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Abstract

:

Mastering the lodging risk of planting environment is of great significance to the optimal layout of maize varieties and the breeding of lodging resistant varieties. However, the existing lodging risk models are still at the stage of single or multi-factors independent analysis, and lack of assessment for different lodging types. To address this issue, based on the mechanism of different lodging types, the Archimedean copula function was used to describe the joint probability distribution of wind speed and precipitation, and the lodging risk assessment model of maize was established. By comparing the goodness of fit, when the rank correlation coefficient of these two is positive and negative, the corresponding optimal joint probability distribution functions are the Gumbel copula and Frank copula. According to the spatial distribution of lodging risk, the area from Liaodong Bay northward to Tongyu, Jilin province in the Northeast and the North China Plain has a high frequency of lodging, in which the probability of stalk lodging is two to four times that of root lodging. Finally, we discussed how to apply the lodging risk distribution results to optimize the maize variety test sites to improve the efficiency and reliability of the existing test system. The method proposed in this paper comprehensively considers the synergistic effect of multiple factors and can provide technical support for other risk assessment.
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1. Introduction


Lodging is a phenomenon of crop stalks from the natural upright state to an inclined state caused by external factors [1,2] and is one of the important abiotic stresses of maize (Zea mays L.). After lodging, the growth structure of maize is destroyed, leading to a decrease in photosynthetic efficiency and a large-scale maize yield reduction [3]. At the same time, the mechanical damage caused by maize lodging increases the probability of plant infection, the complexity of field management, and also increases the difficulty and cost of mechanized harvest [4]. Understanding the lodging risk in the planting environment is not only helpful for agricultural management, but also of great significance for breeding, especially for the maize multi-environment trial (MET) in China, which was selected based on qualitative experience and has a problem of low probability in lodging stress [5].



The occurrence of maize lodging is the result of interactions between maize variety characteristics and planting environment conditions. At present, the research on maize lodging focuses on the mechanism analysis, including genetic analysis, internal factors, such as plant shape differences [6,7,8], and external factors, such as differences in cultivation measures [9,10].



However, the cultivation environment, such as the meteorological conditions and soil fertility, have a great influence on lodging [2,11]. In a desert climate, winds that are not in the storm category can cause severe maize lodging because of the absence of a thick vegetative cover [12]. According to Liu Zhe et al. [5], the daily highest wind speed above 10.8 m/s may cause maize lodging, and a certain degree of precipitation that can loosen the soil will aggravate the maize lodging degree [13]. Studies on lodging risk assessment in a planting environment can be divided into two categories: one is based on the average performance of all varieties; another is to evaluate the risk probability according to the meteorological, soil and other elements in the environment.



Evaluation of environmental characteristics by varieties’ performance in a planting environment is a common method in the analysis of genetic-environment interaction and MET’s results. For example, the mean yield of all varieties can provide a quantitative grading of the environments [14,15,16], and the average lodging rate of all varieties can be used to describe the lodging stress of the environment. This method expresses the environmental characteristics indirectly through the varieties’ performance, which is very convincing. However, it relies on the experimental statistics data, which are scattered and have a limited spatial scope.



Compared with the acquisition of environmental lodging stress from field environmental data, the method based on meteorological elements in the environment is more universal. Liu Zhe et al. [5] carried out environment selection for maize lodging resistance detection by using the probability of wind in order to increase the probability of lodging stress in the experimental environment and help to fully detect new varieties. This method only considered the influence of wind, but not other factors, and thus the analysis results were not comprehensive.



Yang Yang [17] realized that the direct factors leading to maize lodging are strong wind and precipitation, but he did not describe the synergistic effect of wind and rain. Instead, he built an extreme climate probability model of wind and rain. Mi Chunqiao [11,18] calculated the maximum daily wind speed during the maize growth period and fitted its probability density function. Then, combining with planting density and soil potassium content, the lodging stress was estimated by a fuzzy synthetic evaluation in the Huang-Huai-Hai Plain, China. This method evaluated lodging stress based on multi-indicators but only analyzed the most extreme wind speed during the growth period, ignored other severe weather.



