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Abstract: This study aimed to investigate the effects of planting density, irrigation volume, and
nitrogen application on the resistance of rapeseed to lodging and yield and to provide technical
support for achieving high yield and lodging resistance. We employed an Lg (3*) orthogonal array,
different planting densities, irrigation levels, and nitrogen applications to investigate their impact on
rapeseed lodging and yield. The results showed the following: (1) Irrigation had the greatest effect on
rapeseed lodging. This effect was most pronounced for the combination (A3B3C2), which exhibited
the most severe lodging phenomenon (90%). Planting density had the greatest effect on yield, and
the optimal combination was A2B2C3, which reached 3744 kg/hm? in 2023 and 3420 kg/hm? in
2024. (2) The agronomic practices increased the content of lignin, cellulose, hemicellulose, crude fiber,
pectin, and soluble sugar fractions in the stalks by enhancing their flexural, puncture, and stress
resistance. This led to the highest yield while reducing the rate of lodging. This emphasizes the
importance of agricultural practices for rapeseed lodging and yield, providing critical insights into
rapeseed cultivation in the Aksu region of Xinjiang.
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1. Introduction

Rapeseed is an important oilseed crop globally because of its economic and nutritional
value, owing to its high yield of edible oil [1]. It is also the largest oilseed crop in China,
with a planting area of 7.253 million hectares [2]. Rapeseed lodging frequently occurs in
daily production, significantly limiting the mechanization and production efficiency of the
rapeseed industry. Consequently, much research has been carried out to elucidate the mech-
anisms of lodging in rapeseed exposed to various environmental factors and agronomic
practices. There are two types of lodging in rapeseed: stem and root lodging (Figure 1D).
Stem lodging refers to the bending or breaking of the basal internodes of rapeseed stalks,
whereas root lodging is caused by plant tilting or lodging after the root system has been
disturbed without affecting the integrity of the stalks [3]. Lodging resistance is mainly
influenced by the genotype, mechanical factors (bending and puncture resistance), struc-
tural characteristics (vascular system), physiological traits (lignin, cellulose, crude fiber,
hemicellulose, and pectin), non-structural carbohydrates (soluble sugars and starch) [4],
and planting density, irrigation, and fertilizer applications; however, less attention has been
paid to reducing lodging through agricultural practices [5]. Kale-type rapeseed (Brassica
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napus L.) is the most widely cultivated rapeseed variety in the world, owing to its excellent
characteristics of high yield and strong resistance [6]. Nevertheless, implementing sound
agronomic practices is also necessary to achieve high yields. Therefore, it is important to
explore the influence of agronomic practices on agricultural production, particularly in
terms of resistance to lodging and the yield composition of rapeseed.
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Figure 1. Introduction to the experimental background. (A): experimental site in Baicheng County,
Aksu Region, Xinjiang Uygur Autonomous Region, China (In the diagram at the top right, we have
marked the location of Xinjiang in China with pink, and the blue area is mean-ingless. The diagram
in the center represents the topographical map of Xinjiang, where color indicates altitude, with red
indicating high altitude and blue indicating low altitude); (B): irrigation-fertilizer integration setup at
the experimental site; (C): experimental layout pattern (nine treatments according to the experimental
design, with the colored shades representing the planting densities, the straight line representing the
drip irrigation spreading, and the circle representing the nitrogen application tanks and the water
meter); (D): two inverted rapeseed cases (lodging stem and lodging root).

Planting density is an important factor that affects the yield and economic benefits
of rapeseed. Reasonably dense planting can effectively leverage the benefits of grouping
and optimizing light energy utilization to achieve maximum production potential without
affecting the plant size [7,8]. However, excessively high densities increase individual
competition, cause serious lodging, reduce plant resistance, affect seed quality, and severely
restrict the economic benefits [9,10]. The traditional irrigation methods cannot regulate
the amount of irrigation water, which increases the risk of lodging [11]. Drip irrigation
can achieve real-time water—fertilizer integration to ensure the accurate and quantitative
transportation of water and fertilizer to the root zone. This method helps to reduce
nutrient loss, enhances water and fertilizer use efficiency [12,13], and reduces the lodging
rate. Nitrogen fertilizer is an essential element that determines crop growth and yield.
However, excessive nitrogen fertilizer use causes the overgrowth of rapeseed and increases
the lodging rate [14]. Improper cultivation practices can also increase the lodging rate
of rapeseed. The main factors affecting rapeseed yield include the number of effective
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siliques per plant, the number of kernels per silique, and thousand-kernel weight [15].
The population density directly affects the yield of a single plant. As the planting density
increases, rapeseed plants are affected, leading to a reduction in the photosynthetic area.
This in turn affects the accumulation of dry matter [16] and ultimately affects the yield
of individual plants. Production can be increased by applying nitrogen and irrigation.
However, excessive nitrogen fertilizer and irrigation use can reduce the strength of the
stalks, increase the lodging rate of rapeseed, and result in a reduced yield [17]. Few studies
have investigated how planting density, water, and nitrogen reduction collectively affect
rapeseed lodging. Therefore, this study focused on kale-type rapeseed as the experimental
material to investigate the effects of different planting densities, nitrogen applications,
and irrigation on lodging resistance and yield components of rapeseed. The effects of
agronomic measures on rapeseed collapseability were analyzed in terms of appearance,
microstructure, mechanical properties, and physiological properties. This study provides
technical and theoretical support for improving the resistance of rapeseed in the Aksu
region of Xinjiang.

2. Materials and Methods
2.1. Experimental Site and Plant Material

The experiment was conducted in a demonstration garden at the Baicheng Agricultural
Experiment Station, Xinjiang Academy of Agricultural Sciences, Baicheng County, Aksu
Region, Xinjiang, China (Figure 1A). The test site is located at 41°79’ N, 81°87' E. It has
a continental temperate arid climate, with a frost-free period of 133-163 days, and an
average annual precipitation of 171.13 mm (Figure 2). The soil at the experimental site is
brown desert soil [18], with 27.84 g/kg of organic matter, 55 mg/kg of alkaline nitrogen,
38.2 mg/kg of quick-acting phosphorus, 139 mg/kg of quick-acting potassium, a pH of
8.28, and an electrical conductivity of 329 us/cm. The previous crop grown was maize.
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Figure 2. Temperature and humidity records of the experimental site. Meteorological data were
obtained from WheatA Little Malt-Agrometeorological Big Data System V1.5.7b.

‘Qingza-15’, a kale-type vernal Pollima cytoplasmic male sterile three-line hybrid, has
a growth period of about 130 days in the spring rapeseed planting area. It has an average
plant height of 158.7 cm and a uniform branching pattern. The variety has a field incidence
of 2.6% for botrytis and a disease index of 1.0. It is highly resistant to botrytis and downy
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mildew infection. The erucic acid, sulfur glycosides, and average oil contents are 0.00%,
29.96 pmol/g, and 44.16%, respectively [19].

