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Abstract

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
as evaluate lodging resistance during the later growth stage of maize, and clarify the relationship with the
stalk mechanical strength, critical wind speed of stalk breaking, and natural lodging rate in the �eld.

Results
The results showed that, in the late growth stage, with increasing number of days after physiological
maturity, (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 �rst and then decreased, and was highest at about 16–24 days after
physiological maturity. Furthermore, the stalk lodging rate was signi�cantly negatively correlated with the
critical wind speed of stalk breaking, however was not correlated with plant height, ear height, stalk
breaking force, or the RPS. Additionally, the critical wind speed of stalk breaking was signi�cantly
positively correlated with the stalk breaking force and the RPS.

Conclusion
This indicates that the critical wind speed of stalk breaking is a superior way to determine the stalk
lodging resistance compared to traditional indicators. 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.

1. 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 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]. Stalk lodging causes greater grain losses than root lodging [3].
When stalk lodging occurs before maturity, stalk breakage halts grain �lling 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
[3–5]. In addition to grain loss, lodging during the dehydration period after physiological maturity (PM)
reduces the grain quality and increases harvest costs [6, 7]. Our previous study reported that in
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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 [8].

The accurate evaluation of the maize lodging resistance in the �eld 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 characteristics, stalk anatomical structure, carbohydrate accumulation and distribution, pests
and diseases, planting density, water and fertilizer management, and plant growth regulators [9]. 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 [10]. In
contrast, maize plants with short and thick basal internodes display greater stalk-lodging resistance [11].
About 50 to 80% of the strength of a maize stalk comes from its outer structure, the rind [12]. Several
studies have indicated that the rind penetration strength (RPS), crushing strength (CS), and bending
strength (three-point bending �exural tests) are all signi�cantly negatively correlated with the stalk
lodging rate [13]. Stalk strength is signi�cantly positively correlated with the contents of cellulose,
hemicellulose, and lignin [8, 14]. Furthermore, corn borers signi�cantly increase the rate of stalk lodging
by drilling into stalks [15], whereas maize stem rot weakens stalk tissue, which greatly increases the risk
of stalk lodging [16]. Moreover, as plant density increases, the length of the basal internode signi�cantly
increases and the diameter signi�cantly decreases, the contents of cellulose, hemicellulose, and lignin,
and the stalk mechanical strength decrease, and the risk of lodging increases [14]. 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 mechanical strength and lodging resistance [17, 18]. 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
responsible for crop stalk lodging. Stalk lodging occurs when plants are subjected to wind forces greater
than the maximum 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 direction of maize production in China [19]. Unlike
traditional manual harvesting and mechanical ear harvesting, the mechanical harvesting of maize grain
requires grain moisture contents lower than 25% [20]. In mechanical grain harvesting, maize is generally
harvested 2–4 weeks after physiological maturity [21]. During maize grain dehydration via plant standing
in the �eld after PM, the risk of lodging increases due to stalk senescence or stalk rot [22, 23]. 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
[24]. 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 [25]. The Chinese
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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 [9, 14, 17, 26, 27]. After PM, the
decomposition of stalk carbohydrate and the decrease of stalk moisture content causes the stalk
mechanical strength to decrease. 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, this study developed 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 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 natural lodging rate in the �eld
were analyzed to clarify the factors affecting the critical wind speed of stalk breaking during the late
growth stage of maize. The results will help crop breeders develop lodging-resistant maize cultivars.

2. Materials And Methods

2.1. 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 soil was a
clay loam and is classi�ed as a Calcareous Fluvisol according the FAO-UNESCO classi�cation system.
The soil at 0–20 cm depth had the following characteristics: 18.9 g·kg− 1 organic matter, 78.5 mg kg− 1

available nitrogen, 21.4 mg kg− 1 available phosphorus, 162.0 mg kg− 1 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 during the experiment are shown in Table 1.
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Table 1
Precipitation and temperature during the 2018 and 2019 maize growing seasons at the Xinxiang

Experimental Station.
Month Precipitation

(mm)

  Average
temperature

(ºC)

  Maximum
temperature

(ºC)

  Maximum
temperature

(ºC)