These above methods constructed probability distribution functions of meteorological factors that are related to lodging and analyzed the lodging stress of local environment in combination with other factors. Compared with field investigation methods, these methods are more maneuverable and convenient for large-scale analysis; however, they did not distinguish different lodging types. At the same time, the analysis of maize lodging risk is still in the stage of single or multi-factors independent analysis, and the synergistic effect of wind and rain is not quantified.



Mastering lodging risk in planting environment is helpful to plan agricultural management in sensitive growth periods and provide a reference test environment for lodging resistance in MET. Through reading the relevant literature, maize lodging events occurred under the synergistic effect of wind and precipitation, and different lodging types occurred in different environmental scenarios. Therefore, the aim of this study is to explore a method that can express the occurrence probability of different maize lodging types based on the mechanism of lodging.




2. Materials and Methods


2.1. Research Area and Data


The study area is Northeast and North China Plain (Figure 1), a major maize producing area in China, which includes most of Liaoning Province, the west of Jilin, the east of Inner Mongolia, and the North of Hebei, Beijing, Tianjin and Shanxi. This area has a cold temperate semi-humid climate, with an annual active accumulated temperature of 2000–3600 °C, and an annual precipitation of 400–800 mm from west to east. This region is an important commodity grain base in China due to the superior terrain, soil, climate, and other natural conditions and high degree of mechanization implementation [19].



As lodging events of maize are closely related to the growth period, we obtained maize growth periods data from the Crop Growth and Farmland Soil Moisture dataset provided by the National Meteorological Center of China [20], which records the date of crop development rely on the agricultural meteorological stations. Historical meteorological data from 1986 to 2015 were obtained from National Meteorological Center of China [21], including the daily average rainfall, daily maximum wind speed (the maximum of the average wind speed within every 10 min of a day), and daily highest wind speed (the maximum of the average wind speed within every 3 s of a day).



The regional trial is a multi-year and multi-site variety characteristic evaluation experiment with industry authority. The lodging situation and the corresponding weather conditions of each site were recorded, which can be used as a reference for our research. In this study, the regional trial report of maize varieties from 2001 to 2011 [22,23,24,25,26,27,28,29,30,31,32] provided by National Agro-Tech Extension and Service Center were used.




2.2. Selection of Meteorological Indicators


There are many reasons for maize lodging, including cultivation measures, such as improper planting density and fertilization ratio [33]; planting environment factors, such as strong wind and heavy rainfall [34]; and internal factors, such as the stalk strength of maize varieties [7,34]. In this paper, environmental factors were mainly analyzed, and a large number of studies showed that wind and rainfall were the most direct external factors causing maize lodging [3,35]. The lodging degree of maize is positively proportional to the size of wind speed, and the influence of precipitation on lodging is mainly in two aspects: the impact of raindrops on the plant as well as the attached gravity and making soil loose and soft.



Of course, the occurrence of maize lodging is also closely related to the growth stage [36,37]. After maize enter the jointing stage, the stem grows rapidly, and the mechanical tissue is relatively fragile, and thus it is very prone to lodging. Lodging that occurs from jointing stage to tasseling stage has little effect on the yield because of the plants’ own recovery ability. However, lodging after tasseling is difficult to restore upright due to plant extrusion, which has a great impact on yield. The sensitive period of maize lodging selected in this paper is from the tasseling stage to milking stage.



There are three indexes related to wind speed in the daily dataset of meteorological stations: the mean wind speed, maximum wind speed, and highest wind speed. According to the surface meteorological observation norms, the maximum wind speed refers to the maximum average wind speed within 10 min in a day, and the highest wind speed within 3 s, both of which can represent the extreme wind speed in a day. According to the statistics of the data from 1986 to 2015, we found that the observation records of the highest wind speed before 2005 were missing. Considering that there is a significant correlation between the maximum wind speed and highest wind speed [38] from 2005–2015 in Northeast and North China Plain (Figure 2), we selected the maximum wind speed to describe the daily extreme wind speed.



