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Abstract: The main reason for the massive loss of rapeseed in mechanized harvesting is the mismatch
between the harvester requirements and the pod shatter resistance and plant branching characteristics.
Low pod resistance, entanglement caused by excessive branches, and inconsistent pod maturity are
primary mismatch problems. However, studies on rape characteristics by integrating agricultural
machinery and agronomy are limited. A total of 15 varieties were planted for research from 2016 to
2018. In this paper, the Two-Degree-of-Freedom (2-DOF) collision method was adopted to evaluate
the pod shatter resistance taken from the field, and the plant agronomic characteristics and their
correlation were investigated. In 2020, a screened variety of C6009 with higher shatter resistance
and suitable plant features for mechanized harvesting was planted in large areas and harvested
by machines for verification. The test results demonstrated that the compact plant varieties with
high branches might be more favorable for yield and shatter resistance. The field harvest loss of the
screened variety was significantly less than that of the control group. It provides a reliable reference
for agronomic experts in terms of rape variety improvement and agricultural machinery experts

regarding the optimization of rape harvesters.
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1. Introduction

Rapeseed (Brassica napus L.) is an essential raw material in edible and industrial
applications [1-3]. A long-plagued problem of rape production is the enormous loss in
mechanized harvesting [4-7]. The main causes for this problem are that the rape pod is
fragile and that the plant is multibranched [8,9].

Fragile pods are more prone to cracking with the effects of reel tine and the vibration
collision force of vertical cutters in combine harvesting, leading to massive losses and
falling seeds on the ground [9-13]. A principal reason for the excessive losses is the
Brassica napus property of indefinite inflorescence with asynchronous mature pods [14].
For rapeseed, the multi-branching is the essential reason for the exceeding inconsistency
among individuals. Additionally, their frondent and long branches are prone to intertwine
with adjacent plants, causing stalks to tangle on the reel casually [14,15]. This complicates
the process of dividing, cutting, and conveying in mechanized harvesting. The branches,
leaves, shells, and seeds easily stick and block the screen surface when cleaning, leading to
harvesting losses and problems in one large increment [9,16,17]. In consideration of these
issues, it is necessary to identify rapeseed varieties with strong pod shatter resistance and
suitable branch architectural features that are favorable for reducing the losses caused by
direct mechanized harvesting.

Many studies have been conducted to evaluate rape pod shatter resistance. In particu-
lar, the ripping method was adopted in a cantilever test to measure the resistance from the
bending moment and the energy when the pod cracked [18]. Subsequently, this method
was improved to measure the cracking force of different varieties, and the proportion
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of pod samples in each force interval was analyzed [19,20]. Additionally, a three-point
bending fracture method was proposed, and the relationship between the pod moisture
content and its shatter resistance was explored [21]. The other principle was to apply the
random collision between metal balls and pods to make the pods crack under dynamic
conditions [10,14]. This method has been recognized and expanded by many experts,
and they optimized the parameters of the test method and the material treatment [22-24].
However, none of these methods can be applied to this field because of excessive inter-
ference from humans and environmental factors during the test process, which cannot
accurately represent the actual field pod shatter resistance at the harvest. Previous research
on rapeseed plant varieties and branching has focused on the regulation of plant branch
development, the branch formation mechanism, and hormone control [25-29]. The relation-
ship among the biomass, the plant morphology, and nitrogen, including its fertilization and
utilization efficiency, has been investigated [30-32]. The heterosis and combination ability
of rape plant varieties characteristics has also drawn great attention [33]. The leading
trend and objective of the current groundwork is still to increase the yield. However, the
impediments and losses caused by the plant branch and structure in mechanized cutting
have not been considered. Through the selection of germplasm resources in recent years,
the preharvest losses caused by pod burst opening have been controlled to a very low
level, so the main causes for pod cracking have been left with the external force during
mechanical harvesting.

Overall, comprehensive studies on the selection of rape varieties considering the
pod shatter resistance and branching structure features on mechanized harvesting are
limited. The objectives of this paper are to first, identify rapeseed varieties suitable for
mechanical harvesting combined with the evaluation of the pod shatter resistance in the
field and the analysis of the plant characteristics and branching structures suitable for the
structural feature of harvester, and second, conduct the field comparison test to determine
whether these traits are beneficial for harvest. This study provides a more reliable reference
for agronomists regarding varieties modification and cultivation patterns and machinery
designers regarding harvester upgrading.

