 (right). The means of treatments were compared based on the Tukey test at a proba-
bility level of 0.05. In the same year, different lowercase letters indicate a significant difference.
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3.7. Relationship between Lodging Rate and Basal Internode Characteristics of Maize

The stalk lodging and folding rates of maize were positively correlated with the
length of basal internodes at the silking stage and negatively correlated with their dry
weight and DWUL, lignin and cellulose contents, SCS, and SBS (almost similar to the re-
sults of the filling stage) (Table 5). Most of the correlations, especially of the folding rate,
were significant (p < 0.05). In addition, the stalk folding rate was significantly negatively
correlated with cortical and mechanical tissue thickness and the number and area of small
vascular bundles. These results indicated that the planting density and row spacing af-
fected the stalk folding rate and lodging resistance by influencing the morphology, dry
matter constituents (especially structural material) accumulation, anatomical structure,
and mechanical strength of maize basal internodes.

Table 5. Correlation between maize lodging and basal internode characteristics.

Index SCS SBS Lodging Rate Folding Rate
Length -0.70 ** -0.19 s 0.71 ** 0.54 **
Diameter 0.62 ** 0.86 ** -0.30 s —-0.55 **
Dry weight 0.98 ** 0.83 ** -0.66 ** -0.78 **
DWUL 0.94 ** 0.61 ** -0.69 ** -0.76 **
Lignin content 0.81 ** 0.48* -0.54 ** -0.69 **
Cellulose content 0.77 ** 0.44 * -0.58 ** —-0.55 **
SCS 1.00 ** 0.80 ** -0.69 ** -0.80 **
SBS 0.80 ** 1.00 -0.36 s -0.72 **
Tm 0.81 ** 0.65 ** -0.50 * —-0.68 **
Tc 0.85 ** 0.71** -0.59 ** -0.69 **
N1 0.57 ** 0.53 ** -0.18 s -0.36 s
N2 0.76 ** 0.54 ** -041* -0.57 **
Sio 0.71 ** 0.55 ** -0.37 ns -0.51*
S20 0.77 ** 0.56 ** -0.42* -0.57 **

Note: SCS—stalk crushing strength; SBS—stalk breaking strength; DWUL —dry weight per unit
stem length; Tm—mechanical tissue thickness; Tc—cortical thickness; N1 and N2—the number of
large and small vascular bundles; Sio and Sxo—total area of large and small vascular bundles; "—
non-significant. ** and * indicate a significance level of 0.01 (p <0.01) and 0.05 (p < 0.05), respectively.

3.8. Relationships between Basal Internode Characteristics, Lodging Resistance, and Light Trans-
mittance in Maize Populations

The correlation analysis (Table 6) indicated that the LT and PAR in the lower part of
the maize population were significantly negatively correlated with the basal internode
length and significantly positively correlated with its diameter, dry weight, DWUL, and
lignin and cellulose contents and the Tm and Te of the maize. Contrastingly, K exhibited
trends opposite to those of LT. Increasing transmittance and PAR in the lower part of the
maize population could shorten the basal internode length and increase its diameter, dry
matter weight, lignin and cellulose contents, and cortical and mechanical tissue thickness.
Further analysis found that the relationships between the SCS of the basal internodes, the
stalk lodging rate, and the LT and PAR were not linear. The LT and PAR exhibited a quad-
ratic function relationship with the stalk strength (Figure 5A-D) and an exponential func-
tion relationship with the stalk lodging rate (Figure 5E-H). As the LT increased, the SCS
increased and the lodging rate decreased, but this decreased gradually. When the LT at
50 cm above the ground at the silking stage was greater than 14.20%, the PAR was more
than 148.50 pumol m2 s, and the lodging rate was less than 5.00%.
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Figure 5. Relationship between stalk strength (A-D), lodging rate (E-H), and light transmittance.
Note: The stalk strength is the average value of the stalk crushing and breaking strengths between
the 3rd, 5th, and 7th internodes; the lodging rate is the average value of the lodging and folding

rates.
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Table 6. Correlation between stem characteristics, lodging rate, extinction coefficient, and light
transmittance.