The precipitation index in the daily dataset of meteorological stations refers to the accumulated precipitation from 8 pm of the previous day to 8 pm of the same day, which represents the precipitation conditions of the day. Rainfall can loosen the soil and weaken the retention of maize roots through increasing soil moisture content [13,39]. It can be seen that the infiltration of rain on soil is a cumulative process, and the precipitation of the previous day will also have impact on crop. Thus, the rainfall of two consecutive days was selected as the index of extreme precipitation in this paper.



Unfortunately, there is no definite conclusion on the quantitative relationship between lodging degree and wind and rainfall. Therefore, according to the regional trial report of maize varieties, the description of maize lodging occurrence date, lodging degree and the intensity of corresponding meteorological elements was summarized. First, the description of meteorological elements and the occurrence degree of maize lodging was normalized, and then the meteorological elements with higher occurrence frequency were selected as the statistical objects. Finally, the corresponding relationship between maize lodging and the intensity of meteorological elements can be obtained.




2.3. Joint Probability Distribution


According to the above analysis, it can be known that the maize lodging occurred under the synergistic effect of wind and rain, that is, the expression of synergistic effect is very important. Copula function can connect the joint distribution function of multiple random variables with their edge distribution to describe the correlation between n-dimensional variables [40]. Moreover, the function is not restricted by the form of edge distribution and can combine different correlation modes organically. According to the definition of copula function, the joint distribution of specific wind speed and precipitation can be expressed as:


F(x, y) = P(X ≤ x, Y ≤ y) = C(Fx(x), Fy(y))



(1)




where F(x, y) is the joint probability distribution of wind speed x and precipitation y, and Fx(x) and Fy(y) are the optimal edge distributions of the two respectively.



In this paper, Archimedean copula with simple structure and wide representation was selected to express the joint probability distribution of wind and precipitation for two consecutive days in maize lodging sensitive period, including the Gumbel copula, Clayton copula, and Frank copula functions [41]. The equations of the three functions are as follows:


CGumbel(u,v) = exp{−[(−lnu)a + (−lnv)a]1/a} a∈ [1,+∞)



(2)






CClayton(u,v) = max{−[u−a + v−a]1/a,0} a∈ [−1,+∞)



(3)






CFrank(u,v) = −1/a ln(1 + (exp(−au) − 1)(exp(−av) − 1)/exp(−a − 1)) a∈ R



(4)




where u = Fx(x) and v = Fy(y) are the optimal edge distribution of variables x and y, α is the copula parameter, which can be estimated by Kendall’s rank correlation coefficient (Equation (6)), φ(t) is the generator of the function, corresponding to the above three functions have: φ(t) = (−lnt)θ, φ(t) = −ln[(e –θt − 1)/(e−θ − 1)], φ(t) = (t−α − 1)/α.



It can be seen from Equation (1) that the joint probability distribution of wind and precipitation for two consecutive days is formed by the combination of their edge distributions and copula functions. Therefore, different estimation methods of function parameter (including moment estimation, maximum likelihood, and least square [42,43,44,45]) were adopted to simulate the probability distribution functions of wind and precipitation, and the Pearson correlation coefficient (Equation (5)) between the simulated value and the measured value was calculated to evaluate the goodness of fit and determine the optimal probability distribution function.



Then, the Kendall’s rank correlation coefficient (Equation (6)) between daily maximum wind speed and precipitation for two consecutive days was used to estimate the parameters of the copula function, and the sum of squares of deviation [46,47] between different copula functions and empirical copula functions was calculated to evaluate the fitting accuracy (Equation (8)).


     r ( x ,   y ) =    Cov   x ,    y        Var  x  Var  y       



(5)




where r(x, y) represents the Pearson correlation coefficient between the simulated value x and the measured value y; Cov(x, y) is the covariance of x and y; and Var[x] and Var[y] represent the variance of x and y, respectively.



Kendall’s rank correlation coefficient [48,49,50] is a statistic used to measure the order correlation of two random variables, and the correlation is evaluated by examining whether the change trend of the two variables is consistent. When two random variables are sorted according to the size of one variable, the other is usually out of order. After sorting, the ratio of the difference between concordant pairs and discordant pairs to the total pairs is the Kendall’s correlation coefficient. The value of Kendall correlation coefficient ranges from −1 to 1, where 1 represents that the two random variables have consistent rank correlation, −1 represents that the two have completely opposite rank correlation, and 0 represents that the two are independent of each other.