2. Materials and Methods
2.1. Test Cultivars

A total of 15 test varieties were used in the study, among which, varieties 15w2133-3,
15w2133-4, 15w2133-5, 15w2130-6, and 15w2130-8 were collected from the Institute of Oil
Crops, Chinese Academy of Agricultural Sciences, and n749, C69, C96, C6009, C104, C105,
C122, and n741 were collected from Hunan Yahua Academy of Seed Science. All of them
are typical rapeseed varieties studied by the research institutes in recent years. In addition,
two commercial varieties—ZS511 and NY12—were also planted as the control group [34].
All varieties are Brassica napus, which are sown in autumn and mature in the summer of
the following year.

All the varieties were sown in the experimental field of Jiangsu University (East
Longitude 119°52/38" and North Latitude 32°20'44"") on 19 October 2016 and 25 September
2017. The soil type was loam, and the climate type was subtropical monsoon climate. The
planting density in the two years was 16 plants per m?. In 2018, the preliminarily screened
varieties of C6009, C122, and n741, with higher shatter resistance pods being planted in
the experimental field of Jiangsu University for further investigation. In 2019, the finally
screened variety C6009, which was planted by direct seeding in a large area for mechanical
combine harvesting experiments of the Yangzhou Academy of Agricultural Sciences at
Jiangsu Province (119°32'8" E, 32°25'38"" N) on 9 October 2019. The variety YY12 studied
and popularized by the academy was taken as the control group. C6009 was planted and
regulated under the same conditions.
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2.2. Experiments for Pod Shatter Resistance
2.2.1. Materials

All the test pods were collected from the experimental field. In the process of mecha-
nized combine harvesting, too much moisture of pods will cause difficulty in threshing
and separation as well as excessive cleaning load, and consequently increase the harvest
loss. Generally, the moisture content of pods should not exceed 20% during mechanized
harvest. At the late stage of plant maturity in the field, the moisture content of pods in
the middle of main inflorescence was tested every day. When the pod moisture content
reached ~15%, 60 intact pods of each variety without any pest and disease at the same
maturity in the middle of the main inflorescence were cut for tests in May 2017 and 2018.

The previous methods for testing the shatter resistance were all conducted indoors.
For comparison, this paper also tested the pod indoor referring to previous material
treatment. Approximately 40 days after the main inflorescence blooming, five plants with
approximately the same growth were selected, and the main inflorescence was cut and
placed in a room with a temperature of 25 °C and a humidity of 50% for 25 days to ensure
that the pod moisture was consistent (water-balanced). Then, 60 intact pods of about the
same size of each variety without ant pest and disease were cut for testing.

2.2.2. Two-Degree-of-Freedom Collision Method (2-DOF Method)

The Two-Degree-of-Freedom Collision tester was specially designed for field pod
shatter resistance by our team. It has two motion mechanisms of crank-rocker and crank-
slider, as shown in Figure 1 [35]. The crank-rocker mechanism is driven by motor 1:
the crank-rocker drives the upper and lower plates to swing left and right. The second
mechanism is crank-slider: motor 2 drives the upper plate and the material box to make
a reciprocating linear motion along the slideway of the lower plate. Twelve steel balls of
13 mm diameter were placed in the material box in advance. When testing, 20 prepared
pods were put in the box. The collision stops automatically every minute, and the broken
rape pods are removed and counted every stop. The pod shatter resistance index (SRI)
was calculated as Formula (1), and the average value was calculated based on three
replications [35]:

Y10x(10—i+1)
- ning

SRI=1

)

where x; is the number of pods broken in the ith collision; n; is the total number of pods;
ny is the number of collision minutes with an upper limit of 10.

——————
c. Physical map

[BRE] | (EE®

b. Top view

Figure 1. Structure and physical diagram of the 2-degree-of-freedom collision tester. (a) Front view
of the tester; (b) Top view of the tester; (c) Physical map of the tester. 1. Material box, 2. Upper plate,
3. Crank slide mechanism, 4. Motor 2, 5. Motor 1, 6. Crank rocker mechanism, 7. Bearing, 8. Lower
plate, and 9. Controller.
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2.3. Rape Agronomic Traits and Plant Geometry Investigation

