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Abstract

breaking, and natural lodging rate in the field.

force and the RPS.

Background: The accurate evaluation of the stalk-lodging resistance during the late stage of maize growth can
provide a basis for the selection of cultivars, the evaluation of cultivation techniques, and timely mechanical grain
harvesting. In this study, the critical wind speed of stalk breaking, plant morphology, stalk mechanical strength, and
lodging rate were investigated in 10 maize cultivars to identify the parameters evaluate lodging resistance during the
later growth stage of maize. Clarify the relationship with the stalk mechanical strength, critical wind speed of stalk

Results: The results showed that, in the late growth stage, with increasing number of days after physiological matu-
rity, (1) the stalk lodging rate gradually increased, (2) the stalk breaking force and rind penetration strength (RPS) of
the third internode above the soil gradually decreased, and (3) the critical wind speed of stalk breaking increased first
and then decreased, and was highest at about 16-24 days after physiological maturity. The position of stalk lodging
mostly occurred between second and fifth internodes. The torque at the base of maize plant increased as wind speed
increased, and the different of torque was excited among different maize cultivars under same wind speed. Further-
more, the stalk lodging rate was significantly negatively correlated with the critical wind speed of stalk breaking.
Additionally, the critical wind speed of stalk breaking was significantly positively correlated with the stalk breaking

Conclusion: This indicates that the critical wind speed of stalk breaking is a superior way to determine the stalk lodg-
ing resistance. These results suggest that, in the late growth stage, the decrease in the stalk mechanical strength is an
important reason for the decrease in the critical wind speed of stalk breaking and the increase in the lodging rate.
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Background

Crop lodging can lead to the physical collapse of the plant
canopy and can happen spontaneously due to mechanical
instability of the plant structure, through external forces
such as wind, or both. Maize lodging can occur at both
the stalk and root. Stalk lodging occurs when stalks are
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broken at or below the ear-bearing node, whereas root
lodging refers to plants that lean at an angle greater than
a certain threshold (typically 30 or 45°) from the vertical
[1, 2]. Maize plants that have not reached full maturity
and that exhibit high levels of turgor pressure will often
exhibit snapping failures (i.e., the stalk will snap in half)
during natural lodging events. This failure type is some-
times referred to as “green snap” [3]. In mature maize
plants that have stalk lodged this failure pattern involves
creasing of the stem near the node line as described in
[4]. Stalk lodging causes greater grain losses than root
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lodging [5]. When stalk lodging occurs before maturity,
stalk breakage halts grain filling in the entire plant due to
the death of the plant above the breakage site, resulting in
yield reduction or even the failure of the entire crop [5—
7]. In addition to grain loss, lodging during the dehydra-
tion period after physiological maturity (PM) reduces the
grain quality and increases harvest costs [8, 9]. Our pre-
vious study reported that in mechanical grain harvesting,
the maize ear loss increased by 0.15-0.59% for each 1%
increase in the lodging rate. Additionally, it was found
that the mechanical grain harvesting speed decreased
exponentially with increasing lodging rate [10].