τ = (nc − nd)/(n0)



(6)




where τ is the Kendall’s rank correlation coefficient; and n0, nc, and nd represent total pairs, the number of concordant pairs, and discordant pairs, respectively.



The corresponding calculation equation of n0 is as follows:


n0 = n(n − 1)/2



(7)







The joint probability distribution of wind and precipitation was obtained according to copula parameters, and then its accuracy was evaluated by OLS:


   OLS =     1 n    ∑    i = 1   n       Ĉ i     u ,   v         -   C   i     u ,   v       2     



(8)




where    Ĉ i     u ,   v     ,    C i     u ,   v      are the empirical probability value and the simulated probability value, respectively; and n is the number of total samples.




2.4. Spatial Distribution of Lodging Stress


The map of joint probability distribution is three-dimensional; therefore, the joint probability distribution map of variables X (wind speed) and Y (precipitation) was projected onto the plane to get Figure 3. The green area is the probability that the wind speed X is less than value A, and the blue area is that the precipitation Y is less than value B. The yellow area is generated by the superposition of the blue and green areas, as well as the probability in the white area is the information we want to obtain. Therefore, the probability that the wind speed X exceeds A, and the precipitation Y exceeds B can be expressed as:


P(X ≥ A, Y ≥ B) = 1 − FX(A) − FY(B) + C(FX(A),FY(B))



(9)




where FX(A), FY(B) are the probability that the wind speed X is less than A and precipitation Y is less than B respectively, C(FX(A),FY(B)) is the joint probability of A and B.



Similarly, the probability that wind speed X is greater than A and precipitation Y is less than B can be obtained:


P(X ≥ A, Y < B) = FY(B) − C(FX(A),FY(B))



(10)







Combined with the joint probability distribution and the above equations, the probability of wind speed and precipitation of each meteorological station meeting the specific threshold was obtained. Then, the maize root lodging and stalk lodging in the study area could be obtained through the spatial interpolation analysis. Considering that the size of meteorological data used in this paper is small, the inverse distance weighted interpolation (IDW) method [51,52] was chosen to avoid the maximum and minimum values appear in no original data place. Based on the principle of near similarity, IDW uses the value of sample points in the region to predict the value of unknown location. The weight of sample points close to the prediction point is greater than that of distant ones.





3. Results


The study area in this paper contains a total of 57 meteorological stations, and we could not analyze the best estimation methods of function parameter, the optimal edge probability distribution of wind and precipitation, and the most suitable copula function for each station one by one. Therefore, taking into account the altitude, latitude, and precipitation, we randomly selected five meteorological stations from north to south for analysis, including Siping, Jinlin Province; Chifeng, Inner Mongolia; Yuanping, Shanxi Province; Kailu, Inner Mongolia; and Zhangjiakou, Heibei Province. Among them, Kailu and Zhangjiakou have an average annual precipitation of 200 to 400 mm, while Siping, Chifeng and Yuanping less than 200 mm.



3.1. Optimal Edge Probability Distribution of Wind and Precipitation


There have been a large number of studies on the distribution of daily maximum wind speed and precipitation, which can basically determine the distribution types that they obey. Daily maximum wind speed follows a Weibull distribution [43,53], and precipitation follows Gamma or Weibull distribution [54,55]. Therefore, as described in Section 2.3, we used moment estimation, maximum likelihood, and the least squares method to determine their probability density and probability distribution function in Matlab (Matlab R2016a).



As can be seen from the probability density and probability distribution diagram (Figure 4) of the daily maximum wind speed, the probability density has the problem of insufficient estimation for peak value. The fitting performance of moment estimation and maximum likelihood is similar, while the least squares method is significantly lower than these two.



According to Equation (5), the fitting accuracy of different estimation methods was calculated (Table 1). Although the simulation results obtained by the three methods were different, they all proved that Weibull distribution could well describe the probability distribution of wind speed. The fitting performance of the moment estimation and maximum likelihood is better than that of the least square. The correlation coefficients of probability density and probability distribution are between 0.94–0.99 and 0.996–0.999, respectively, while the least square is 0.79–0.93 and 0.96–0.98. Since the fitting accuracy of the moment estimation is slightly higher than that of the maximum likelihood, the Weibull distribution based on the moment estimation was finally used in this paper.