2.2. Experimental Design

The Ly (3*) orthogonal experimental design was used in this study. The test plot
area was 18 m? (6 m x 3 m). Three replicates were used for each treatment (Figure 1C).
The seeds were sown on 12 April 2023, and 15 April 2024. Using artificial strip sowing,
and the density was determined between three and five seedling leaves harvested on
20 August 2023, and 20 August 2024. The spacing between rows in this experiment was set
at 20 cm, with three different densities of oilseed rape plants tested, including three hundred
thousand plants/ hm?, six hundred thousand plants/ hm?, and nine hundred thousand
plants/hm?. Trrigation was performed four times during the whole growth period, at
40 days after seedling emergence, during the bolting period, during the flowering period,
and the ripening period. Three different water treatments were tested, with the amount
of water applied for the entire growing period being 1200 m3/hm?, 1500 m?/hm?, and
1800 m3 /hm?. Fertilizer was applied using a drip irrigation system, with each experimental
plot connected to an independent fertilizer tank (Figure 1B). The following three fertilizer
treatments were tested: 75 kg/ hm? urea + 270 kg/ hm? slow-release fertilizer; 150 kg/ hm?
urea + 270 kg/hm? slow-release fertilizer; and 225 kg/hm? urea + 270 kg/hm? slow-release
fertilizer. The treatments were A1B1C1, A1B2C2, A1B3C3, A2B1C2, A2B2C3, A2B3Cl1,
A3B1C3, A3B2C1, and A3B3C2, according to the orthogonal experimental design of Lo (3*)
(Table 1).

Table 1. Factor levels in the experimental design.

Treatment A: Density B: Irrigation C: Nitrogen D: Compound
(Plant/hm?) (m3/hm?) (kg/hm?) Fertilizer (kg/hm?)
A1BIC1 300,000 1200 75 270
A1B2C2 300,000 1500 150 270
A1B3C3 300,000 1800 225 270
A2B1C2 600,000 1200 150 270
A2B2C3 600,000 1500 225 270
A2B3C1 600,000 1800 75 270
A3B1C3 900,000 1200 225 270
A3B2C1 900,000 1500 75 270
A3B3C2 900,000 1800 150 270

2.3. Measurement Methods
2.3.1. Sample Collection

Rapeseed plants were randomly selected with consistent growth in each plot approx-
imately 20 days after flowering. The second elongated internode at the base of the stalk
was intercepted and a segment of approximately 2 cm was removed from the middle.
One part of this segment was placed in FAA fixative (63% anhydrous ethanol, 6% acetic
acid, and 5% formaldehyde) for paraffin sectioning. The remaining part was stored in an
ultra-low-temperature refrigerator after passing through liquid nitrogen to determine the
physiological indices.

2.3.2. Determination of Yield and Constitutive Factors

Ten representative rapeseed plants at the maturity stage were selected to measure
the following: plant height, plant type, branching pattern, number of effective branches
for the first time, number of effective branches at two different times, effective length of
the main stem, number of effective siliques on the main stem, total number of effective
siliques on the entire plant, length of the silique, number of kernels, thousand-kernel
weight, and individual plant yield. These parameters were used to calculate the total yield
and constituent factors [20].
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2.3.3. Measurement of Field Lodging Rate

The lodging rate in the field was determined based on the actual lodging of the rape
plants. When the angle between the rape plant and the field surface was <45°, the plant
was classified as lodged [21].

2.3.4. Determination of Stem Mechanical Indices

Approximately 20 days after flowering, ten main stems with uniform growth were
randomly selected from each plot. The plant height, internode length, and center of gravity
were measured. A YYD-1 stem strength measuring instrument (Zhejiang Top Instrument
Co., Ltd., Hangzhou, China) was used to determine the flexural force (F) of the second basal
internode when it was broken. The specific measurement method involved placing the
internode on two pivot points 10 cm apart, and then placing the flexural force instrument in
the middle of the two pivot points and moving slowly downwards. The force was exerted
until the stem broke, and the value of F (N) was recorded using a flexural force meter.
Vernier calipers were used to measure the stem thickness of the second internode at the
base, the thickness of the stem wall, and the inner and outer diameters of the long and
short axes. The mechanical indices related to lodging were calculated as follows [22]:

Bending moment (WP, g-cm) = SL x FW

where SL (cm) is the length from the breaking part to the top of the spike and FW (g) is the
fresh weight from the breaking part to the top of the spike.

Bending moment of breakage (M, g-cm) = L x F/4 x 10°

where F (kg) is the bending force exerted when the internode is broken and L (cm) is the
distance between the two branching points.

Section modulus (SM, mm3) =11/32 % (a13b1 — a23b2)/ aj

where a; and ap denote the outer and inner diameters of the short axis, respectively; b; and
b, denote the outer and inner diameters of the long axis, respectively; and section modulus
denotes the size of the hollow cross-sectional surface of the stalks.

Bending stress (BS, g-mm~2) = M/SM
Bending stress indicates the strength of the stalk material.
Lodging index (LI, %) = WP/M

The lodging index indicates the size of the risk of lodging, showing that, the higher
the lodging index, the higher the risk of lodging.

2.3.5. Stalk Slicing Production

Internode segments, approximately 2 cm long, were obtained from the middle position
of the second elongated internode at the base of the rapeseed stalks. These segments were
then placed in FAA fixative (63% anhydrous ethanol, 6% acetic acid, and 5% formaldehyde)
for >48 h, vacuum-pumped for 2 h, and stored for future use. The stem tissue was stained
using the Senna solid green staining method [23]. It was sequentially dehydrated with
varying concentrations of ethanol and then transferred to a transparent solution of ethanol
and n-butanol. Subsequently, it was dipped in a mixture of n-butanol and paraffin wax,
embedded in a wax-embedding box, cooled, and sliced continuously. The section thickness
was 10 um, and the temporary slides were placed under a microscope for observation and
photographed for documentation.



Sustainability 2024, 16, 9119

6 of 21

2.3.6. Stem Structural Carbohydrate Content

This test mainly determines non-structural carbohydrates (NSC) and structural carbo-
hydrates (SC) [24]. Lignin, cellulose, crude fiber, hemicellulose, pectin, pectinase, cellulase,
soluble sugars, and soluble proteins were detected at Shanghai Enzyme-linked Biologicals
using ELISA kits, following the manufacturer’s instructions.

2.4. Analysis of Experimental Data

The experimental data were sorted and calculated using WPS 2021. Main effect ANOVA,
principal component analysis, and path analysis were performed using SPSS 27 statistical
software. Graphical and correlation analyses were performed using WPS 2021 and Origin
2021. The section images were analyzed using CaseViewer 2.3 and Image]J 1.54k software.

3. Results
3.1. Effects of Agronomic Practices on Rapeseed Morphology

The results of this experiment indicated that the rapeseed exhibited varying degrees
of lodging under different agronomic practices treatments. It is worth noting that there
was a significant pattern (Figure 3), indicating that the lodging phenomenon of rapeseed
intensified with the increasing irrigation volume. The lodging phenomenon became more
evident under a high planting density and nitrogen application. The most severe treatments
were A1B3C3, A2B3C1, and A3B3C2, with lodging rates of up to 90%. Meanwhile, the
growth period of the rapeseed was significantly extended under the cultivation factor
treatments (Table 2). The growth period of the A3B3C2 treatment was 130 days, which was
13 and 8 days longer than those of A1B1C1 and A2B1C2, respectively. After evaluating the
quality of the seeds (Table 3) at low density, the yield of the rapeseed significantly increased
with increasing irrigation and nitrogen application, reaching a maximum of 3108 kg/hm?.
At medium density, the yield increased with irrigation, peaked at 3744 kg/hm? under
the A2B2C3 treatment, and then decreased. At high density, in contrast to low density,
lodging intensified and the yield decreased continuously. This also indicated that the
inversion phenomenon significantly reduced the yield of the rapeseed, such as with A3B3C2,
compared to the A3B1C3 treatment. Under the same density, the inversion phenomenon
resulted in a 28.5% reduction in yield. This indicates that agronomic practices can influence
the occurrence of lodging and, therefore, affect yield.