2018 2019   2018 2019   2018 2019   2018 2019

June 122.9 38.2   27.8 27.8   38.4 39.3   14.7 16.7

July 152.4 8.3   28.9 28.7   40.0 38.6   21.2 18.4

August 3.8 54.3   28.0 26.1   38.1 19.3   35.9 14.6

September 92.5 34.3   21.5 21.6   37.0 34.7   9.6 11.9

October 1.0 40.3   16.1 16.3   28.6 33.7   4.3 4.7

November 2.3 1.2   8.6 10.2   20.4 22.9   -3.1 -3.2

December 9.0 6.2   1.4 3.4   16.4 9.5   -11.2 -8.5

A total of 10 maize cultivars with a wide range of growth stages and a wide range of lodging resistance
were 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 ⋅
104 plants ha− 1. Each plot contained 10 rows, each with a length of 10 m and a row spacing of 60 cm. All
cultivars were arranged in randomized complete blocks. Each cultivar was replicated three times. A
controlled-release fertilizer was applied at 156 kg N ha− 1, 72 kg P2O2 ha− 1, and 60 kg K2O ha− 1 at
sowing. Plants were irrigated according to the precipitation and water requirements of high-yield maize.
Irrigation was performed when winds were calm. Pesticides were applied as needed to control insect
populations. Weeds were periodically removed by hand.

Table 2
Experimental cultivars planted in 2018 and 2019.

Year Number
of
cultivars

Cultivars

2018 10 Zhengdan 958 (ZD 958), Xianyu 335 (XY 335), Zhongdan 909 (ZD 909),
Jingnongke 728 (JNK 728), Hetian 1 (HT 1), Fengken 139 (FK 139), Dika 517 (DK
517), Dika 653 (DK 653), Yudan 132 (YD 132), Zeyu 8911 (ZY 8911)

2019 4 ZD 958, XY 335, ZD 909, JNK 728

2.2. 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) were measured for 10 randomly selected
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plants in four central rows 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 determined using a self-constructed mobile wind machine. The
mobile wind machine was comprised of a supporting structure, an electric turbofan, a frequency
converter, a plant-�xing structure, and a digital anemometer (Fig. 1). The wind speed of the electric
turbofan was controlled by the frequency converter (Fig. 1b). The input voltage of the inverter motor is
380 V, the power is 55 kW, and the maximum speed is 1100 r min− 1. The height of outlet of turbofan was
1.9 m, and width of outlet was 0.5 m. At outlet of turbofan, the range of controllable wind speed was from
0 to 40 m s− 1, and the wind pressure was from 0-500 N m− 2. The total weight of the fan, motor, and
supporting structure is about 2.8 tons, which is convenient for transportation. Before measuring the
critical wind speed, the maize plant was �xed at the �rst internode of the stalk above the soil in order to
ensure that the plant was oriented vertically. During the measurement, the plant was positioned 40 cm
away from the air outlet with the bottom of the plant 30 cm above the bottom of the air outlet (Fig. 1c).
The wind speed was then increased at a uniform rate until the stalk was broken (Fig. 2). The critical wind
speed of stalk breaking was displayed on the screen of the anemometer.

Stalk rind penetration strength. After measuring the critical wind speed of stalk breaking, the RPS, which
is the minimum 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. [28]
The stalk strength tester was comprised of a supporting structure, a force gauge with a digital display
screen, and a test probe (1 cm in length, 1 mm2 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 narrowest side. To collect RPS measurements, the stalk was held �rmly 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 �eld. To avoid root lodging 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 �rmly
anchored in the soil. The direction of the breaking force was always perpendicular to the plant and the
position of stalk breaking was recorded [23].

Stalk lodging rate. In 2018, 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 [11]. The stalk
lodging rate was calculated by dividing the number of lodged plants by the total number of plants in the
investigation area.
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2.3. Statistical analyses
Statistical analyses were performed using the Predictive Analytics Software (PASW) version 18.0 (IBM
SPSS, Somers, NY, USA). Data from each sampling date were analyzed separately. Means were tested
using least signi�cant difference tests at the p < 0.05 level (LSD 0.05) in three groups data. Additionally,
Pearson correlations were calculated to identify interrelationships between the stalk lodging rate, critical
wind speed of stalk breaking, stalk breaking force, and rind penetration strength.