According to the probability density and probability distribution diagram of precipitation for two consecutive days (Figure 5), it can be seen that, in most cases, the precipitation of meteorological stations is relatively small, and probability density presents an “L” distribution. The probability distribution curves obtained by Weibull based on different parameter estimation methods have great differences, while the differences based on Gamma fitting are small.



The fitting accuracy of the probability density and distribution of precipitation for two consecutive days with different models and parameter estimation methods was calculated (Table 2). Although meteorological stations with different annual average precipitation levels were selected, the accuracy did not show a different rule caused by precipitation levels.



For the probability density, the fitting performance of Weibull is better than Gamma, and the correlation coefficient is 0.91–0.97. Among this, the maximum likelihood and moment estimation method for the parameter estimation of Weibull are significantly higher than the least squares method. For the probability distribution, the fitting performance of Gamma is better than Weibull, and the correlation coefficient is 0.990–0.999. The maximum likelihood is slightly better than moment estimation method for the parameter estimation of Gamma distribution.



The fitting performance are as follows: Gamma based on maximum likelihood > Gamma based on moment estimation > Weibull based on maximum likelihood > Weibull based on moment estimation > Weibull based on least square. Since this study mainly focuses on the probability distribution of precipitation for two consecutive days, the Gamma distribution based on the maximum likelihood was finally used.



W-ME represents Weibull based on maximum likelihood method, G-ML is Gamma based on maximum likelihood method, and so on.




3.2. Joint Probability Distribution of Wind and Rainfall


The Kendall’s rank correlation coefficient (Equation (6)) between the maximum daily wind speed and precipitation for two consecutive days was used to estimate the parameters of the copula function, and the sum of squares of deviations between different copula functions and empirical copula function was calculated (Equation (8)) to evaluate the fitting accuracy (Table 3).



Among them, the Kendall’s rank correlation coefficient of Yuanping meteorological station was negative; therefore, the Frank copula function was finally selected for fitting; while other four meteorological stations were positive, and the fitting accuracy of the three copula functions was as follows: Gumbel copula > Frank copula > Clayton copula.



In conclusion, when there is a positive correlation between the daily maximum wind speed and precipitation at meteorological stations, the Gumbel copula function has the best performance. When there is a negative correlation, the Frank copula function would be the best choice. Figure 6 shows the joint probability distribution of wind and rainfall at each meteorological station. Taking Kailu and Siping stations for example, the joint probability distribution of the latter is flatter, indicating that the probability of extreme wind and rainfall events at this site is lower.




3.3. Risk Analysis of Lodging in Northeast and North China Plain


According to the content in Section 2.2, the corresponding relationship between maize lodging and meteorological elements was obtained (Table 4).



“Most”, “Partial” and “Few” represent > 75%, about 50%, <25% of maize varieties was lodging, respectively.



Lodging events are mostly caused by wind or wind and rain at the same time, and lodging caused by a single factor of precipitation account for a small proportion, which is consistent with the description in Section 2.2. This paper studied the lodging risk in the planting environment, that is, to cause a certain extent lodging to exclude the factors of the variety itself as much as possible. Therefore, we pay attention to the meteorological conditions that caused lodging of partial or more maize varieties in the regional trial report.



According to the above table, it can be known that lodging of partial maize varieties is mainly related to Fresh gale and Heavy rain and Fresh gale (there are 107 records of these two elements, while the total records corresponding to lodging of partial maize varieties is 160). Combined with the mechanism of different lodging types, the lodging type of maize corresponding to Fresh gale and Heavy rain is root lodging, while the lodging type corresponding to Fresh gale is stalk lodging.



According to the surface meteorological observation norms, Fresh gale refers to the instantaneous wind speed reaches scale 8 (17.2 m/s–20.7 m/s, see Table A1 in Appendix A for details). Since the wind speed index adopted in this paper is the daily maximum wind speed, the data of daily maximum wind speed corresponding to daily highest wind speed reaches scale 8 was calculated (Figure 7): in most areas (80% of the study area), the range of daily maximum wind speed is 7.8 m/s–13 m/s, within the range of scale of 5–6.