A1B3C3

A2B3Cl1
7

A3BIC3 A3B2C1 A3B3C2

Figure 3. Lodging of rapeseed under different cultivation factor treatments. Photographs were taken on
6 August 2023, before the rapeseed matured for harvest. A1B1C1, A1B2C2, A1B3C3, A2B1C2, A2B2C3,
A2B3C1, A3B1C3, A3B2C1, and A3B3C2 correspond to the experimental treatments listed in Table 1.
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Table 2. Critical fertility records of rapeseed under different agronomic practices.
Year Treatment Sowing Emergence Pentaphyllous Bloom Bolting Initial Blooming Terminal Ripening Harvest Growth
Stage Stage Stage Stage Stage Bloom Stage Stage Stage Stage Stage Period
A1BI1C1 11 April 2023 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 5 August 2023 117d
A1B2C2 11 April 2023 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 5 August 2023 117 d
A1B3C3 11 April 20231 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 10 August 2023 122d
A2B1C2 11 April 2023 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 10 August 2023 122d
2023 A2B2C3 11 April 2023 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 13 August 2023 125d
A2B3C1 11 April 2023 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 13 August 2023 125d
A3B1C3 11 April 2023 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 15 August 2023 127 d
A3B2C1 11 April 2023 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 15 August 2023 127d
A3B3C2 11 April 2023 4 May 2023 18 May 2023 31 May 2023 2 June 2023 12 June 2023 16 June 2023 3 June 2023 20 July 2023 18 August 2023 130d
A1BI1C1 15 April 2024 2 May 2024 15 May 2024 27 May 2024 3 June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 5 August 2024 112d
A1B2C2 15 April 2024 2 May 2024 15 May 2024 27 May 2024 3June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 5 August 2024 112d
A1B3C3 15 April 20241 2 May 2024 15 May 2024 27 May 2024 3 June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 7 August 2024 117d
A2B1C2 15 April 2024 2 May 2024 15 May 2024 27 May 2024 3 June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 12 August 2024 122d
2024 A2B2C3 15 April 2024 2 May 2024 15 May 2024 27 May 2024 3 June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 12 August 2024 122d
A2B3C1 15 April 2024 2 May 2024 15 May 2024 27 May 2024 3 June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 18 August 2024 126d
A3B1C3 15 April 2024 2 May 2024 15 May 2024 27 May 2024 3 June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 18 August 2024 126 d
A3B2C1 15 April 2024 2 May 2024 15 May 2024 27 May 2024 3 June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 18 August 2024 126d
A3B3C2 15 April 2024 2 May 2024 15 May 2024 27May 2024 3 June 2024 14 June 2024 18 June 2024 5 June 2024 23 July 2024 20 August 2024 128 d
Table 3. Yield components and ANOVA of rapeseed under different agronomic practices.
Year Treatment Bh (cm) V11 (EA) V12 (EA) Tot (EA) Ph (cm) St (mm) MIS (EA) Ml (cm) Den SL (mm) Pn (EA) Sn (EA) TKW (g) PY (g) MP (kg/hmz)
A1BIC1 70.7(9.53) ab 4(1)ab 0.7(0.67) P 47(1.67) b 150.3(3.53) ¢4 10.87(1.01) ab 40(821)2 51(7.55) @ 0.8(0.22) ab 57.7(5.54) 26.4(0.44) 2 183.7(21.86) 4.288(0.12) A 20.7(2.12) 3 2082
A1B2C2 60.3(6.39) 63(0.88) 2 03(033) b 6.7(12)ab 153.7(4.81) be 10.13(0.22) b 39(8.89) @ 513(8.84) 3 0.87(0.04) 2P 65.07(5.99) 27.7(1)@ 188.37(3.76) A 4.4888(0.15) @ 23.4(0.96) 3 2631
A1B3C3 79(8.39) ab 47(1.2)3b 0.3(0.33) P 5(1) ab 159(5.69) be 13.23(1.07) 2 57(2.08) 2 60.3(4.67)2 0.86(0.02) A 54.6(0.95) P 27(1.02) @ 223(29.21) @ 4.1438(0.08) ab 24.7(233)2 2072
A2B1C2 90.3(7.75) 2 5.3(0.33) 2 1(1) ab 6.3(0.88) 3P 169(4) aP 10.84(0.29) ab 58(1.67) @ 58.3(1.45) 2 1.06(0.07) 65.9(2.14) 3 26.7(0.63) 3 194(11.72) @ 3.869(0.04) be 20(1.28) 2P 3108
A2B2C3 70.7(5.36) 3P 27(0.67) P 0.7(0.67) P 3.3(1.33) P 149(9.54) °d 7.89(1.23) b 43(24)2 60.3(6.74) 2 0.64(0.14) P 57.03(9.64) P 25.2(1.76) 3P 207.4(11.84) 2 3.856(0.05) b¢ 20.1(0.89) 3P 3744
2023 A2B3C1 70.7(3.93) b 47(0.88) ab 1.3(0.33) ab 6(0.58) ab 141(7.09) 4 11.03(0.28) 54(5.03) 2 55.3(3.18)3 0.85(0.08) ab 64.2(4.4) 30 25.4(0.47) b 175(11.53) @ 3.943(0.19) be 17.7(2.35) be 3069
A3BIC3 81.7(3.18) b 43(0.33) ab 3(0.58) 2 7.3(0.88) 2 160.7(9.84) be 10.8(0.55) ab 57(7.64) 2 54.3(6.94)2 0.98(0.02) 2 75.01(1.01) @ 24.5(0.37) b 173.4(6.33) 3 3.552(0.35) °d 15.2(1.95) °d 2745
A3B2C1 96.7(12.84) @ 6(0.58) @ 0.7(0.67) b 6.7(0.88) 3P 177.3(3.67) @ 12.96(1.23) @ 58(9.45) @ 58(3.06) 1.01(0.06) 2 61(3.42) ab 24.7(0.45) b 178.7(15.68) @ 3.402(0.09) °d 15(1.41) ¢d 2630
A3B3C2 81.7(11.05) b 5(0.58) b 2(1.15) ab 7(1.53) ab 171.7(5.55) ab 12.25(1.38) @ 45(3) 66.3(13.93) @ 1.04(0.07) 2 60.58(6.06) b 229(1.39) P 179(22.11) @ 3.263(0.05) 4 13.2(0.77) 4 1962
o n ne ne ne n ne ne ne
Fer ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
AIBIC1 65.7(1.45) abc 4(0.58) P 2.67(0.67) 3 6.67(1.2) b 145.3(9.17) € 9.45(1.13) © 44.67(857) b 49.6(7.06) ¢4 09(0.11) @ 68.17(1.62) 26.28(0.55) &b 228.3(15.6) 2 273(0.25) 4 16.6(1.43) P 1839
A1B2C2 71.7(5.9) abe 5(0.58) b 1(0.58) be 6(1)b 166.3(2.3) 2 14.4(1.29) 2 71(10.02) @ 70.67(3.48) @ 0.99(0.09) @ 55.73(4.02) @ 26.43(0.29) & 231.67(50.3) @ 3.31(0.01) <4 2019(4.2) 2P 2337
2024 A1B3C3 66.3(7.51) abe 5.67(0.33) A 4(058)2 9.67(0.67) 2 162(2.64) AP 11.5(0.33) abe 53(3) ab 67(1.53) b 0.79(0.06) @ 66.08(3.97) 2 14.5(0.66) © 206(8.89) @ 3.86(0.06) AbC 11.6(0.8) P 2751
A2B1C2 71.7(9.56) ab¢ 4.67(0.67) A 1.33(0.67) b¢ 6(1.15) P 142.7(2.6) °d 11(0.75) be 51.67(3.52) A 51(2.64) ¢4 1.02(0.11) 2 552(1.72) 2 28.57(0.13) 2 213(64.5) 2 3.97(0.04) A 24.2(7.4) b 3057
A2B2C3 56.7(1.85) be 43(0.67) ab 1.33(0.67) bC 5.67(0.67) P 131(251) 4 11.47(0.53) abe 50.3(2.67) A 55.67(2.9) bed 0.9(0.03) 2 5817(5.9)2 23.67(0.26) ¢4 163.3(13.9) 3.99(0.35) A 18.6(2.4) P 3420
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Year Treatment Bh (cm) V11 (EA) Tot (EA) Ph (cm) St (mm) MIS (EA) Ml (cm) Den SL (mm) Pn (EA) Sn (EA) TKW (g) PY (g) MP (kg/hmz)
A2B3C1 66(4.16) abc 5.3(0.33) ab 9.33(0.88) @ 151.3(5.92) be 12.05(0.05) 2b 56(3.51) 3 60.67(2.02) abe 0.92(0.07) 2 62.4(5.64) 2 22.48(2.18) 4 262.3(2.6) 3.15(0.35) d 189(3.8) 2913
A3BIC3 52.7(15.3) © 5.33(0.33) ab 533(0.33) P 143.7(3.28) °d 12.9(1.55) ab 48(11.68) P 45.3(7.86) 4 1.02(0.09) @ 67.17(2.37) 2 27.33(0.11) ab 175(33.15) @ 3.37(0.16) bed 164(3.9) P 3006
A3B2C1 80.7(0.67) @ 5(0.57) ab 7.33(1.45) ab 161(2.08) P 11.2(0.9) be 58.67(2.4) 3 55(4.04) bed 1.07(0.07) @ 65.3(2.94) 2 25.43(0.3) be 202.67(14.2) @ 3.22(0.05) °d 16.7(1.6) P 2751
2024 A3B3C2 78(3.51) ab 6(0.57)@ 7(1.15) ab 165(3.06) 3P 12.9(0.52) ab 61.3(6.96) 2P 60.67(0.67) abe 1.01(0.12) @ 57.56(4.17) @ 27.9(0.21) ab 262(42.1) 3 4.04(0.15) 3 23.7(45) b 1710
Den ns ns ns i ns ns ns ns ns s ns ns ns i
Irr ns ns w o ns ns * ns i
Fer *