Agronomic traits and plant geometry are closely related to mechanical harvesting. To
better understand various plant varieties, we measured detailed plant traits. A band tape
was used to measure plant height (PH), lowest branch height (LBH), branch length (BL;
the average length of all primary branches), maximum diameter of the pod layer (MDPL),
and pod layer thickness (PLT). The unit is centimeters, to one decimal place. The main
stem diameter (MSD; 20 cm above the ground) was measured with a vernier caliper. The
unit is millimeters, and the measurement accuracy is two decimal places. The branching
angle (BA) and stem lodging angle (SLA) were measured with a protractor. In addition,
the thousand-seed weight (TSW) and yield per plant (YPP) were also weighed. The unit
is g, to two decimal places. The primary branching number (PBN) and the number of
seeds per pod (NSPP) were also counted. Generally, the lowest branch height and the
length of the main stem with branches are closely related to the plant height, which means
that the lowest branch height will increase with the rise of plant height. For statistics on
the structures of different plant varieties, length of the main stem with branches (LMB,
length of the lowest branch and highest branch), length of branches with pods (LBP) and
relative branch height (ratio of branch height to plant height, i.e., LBH/PH) were gauged.
In May 2017 and 2018, the maturity period of rape, 15 plants of each variety were randomly
selected to measure the above traits.

Moreover, in order to explore the shape of the pod layer in detail and analyze its
effects on harvest loss, the pod layer of the variety C6009, C122, and n741with high shatter
resistance and yield screened out in the first two years was drawn in 2019. The lowest
point of the main stem was regarded as the coordinate origin and the main inflorescence
as the coordinate-axis Y to establish a rectangular coordinate system. Then, the distances
between the apex and end position of each inflorescence from the X-axis and Y-axis were
measured, correspondingly. Consequently, the starting and ending point coordinates of
each inflorescence were obtained. Ultimately, a graph was drawn to connect the coordinates,
and the structure of the pod layer of each variety was obtained.

2.4. Field Mechanical Harvesting

The mechanized combine harvesting tests were conducted in Yangzhou Academy
of Agricultural Sciences on 22 May 2020. A combine harvester (DR50E11, World Group,
Zhen jiang, China) with a 2 m cutting width was applied in this experiment, and the
sampling method was used to measure the header loss. Before harvesting, a groove was
dug between two rows of rapeseed for placing a sampling trough. The groove depth should
have been equal to the height of trough. After the harvester passed, pods and seeds hit by
the reel dropped into the tough, then the cleaned rapeseeds were collected and weighed
after removing the soil, stalks, and peels artificially. For the specific operation method and
device refer to method in [36]. The harvester header loss rate (Sy) was calculated as follows:

n
LxY W

— i=1 %
S¢ = g X 100%, @)

where W; is the total yield of rapeseed in the harvesting test area, g.m~2; W; is the quality
of the rapeseed that was collected in the ith sampling trough, g; L is the length of the
harvesting area, m; B is the slot width of the sample trough, m; and 7 is the number of
sampling troughs.

3. Results
3.1. Pod Shatter Resistance of Different Varieties

The average SRI results of the field pods and indoor water-balanced pods in 2016 to
2017 and 2017 to 2018 were contrasted as shown in Figure 2. After indoor water-balancing,
the moisture contents of various pod varieties were between 13.15% and 14.67%. For rape
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pods in the field, the moisture content was tracked on a daily basis to keep the moisture
content of pods in the field at about 15%, ensuring which was not different from the
laboratorial level. The moisture contents varied slightly from variety to variety due to
the uncontrollable maturity in the field. After testing, the moisture contents of different
varieties ranged from 13.54% to 17.89%, nearly at the same level or slightly higher than
those of the water-balanced pods.
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Figure 2. Pod shatter resistance index (SRI) values of the main inflorescence pods of two types
(indoor water-balanced pods and field pods) according to the 2-degree-of-freedom collision method
in 2016-2018. Lowercase letters indicate that the SRIs differ significantly within one variety based on
Fisher’s protected LSD (p = 0.05).

In 2017, the range of SRI of the field pods was 0.013-0.553, and the range of the
corresponding water-balanced pods was from 0.008 to 0.948. In 2018, the SRI ranges of
the field pods and water-balanced pods were 0.003-0.532 and 0.018-0.898, respectively,
and the results for the two types of pods differed significantly (p < 0.05). Except for C69
and 15w2130-8, there were no significant differences in the cracking resistance of the same
variety between the two years. The crack resistance of the C69 field pods in 2017 was
not significantly different from that of the water-balanced pods. However, the moisture
content of the field pods in the experiment was 17.89%, significantly higher than that of
the water-balanced pods. The effect of the moisture content on the cracking resistance was
not excluded. In addition, for the varieties with higher cracking resistance, the resistance
of the field pods is significantly less than their water-balanced counterparts, although
the water content is approximately at the same level. By contrast, for varieties with low
cracking resistance, such as n749, C96, and 15w2133-33, there is no significant difference
in the cracking resistance between the two types of pods. This shows that the field test is
necessary for reflecting the real characteristics of the mechanical harvesting pod. The top
five varieties of C6009, C122, 15w2130-8, 15w2130-6, and n741 with better shatter resistance
were screened preliminarily.