3. Results

3.1. Growth stage and plant morphology
The difference in the timing of the silking stage of the 10 cultivars was 6 d, the difference in the date of
PM was 19 d, and the difference in time from R1 to R6 was 25 d (Table 3). Additionally, plant height and
ear height were signi�cantly different among the 10 cultivars. In 2018, cultivar XY 335 had the highest
plant height and cultivar DK 517 had the lowest plant height, while cultivar YD 132 had the highest ear
height and cultivar FK 139 had the lowest ear height. Coe�cients of variation (CV) among the 10 maize
cultivars were equal to 7% of plant height and 15% of ear height. In 2019, cultivar XY 35 had the highest
plant height, cultivar ZD 958 had the highest ear height, and cultivar ZD 909 had the lowest plant height
and ear height.
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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 31 July 20 September   244.3 ± 8.5bc 80.3 ± 2.6e

  HT1 30 July 16 September   246.4 ± 2.4bc 99.7 ± 5.9 cd

  JNK728 03 August 23 September   277.5 ± 8.6a 111.4 ± 6.1c

  DK517 02 August 01 October   237.6 ± 7.2c 95.2 ± 8.1d

  YD132 06 August 05 October   282.4 ± 5.3a 136.4 ± 9.4a

  XY335 06 August 07 October   283.3 ± 10.5a 99.0 ± 12.5 cd

  ZY8911 02 August 29 September   255.6 ± 9.5b 97.5 ± 6.4 cd

  DK653 06 August 07 October   273.8 ± 8.6a 125.5 ± 5.7b

  ZD958 05 August 08 October   247.0 ± 6.9bc 107.8 ± 7.8 cd

  ZD909 06 August 09 October   255.0 ± 5.7b 104.6 ± 5.9 cd

2019 ZD958 04 August 01 October   258.0 ± 4.6b 121.8 ± 8.4a

  XY335 06 August 13 October   296.2 ± 9.1a 119.1 ± 5.9a

  JNK728 03 August 11 October   265.8 ± 10.0b 110.4 ± 7.4b

  ZD909 06 August 15 October   246.1 ± 10.8c 99.4 ± 5.1c

Note: values in the same column followed by different lowercase letters are signi�cantly different at
the p < 0.05 level.

3.2. Critical wind speed of stalk breaking
The critical wind speed of stalk breaking �rst increased and then decreased with increasing number of
days after physiological maturity (Fig. 3), and was found to follow a quadratic trend. On the quadratic
curve which was �tted between the critical wind speed and number of days after PM, the critical wind
speed was highest at 16 d after PM in 2018 and at 24 d 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 measurement 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 DK 517, followed by cultivar JNK 728, while the lowest was for
cultivar HT1.

3.3. Stalk breaking force
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The stalk breaking force was linearly decreased with increasing number of days after physiological
maturity (Fig. 4). In 2018, cultivar ZY 8911 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 XY 335 and ZD 958, respectively.

3.4. Rind penetration strength
The RPS of the third internode above the soil was negatively linearly related with the number of days after
physiological maturity (Fig. 5). In 2018, cultivar DK 517 had the highest average RPS of the six sampling
dates, followed by cultivar XY 335, and cultivar ZD958 had the lowest average RPS. In 2019, the average
RPS of the six sampling dates was highest in cultivar XY 335 and lowest in cultivar ZD 909.

3.5. Natural stalk lodging rate
Under natural conditions, the stalk lodging rate in the �eld gradually increased with increasing number of
days after physiological maturity (Fig. 6). The degree of the increase in the stalk lodging rate differed
among the studied maize cultivars. Compared with the �rst survey (29 October), the largest increase in
the stalk lodging rate in the last survey (13 December) was observed for cultivar FK 139, and the lowest
increase was observed for cultivar DK 517. In the last survey, the stalk lodging rate was highest in cultivar
FK 139, followed by cultivar ZD 909, and was lowest in cultivar DK 653.

3.6. Correlation analysis
Correlation analysis showed that, in 2018, the critical wind speed of stalk breaking was signi�cantly
negatively correlated with the stalk lodging rate in the �eld under natural conditions. However, in this year,
there was no signi�cant correlation between stalk lodging rate and plant height, ear height, stalk breaking
force, or rind penetration strength. This indicates that the critical wind speed of stalk breaking is a more
accurate means to evaluate the stalk-lodging resistance in different maize cultivars and different growth
periods than traditional indicators such as plant morphology and stalk mechanical strength.
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Table 4
Relationships between plant morphology, stalk breaking force, critical wind

speed of stalk breaking, and stalk lodging rate.