The threshold of saturating rain varies from region and degree of drought, in April to May is ≥10 mm in the north and central of China and ≥15 mm in the south; process rainfall (48 h) is ≥15 mm in the north and central of China and ≥20 mm in the south [56,57]. The study area in this paper is located in the north of China, and the corresponding process rainfall should be 15 mm. However, maize lodging always occurred in July–August, which is in the rainy season and different from April–May in the above regulations, and thus 10 mm was selected for analysis in this paper.



To obtain the lodging probability of each meteorological station, the precipitation threshold was set as 10 mm, and the maximum daily wind speed threshold was set as 10.8 m/s (start threshold of level 6 wind), 8.0 m/s (start threshold of level 5 wind) and 7.8 m/s. Then, the lodging risk level (lodging occurrence times) was calculated in combination with the days of lodging sensitive growth stage, and the spatial distribution diagram of root and stalk lodging under different thresholds was obtained by IDW (Figure 8) using the ArcGIS 10.2 spatial interpolation tool. At the same time, the average level of lodging events under different wind speed thresholds was calculated (Table 5).



Under the same threshold combination, the occurrence number of stalk lodging was two to four times that of root lodging, and the multiple relationship increased with the decrease of wind speed threshold. When the maximum daily wind speed > 10.8 m/s, the average occurrence number of root and stalk lodging are 0.036 and 0.068, respectively; when wind speed > 8.0 m/s, the average occurrence numbers of root and stalk lodging are 0.514 and 2.060, respectively; when the wind speed was greater than 7.8 m/s, the average occurrence number of these two are 0.599 and 2.498.



As for spatial distribution (Figure 8), when the maximum daily wind speed > 10.8 m/s, only the area with stalk lodging number ≥ 1 occurred, which was located in Tianjin, indicating that the threshold of wind speed was too large to effectively extract the lodging stress environment. When wind speed > 8.0 m/s, the regions with root lodging number ≥ 1 appeared in Tianjin and Tongyu, Jilin Province; Kailu, Inner Mongolia; and Dalian, Yingkou, and Zhangwu in Liaoning Province. At the same time, from Liaodong Bay northward to Tongyu, Jilin province, a band area with high frequency of stalk lodging was formed, and the occurrence probability in Kailu, Inner Mongolia; Dalian, Zhangwu in Liaoning Province; and Tianjin and Lvliang, Shanxi Province is relatively high. When the wind speed was greater than 7.8 m/s, the area with root lodging number ≥ 1 covered the northeast part of study area, and the area with stalk lodging number ≥ 1 covered almost the whole study area.





4. Discussion


There is only qualitative descriptions on the selection of test environment in China’s maize regional test industry standard [5], for instance according to the climate, soil conditions, and cultivation types. Based on these qualitative experiences, the probability and intensity of biotic and abiotic stress cannot be determined in test environment, and the probability of environmental stress is often low, which makes it impossible to detect the stress resistance of new varieties fully and effectively. Figure 9 shows the lodging risk level of the existing test sites, and the lodging probability of these sites is low. Only one site has the number of root lodging ≥ 1, which is difficult to meet the testing requirements.



Using the method proposed in this paper, we were able to select the environment that caused some or even more severe lodging of maize. In order to increase the probability of lodging and optimize the layout of maize test sites based on the research results, the following issues should be considered:




	
The maize lodging test sites serve to strengthen the detection of lodging resistance for new varieties; therefore, the testing environment should meet the requirements of high frequency of lodging events and moderate intensity.



	
Although the result obtained in this paper can screen out the areas with high frequency of maize root lodging and stalk lodging, there are also some areas where the degree of lodging is excessive. If test sites are arranged in these areas, most maize varieties will have lodging, which cannot achieve the purpose of distinguishing the lodging resistance ability among varieties. In conclusion, when selecting lodging environment for regional test, it is necessary to increase the upper threshold value of wind and rainfall to limit lodging intensity.