The accurate evaluation of the maize lodging resist-
ance in the field can assist in the development of lodging-
resistant varieties, the regulation of cultivation measures,
and the selection of optimum planting environments.
Previous studies on maize stalk lodging focused on
aspects of plant morphology, stalk mechanical charac-
teristics, stalk anatomical structure, carbohydrate accu-
mulation and distribution, pests and diseases, planting
density, water and fertilizer management, and plant
growth regulators [11]. Studies on stalk morphology have
shown that maize plants with long basal internodes have
a higher ear position and center of gravity than plants
with shorter basal internodes, which increases the risk
of lodging [12]. In contrast, maize plants with short and
thick basal internodes display greater stalk-lodging resist-
ance [13]. About 50 to 80% of the strength of a maize
stalk comes from its outer structure, the rind [14]. Several
studies have indicated that the rind penetration strength
(RPS), crushing strength (CS), and bending strength
(three-point bending flexural tests) are all significantly
negatively correlated with the stalk lodging rate [15]. Sek-
hon et al. report that stalk bending strength is strongly
associated with maize stalk lodging incidence across
multiple environments [16]. Stalk strength is significantly
positively correlated with the contents of cellulose, hemi-
cellulose, and lignin [17]. Furthermore, corn borers sig-
nificantly increase the rate of stalk lodging by drilling into
stalks [18], whereas maize stem rot weakens stalk tissue,
which greatly increases the risk of stalk lodging [19]. In
additionally, the method of mounting specimens almost
always has a significant effect on the measured mechani-
cal response [20]. Reliable measurements of stalk bend-
ing strength can be obtained by maximizing the span
length of bending tests and placing the loading anvil at
stronger and denser nodal tissues [21]. There was a dif-
ferent between local and overall compressive moduli of
maize stalk [22]. Moreover, as plant density increases, the
length of the basal internode significantly increases and
the diameter significantly decreases, the contents of cel-
lulose, hemicellulose, and lignin, and the stalk mechani-
cal strength decrease, and the risk of lodging increases
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[17]. Reasonable water and fertilizer management and
the application of plant growth regulators can reduce the
internode elongation rate, the ratio of length to diameter,
the plant height, and the ear height, promote structural
carbohydrate accumulation, and increase stalk mechani-
cal strength and lodging resistance [23, 24]. However,
most of these studies were based on the resistance of
the plant itself, and less consideration was given to the
impact of the external environment on the plant, such as
wind. Wind is the primary environmental factor respon-
sible for crop stalk lodging. Stalk lodging occurs when
plants are subjected to wind forces greater than the maxi-
mum force that the stalk can withstand before breaking.
Therefore, the critical wind speed of lodging, which is
the synthesized result of wind, leaf area, ear weight, ear
height and mechanical properties of main stem internode
etc., is needed to evaluate the lodging resistance of plants
under different varieties and cultivation practices.

Mechanical grain harvesting is the developing direc-
tion of maize production in China [25]. Unlike tradi-
tional manual harvesting and mechanical ear harvesting,
the mechanical harvesting of maize grain requires grain
moisture contents lower than 25% [26]. In mechanical
grain harvesting, maize is generally harvested 2—4 weeks
after physiological maturity [27]. During maize grain
dehydration via plant standing in the field after PM, the
risk of lodging increases due to stalk senescence or stalk
rot [28, 29]. Nolte et al. estimated that in Ohio, USA,
stalk lodging increases by about 5% per week after 15
October and that the ear loss in bushels per acre is equal
to an average of about one-third of the percentage of
stalk lodging [30]. Additionally, Allen et al. reported that
maize harvested late at 15% grain moisture had a 30%
lower yield and a 42% higher lodging rate than maize
harvested early at 25% grain moisture [31]. The Chinese
national standard for mechanical maize grain harvesting
(GB/T-21962-2008) suggests that the lodging rate should
be less than 5% for such harvesting. In the past, maize
harvesting in China was mainly performed by hand and
via mechanical ear harvesting, and therefore research
on maize lodging has mostly focused on the growth
stage before physiological maturity [5,13,17, 23, 32, 33].
After PM, the decomposition of stalk carbohydrate and
the decrease of stalk moisture content causes the stalk
mechanical strength to decrease [29]. Additionally, at this
stage, the leaves senesce and fall off, thus decreasing the
windward area and wind force. However, little is known
about the critical wind speed of stalk breaking before and
after physiological maturity.

Based on previous studies [34-36], this study devel-
oped a new type of measurement device to determine
maize lodging resistance. The critical wind speed of stalk
breaking, the stalk mechanical strength, and the natural
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stalk lodging rate were investigated in different maize
cultivars in order to identify the parameters as evaluate
lodging resistance during the later growth stage of maize.
Furthermore, the relationship with the stalk mechanical
strength, critical wind speed of stalk breaking, and natu-
ral lodging rate in the field were analyzed to clarify the
factors affecting the critical wind speed of stalk break-
ing during the late growth stage of maize. The results
will help crop breeders develop lodging-resistant maize
cultivars.

Materials and methods
Experimental design
Field experiments were conducted at the Xinxiang
Experimental Station, Chinese Academy of Agricultural
Sciences, China (35° 18’ N, 113° 54’ E) during the 2018
and 2019 maize growing seasons. The altitude of the
study site is 78 m. The soil was a clay loam and is clas-
sified as a Calcareous Fluvisol according the FAO-UNE-
SCO classification system. The soil at 0—20 cm depth had
the following characteristics: 18.9 g kg™! organic matter,
78.5 mg kg~! available nitrogen, 21.4 mg kg™' available
phosphorus, 162.0 mg kg™' available potassium, and a
pH of 8.8. Precipitation, air temperature, and wind speed
were measured automatically by a weather station at the
experimental site. The monthly weather conditions dur-
ing the experiment are shown in Table 1.