ns

ns

w4

ns

ns

w5

ns

ns
*

w5

ns
ns

ns
ot

ns
ot

ns
ns

Bh: branch height; V11: number of primary effective branches; VI2: number of secondary effective branches; Tot: total number of effective branches; Ph: plant height; St: stem thickness;
MIS: number of effective siliques on the main inflorescence; MI: main stem length; Den: silique density; SL: silique length; Pn: number of kernels per silique; Sn: silique number;
TKW: thousand-kernel weight; PY: yield per plant; MP: yield. Superscripts not containing the same lowercase letters in the same column indicate significant differences (p < 0.05).
-

and “**” indicate significant differences at (p < 0.05) and (p < 0.01) levels, respectively, and ns indicates no significant difference. The same is shown below.
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The results of the polar analysis of variance (Table 4) showed that, with yield as
the focus of the study, R (density, 62.3) > R (fertilizer, 40.4) > R (irrigation, 19.2), indi-
cating that planting density had the most significant effect on the rapeseed yield, with
the highest yield combination of A2B2C3. Conversely, when examining the lodging rate,
R (irrigation, 74.7) > R (density, 19.8) > R (fertilizer, 9.8), suggesting that the irrigation vol-
ume had the greatest effect on the lodging of rapeseed, with the combination A2B1C3
resulting in the lowest lodging rate. Finally, based on the sample yield measurements
(Table 3), A2B2C3 had the highest yield of 249.6 kg. Therefore, the optimal treatment for
high yield and lodging resistance in rapeseed planted in this region is A2B2C3.

Table 4. Extreme range analysis of rapeseed yield and lodging under different agronomic practices.

Factors Factors
Treatment Yield Treatment Lodging Rate
A B C A B C
AlBIC1 20,000 80 5 138.8 AlBI1C1 20,000 80 5 2.0
A1B2C2 20,000 100 10 175.4 A1B2C2 20,000 100 10 6.7
A1B3C3 20,000 120 15 207.2 A1B3C3 20,000 120 15 733
A2B1C2 40,000 80 10 221.8 A2B1C2 40,000 80 10 2.0
A2B2C3 40,000 100 15 249.6 A2B2C3 40,000 100 15 23
A2B3C1 40,000 120 5 204.6 A2B3C1 40,000 120 5 66.7
A3B1C3 60,000 80 15 183.0 A3B1C3 60,000 80 15 2.0
A3B2C1 60,000 100 5 175.3 A3B2C1 60,000 100 5 38.3
A3B3C2 60,000 120 10 130.8 A3B3C2 60,000 120 10 90.0
K1 521.47 543.62 518.67 K1 82 6 107
K2 675.95 600.24 527.98 K2 71.00 47.33 98.67
K3 489.07 542.63 639.84 K3 130.33 230.00 77.67
k1 173.82 181.21 172.89 k1 27.33 2.00 35.67
k2 225.32 200.08 175.99 k2 23.67 15.78 32.89
k3 163.02 180.88 213.28 k3 43.44 76.67 25.89
R 62.29 19.20 40.39 R 19.78 74.67 9.78
p 0.31 0.60 0.41 p 0.27 0.03 0.62
Sort A>C>B Sort B>A>C
Optimum level A2 B2 C3 Optimum level A2 Bl C3
Optimal A2B2C3 Optimal A2B1C3
combination combination

A, B, and C denote experimental treatments; K1, K2, and K3 denote summation of identical treatments; k1, k2,
and k3 denote mean values of identical treatments; R denotes range; and p denotes significance.