Index Length Diameter Dry Weight DWUL
LT at0 cm -0.81 ** 0.83 ** 0.84 ** 0.84 **
LT at 50 cm —0.75 ** 0.78 ** 0.75** 0.75 **
PAR at 0 cm -0.78 ** 0.82 ** 0.81 ** 0.82**
PAR at 50 cm —-0.72** 0.77 ** 0.72 ** 0.73 **
K 0.85** —0.85** -0.86 ** -0.86 **
Index Lignin Content  Cellulose Content Tm Te
LT at 0 cm 0.65* 0.75 ** 0.59 % 0.76 **
LT at 50 cm 0.58 * 0.66 * 0.53 rs 0.70 **
PAR at 0 cm 0.65* 0.76 ** 0.60 * 0.77 **
PAR at 50 cm 0.59 * 0.68 * 0.54 s 0.71 **
K -0.65* —0.73 ** -0.60 * -0.74 **

Note: LT—light transmittance; PAR —photosynthetically effective radiation; K—extinction coeffi-
cient; DWUL —dry weight per unit stem length; Tm—mechanical tissue thickness; Tc—cortical thick-
ness; ™—non-significant. ** and * indicate a significance level of 0.01 (p < 0.01) and 0.05 (p < 0.05),
respectively.

4. Discussion

4.1. Light Transmittance Is an Important Ecological Factor Influencing Basal Internode
Characteristics and Lodging Resistance of Maize

Previous studies have shown that shading reduces the light amount in maize popu-
lations, decreases the DWUL and RPS of the 3rd internode, and increases the field lodging
rates significantly [15,16]. Yang et al. [16] found through studies of shading and adjusting
planting density that the amount of light intercepted was positively correlated with the
stalk strength and negatively correlated with the lodging rate; for every 1 MJ] m2 reduction
in the total intercepted PAR, the SBS and RPS decreased by 0.0667 N and 0.075 N, respec-
tively, while the lodging rate increased by 0.17%. The present study found that the K and
LT in the lower part (0 cm and 50 cm above the ground) of the maize population signifi-
cantly correlated with the basal internode length and diameter, DWUL, lignin and cellu-
lose contents, and cortical and mechanical tissue thickness under natural conditions. By
reducing the K and increasing LT in the lower part of maize population, the basal inter-
nodes shortened and thickened, the lignin and cellulose contents improved, the cortical
and mechanical tissue thickness increased, and the mechanical strength was enhanced;
consequently, the lodging rate decreased. The light could inhibit cell elongation [27],
shorten the internode length [28,29], promote lignin synthesis [30], and enhance the me-
chanical strength of the stem [15,16]. This may be one of the important physiological
mechanisms for light to enhance the lodging resistance of crop stems.

However, the predecessors only reported a simple correlation between the light in-
tensity and the mechanical strength of stems and the lodging resistance. Nevertheless, this
study established the relationships between not only PAR and the mechanical strength of
basal internodes but also LT and basal internode mechanical strength and lodging rate
and found that the relationship between the lodging rate (mechanical strength of basal
internodes) and LT and PAR was not linear but exponential (a quadratic) (Figure 5A-H).
As the LT and PAR in the lower part of the population increased, the mechanical strength
of the basal internodes increased and the lodging rate decreased; however, the extent of
the increase or decrease reduced gradually. Excessively high LT would not further reduce
the lodging rate but would reduce the absorption and utilization of light energy by maize
[31,32], which would thus reduce the maize yield. Therefore, proper LT could be a crucial
factor to balance high grain yield and stalk lodging resistance, which, at 50 cm above the
ground at the silking stage, was about 14.2% under these test conditions. In addition, it is
more practical and versatile to use LT in the lower part of a maize population to develop
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field management than PAR because PAR is not only affected by cultivation measures but
also varies with the geographical location.

4.2. Planting Density and Row Spacing Influence Stalk Lodging Resistance by Regulating the
Light Distribution in Maize Populations

Although the planting density improves the maize yield, it also affects maize stem
development and lodging resistance [11,33]. Adjusting the row spacing could improve the
population structure of maize [34,35] and reduce the lodging rate to a certain extent [31].
The present study showed that as the planting density increased, the basal internodes be-
came longer and thinner, the DWUL decreased, the thickness of cortical and mechanical
tissues reduced, the number and area of large and small vascular bundles declined, the
lignin and cellulose contents lowered, the crushing and breaking strengths decreased, and
the lodging and folding rates increased. However, appropriate row spacing, despite the
high plant density, improved these stem characteristics to a certain extent and reduced
the lodging and folding rates.