3.2. Rape Plant Agronomic Traits

The statistical agronomic characteristics of the rape plant are presented in Table 1. The
plant type with the largest proportion is the upper-branch rape plant, whose branches are
concentrated on the middle and upper parts, with well-developed main inflorescences.
Varieties with special plant characteristics are 15w2133-5 and n741. Variety 15w2133-5 is the
lower-branch type that branches from the bottom; therefore, its lowest branch height (LBH)
is minimum, and its overall shape is cylindrical. Variety n741 is a mutant material with
two to three shoot meristems and multiple main inflorescences. Lodging is a very unfavor-
able feature for harvesting. Most varieties investigated were erect except for 15w2130-6,
15w2130-8, C122, and 15w2133-4, which exhibited root lodging with stem inclination, the
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15w2133-4, which had the maximum average stem lodging angle (SLA) with 33.2°, and the
followed 15w2130-6 with 31.4°. Generally speaking, varieties with excessive plant height
and scattered plant shapes are susceptible to lodging. The correlations among the impor-
tant agronomic traits of rapeseed plants were also analyzed. Mechanized harvesting loss is
closely related to the length of the main stem with branches (LMB), branching angle (BA),
and SLA. LMB represents the concentration of branches, and BA denotes the dispersion of
plant varieties. With the increase of branches and branch angle, the entanglement between
plants will become more severe, aggravating harvest loss. In the correlation analysis, as a
mutant of unconventional plant type, n741 missed some characteristic parameters, which
were not included in the data analysis. Unfortunately, in 2017, the cultivated rapeseed was
attacked by birds, and the yield was affected, so no statistics were collected.

According to the results, BA showed a significant positive correlation with the max-
imum diameter of the pod layer (MDPL) and a significant negative correlation with the
number of seeds per pod (NSPP) in two years consecutively. Excessive BA will lead to the
scattered plant type and severe branching among plants, which is unsuitable for mecha-
nized harvesting. SLA also displaced a negative correlation with the NSPP and significant
positive correlations with MDPL and BA. It revealed that stem lodging may be unfavorable
to harvest and may affect the development of pods and reduce the number of seeds in the
pods. In addition, the larger the branch angle, the more serious the lodging results, which
also indicated that the compact plant type is more conducive to harvesting. The positive
correlation between the main stem with branches (LMB) and primary branch number
(PBN) also showed that less branching is more conducive to harvesting, yet this is under
the premise of not affecting the yield.

In the varieties with highly shatter-resistant pods, the lodging angles (SLA) of 15w2130-
6 and 15w2130-8 were too large, while the yields were too small, which is not conducive to
production. Although the n741 pod was slightly weaker than that of 15w2130-6, it had the
highest yield and stronger lodging resistance, which is beneficial for harvesting. Therefore,
C6009, C122, and n741 were preliminarily selected for further investigation.

3.3. Pod Layer Geometry

The pod layer shape of C6009, C122, and NY12 was canopy-type, and that of n741
was almost trapezoidal. The heights of the outer branches were lower and the bottom of
the pod layer of C122 and NY12 was arched, whereas C6009 was nearly straight and the
pod layer was more concentrated (Figure 3). Compared with NY12, the pod layer height of
C122 was nearly the same, and the maximum diameter of the pod layer was similar, but the
thickness and area of C122 were smaller. The pod layer height of C6009 was significantly
lower than that of NY12, and the diameter, thickness, and area of the pod layer of C6009
were also smaller. Comparatively, n741 had the lowest pod height and the largest pod area.
In mechanized combine harvesting, the thickness of the fruit layers of ¢c6009 and c122 that
needed to be cut by a vertical cutter was less than 30 cm, while those of NY12 and n741
were similar, namely, approximately 55 cm. Theoretically, the smaller the thickness of the
pod layer divided by the vertical cutter, the fewer the pods that are damaged and shattered,
the smaller the division cutting area of the combine harvesting header, and the smaller the
loss. Therefore, in terms of the pod layer structure, C6009 and C122 are more suitable for
mechanical harvesting.
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Table 1. Average value of plant type characters and the correlation between important traits of he tested materials in 2017 and 2018.