A total of 10 maize cultivars with a wide range of
growth stages and a wide range of lodging resistance were
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planted in 2018. Based on the results for 2018, four widely
planted maize cultivars were planted in 2019 (Table 2).
In both 2018 and 2019, the sowing date was 13 June and
the planting density was 7.5 x 10* plants ha=!. Each plot
contained 10 rows, each with a length of 10 m and a row
spacing of 60 cm. All cultivars were arranged in rand-
omized complete blocks. Each cultivar was replicated
three times. A controlled-release fertilizer was applied
at 156 kg N ha™', 72 kg P,0, ha™!, and 60 kg K,O ha™*
at sowing. Plants were irrigated according to the precipi-
tation and water requirements of high-yield maize [37].
Irrigation was performed when winds were calm. Pesti-
cides were applied as needed to control insect popula-
tions. Weeds were periodically removed by hand.

Sampling and measurements

Plant morphology

At PM, the plant height (measured from the ground to
the top of the tassel) and ear height (measured from the
ground to the ear-bearing node) of each cultivar were
measured for 10 randomly selected plants in four central
rows from each plot using a ruler.

Critical wind speed of stalk breaking

Five maize plants were randomly selected from each
plot. The critical wind speed of stalk breaking was deter-
mined using a self-constructed mobile wind machine.
The mobile wind machine was comprised of a supporting
structure, an electric turbofan, a frequency converter, a

Table 1 Precipitation and temperature during the 2018 and 2019 maize growing seasons at the Xinxiang Experimental

Station
Month Precipitation (mm) Average temperature (°C) Maximum temperature (°C) Minimum temperature
(°Q)

2018 2019 2018 2019 2018 2019 2018 2019
June 1229 38.2 27.8 27.8 384 393 14.7 16.7
July 1524 8.3 289 287 40.0 386 21.2 184
August 38 543 280 26.1 38.1 359 193 14.6
September 925 343 215 21.6 37.0 347 9.6 11.9
October 1.0 403 16.1 163 286 337 43 47
November 23 1.2 8.6 10.2 204 229 — 3.1 —3.2
December 9.0 6.2 14 34 164 9.5 —-11.2 -85
Table 2 Experimental cultivars planted in 2018 and 2019
Year Number of cultivars Cultivars
2018 10 Zhengdan 958 (ZD958), Xianyu 335 (XY335), Zhongdan 909 (ZD909),

2019 4

Jingnongke 728 (JNK728), Hetian 1 (HT1), Fengken 139 (FK139), Dika 517
(DK517), Dika 653 (DK653), Yudan 132 (YD132), Zeyu 8911 (ZY8911)

ZD958, XY335, ZD909, JNK728
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plant-fixing structure, and a digital anemometer (Fig. 1).
The supporting structure was composed of iron plate and
four universal wheels, which made the device move in
the field. The electric turbofan was fixed with iron plate
using the screws. The wind speed of the electric turbofan
was controlled by the frequency converter (Fig. 1b). The
frequency converter can be set to automatic or manual
change. During automatic change, the time from 0 to
50 Hz is 80 s. Meanwhile, for manual change, stepless fre-
quency conversion can be achieved by turning the knob.
The plant fixing structure composed of a torquemeter
and a tong, which can be used to fix the basal internode
of the maize stalk and measure the torque of maize plant
as the wind speed increase (Fig. 1c). The input voltage of
the inverter motor is 380 V, the power is 55 kW, and the
maximum speed is 1100 r min~'. Since the maize plant
will be bent by the wind, the height of the outlet should
be lower than the height of the plant; therefore, we set
the height of the outlet to 1.9 m. The wind speeds from
the fan outlets in the horizontal and vertical directions
under full load was measured. The results show that, in
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the horizontal direction, the wind speed decreased with
increasing distance from the outlet, while in the verti-
cal direction, the wind speed decreased first and then
increased with increasing height above the outlet (Fig. 2).
At a horizontal distance of 30 cm and a vertical height of
120 cm, the range of controllable wind speed was from
0 to 40 m s~ L. The coefficient of variation of wind speed
among the three repeated measurements was lower
than 5%, it was shown that the prototype mobile wind
machine is stable and has a controllable wind speed. The
total weight of the fan, motor, and supporting structure
is about 2.8 tons, which is convenient for transportation.
Between physiological maturity of the grain and the
time of harvest, naturally lodged corn stalk revealed three
failure modes included snapping, splitting, and creasing.
About 91% of specimens failed as a result of creasing
[38]. Previous studies showed that more than 90% of stalk
lodging occurs between the second and fifth elongation
internode above the soil [29]. In this study, before meas-
uring the critical wind speed, the maize plant was fixed at
the first internode of the stalk above the soil in order to