  Stalk lodging rate at harvest

Plant height (n = 10) –0.142

Ear height (n = 10) –0.096

  Stalk lodging rate at harvest

Stalk breaking force (n = 30) –0.202

Rind penetration strength (n = 40) –0.267

Critical wind speed of stalk breaking (n = 40) –0.377*

Note: * indicates signi�cance at the p < 0.05 level.

The critical wind speed of stalk breaking was signi�cantly positively correlated with the stalk breaking
force and the RPS (Table 5). However, there was no signi�cant correlation between the critical wind speed
of stalk breaking and the plant height or ear height. This indicates that the main factor affecting the stalk-
lodging resistance during the later growth stages of maize was the stalk mechanical strength.

Table 5
Relationship between the plant morphology, stalk breaking force, and

critical wind speed.

  Critical wind speed at harvest

Plant height (n = 14) –0.179

Ear height (n = 14) –0.219

  Critical wind speed at harvest

Stalk breaking force (n = 73) 0.398**

Rind penetration strength (n = 89) 0.475**

Note: ** indicates signi�cance at the p < 0.01 level.

4. Discussion
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 di�cult to accurately
assess the lodging resistance of stalks and roots through �eld observation alone. The use of instruments
to perform quantitative measurements in the �eld 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 different genotypes and cultivation measures. For instance,
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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 [11, 29] and by
measuring the RPS, crushing strength, and bending strength with a stalk strength tester [30–32]. These
indicators and methods can re�ect 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, the natural lodging rate
was not correlated with plant height, ear height, stalk breaking force, or the RPS of the third internode
above the soil. However, there was a signi�cant negative correlation between the critical wind speed of
stalk breaking and the stalk lodging rate. This suggests that the critical wind speed of stalk breaking is a
superior means to determine the stalk loading resistance compared to traditional indicators since it
considers the stress of the plant.

Grain dehydration during plant standing in the �eld after PM is an important measure to reduce the grain
moisture content, broken rate, and impurity rate in mechanical grain harvesting [20]. Additionally, this
process reduces grain drying costs and enables planters to obtain greater economic bene�ts [33].
However, plant standing after PM causes the lodging rate to increase [22]. Previous studies showed that,
for 28 maize cultivars grown at 67,500 plants ha− 1 in Xinxiang, Henan Province, China, a delay in the
harvest date from 27 October to 06 December resulted in an increase in the average stalk lodging rate
from 0.5–11.8% [23]. 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 internodes 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 resistance after maize physiological maturity. However, after PM, the
degradation of carbohydrates and the decrease of moisture content causes the stalk mechanical strength
to decrease, which increases the risk of stalk lodging. This study showed that the critical wind speed of
stalk breaking �rst decreased and then increased with increasing number of days after PM, with the
critical wind speed being highest at 16–24 d after physiological maturity. Therefore, the change in the
stalk-lodging resistance of maize can be divided into two stages after physiological maturity. In the �rst
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-lodging resistance. In the second stage, the
rapid stalk senescence leads to a rapid decline in the mechanical strength of the maize stalk, which in
turn reduces the ability of stalk lodging.

The wind is a random load whose speed and direction change over time. Before maize lodging, the plant
is caused to vibrate by the in�uence of wind [34], and when the vibration of a maize plant exceeds a
certain limit, the stalk breaks [35]. 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
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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.

5. Conclusions
In this study, it was found that, compared with the plant morphology and stalk mechanical strength, the
critical wind speed of stalk breaking can be used to better evaluate the stalk-lodging resistance of maize.
With increasing number of days after maize physiological maturity, the critical wind speed of stalk
breaking increased �rst and then decreased, reaching a maximum at 16–24 days after physiological
maturity. Additionally, in the same measurement period, this critical wind speed differed among the 10
tested maize cultivars.
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Figure 1

Mobile wind machine used in this study. The system included (a) the supporting structure and electric
turbofan, (b) a frequency converter, and (c) a plant-�xing structure and digital anemometer.
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Figure 2

Representation of the measurement of the critical wind speed of stalk breaking in the �eld.

Figure 3

Critical wind speed of stalk breaking before and after physiological maturity for different maize cultivars.
** indicates signi�cance at the p<0.01 level.
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Figure 4

Stalk breaking force before and after physiological maturity in different maize cultivars. ** indicates
signi�cance at the p<0.01 level.

Figure 5

Rind penetration strength (RPS) before and after physiological maturity in different maize cultivars. **
indicates signi�cance at the p<0.01.
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Figure 6

Stalk lodging rate of different maize cultivars in 2018.
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