Primary Branch Pods Layer SRI
.. PH SDMS LMI TSW SLA YPP .
Varieties (1 mm) PBN LBH BL LBP LMB BA LBH LMB (m) TNMI  MDPL PLT NSPP ® ©) ® (Field
(cm) (m) (cm)  (cm) ©) /PH /PH (cm)  (cm) Pod)
n749 172.87 16.91 8.00 62.12 53.74 32.10 5227 33.78 0.36 0.30 50.47 87.75 68.23 73.98 24.20 347 8.35 22.77 +3.83ab  0.008
c69 182.71 1754 10.01 63.96 66.39 35,60 55.19 35.07 0.35 0.30 57.88 61.10 74.32 75.61 22.96 3.82 11.45 2520 +4.48a 0.178
96 18393 17.34 10.60 62.92 6792 3729 6092 35.78 0.34 0.33 55.88 59.50 71.53 75.31 23.90 4.23 13.20 26.77 +4.49 a 0.029
15w2133-3 15691 13.17 9.20 50.21 58.13 29.71 53.74 32.93 0.32 0.32 55.79 69.61 57.43 39.24 22.33 3.38 11.30 16.24 +£4.05c 0.010
15w2133-4 122.64 15.37 8.50 25.39 5423 2647 46.13 44.37 0.21 0.38 44.87 52.54 80.38 55.06 16.94 2.83 33.20 929 +£2.03d 0.021
15w2133-5 156.73 1441 10.41 2.62 66.37 3447 95.80 34.25 0.02 0.61 50.53 64.53 62.48 56.14 25.17 341 8.50 19.76 £5.48bc  0.049
C6009 145.72  15.26 4.58 57.38 65.14 3323 2872 33.93 0.39 0.19 45.18 55.05 62.96 54.63 27.14 5.81 2.85 22.69 +3.87ab  0.542
C104 167.90 15.06 7.52 55.75 55.75 27.05 44.81 35.24 0.33 0.27 47.99 53.27 66.45 57.57 25.57 3.54 9.25 2149 +240Db 0.181
C105 168.03 15.39 6.66 55.07 5422 28.14 4955 32.93 0.33 0.30 47.64 57.38 72.27 67.35 25.58 3.62 8.15 22.05+4.28ab  0.168
C122 185.78 14.48 6.39 85.78 55.09 2721 46.44 35.11 0.46 0.25 52.76 50.76 77.06 66.82 22.30 5.61 23.80 22.79 +3.81ab  0.389
15w2130-6 17796 13.50 8.09 62.10 5425 2624 63.00 38.58 0.35 0.28 50.14 40.47 73.53 62.24 22.21 3.66 29.90 11.40 +£3.08d 0.271
15w2130-8 180.04 15.10 7.70 72.27 66.83 4237 46.51 38.72 0.40 0.26 67.83 61.73 73.63 64.60 23.33 3.52 26.05 18.32 £3.80bc  0.350
7511 17393 17.58 9.85 58.73 60.36 2893 63.15 37.41 0.34 0.36 46.76 62.53 77.81 57.15 22.23 3.65 4.05 23.69 +=525ab  0.390
NY12 18294 16.45 10.53 65.48 46.73 2684 69.29 33.89 0.36 0.38 46.18 73.25 72.42 77.12 25.09 3.35 9.55 23.60 =4.28ab  0.109
n741 138.86 DE DE 64.71 65.60 3460 60.86 24.80 0.47 DE DE DE 66.71 60.86 24.71 4.01 1.8 26.85 +2.70 a 0.139
LMB ns ns 0.730 ** —0.548 * ns ns 1 ns —0.722* 0.928 ** ns ns ns ns ns ns ns ns ns
2017 BA ns ns ns ns ns ns ns 1 ns ns ns ns 0.532 * ns —0.835 ** ns 0.780 ** ns ns
SLA ns ns ns ns ns ns ns 0.780 ** ns ns ns ns 0.611* ns —0.665 ** ns 1 ns ns
LMB ns ns 0.530 * ns ns ns 1 ns ns 0.827 ** ns ns ns ns ns ns ns ns ns
2018 BA ns ns ns ns ns ns ns 1 —0.559 * ns ns —0.565 * 0.627 * ns —0.626 * ns 0.660 * —0.591 * ns
SLA ns ns ns ns ns ns ns 0.660 ** ns ns ns ns 0.611* ns —0.760 ** ns 1 ns ns
YPP ns ns ns 0.579 * ns ns ns —0.591 * 0.631 * ns ns ns ns ns 0.667 * ns —0.773 ** ns ns