Digital display screen
of anemometer

plant-fixing structure, digital anemometer, and torquemeter

Fig. 1 Mobile wind machine used in this study. The system included a the supporting structure and electric turbofan, b a frequency converter, ca

30 cm

Digital display screen
of torquemeter
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Fig. 2 The wind speed (in m s~') from the air outlet in the horizontal and vertical directions

ensure that the plant was oriented vertically under wind-
less condition. During the measurement, the plant was
positioned 40 cm away from the air outlet with the bot-
tom of the plant 30 cm above the bottom of the air out-
let to ensure the ear within the range of maximum wind
speed (Fig. 1c). Stalks that fail in creasing mode typically
display either one or two creases, which are oriented per-
pendicular to the apical-basal axis of the stalk [38]. In this
study, the orientation of wind machine was perpendicu-
lar to the leaf groove of each stalk. The wind speed was
then increased at a uniform rate until the stalk was bro-
ken (Fig. 3). The sensor of anemometer was positioned

40 cm away from the air outlet with 120 cm above the
bottom of the air outlet. The critical wind speed of stalk
breaking was displayed on the screen of the anemometer.

Torque of maize plant

Manual change the wind speed, the wind speed was
increased in an interval of 3.5-4.0 m s~!. Each wind
speed level was maintained for a period of 20 s. The
value of wind speed and maximum torque were dis-
played on the screen (Fig. 1c).

Wind speed: 3.5 ms’! Wind speed: 7.0 m s!

Wind speed: 17.5 m s°! Wind speed: 21.0 m s°!

Fig. 3 Representation of the measurement of the critical wind speed of stalk breaking in the field

i

Wind speed: 24.5 m s°!

Wind speed: 28.0 m s°!
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Stalk rind penetration strength

After measuring the critical wind speed of stalk break-
ing, the RPS, which is the force required to puncture the
stalk rind, was determined with a stalk strength tester
(YYD-1, Zhejiang Top Instrument Co., Ltd., Hangzhou,
China) according to the method of Xue et al. [39] The
stalk strength tester was comprised of a supporting struc-
ture, a force gauge with a digital display screen, and a test
probe (1 cm in length, 1 mm? cross-sectional area). A
stop bar was attached to the test probe so that the probe
would only partially penetrate the stalk. Measurements
were made in the middle of the internode at its widest
side. To collect RPS measurements, the stalk was held
firmly and the probe was slowly thrust perpendicularly
into the stalk until the stop bar touched the stalk. The
highest force exerted during penetration was displayed
on the screen and recorded.

Stalk breaking force

Five additional maize plants were randomly selected
from each plot when measuring the critical wind speed of
stalk breaking. For each plant, the breaking force, which
is the minimum force required to break the maize stalk,
was determined using a stalk strength tester (Zhejiang
Top Instrument Co., Ltd.) in the field. To avoid root lodg-
ing during the breaking force test, the test was conducted
on a sunny day and the soil was compacted beforehand
to make sure the plants were firmly anchored in the soil.
The direction of the breaking force was always perpen-
dicular to the plant and the position of stalk breaking was
recorded [39].

Stalk lodging rate

Stalk lodging naturally occurred in the late growth stage.
The number of lodged plants was recorded in the middle
four rows of each plot along a length of 10 m at the same
time as the samples were acquired for the measurement
of the critical wind speed of stalk breaking. Plants were
considered to be stalk-lodged when they were broken at
or below the ear-bearing node [2]. The stalk lodging rate
was calculated by dividing the number of lodged plants
by the total number of plants in the investigation area.