3.2. Effect of Agronomic Practices on the Mechanical Properties of Rapeseed Stalks

The mechanical properties of the rapeseed stalks were determined for each treatment
by assessing the lodging in each plot under various cultivation factor treatments (Figure 3).
The results showed that the treatments with the most severe occurrence of field lodging
in rapeseed were A1B3C3, A2B3C1, and A3B3C2, with lodging rates of 73%, 67%, and
90%, respectively (Figure 4A). The three treatments that also received the most watering
showed significantly lower bending resistance values of 18.1 N, 31.38 N, and 19.19 N,
respectively (Figure 4H), and had puncture resistance values of 24.87 N, 26.59 N, and
23.65 N, respectively (Figure 4B). At low and medium densities, the increase in water
infusion improved the bending and puncture resistance of the rapeseed. This enhancement
was reflected in the bending moment, breaking moment, and bending stress. Although the
increase in section modulus was not significant (Figure 4C), it still increased the resistance
of the rapeseed to felling. However, beyond a certain level of water infusion, this ability
decreases. The bending resistance reached 54.94 N (Figure 4D), the puncture force reached
43.69 N, and the stress resistance reached 43.69 N (Figure 4E), all reaching their highest
values. Consequently, the bending moment was 3431.96 g-cm (Figure 41), and the breaking
bending moment was 9806.19 g-cm (Figure 4F), both of which exhibited the highest values.
Under high-density planting, the lodging rate of the rapeseed increased with increasing
irrigation volumes. There was a positive correlation between the lodging index and the
rapeseed lodging rate owing to the high breaking bending moment (Figure 4A,G). However,
the bending did not exhibit a significant relationship. Planting density, irrigation water
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quantity, and nitrogen application had the main effects on the rapeseed lodging rate,
bending force, puncture force, stress resistance, and bending moment of fracture (Table 5).
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Figure 4. Mechanical properties of rapeseed stalks under various agronomic practices. (A): lodging
rate; (B): puncture strength; (C): section modulus; (D): bending stress; (E): compressive strength;
(F): bending moment; (G): lodging index; (H): folding force; (I): bending moment.

Table 5. Main effect analysis of mechanical properties of rapeseed stalks.

LR BRS RPS SCS WP M SM BS LI

Den *% *3% *3% *3% %% *% ns ns *%
Irr ** ** ** ** ns ** ns ns ns
Fer 3% 3% 3% 3% *3% ** ns ns ns

Den: planting density; Irr: irrigation volume; Fer: nitrogen application; LR: lodging rate; BRS: breaking strength;
RPS: puncture force; SCS: pressure bearing; WP: bending moment; M: breaking moment; SM: section modulus;
BS: bending stress; LI: lodging index. “**” denote significant differences at (p < 0.01) levels, respectively, and ns
denotes no significant difference. The same is shown below.

3.3. Effects of Agronomic Practices on Anatomical Structure of Rapeseed Stalks

The analysis of the anatomical structure of the rapeseed stalks (Figure 5) revealed that
they mainly consisted of an external sclerenchyma section, a central parenchyma section,
and an internal medullary section. Additionally, a large number of regularly arranged vas-
cular bundles were observed in parenchyma sections. Differences in parenchyma fractions
of the culm were observed under various treatments. The proportion of the parenchyma
fraction in the long and short axes of the culm was determined using CaseViewer 20.3 software,
and the parenchyma area fraction was measured using Image]J 1.54k software. The results
showed that the ratio of thin-walled to sclerenchyma sections in the long axis of the A2B2C3
treatment was not significantly different. However, the ratio in the short axis was signifi-
cantly lower than that observed in the A1B2C2 and A3B1C3 treatments. The area occupied
by the parenchyma sections was 0.29%—2261.83 um? (Table 6), which was significantly
higher than that observed in the other treatments. This correlated with the lodging rate
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(Figure 4A). The parenchymas were arranged closely. The percentage of parenchyma
sections in the rapeseed stalks was significantly lower in the high-density treatment than
in the medium- and low-density treatments. After conducting ANOVA, it was found that
the planting density and irrigation volume had a significant effect on the percentage of
parenchymas in rapeseed. This, in turn, influences the strength of the rapeseed stalks by
affecting the percentage area of the parenchymas.

s
/ d
a b c
AIBIC1 ' A1B2C2 AIB3C3
A2B1C2 A2B2C3 A2B3C1
A3B1C3 / A3B2C1 " A3B3C2

Figure 5. Anatomical structure of rapeseed stalks under different agronomic practices (cross-section).
a: sclerenchyma section; b: parenchyma section; c¢: medullary section; d: vascular bundles; scale bar,
100 pm.

Table 6. Percentage of parenchyma area and main effect analysis of parenchyma in stalk sections of
rapeseed under different agronomic practices.

Length
Area
T Long Axis Short Axis
Sclerenchyma Parenchyma Sclerenchyma Parenchyma Cross-Sectional Parenchyma
s:p s:p % > s:p
(um) (um) (nm) (nm) Area (Lm*~) Area (Lm*~)
A1BIC1 537.83(34.77) ¢4 334.04(23.13) f 1.02(0.1) @ 535.24(15.45) 4 381.7(4.9) 4 0.88(0.05) be 7401.17(555.34) be 1581.6(132.72) © 021(0.01) be
A1B2C2 1496.23(12.98) f 320.6(23.14) f 099(0.07) 3 504.97(22.31) 4 275.87(10.42) © 1.16(0.05) @ 7446.71(604.34) D¢ 1733.95(229.18) ¢ 023(0.01) P
A1B3C3 806.53(85.31) P 365.17(4.96) d€ 1.03(0.09) 787.03(59.83) 340.3(14.02) 4 1.08(0.03) ab 5832.47(158.47) 4 923.82(18.31) 4 0.16(0.01) ©
A2BIC2 711.43(39.62) P 441.9(29.85) °d 0.91(0.03) 3 778.33(27.12) 597.3(25.32) ab 0.74(0.07) 4 5569.59(291.61) 4 1474.29(39.4) © 027(0.01) 2
A2B2C3 699.6(31.51) ¢ 457.77(26.13) © 099(0.05) 2 705.37(60.64) b 581.6(33.35) 0.7900.1) 4 7770.93(384.5) 2261.83(100.38) @ 0.29(0.01) 2
A2B3C1 700.73(64.41) be 355.23(11.24) f 1.22(0.12) @ 5743(16.4) 323.9(24.93) de 1.11(0.12) ab 9087.78(517.03) @ 1904.61(100.58) b 021(0.01) be
A3BIC3 1039.9(68.45) @ 588.47(7.17) 0.84(0.03) @ 1234.83(71.25) @ 492.2(16.24) © 1.19(0.03) @ 5955.01(315.2) 4 1128.18(70.85) 4 0.19(0.01) «d
A3B2C1 818.27(31.63) P 420.83(62.26) °d 1.06(0.15) 792.5(87.75) P 486.6(31.93) © 0.87(0.11) °d 6578.26(251.83) ¢4 1080.97(121.9) 4 0.17(0.02) de
A3B3C2 871.83(104.22) b 826(33.69) 1.17(0.15)@ 751(16.19) P 656.57(28.87) @ 1.27(0.1)2 7872.93(285.83) P 1103.57(92.84) 4 0.14(0.01)©
Den e - e o - o s Y -

Trr
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ot
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Den, planting density; Irr, irrigation volume; Fer, nitrogen application; S:P, ratio of sclerenchyma to parenchyma;
brackets denote standard error, and values following different letters (e.g., a, b, and c) denote significant differences.
“** denote significant differences at and (p < 0.01) levels, respectively, and ns denotes no significant difference.