In addition, this paper only considered the influence of wind and rainfall on the lodging degree of maize. In fact, soil fertility and other factors also affect the lodging degree; for example, when maize is deficient in potassium, the stalk is thin and lodging easily occurs. In Mi Chunqiao’s [11,18] study, he considered the influence of the wind speed, planting density, and soil potassium content. In the future, we can also consider these factors and obtain more accurate spatial distribution of lodging risk. However, if this result is to serve the selection of lodging test sites, the field management of the test site is complete and potassium deficiency rarely occurs; thus, the weight of each factor can be adjusted to make the results more reasonable.




5. Conclusions


Mastering the lodging risk situation in the planting environment of maize is important for accurately selecting the lodging testing environment and assisting the detection of lodging resistance. This also has guiding significance for implementing agronomic inputs, such as fertilization. In view of the synergistic mechanism of multiple meteorological elements in lodging events, this study used the Archimedean copula function to fit the joint probability distribution of wind speed and precipitation. The spatial distribution of maize root and stalk lodging was obtained through combining with the occurrence situation of different lodging types. The main conclusions are as follows:




	
By comparing different estimation methods of function parameter and different probability distribution functions, the most suitable probability distribution functions of daily maximum wind speed and precipitation were the Weibull and Gamma functions, respectively, and the corresponding parameter estimation methods were the moment estimation and maximum likelihood method.



	
Copula functions are not limited by the edge distribution form. When the correlations between the maximum wind speed and precipitation are positive and negative, the most suitable joint probability functions are the Gumbel copula and Frank copula, respectively.



	
The area from Liaodong Bay northward to Tongyu, Jilin province in Northeast and North China Plain had a high frequency of lodging, in which the probability of stalk lodging was two to four times that of root lodging. The average occurrence number of root lodging and stalk lodging were 0.514 and 2.06, respectively (the threshold of maximum daily wind speed was 8.0 m/s).








Different from previous studies that only considered a single meteorological factor or the independent distribution of multiple elements on maize lodging, this paper considered the synergistic effect of wind and rainfall on maize lodging, and distinguished the occurrence scenarios of different lodging types, which was more in line with the actual situation. In order to help in stress resistance detection in the process of maize breeding, the layout of maize lodging test sites can be conducted on this basis to further optimize the existing maize variety test sites. In future research, we will optimize our lodging risk assessment models by considering other factors on lodging, such as the planting density and soil texture.
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Table A1. The scale of wind force summary. (Unit: m/s).






Table A1. The scale of wind force summary. (Unit: m/s).















	Wind scale
	0
	1
	2
	3
	4
	5
	6



	Wind name
	Calm
	Light

air
	Light

breeze
	Gentle breeze
	Moderate breeze
	Fresh

breeze
	Strong breeze



	Wind speed
	0–2
	0.3–1.5
	1.6–3.3
	3.4–5.4
	5.5–7.9
	8.0–10.7
	10.8–13.8



	Wind scale
	7
	8
	9
	10
	11
	12
	



	Wind name
	Moderate

gale
	Fresh

gale
	Strong

gale
	Whole

gale
	Storm
	Hurricane
	



	Wind speed
	13.9–17.1
	17.2–20.7
	20.8–24.4
	24.5–28.4
	28.5–32.6
	32.7–36.9
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Figure 1. Diagram of the study area. 
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Figure 2. Corresponding relation between maximum wind speed and highest wind speed from 2005 to 2015 in the Northeast and North China Plain. 
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Figure 3. Planar projection of the joint probability distribution. 
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Figure 4. Probability density and probability distribution diagram of daily maximum wind speed. (a) Probability density and (b) probability distribution. 
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Figure 5. Probability density and probability distribution diagram of precipitation. (a) Probability density and (b) probability distribution. 
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Figure 6. Joint probability distribution of wind and rain. 
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Figure 7. The distribution of the daily maximum wind speed. 
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Figure 8. Spatial distribution of the maize root and stalk lodging level. Levels 0 to 11 are lodging occurrence times in the sensitive growth stage, while the lodging degree is partial and above, “a” series represent the distribution of maize root lodging, “b” series represent the distribution of maize stalk lodging, and X and Y, respectively, represent the maximum daily wind speed and precipitation. 
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Figure 9. Lodging risk level for existing test sites. Levels 0 to 11 are lodging occurrence times in sensitive growth stage while lodging degree is partial and above, (a,b) represent the level of root and stalk lodging risk, respectively. 
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Table 1. Accuracy evaluation of probability density and probability distribution for daily maximum wind speed.
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Meteorological Station

	
r (Probability Density)