Statistical analyses

Statistical analyses were performed using the Predic-
tive Analytics Software (PASW) version 18.0 (IBM SPSS,
Somers, NY, USA). Data from each sampling date were
analyzed separately. Means were tested using least sig-
nificant difference tests at the p <0.05 level (LSD 0.05) in
three groups data. Pearson correlations were calculated
to identify interrelationships among measured param-
eters, and path correlation analyses of rind penetration
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strength (RPS), stalk breaking force, critical wind speed
of stalk breaking, and stalk lodging rate were conducted
to better understand causal relationships. The stalk lodg-
ing rate was affected by maize cultivars being tested, and
many cultivars exhibited roughly linear increase in lodg-
ing rate over time. Therefore, the data standardization of
lodging rate and critical wind speed of stalk breaking was
performed before Pearson correlation in order to control
for cultivar effects.

Results

Growth stage and plant morphology

The difference in the timing of the silking stage of the
10 cultivars was 6 days, the difference in the date of
PM was 19 d, and the difference in time from R1 to R6
was 25 days (Table 3). Additionally, plant height and ear
height were significantly different among the 10 cultivars.
In 2018, cultivar XY335 had the highest plant height and
cultivar DK517 had the lowest plant height, while culti-
var YD132 had the highest ear height and cultivar FK139
had the lowest ear height. Coefficients of variation (CV)
among the 10 maize cultivars were equal to 7% of plant
height and 15% of ear height. In 2019, cultivar XY335 had
the highest plant height, cultivar ZD958 had the high-
est ear height, and cultivar ZD909 had the lowest plant
height and ear height.

Critical wind speed of stalk breaking

The critical wind speed of stalk breaking first increased
and then decreased with increasing number of days after
physiological maturity (Fig. 4), and was found to follow
a quadratic trend. On the quadratic curve which was fit-
ted between the critical wind speed and number of days
after PM, the critical wind speed was highest at 16 days
after PM in 2018 and at 24 days after PM in 2019. This
difference may be due to the fact that the average growth
period of the 10 maize cultivars in 2018 was shorter than
that of the four cultivars in 2019. In the same measure-
ment period, the critical wind speed of stalk breaking
differed among the tested maize cultivars. In 2018, the
average critical wind speed of stalk breaking of seven
sampling dates was highest for cultivar DK517, followed
by cultivar JNK728, while the lowest was for cultivar
HT1.

The location of failure when using wind machine were
collected by 421 plant samples (Fig. 5). The highest pro-
portion of lodging occurred at the second internode,
followed by the third internode, and the lowest propor-
tion of lodging occurred at the first internode. Most stalk
lodging (90.5%) occurred between the second and fifth
internodes.
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Table 3 Plant height and ear height of the studied maize cultivars in different growth stages

Year Cultivar Growth stage Plant morphology
Silking Physiological maturity Plant height (cm) Ear height (cm)
2018 FK139 371 July 20 September 2443 48.5bc 80.3£2.6e
HT1 30 July 16 September 2464+ 2.4bc 99.7+59 cd
INK728 03 August 23 September 2775+8.6a 1M14x6.1c
DK517 02 August 01 October 2376+7.2c 952+8.1d
YD132 06 August 05 October 28244+53a 1364+94a
XY335 06 August 07 October 283341052 99.0+125cd
ZY8911 02 August 29 September 255.6+£9.5b 975+64cd
DKe653 06 August 07 October 27381862 1255+57b
70958 05 August 08 October 2470+69bc 107.8+7.8cd
ZD909 06 August 09 October 255.0+5.7b 1046459 cd
2019 /D958 04 August 01 October 258.044.6b 21.8+£84a
XY335 06 August 13 October 296.2£9.1a 119.1+£59a
INK728 03 August 11 October 265.8410.0b 1104+7.4b
ZD909 06 August 15 October 246.14+10.8c 994+5.1¢
Values in the same column followed by different lowercase letters are significantly different at the p <0.05 level
50 50
2018 2019
D . C
~ 40t } i e FKI3 4o} f .
‘n o HTI ‘v ® 7D958
E v INK728 E { o XY335
3 30t a DKSI7 B 30f i /é'"“\ v INK728
& = YDI32 & L~ Y A ZD909
T é o XY335 @ E é 2 ?\
Z 20 x & ZY891l 2 20F N
3 5 © DK653 5 f Y
E YO | a zposs £ . B8
“ 10 Y=-0.0047X +0.1524X + 31.195 . v 7D99 10 ¥'=-0.0049X"+0.2377X +29.123 s
R =0.4941%%* n=65 R = 0.6665** n=24
() 1 1 1 1 1 1 () 1 1 1 1 1 1
-40 -20 0 20 40 60 80 100 -40 -20 0 20 40 60 80 100
Days after physiological maturity Days after physiological maturity
Fig. 4 Critical wind speed of stalk breaking before and after physiological maturity for different maize cultivars. **Indicates significance at the
p<0.01 level