3.4. Effects of Agronomic Practices on Physiological Characteristics of Rapeseed Stalks

The analysis of structural and non-structural carbohydrates in rapeseed stalks in-
dicated a correlation between lodging and these carbohydrates. Lignin and cellulose,
the primary biochemical components of rapeseed stalks, were found to be correlated
with stalk strength. At low and medium densities, lignin, cellulose, and crude fibers
(Figure 6A,B,F) showed a pattern of initially increasing and then decreasing with increas-
ing irrigation volume. However, pectin showed a decreasing trend (Figure 6G). High
lignin, cellulose, and crude fiber contents enhanced the lodging resistance of the rape-
seed in the A2B1C2 treatments. The cellulose content was 105.46 mg/g, the lignin content
was 133.43 mg/g, and the crude fiber content was 286.9 mg/g, all reaching their highest
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levels. Hemicellulose (Figure 6C) exhibited a similar pattern of change to that of lignin
and cellulose. However, under the A1B2C2 treatment, it peaked at 183.03 mg/g. Under
high-density conditions, lignin and cellulose exhibited significant negative correlations
with the amount of irrigation water. Cellulase (Figure 6H), pectinase (Figure 6I), soluble
sugars (Figure 6E), and soluble proteins (Figure 6, D), did not exhibit any significant regu-
larity (Table 7). However, it is noteworthy that structural and nonstructural carbohydrates
were significantly lower at high densities than at low and medium densities. Moreover,
there was a significant effect of irrigation volume on lignin, cellulose, crude fiber, and
hemicellulose, which affected the rapeseed stalk strength by influencing their contents.
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Figure 6. Physiological properties of rapeseed stalks under different agronomic practices. (A): lignin;
(B): cellulose; (C): hemicellulose; (D): soluble protein; (E): soluble sugar; (F): crude fiber; (G): pectin;
(H): cellulase; (I): pectinase. Superscripts in the same column without the same lowercase letters
indicate significant differences (p < 0.05).
Table 7. Main effect analysis of physiological characteristics of rapeseed stalks.
Lignin Cellulose  Crude Fiber = Hemicellulose Pectin Cellulase  Pectinase  Soluble Sugar Soluble Protein
Den ns *3% *3% *3% *3% *3% *3% *3% *3%
Irr *3% *3% *3% *3% *3% *3% ns *3% ns
Fer ns ns ** ns ** ** ns ** **

Den: planting density; Irr: irrigation volume; Fer: nitrogen application. “**” denote significant differences at and
(p < 0.01) levels, respectively, and ns denotes no significant difference.

The structural and non-structural carbohydrate contents of rapeseed stalks varied sig-
nificantly. The results indicated that the content of each component followed the following
order: crude fiber > hemicellulose > lignin > cellulose > soluble sugar > pectin (Figure 7),
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with percentages of 35.5%, 20.8%, 17.2%, 13%, 11.5%, and 2%, respectively. The crude fiber
and hemicellulose contents were more susceptible to agronomic practices. The total content
also varied among the treatments, increasing and decreasing under low and medium densi-
ties, respectively, whereas, under high densities, it exhibited a decreasing trend, consistent
with the lodging rate pattern (Figure 4A). The total contents of A1B3C3, A2B3C1, and
A3B3C2, which experienced severe lodging, were also the lowest. This indicates that the
resistance of rapeseed stalks to lodging is not determined by a single component but is the
result of the joint action of structural and non-structural carbohydrates.
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Content (mg/g)
Figure 7. Total structural and non—structural carbohydrates of rapeseed stalk species under different
agronomic practices.

3.5. Correlation of Yield Composition of Rapeseed Under the Influence of Agronomic Practices

The composition of rapeseed yield affects the yield per plant and ultimately determines
the acre yield. A correlation analysis of yield composition was conducted for rapeseed
(Figure 8). The results showed that the rapeseed yield per plant exhibited a highly sig-
nificant positive correlation (p < 0.01) with the number of kernels, number of siliques per
plant, and thousand-kernel weight, as well as a significant negative correlation (p < 0.05)
with branch height, plant height, fruiting density, and silique length. There was also a
highly significant positive correlation (p < 0.01) between the number of kernels and the
thousand-grain weight. However, the total yield of rapeseed did not correlate with the
yield composition of the individual plants. We speculate that this discrepancy might be due
to variations caused by agronomic practices, but more significantly due to the occurrence
of the lodging phenomenon, which resulted in a decreased yield.
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Figure 8. Correlation analysis of rapeseed yield components under different agronomic practices.
“*” and “**” indicate significant differences at (p < 0.05) and (p < 0.01) levels, respectively, and ns

indicates no significant difference.
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3.6. Correlation Between Lodging and Yield Components of Rapeseed Under Agronomic Practices

The correlation analysis of lodging mechanics, lodging physiology, and yield compo-
nent indices (Figure 9) showed a positive correlation between lodging mechanical proper-
ties, lodging physiological properties, and yield. The morphological indices of the lodging
mechanics, as external manifestations, interact with the intrinsic properties of the lodging
physiological indices. Lignin, cellulose, crude fiber, and hemicellulose were all positively
correlated with stem folding resistance, puncture force, bending moment, and breakage
bending moment, showing highly significant positive correlations (p < 0.01). Additionally,
they were significantly negatively correlated (p < 0.01) with the lodging index and the
lodging rate. The yield was positively correlated (p < 0.05) with flexural force, puncture
force, bending moment, and breaking moment in the mechanical characteristics of lodging,
and with cellulose, crude fiber, and soluble sugar in the physiological characteristics of
lodging. It was negatively correlated (p < 0.05) with the lodging index. This suggests that
the yield of rapeseed is closely related to its inversion characteristics, and external factors
can influence the yield by altering these traits.
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Figure 9. Correlation analysis of lodging mechanics, lodging physiology, and yield components of
rapeseed under different agronomic practices. “*” and “**” denote (p < 0.05) and (p < 0.01) levels of

significant differences, respectively.

3.7. Principal Component Analysis of Lodging and Yield Composition of Rapeseed Under
Agronomic Practices

Through principal component analysis, composite indicators were obtained by down-
scaling to represent the overall data (Figure 10). The results showed that the differences
among the treatments were small. PC1 responded to the information on the physiological
characteristics of lodging (43.7%), whereas PC2 responded to the information on the me-
chanical characteristics of lodging and yield composition (19.9%). Yield was found to be
more closely related to the mechanical characteristics of lodging in PC1. Although the yield
composition was more significantly related to the physiological characteristics of inversion
and positively correlated with the mechanical characteristics of inversion, all three were
negatively correlated with the inversion index and the inversion rate. The inversion index
was more significantly negatively correlated with the mechanical characteristics of the
inversion of PC1.
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Figure 10. Principal component analysis of lodging mechanics, lodging physiology, and yield
components in rapeseed under different agronomic practices.