Significance of the t-test at p = 0.05(*), significance of the t-test at p = 0.01(**). PH = plant height, SDMS = stem diameter of the main stem, PBN = primary branching number, LBH = lowest branch height, BL =
branch length, LBP = length of branch with pods, BA = branching angle, LMB = length of the main stem with branches, MD = maximum diameter of the pod layer, PLT = pod layer thickness, LMI = length of the
main inflorescence, PNMI = pod number of the main inflorescence, NSPP = number of seeds per pod, TSW = thousand seed weight, SLA = stem lodging angle, ns = not significant, DE = deficiency. Different

lowercase letters in a column of PPY indicate that they are significantly different based on Fisher’s protected LSD (p = 0.05).
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Figure 3. Comparison of the shapes of the pod layers of C6009, C122, and n741 with the commercial variety NY12. The
horizontal axis represents the coordinate of the pod layer, where the value “0” corresponds to the main inflorescence of rape;
for n741, zero corresponds to the middle position of the whole pod layer because it had more than one main inflorescence.
The vertical axis represents the height of the pod layer above the ground. The dashed line (2) represents the pod layer
of adjacent rape plants with a planting space of 30 cm. The pink dash-dotted line corresponds to the vertical cutter and
intersects with the pod layer, and the corresponding longitudinal height range of the left dash-dotted line at its intersection

is the height of the cutting pod layer of each variety at harvest.

However, C122 is unsuitable for mechanical harvesting due to its lodging phenomenon
for two years. In comparison, C6009 is more suitable for harvesting because of its advan-
tages of moderate plant height, few branches, concentrated pod layer, compact plant type,
plump seed, higher pod shatter resistance, and the same level yield as commercial varieties.

3.4. Field Mechanical Harvesting

In 2020, variety C6009 was planted in Yangzhou and evaluated for mechanical har-
vesting, and the results are presented in Table 2. The pod structure of the control variety
YY12 is similar to that of NY12 and is the most common canopy structure with an arched
bottom edge and the most common mainstream structure in the market. In reference to
plant characteristics, C6009 was significantly smaller than YY12 in PH, PBN, LBH, and
PLT, and its overall plant type was more concentrated. Moreover, YY12 exhibited the
phenomenon of tipping, and the SLA was significantly higher than that of C6009, which
was not conducive to mechanized harvesting. For yield-related traits, the yield of C6009
was less than that of YY12 with no significant difference, but the yield values of TSW and
NSPP were significantly larger than those of YY12. The morphological comparison of
the pods and seeds of C6009 and YY12 is shown in Figure 4. The pods of C6009 were
significantly larger than those of YY12, and the seeds of C6009 were bigger and fuller. In
recent years, to enhance the threshing separation and cleaning in mechanical harvesting,
attempts have been made to spray dehydrating agents on pods to reduce the moisture
content. It can be seen from the figure that the color of dehydrated pods is slightly white.
In this experiment, half of the plants of the two varieties were dehydrated for comparison
with natural plants. However, the pods of YY12 after the dehydration treatment were too
poor to resist cracking in mechanical harvest; therefore, only the C6009 test was conducted.
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Table 2. Field combine harvest comparison test of screened variety C6009 and control variety YY12 in 2020 in Yangzhou.
Different lowercase letters in a column correspond to significantly different values at the level of 0.05.

Plant Yield Combine Harvest Experiment

Variety PH

(cm) PEN

SDMS LBH MD PLT SLA NSPP TSW Yield HL IR HS MCP MCS SRI

(mm)

(cm) (mm) (cm) ©) (g (kg-ha™l) (%) (%)  (m/s) (%) (%)

YY12 163.20a 6.40a

16.02a 44.25b 63.60a 73.4a 272a 2420b 429b 3849.6a 432a 232a 147b 3543b 16.52b 0.715b

C6009 144.50b 4.40b

14.19a 53.67a 5140b 552b 45b 27.82a 578a 35424a 282b 2.65a 212a 402la 18.63a 0.956a

Dehydrating agent treatment C6009 417a 059b 1.52b 14.35c¢ 11.85¢c 0.405c

HL = Header loss, IR = Impurity rate, HP = Harvest speed, MCP = moisture content of the pods and MCS = moisture content of the seeds.