Relationship between wind speed and torque

The torque at the base of maize plant increased as wind
speed increased (Fig. 6). When the wind speed was higher
than 15 m s}, the difference of torque between cultivars
becomes larger. Under the same wind speed conditions,
the cultivar ZD909 had the highest torque. This because
of ZD909 had the latest maturity date and highest green
leaf area in four maize cultivars when measuring torque
at the same date.

Stalk breaking force

The stalk breaking force linearly decreased with increas-
ing number of days after physiological maturity (Fig. 7).
In 2018, cultivar ZY8911 had the highest average stalk

breaking force across sampling dates and cultivar ZD958
had the lowest. In 2019, the highest and lowest average
stalk breaking force was observed in cultivars XY335 and
ZD958, respectively.

Rind penetration strength

The RPS of the third internode above the soil was nega-
tively linearly related with the number of days after physi-
ological maturity (Fig. 8). In 2018, cultivar DK517 had the
highest average RPS of the six sampling dates, followed
by cultivar XY335, and cultivar ZD958 had the lowest
average RPS. In 2019, the average RPS of the six sampling
dates was highest in cultivar XY335 and lowest in cultivar
ZD909.
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Natural stalk lodging rate

Under natural conditions, the stalk lodging rate in the
field gradually increased with increasing number of days
after physiological maturity (Fig. 9). The degree of the
increase in the stalk lodging rate differed among the stud-
ied maize cultivars. In 2018, compared with the first sur-
vey (29 October), the largest increase in the stalk lodging
rate in the last survey (13 December) was observed for
cultivar FK139, and the lowest increase was observed
for cultivar DK517. In the last survey, the stalk lodging
rate was highest in cultivar FK139, followed by cultivar
ZD909, and was lowest in cultivar DK653. There was no
lodging naturally occurred in 2019. This because of the
wind windy weather in 2019 was lower than that in 2018
during the late stage of maize growth.

20 20
® 7ZD958 2018 ® 7ZD958 % v 2019
O  XY335 } i{ O XY335 i i
s ¥ ZD909 |5 LY ZD909 Y
& JNK728 ii § % § A NK728 { @ﬁ
: ; 36 | 518
3 3% 1 3 ¥
g 10 §§ g 10
g Iy g é
(o] o
e 2 e
5+ 5+ i
g 5
Oc 1 1 1 1 Oc 1 1 1 1
0 10 20 30 40 0 10 20 30 40
Wind speed (m s™) Wind speed (m ™)
Fig. 6 The relationship between torque and wind speed in different maize cultivars (25 October)
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z { R*=0.293** n=86 A DK517 Z R*=0.3964** n=24 Y Jle
T sk o & ZD909
8 ® XY335 8
€ ab [ o ZYOI € 50t %
E e DKes3 2 i
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& A D99 & Ty ~§§“ﬁ .
10 - 10 -
¢ s & ¥
5 -
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-40 =20 0 20 40 60 80 100 40 20 0 20 40 60 80 100
Days after physiological maturity Days after physiological maturity
Fig. 7 Stalk breaking force before and after physiological maturity in different maize cultivars. **Indicates significance at the p<0.01 level
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Fig. 8 Rind penetration strength (RPS) before and after physiological maturity in different maize cultivars. **Indicates significance at the p<0.01
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Fig. 9 Stalk lodging rate of different maize cultivars in 2018.

Path analysis

In 2018, the critical wind speed of stalk breaking was sig-
nificantly negatively correlated with the stalk lodging rate
in the field under natural conditions (Fig. 10). In 2018
and 2019, the critical wind speed of stalk breaking was

significantly positively correlated with the stalk breaking
force and the RPS. The RPS was significantly positively
correlated with the stalk breaking force.