3.8. Path Analysis of Lodging and Yield Components of Rapeseed Under Agronomic Practices

We conducted a thorough trial analysis to investigate the direct effects or indirect re-
lationships between each trait and the yield (Figure 11). The decision coefficients reflected
the effects of causal traits on the yield. Among the effects of each trait on the yield (Table 8)
in rapeseed, the planting density and nitrogen application had significant direct negative
(—0.435) and positive (0.422) effects on the yield, respectivley, and yield per plant had a
significant direct negative effect on the yield (—1.179), whereas the rate of lodging had a direct
negative effect on the yield (—0.021). Planting density, irrigation, and nitrogen application
indirectly negatively affected the yield in terms of the lodging rate. Planting density had a
significant indirect positive effect on yield per plant (0.929). Notably, the irrigation volume
also had a significant indirect positive effect on hemicellulose (0.794). Lignin, cellulose, and
hemicellulose had indirect positive effects on stem bending resistance but indirect negative
effects on puncture force. The number of siliques per plant (—0.828), number of kernels per
silique (—0.67), and thousand-seed weight (0.914) had significant negative effects on the yield.
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Figure 11. Path analysis of lodging mechanics, lodging physiology, and yield components of rapeseed
under different agronomic practices. Den, planting density; Irr, irrigation volume; Fer, nitrogen applica-
tion; BRS: breaking strength; RPS: puncture force; SCS: pressure bearing; WP: bending moment; SM:
section modulus; BS: bending stress; Lig, lignin; Cel, cellulose; CFE, crude fiber; Hem, hemicellulose; Pec,
pectin; SS, soluble sugars; Pn: number of kernels per silique; Sn: silique number; TKW: thousand-kernel
weight; PY: yield per plant; MP: yield. “***” denote significant differences at (p < 0.0001).
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Table 8. Path analysis of lodging mechanics, lodging physiology, and yield components of rapeseed under different agronomic practices.
Trait Correlation Direct Path Indirect Path Coefficient Decision
Coefficient  Coefficient Den Tir Fer BRS RPS scs wp sM BS LIG CEL cF HEM PEC ss sp LR PN SN TKW PY Coefficient
Den —0.123 —0.422 - 0.000 0.000 —0.003 0.025 —0.105 —0.131 0.100 —0.119 0.024 —0.078 0.123 0.192 0.358 —0.030 0.353 —0.081 0.262 0.130 0.352 0.333 —0.074
Trr —0.004 —0.265 0.000 - 0.000 0.126 0.080 0.046 0.006 0.042 0.075 0.182 0.164 0.053 0.180 0.076 0.133 —0.011 —0.235 0.044 —0.033 0.029 0.003 —0.068
Fer 0.459 0.435 0.000 0.000 - 0.171 0.219 0.275 0.075 0.019 0.135 0.063 0.016 0.197 —0.009 0.113 0.058 —0.074 —0.050 0.008 0.138 —0.011 0.088 0.210
BRS 0.611 0.221 0.002 —0.105 0.087 - 0.199 0.152 0.131 0.078 0.121 0.154 0.176 0.117 0.133 0.051 0.189 0.046 —0.161 0.043 —0.001 0.032 0.025 0.221
RPS 0.624 —0.216 0.013 0.065 —0.109 —0.194 - —0.165 —0.110 —0.069 —0.111 —0.149 —0.155 —0.150 —0.119 —0.065 -0.179 —0.041 0.135 —0.053 —0.009 —0.042 —0.040 —0.316
SCs 0.589 0.064 0.016 —0.011 0.041 0.044 0.049 - 0.026 0.010 0.033 0.036 0.037 0.047 0.016 0.000 0.042 —0.013 —0.025 0.004 0.006 —0.007 0.002 0.071
wp 0.487 0.08 0.025 —0.002 0.014 0.048 0.041 0.032 - 0.013 0.027 0.016 0.031 0.008 0.001 —0.013 0.048 —0.002 —0.013 —0.001 0.000 —0.019 —0.011 0.072
SM 0.186 —0.078 0.018 0.012 —0.003 —0.028 —0.025 —0.012 —0.012 - 0.042 —0.023 —0.019 —0.022 —0.029 —0.021 —0.024 —0.022 0.025 —0.025 —0.010 —0.026 —0.026 —0.035
BS 0.354 —0.086 —0.024 0.024 —0.027 —0.047 —0.044 —0.044 —0.029 0.046 - —0.038 —0.046 —0.026 —0.018 0.007 —0.044 0.014 0.032 0.015 0.014 0.014 0.021 —0.068
LIG 0.206 0.125 —0.007 —0.086 0.018 0.087 0.086 0.070 0.025 0.037 0.055 - 0.105 0.092 0.106 0.039 0.092 0.005 —0.110 0.019 —0.004 0.027 0.014 0.036
CEL 0.403 0.519 0.096 —0.321 0.019 0413 0.373 0.299 0.199 0.127 0.280 0.436 - 0.280 0.359 —0.020 0.442 0.028 —0.421 0.041 —0.101 0.011 —0.053 0.149
CF 0.488 0.298 —0.087 —0.060 0.135 0.158 0.207 0.221 0.030 0.084 0.089 0.218 0.161 - 0.179 0.118 0.166 0.058 —0.161 0.096 0.075 0.097 0.124 0.202
HEM 0.094 —1.169 0.533 0.794 0.023 —0.703 —0.645 —0.288 —0.018 —0.436 —0.241 —0.994 —0.809 —0.701 - —0.689 —0.648 —0.483 1.036 —0.471 0.030 —0.636 —0.415 —1.586
PEC 0.061 —0.357 0.303 0.102 —0.093 —0.083 —0.107 0.002 0.060 —0.095 0.030 —0.110 0.014 —0.141 —0.210 - —0.042 —0.203 0.155 —0.201 —0.102 —0.259 —0.251 -0.171
SS 0.637 0.25 0.018 —0.125 0.034 0.214 0.208 0.163 0.151 0.077 0.127 0.183 0.213 0.140 0.139 0.029 - 0.050 —0.181 0.044 0.004 0.024 0.024 0.256
iy 0.414 0.643 —0.538 0.026 —0.110 0.132 0.123 —0.131 —0.015 0.183 —0.104 0.026 0.034 0.125 0.266 0.367 0.129 - —0.136 0.322 0.163 0.477 0.427 0.119
LR —0.264 —0.021 —0.004 —0.019 0.002 0.015 0.013 0.008 0.003 0.007 0.008 0.019 0.017 0.011 0.019 0.009 0.015 0.004 - 0.007 —0.001 0.007 0.005 0.011
PN 0.229 0.461 —0.286 —0.077 0.009 0.089 0.112 0.031 —0.006 0.150 —0.082 0.069 0.036 0.149 0.186 0.259 0.082 0.231 —0.144 - —0.030 0.267 0.262 —0.001
SN 0.302 0.749 —0.230 0.094 0.238 —0.003 0.030 0.073 0.001 0.098 —0.121 —0.023 —0.145 0.188 —0.019 0.213 0.013 0.190 0.023 —0.049 - 0.142 0.526 —0.109
TKW 0.138 0.571 —0.476 —0.063 —0.014 0.083 0.112 —0.066 —0.135 0.192 —0.094 0.123 0.012 0.187 0.311 0.415 0.054 0.424 —0.188 0.331 0.108 - 0.443 —0.168
PY 0.32 -1.179 0.929 0.012 —0.239 —0.132 —0.217 —0.040 0.156 —0.399 0.288 —0.132 0.121 —0.489 —0.419 —0.829 —0.111 —0.783 0.259 —0.670 —0.828 —0914 - —2.145
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4. Discussion
4.1. Agronomic Practices Affect the Rate of Lodging of Rapeseed and Limit Yield