Maddonni et al. [18] and Qi et al. [19] found that by adjusting the row spacing, the
light conditions in the maize population improved. In the present study, the planting den-
sity and row spacing both affected the LT and PAR in the lower part of the population
and K. The PAR and LT decreased with the increasing plant density but increased as the
row spacing increased, showing a linear and quadratic function relationship with row
spacing, respectively. Compared with Qi et al. [19], the interaction effect of row spacing
and density and the quantitative relationship between row spacing and basal PAR and LT
were further analyzed in this study. It was found that appropriate row spacing could im-
prove the light distribution in dense maize plantations and increase PAR in the lower part
of the population. This in turn would improve the morphological and anatomical charac-
teristics of the basal internodes [36], enhance the dry matter constituent accumulation (es-
pecially structural carbohydrates such as lignin and cellulose), and improve the mechan-
ical strength [12,37], thereby reducing the lodging rate, which is one of the key physiolog-
ical mechanisms in improving lodging resistance.

4.3. Optimizing Row Spacing Is an Important Strategy for Lodging Resistance and High Yield in
Dense Maize Plantations

Light plays a key role in plant growth and development. Low light levels not only
affect the photosynthesis rate and yield in maize but also reduce its lodging resistance [16]
and promote diseases [38]. A high planting density increases the maize yield by increasing
the leaf area and effective panicles, but it might increase shading conditions in the lower
parts of the maize population, affect the development of basal internodes, and reduce the
lodging resistance [11,33]. As mentioned in Section 4.2, optimizing row spacing could in-
crease the PAR and LT in the lower part of maize populations, consequently reducing the
stalk lodging and folding rates, promoting grain filling and setting, improving yield com-
ponents, and increasing the maize yield (Figure 4), which is particularly important in low-
light regions. In recent years, China has frequently experienced dimming due to the in-
creasing aerosol pollution associated with rapid urbanization and economic development
[39]. Therefore, we should focus not only on increasing plant density but also on optimiz-
ing row spacing to improve the stalk lodging resistance.

The appropriate row spacing varied with the ecological conditions and planting den-
sity. Our results showed that at densities of 45,000 and 67,500 plants ha-, the 60 + 60 cm
equal row spacing led to higher lodging resistance and grain yield, which may be related
to the uniform light distribution on both sides of the spacing. However, at the 90,000
plants ha! density, which exhibited high shading, expanding the wide row spacing fur-
ther was necessary to increase PAR in the lower part of the maize population, so the 110
+50 cm row spacing treatment led to a higher SCS and SBS, lower stalk lodging and fold-
ing rates, and a higher grain yield than other row spacing treatments did. In addition, the
grain yield at the 90,000 plants ha! density was lower than that at the 67,500 plants ha!
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density due to its heavy lodging, which was related to the low-light conditions in the Si-
chuan Basin. The 67,500 plants ha™ density with 60 + 60 cm row spacing that moderately
increased the planting density and optimized the row spacing based on traditional local
planting practices was the best combination strategy, which not only showed stronger
stalk lodging resistance and the highest grain yield but was also suitable for mechanical
harvest [6]. However, its molecular mechanism of lodging resistance (i.e., key enzyme ac-
tivity and gene expression on the synthesis of structural carbohydrates such as lignin and
cellulose in basal internodes) and the physiological mechanism of yield increase need to
be further explored.

5. Conclusions

Increasing the planting density of maize would reduce LT, affect the stalk morphol-
ogy and anatomical structure, reduce dry matter constituents and mechanical strength,
and increase the stalk lodging rate. Appropriate row spacing could improve the light dis-
tribution in a population to a certain extent, particularly in low-light areas; optimize the
stalk characteristics; and enhance the lodging resistance. The stalk lodging rate (stalk
strength) showed an exponential function (quadratic function) relationship with LT and
PAR in the lower part of the maize population. The planting density and row spacing
affected the stalk characteristics and lodging resistance ability by affecting the basal LT
and PAR of the maize populations. Further, the appropriate row spacing varied across
different planting densities. The optimal strategy for high stalk lodging resistance and
grain yield under this experimental condition was the 67,500 plants ha! density with 60 +
60 cm equal row spacing.
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