	
R (Probability Distribution)




	
Moment

Estimation

	
Maximum Likelihood

	
Least

Square

	
Moment

Estimation

	
Maximum Likelihood

	
Least

Square






	
Kailu

	
0.950

	
0.952

	
0.820

	
0.997

	
0.997

	
0.980




	
Siping

	
0.947

	
0.949

	
0.827

	
0.997

	
0.997

	
0.982




	
Chifeng

	
0.955

	
0.956

	
0.817

	
0.997

	
0.997

	
0.978




	
Zhangjiakou

	
0.952

	
0.954

	
0.825

	
0.997

	
0.997

	
0.982




	
Yuanping

	
0.944

	
0.942

	
0.799

	
0.996

	
0.996

	
0.973
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Table 2. Accuracy evaluation of probability density and probability distribution for precipitation.
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Meteorological Station

	
r (Probability Density)

	
R (Probability Distribution)




	
W-ME

	
W-ML

	
W-LS

	
G-ME

	
G-ML

	
W-ME

	
W-ML

	
W-LS

	
G-ME

	
G-ML






	
Kailu

	
0.955

	
0.964

	
0.933

	
0.927

	
0.932

	
0.981

	
0.994

	
0.975

	
0.997

	
0.999




	
Siping

	
0.950

	
0.965

	
0.926

	
0.926

	
0.937

	
0.978

	
0.986

	
0.973

	
0.995

	
0.996




	
Chifeng

	
0.964

	
0.970

	
0.946

	
0.937

	
0.940

	
0.991

	
0.993

	
0.988

	
0.999

	
0.999




	
Zhangjiakou

	
0.940

	
0.963

	
0.908

	
0.920

	
0.935

	
0.980

	
0.989

	
0.974

	
0.995

	
0.996




	
Yuanping

	
0.972

	
0.972

	
0.964

	
0.944

	
0.947

	
0.987

	
0.950

	
0.978

	
0.997

	
0.994
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Table 3. Sum of squares of deviations for copula.
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	Meteorological

Station
	Gumbel Copula
	Clayton Copula
	Frank Copula





	Kailu
	0.0030
	0.0069
	0.0038



	Siping
	0.0068
	0.0088
	0.0080



	Chifeng
	0.0074
	0.0077
	0.0074



	Zhangjiakou
	0.0071
	0.0101
	0.0085



	Yuanping
	/
	/
	0.0088
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Table 4. The corresponding relationship between maize lodging and meteorological elements (Unit: time).
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Meteorological

Elements

	
Occurrence Degree of Maize Lodging




	
All

	
Most

	
Partial

	
Few

	
Without Record






	
Storm and Rainstorm

	
2

	
7

	
25

	
6

	
/




	
Fresh gale and Rainstorm

	
1

	
3

	
25

	
1

	
8




	
Fresh gale and Heavy rain

	
/

	
9

	
62

	
15

	
13




	
Typhoon

	
1

	
2

	
3

	
1

	
1




	
Fresh gale

	
1

	
2

	
45

	
13

	
14
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Table 5. The occurrence numbers of lodging events.
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Wind Speed

Threshold (m/s)

	
Maximum

	
Minimum

	
Average




	
Root

Lodging

	
Stalk

Lodging

	
Root

Lodging

	
Stalk

Lodging

	
Root

Lodging

	
Stalk

Lodging






	
>10.8

	
0.548

	
1.265

	
0

	
0

	
0.036

	
0.068




	
>8.0

	
2.098

	
7.880

	
0.007

	
0.011

	
0.514

	
2.060




	
>7.8

	
2.253

	
8.690

	
0.011

	
0.015

	
0.599

	
2.498








The occurrence number of lodging is the product of lodging probability and lodging sensitive growth stage days, which is not rounded so as to compare the difference in lodging probability.
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