C6009
dehydrated

S0 JIINETD

R

Pods morphology rapeseed
YYI2

no-dehydrated no-dehydrated  dchydrated C6009 Y¥12

SO0 3541 IF l

(b)

Figure 4. Comparison of morphology of the dehydrated and non-dehydrated pods and rapeseeds of C6009 and YY12.
(a) Comparison of pods morphology. (b) Comparison of seeds morphology.

According to Table 2, for the non-dehydrated pods, the moisture content of the pods
(MCP), SRI, and the moisture content of the seeds (MCS) were significantly higher than
those of YY12. With the increase in the harvesting speed, the header loss rate (Sg) will
increase due to the stronger impact force on pods from the combine reel and the higher
cutting frequency of the vertical cutter. The harvesting speed of C6009 was 2.12 m/s,
significantly higher than that of YY12; however, YY12 had a header loss rate of 4.32%,
significantly higher than that of C6009, and a lower impurity rate despite no significant
difference. For the dehydrated pods of C6009, the pod moisture content was 14.35%, which
was similar to those of the water-balanced pods and field pods in the previous experiment;
on the other hand, their SRI was significantly lower than that of YY12 without dehydration.
In addition, the header loss rate was slightly lower than that of YY12, with no significant
difference under similar harvesting speeds. However, the impurity rate and MSC were
significantly lower, especially when the impurity was only 0.59%. Overall, the pod layer
structure and pod characteristics of YY12 caused much more header loss than the case of
C6009, which is more suitable for mechanical harvesting. The higher the moisture content
of the pod, the higher the impurity rate.

4. Discussion
4.1. Plant Structure Suitability for Mechanized Harvesting

Theoretically, comprehensive consideration for selecting a suitable rape canopy, pod
shatter resistance, rape maturity and harvesting time, and using reasonable working
parameters of combine harvesters can minimize harvesting losses. The structure of the
rape combine harvester differs from that of the common rice-wheat harvester. Vertical
cutters are installed on the left or both sides of the header to cut the intersecting branches
and separate the crops.

However, in the process of harvesting, when the pods have low shatter resistance,
the transverse impact on the pods under the forced vibration of the vertical cutter and
the rotary attack under the rotary motion of the reel will cause the pods to crack and
explode quickly, thereby increasing seed loss. In addition, the large difference in pod
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maturity among the same plant renders makes it difficult for the threshing drum to satisfy
the shelling demands of pods that vary in moisture content simultaneously, which often
leads to difficult or unclean removal problems, thereby increasing the threshing loss. The
ultimate cause of inconsistency in pod maturity is the excessive number of rape branches.
Therefore, the main reason for the large loss in rape combine harvesting is the mismatch
between the combine harvester and pod resistance and the branching characteristics of
the plants.

Considering the harvesting techniques and structural characteristics of the combine
harvester, a rape plant suitable for mechanized harvesting should not be too tall because
the plant is prone to lodging if too tall and the height adjustment range of the harvester
reel is limited, which is also unfavorable for supporting and feeding the crops. In ad-
dition, an excessively tall plant usually causes more branches, leaves, stems, and stalks
to enter the drum, which renders the contents difficult to separate and clean and causes
sticking and blockage of the cleaning screen, thereby increasing the loss rate and the energy
consumption.

Therefore, the plant height of mechanized harvesting rape should not exceed 1.6 m.
The LBH and LMB have more significant effects on the mechanized harvest. Plants with
a higher LBH have fewer branches and can better meet the demand for light energy in
the later growth stage of rapeseed. However, they should not be too tall because moving
up the center of gravity will result in poor lodging resistance, which is not conducive to
harvesting, such as with C122. The smaller LMB indicates that the branches are relatively
concentrated, and the interlaced parts of the rape plants are smaller, which is favorable for
reducing the division vibration and loss. Moreover, the mature period is more consistent
and conducive to threshing. A branch structure with a longer BL and a larger BA typically
ends up with severe crossover between adjacent plants, causing significant vibrations of
adjacent plants in the process of division and harvesting. Most productive researchers have
revealed that the number of branches is an important factor affecting the yield of plants.
Therefore, many multibranched varieties were selected to increase the yield [37]. However,
too many branches will cause branch drooping, severe entanglement, and larger differences
in pod maturity, leading to severe header loss. A significant positive correlation between
the yield and the number of branches was not identified in this study; however, the PBH,
NSPP, BA, and SLA did present correlations with the yield. Therefore, to ensure yield,
varieties with fewer branches, concentrated branches, and more, NSPP with plump grains
can be selected. Studies have found that the larger the TSW of rapeseed, the lower the
hull rate and the higher the oil content [38]. Moreover, the pod shatter resistance may be
higher with larger TSW in this study. All the above traits are advantageous for mechanical
harvesting.