Lodging reduces yield and affects the quality of rapeseed [25]. In this study, at
low and medium densities, a moderate increase in irrigation and nitrogen application
reduced the lodging rates and increased yields. The highest yield was achieved with the
A2B2C3 treatment (Table 3, Figures 3 and 4A). However, further increases in irrigation and
nitrogen application did not increase the yield. Instead, they increased the risk of lodging
and prolonged the growth period (Table 2). According to the results of the extreme variance
and main effect analyses, irrigation volume had a significant effect on the lodging traits
(Table 5). This could significantly decrease the yield by affecting the lodging of rapeseed.
The effect of planting density on rapeseed lodging has been previously confirmed [26].
Similarly, an increased risk of lodging caused by the elongation of grain stalk internodes,
owing to high nitrogen application, has been reported [27]. Regarding the irrigation rate,
the main focus was on controlling water during the late growth stage in order to avoid
root lodging in rapeseed [28]. In this study, drip irrigation was used to manage water
throughout the life cycle of rapeseed, based on the local customary irrigation amount. This
approach effectively minimized the occurrence of root lodging.

4.2. Stem Mechanical Properties Affected by Agronomic Practices

The lodging index is a crucial measure for evaluating crop resistance to lodging. The
higher the lodging index, the greater the likelihood of lodging [29,30]. In this study, the
irrigation volume (Table 5) significantly increased the bending and puncture forces of the
rapeseed stalks (Figure 4), which resulted in higher bending and breaking moments of
the rapeseed stalks and improved their resistance to lodging. The results of the thorough
path analysis (Figure 11 and Table 8) also showed that the breaking bending moment
had an indirect positive effect on the lodging index (0.263), which was greater than the
indirect negative effect of the bending moment on the lodging index (—0.009). This effect
influenced the yield, indicating that the effect of the breaking bending moment on the
lodging index was more significant. These findings were consistent with those of a previous
study [24]. The lodging rate was indirectly negatively affected by bending stress, which
(—0.084, —0.175) had an impact on the lodging rate. In addition, the section modulus
can increase the bending stress [13]; however, the difference in section modulus was not
significant in this study. This is likely because the fracture bending moment compensated
for this difference. The combined effect of each index determines the resistance of rapeseed
plants to failure [31]. Therefore, the control of irrigation volume throughout the growth
period should also be considered as an important factor affecting lodging.

4.3. Stem Anatomy as Influenced by Agronomic Practices

Plant lodging is closely related to the anatomical structure of the stalks, including
the vascular bundles, stem thickness, and stem wall thickness [32,33]. Rapeseed culms
are mainly composed of sclerenchyma, parenchyma, and medulla [34,35]. In this study,
a significant correlation was found between the percentage of parenchymas in rapeseed
stalks and resistance to lodging (Figure 5 and Table 6). The A2B2C3 treatment did not result
in a significant percentage of parenchymas in the long and short axes of the stalks. However,
the percentage of the total area was significantly higher than that of the other treatments,
and the parenchyma arrangement was more tightly packed. This is consistent with the
results of the impact of bending and puncture resistance on the mechanical properties of
stem lodging (Figure 4). This indicated that the proportion of parenchymas in rapeseed
stalks influences their strength and plays a role in determining plant lodging resistance [35].

4.4. Stem Physiological Characteristics Are Influenced by Agronomic Practices

Structural and non-structural carbohydrates determine the resistance of plants to
stunting [36]. In this study, the highest contents of structural carbohydrates, such as
cellulose, lignin, and crude fiber, and non-structural carbohydrates, such as soluble sugar,
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were observed in the A2B1C2 treatment (Figure 6A,B,E,F). This finding was consistent
with the lodging rate (Figure 4A), suggesting that a high content of both structural and
non-structural carbohydrates could improve the stem strength of the plants. This aligns
with previously reported results [37]. Regarding the total content of structural and non-
structural carbohydrates (Figure 7), it was found that the total content was also closely
related to stem strength [38]. Crude fiber and hemicellulose are more crucial for plant stem
strength than the other components. The rate of stem lodging showed a highly significant
negative correlation (p < 0.01) with the structural carbohydrates lignin, cellulose, crude
fiber, hemicellulose, and pectin, as well as with the non-structural carbohydrate-soluble
sugar (Figure 8). The higher the lignin content in the stem, the greater the resistance to
lodging [39]. A significant positive correlation was observed with the cellulose content [40],
which was positively correlated with the resistance to bending and puncture force of the
stalks (p < 0.01), consistent with previous findings. The A3B3C2 treatment had a higher
cellulose content than the A1B3C3 treatment but had a significantly lower rate of lodging
(Figures 3 and 6B). The A1B3C3 treatment had a significantly higher crude fiber content
than the A2B1C2 treatment (Figures 3 and 6F) but experienced more severe lodging. This
indicates that the strength of stalks, in relation to cellulose, lignin, hemicellulose, pectin,
and non-structural carbohydrates, is influenced by their degree of arrangement and cross-
linking [41]. Therefore, stem strength is not determined by one component alone but is a
joint result of the interactions between multiple components.

4.5. Agronomic Practices Affecting Yield Components of Rapeseed

The high crop yield mainly stems from plant density and increased productivity
of individual plants [42,43]. A well-organized group structure ensures efficient space
utilization, whereas proper irrigation and nitrogen application are crucial measures to
further improve crop yield [44,45]. This finding is consistent with the results of the present
study. At low and medium densities, an increase in irrigation and nitrogen application
could increase the yield (without lodging) (Table 3). However, at high densities, an increase
in irrigation and nitrogen application reduces the yield, owing to the intensification of
the lodging phenomenon. In the main effect analysis of the impacts of planting density,
irrigation water, and nitrogen application on the yield components of rapeseed (Table 3),
it was found that planting density had a significant effect on the number of kernels per
silique, the thousand-kernel weight, and the yield per plant in the yield components of
rapeseed, whereas neither irrigation water nor nitrogen application had a significant effect
on the yield components. In this study, planting density affected yield through lodging and
the yield components of rapeseed. In contrast, irrigation and nitrogen application primarily
affected the lodging of rapeseed stalks, consequently affecting the final yield. This finding
is consistent with the results of a previous study [46]. However, we should next analyze
the interaction effects of these agricultural practices on rapeseed.

5. Conclusions

In this study, it was found that planting density, irrigation, and nitrogen application
could affect yield by influencing rapeseed lodging. In the Aksu region of Xinjiang, a
planting density of 600,000 plants/hm?, irrigation of 1500 m3/hm?, and 225 kg/hm? of
nitrogen application could ensure high lodging resistance and a high yield of rapeseed.
Therefore, it is more important to ensure refined agricultural practices for the crop in future
growth periods.
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