Discussion

Critical wind speed of stalk breaking and maize lodging
Crop lodging is determined by two factors: the stress
state of the plant and the plant’s ability to support its own
weight. The plant support system includes the stalk and
the roots. It is difficult to accurately assess the lodging
resistance of stalks and roots through field observation
alone. The use of instruments to perform quantitative
measurements in the field allows the direct and objective
evaluation of the lodging resistance of plants. Previous
studies of the lodging resistance of maize have focused
on the plant morphology and stalk strength under dif-
ferent genotypes and cultivation measures. For instance,
some researchers have investigated lodging resistance by
measuring the plant height, ear height, center-of-gravity
height, stalk diameter, and internode length of the basal
stalk with a ruler [13, 40] and by measuring the RPS,

0.48**

e -0.88
Stalk breaking force % Critical wind speed )w

Ak

Stalk lodging rate

Stalk strength tester

-

significance at the p<0.01 level.

Fig. 10 Path analysis of rind penetration strength (RPS), stalk breaking force, critical wind speed of stalk breaking, and stalk lodging rate. ** Indicates
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crushing strength, and bending strength with a stalk
strength tester [11,41, 42]. These indicators and methods
can reflect the difference in maize lodging resistance for
different genotypes and cultivation measures, however,
they have certain limitations and one-sidedness. For
example, in production, robust plants often have a higher
plant height and ear position, which is not conducive to
lodging resistance. Nevertheless, robust plants have a
higher mechanical stalk strength, which is conducive to
lodging resistance. In this study, the critical wind speed
of stalk breaking differed greatly between different maize
cultivars in the same measurement period. Additionally,
there was a significant negative correlation between the
critical wind speed of stalk breaking and the natural stalk
lodging rate. This suggests that the critical wind speed of
stalk breaking is a superior means to determine the stalk
loading resistance.

A wind tunnel is the most intuitive and practical means
to determine the failure wind speed in order to evaluate
crop lodging resistance. Portable wind tunnels were con-
structed in order to confirm its suitability for the quanti-
tative investigation of the lodging process under various
wind conditions and the evaluation of the accuracy of
existing theoretical models of plant withdrawal [34, 35].
The company DuPont Pioneer has devised a mobile wind
machine that can generate wind speeds of up to 45 m s™*
in order to assess stalk lodging under controlled wind
conditions and thus facilitate the evaluation of a geno-
type for maize lodging [36]. Beijing Research Center
for Information Technology in Agriculture designs and
constructs a mobile wind machine to evaluate the lodg-
ing resistance of different cultivars and determine the
relationship between lodging resistance and phenotypic
traits. However, this mobile wind machine can only
move in one direction and therefore the maize must be
grown in a specific area [43]. The devices above studies
mostly use axial flow fans. This results in winds spread
sideways to the nearby open areas under wind machine
tests, whereas canopy turbulence is often generated
under natural conditions [44]. Additionally, the differ-
ence in airflow for different outlet heights of the axial fan
is small, which does not match the actual situation in the
field, since, under natural conditions, the airflow pressure
above the maize canopy is higher than that in the maize
canopy [45]. In this study, the device included a turbo
fan in order to make the airflow from the air outlet more
similar to natural wind. This device has low cost, is con-
venient to move and simple to operate in the field, and
has a high practicality.

Influencing factors of critical wind speed of stalk breaking
Grain dehydration during plant standing in the field after
PM is an important measure to reduce the grain moisture
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content, broken rate, and impurity rate in mechanical
grain harvesting [26]. Additionally, this process reduces
grain drying costs and enables planters to obtain greater
economic benefits [46]. However, plant standing after
PM causes the lodging rate to increase [28]. Previous
studies showed that, for 28 maize cultivars grown at
67,500 plants ha!in Xinxiang, Henan Province, China,
a delay in the harvest date from 27 October to 06 Decem-
ber resulted in an increase in the average stalk lodging
rate from 0.5% to 11.8% [29]. Further analysis showed
that, after maize PM, plant and ear heights no longer
change, and the height of the center of gravity decreases
due to leaf senescence, resulting in the breakage of inter-
nodes and the loss of water in the upper part of the plant.
Additionally, leaf abscission decreases the wind force to
which the plant is subjected. The changes in morphology
described above are meant to improve the stalk resist-
ance after maize physiological maturity.