4.2. Variety Screening

The plant types of the selected representative varieties suitable for mechanical har-
vesting and those not suitable for mechanical harvesting are illustrated in Figure 5. The
mechanized combine harvesting test proved that the harvest loss of C6009 was significantly
less than that of commercial varieties; however, its yield was slightly lower than that of the
check variety, although with no significant difference. Studies have found that the larger
TSW of rapeseed leads to lower shell yield and higher oil content [36]. TSW of C6009 was
significantly larger, and its oil content was potentially higher. We found that although n741
did not possess a conventional rape plant structure, its main inflorescence was not readily
observable with a consistent inflorescence height, similar to many rice or wheat plants that
are clustered together. Therefore, the entanglement between plants may be insignificant,
the yield was higher, and the pod resistance was relatively satisfactory. Theoretically, this
plant type is also suitable for mechanized harvesting. However, due to insufficient seed
quantity, it is impossible to plant n741 plant in a large area and conduct field harvest tests,
leaving the problem of whether the loss is smaller to be determined.



Agriculture 2021, 11, 504

11 0of 13

Suitable plant type Unsuitable plant type

Figure 5. Comparison of rape plant types and features suitable and unsuitable for mechanized
harvesting.

In addition, many researchers have claimed that increasing the planting density could
reduce the number of branches and make the pods more consistent in terms of maturity
and resistance [39]. In this study, varieties C6009, C122, and n741 were also planted at
a density of 30 plants per m? in 2019. However, due to the pandemic, the statistical
measurement experiment of rape pods was not conducted adequately. It was found
that the statistical results of PH, SDMS, PBN, MD, and PLT of high-density plants were
significantly smaller than those at a low-density of 16 plants per m? by the preliminary
statistical test. However, the average pod size, pericarp thickness, and pod resistance were
relatively higher. This may be due to the increase of the planting density that reduced the
shading area between adjacent plants, thereby enhancing the photosynthetic efficiency of
the pods and enabling the pods to fully develop [39]. Studies have shown that increasing
the planting density is beneficial for the yield [40,41]. The lack of management in the
field can cause serious diseases and insect pests among rape and miscalculated outputs.
Therefore, the effects of the density on plant and pod characteristics require further study.
In mechanical harvesting, the unavoidable first contact of the harvester reel usually occurs
at the top pods. The selection and breeding of varieties with pod resistance can reduce seed
loss. However, in order to reduce the header loss and solve the problem fundamentally, it
is necessary to screen suitable harvest varieties and to improve the design of the harvester
according to the growth characteristics of rape to minimize the mechanical impact and
contact with the pods, by combining agricultural machinery with agronomy.

5. Conclusions

In this paper, two aspects of pod shatter resistance and the features of the plant
branching structure were investigated for the screening of rapeseed varieties suitable for
mechanical harvesting. The 2-DOF method was adopted to evaluate the field pod shatter
resistance for the screening of more reliable varieties. The relative height of the lowest
branch (LBH/PH) is an important factor for plant features and has a positive effect on the
pod shatter resistance and plant yield, while the branch angle (BA) has a negative effect on
the yield. According to the requirements of mechanized harvesting, variety C6009, which
has a low plant height, few branches, a concentrated pod layer, a compact plant type, plump
seeds, strong resistance, and a desirable field, was selected. Additionally, the combine
harvesting comparison test was conducted, which indicated that these characteristics were
effective in reducing harvest loss and thus more suitable for mechanical harvesting.
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Less branching has been proved to be beneficial to mechanized harvesting. How-
ever, the yield of less-branched varieties may be slightly lower than that of commercial
counterparts, which is very unfavorable for rape production. In general, increasing yield
can be compensated by adjusting the planting density, but the identification of a suitable
planting density requires further investigation. Additionally, an unconventional multi-stem
rapeseed plant type, a new plant type suitable for harvesting and with a higher yield, was
identified. It provides a new direction for breeding that needs to be further evaluated.
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