The RPS reflected the mechanical characteristics of
maize stalk, the breaking force comprehensively analyzed
the maize ear height and stalk strength. Rind penetrom-
eter resistance is a significant predictor of stalk lodging
incidence. However, rind penetrometer resistance lacks
sensitivity as compared to stalk bending strength meas-
urements [35, 42]. In this study, the RPS and stalk break-
ing force decreased with increasing number of days after
PM. There was a significant positive correlation between
RPS and stalk breaking force. This indicated that, after
PM, the degradation of carbohydrates and the decrease
of moisture content causes the RPS to decrease, which
decreases the stalk breaking force.

This study showed that the critical wind speed of stalk
breaking first decreased and then increased with increas-
ing number of days after PM, with the critical wind speed
being highest at 16—24 days after physiological maturity.
There was a significant negative correlation between crit-
ical wind speed and stalk breaking force. Therefore, the
change in the stalk-lodging resistance of maize can be
divided into two stages after physiological maturity. In
the first stage, the leaf senescence rate is quicker than the
stalk senescence rate, which reduces the wind resistance
of the plants and consequently increases the stalk-lodg-
ing resistance. In the second stage, the rapid stalk senes-
cence leads to a rapid decline in the mechanical strength
of the maize stalk, which in turn reduces the ability of
stalk lodging.

Limitations

In this study, the position of stalk breaking using new
device measuring was highest occurred in second inter-
node above the soil surface. This broken height is lower
than that of previous studies, which reported that the
highest proportion of stalk lodging was occurred in third
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internode [29, 47, 48]. This may be related to the fixing
position of plant sample in measurement process. The
power is 55 kW of the inverter motor. In order to pro-
vide sufficient wind speed, we set the heigh of air outlet
for the new device is only 1.9 m. This is lower than the
plant height of maize in field. In the future, the motor
with higher power and speed should be used in mobile
wind machine to make sure the height of the outlet is
higher than plant height in field. In addition, the testing
cycle time was 5 min for one plant sample. In the future,
it is necessary to further study to improve the testing
efficiency.

The wind is a random load whose speed and direc-
tion change over time. Before maize lodging, the plant is
caused to vibrate by the influence of wind [49], and when
the vibration of a maize plant exceeds a certain limit, the
stalk breaks [50]. Maize lodging is affected by wind speed,
wind direction, and wind blowing time. This study only
studied the critical wind speed of maize stalk breaking
under one wind direction. In the future, it is necessary
to study the critical wind speed of stalk breaking under
different wind directions and different wind blowing
times. Maize stalk creases were generally aligned with the
major diameter of the stalk cross section and the plants
generally fell in the direction of the minor stalk diameter
[38]. This may be closely related to plant physiology, the
direction of ears and leaves. Therefore, the plant torque
and wind speed of stalk breaking among different fixing
direction of maize plant should be study in future. This
will provide guidance for the plant direction of maize in
field.

The lodging rate is extremely problematic because it
is often confounded by both long-term and short-term
weather events that are different between years. For
example, a good growing season with few major wind
events may result in low lodging rates while a poor grow-
ing season with many major wind events will result
in high lodging rates. In this study, the lodging only
occurred in 2018, the more date of lodging rate and wind
weather should be analysis to determine the critical wind
speed in future. In addition, the stress (and therefore
bending strength) experienced by the stalk is the result
of a dynamic, complex, and interconnected relationship
that varies both spatially and temporally between the
wind profile, the plant’s sail area, the drag coefficient of
the plant, and the flexibility of the plant.

Conclusions

The critical wind speed of stalk breaking can be used to
evaluate the stalk-lodging resistance of maize. A new
device was comprised of a supporting structure, an elec-
tric turbofan, a frequency converter, a plant-fixing struc-
ture, and a digital anemometer can be used to measure
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the critical wind speed of stalk breaking. With increasing
number of days after maize physiological maturity, the
critical wind speed of stalk breaking increased first and
then decreased, reaching a maximum at 16-24 days after
physiological maturity. Additionally, in the same meas-
urement period, this critical wind speed differed among
the 10 tested maize cultivars. The critical wind speed
is affected by leaf area, fresh weight, stalk tenacity, ear
height. Further research on wind speed and plant torque,
as well as how plant phenotypic indicators affect plant
torque.
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