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Abstract

:

Drought and floods affect the growth and yield of maize, affecting food security. Therefore, it is crucial to assess maize’s drought and waterlogging status in various growth stages. We used phenological and daily meteorological data and spatial analysis to identify the drought and waterlogging conditions of spring maize in Northeast China in eight growth stages. We calculated the crop water surplus/deficit index and used the national standard for maize drought and waterlogging. The results indicate a significant decreasing trend of effective precipitation in Northeast China. The maize’s water requirements changed during the growing period. The ranking of the daily water requirements of maize from high to low in the different growth stages was the flowering stage to the silking stage (6.9 mm/d), the tasseling stage to the flowering stage (6.1 mm/d), the jointing stage to the tasseling stage (4.9 mm/d), the seven-leaf stage to the jointing stage (3.4 mm/d), the silking stage to the harvesting stage (2.0 mm/d), the emergence stage to the three-leaf stage (1.4 mm/d), the three-leaf stage to the seven-leaf stage (1.3 mm/d), and the sowing stage to the emergence stage (1.2 mm/d). Drought occurred primarily in the early growth and development stage, and the most severe drought conditions were observed in the sowing to emergence stages and the emergence to the three-leaf stages in most areas in Northeast China. Waterlogging occurred predominantly in the flowering to the silking stages and the silking to the maturity stages in southeast Liaoning and parts of Jilin. Inner Mongolia had the lowest soil moisture conditions and was unsuitable for maize growth, followed by Heilongjiang, Jilin, and Liaoning. The dominant meteorological factors affecting the drought and waterlogging status of maize in different growth stages were precipitation and wind speed, followed by the minimum temperature, relative humidity, sunshine hours, and maximum temperature. The average temperature did not influence the drought and waterlogging status. The results provide a basis for selecting drought-resistant varieties and preventing waterlogging.
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1. Introduction


Maize (Zea mays L.) is a member of the grass family (Poaceae) and a cereal crop and staple food grown worldwide [1]. It is commonly used to produce edible oil, glucose, and many other products [2]. The Northeast region in China is a crucial area for maize and commodity grain production and relies on rain-fed agriculture. The precipitation is variable in different regions; thus, the area is prone to droughts and waterlogging. Many scholars have analyzed the annual, monthly, and growing-season precipitation changes in Northeast China in recent decades. Studies have shown a decrease in annual precipitation in northeastern China, particularly after the late 1990s [3,4]. A slight increase in spring precipitation and a decreasing precipitation trend during the crop-growing season have been observed [5]. In addition, high precipitation is common in northeastern China, and the risk of drought and waterlogging has increased [6].



Precipitation anomalies are the primary cause of agricultural droughts and waterlogging disasters. The meteorological drought, soil moisture, and water requirements of crops should be considered. Various precipitation indicators, such as the standardized precipitation index [7], are typically used to evaluate drought and waterlogging severity. Current research on drought and waterlogging in maize has primarily focused on the impact of drought and waterlogging during different phenological stages or on predicting the frequency of drought and waterlogging events. For example, Tian et al. [8] showed that the effect of flooding on maize growth and yield was most significant in the V3 stage, followed by the V6 and VT stages. Huang et al. [9] found that waterlogging during the V6-VT stages had the most significant effect on the cob yield and seed quality of glutinous maize. They experimentally demonstrated that maize yield decreased by nearly 50% in the V3 and VT stages and by more than 20% in the R3 stage after 10 d of inundation. Han et al. [10] observed that the area, severity, and frequency of droughts in China have increased due to climate warming and that the most extensive and longest-lasting droughts occurred in the Yellow River basin and the Yangtze River basin. Wang et al. [11] found that the average increase in sudden droughts in China from 1979 to 2010 was 109% and occurred due to climate warming. Human activities in the coming decades might exacerbate future drought conditions in China. These findings indicate that the frequency of droughts and waterlogging in China has increased in recent decades. These events significantly impact maize yield; thus, it is necessary to evaluate the water status of maize in different growth stages. However, few studies performed detailed evaluations of the drought and waterlogging status of maize at different phenological stages in Northeast China.



This paper analyzes the effective precipitation trend and the spatial distribution of water requirements in different growth stages of maize in Northeast China to determine the water supply and demand patterns. The water surplus/deficit index and phenological data of maize in different reproductive stages are used to determine the moisture status. Furthermore, the drought and flood conditions are evaluated in each growth stage to provide a scientific basis for water allocation and drought and flood prevention in Northeast China.




2. Materials and Methods


2.1. Study Region


The Northeast region of China includes the areas of Heilongjiang, Jilin, Liaoning, and the eastern four prefectures of Inner Mongolia. The area has a temperate continental monsoon climate, with rainy summers, cold winters, and uneven distribution of annual precipitation, making it prone to drought, waterlogging, and other agro-meteorological disasters [12]. The Northeast region is vast and spans several latitudes and longitudes, resulting in large differences in temperature conditions in different areas. Maize could only grow in areas with active accumulated temperature (>10 °C) higher than 2300 °C [13]. Therefore, an active cumulative temperature of 2300 °C was used to divide the Northeast region into the study area and the non-study area (Figure 1).




2.2. Data


2.2.1. Meteorological Data


The meteorological data were obtained from the China National Meteorological Science Data Center (http://data.cma.cn (accessed on 15 November 2022)), consisting of daily meteorological data from 246 meteorological stations from 1981–2015, including daily average temperature, maximum temperature, minimum temperature, precipitation, sunshine hours, and relative humidity. The spatial distribution of the meteorological stations in the study area is shown in Figure 1.




2.2.2. Maize Phenological Data


The maize phenological data were derived from the authors’ previous research. [14] The phenological stages include the sowing stage (SW), emergence stage (VE), three-leaf stage (V3), seven-leaf stage (V7), jointing stage (JT), tasseling stage (VT), flowering stage (FR), silking stage (R1), and harvesting stage (R6) for 192 locations in Northeast China (Figure 1). Previous studies have shown that the ranges of the maize phenological periods in the Northeast are as follows: start of sowing stage of 110–149 d (days after start of the year), start of emergence stage of 126–159 d, start of three-leaf stage of 133–169 d, start of seven-leaf stage of 146–182 d, start of jointing stage of 168–197 d, start of tasseling stage of 189–216 d, start of flowering stage of 192–219 d, start of silking stage of 194–221 d, and start of harvesting stage of 245–285 d. The days of each developmental stage in Northeast China were obtained by averaging the number of days of two adjacent phenological stages (Table 1).





2.3. Methods


2.3.1. Crop Water Surplus/Deficit Index


We calculated the crop water surplus/deficit index (CWSDI) [15] based on the potential evapotranspiration to determine the water requirements and the water supply status in the different growth stages of maize.


  C W S D  I i  =    P  e i   − E  T  c i     E  T  c i     × 100 %    



(1)




where i (i = 1, 2, 3, 4, 5, 6, 7, and 8) represents the growth stage, i.e., SW-VE, VE-V3, V3-V7, V7-JT, JT-VT, VT-FR, FR-R1, and R1-R6; ETci is the water requirement in growth stage i, mm; Pei is the effective precipitation, mm; CWSDIi is the crop water surplus/deficit index. Calculations were undertaken using Pei and ETci averaged across the years of observation (1981–2015) for each growth stage.




2.3.2. Effective Rainfall


Effective rainfall refers to the proportion of total rainfall remaining in the crop root layer or the difference between total rainfall and evapotranspiration [16]. It does not include surface runoff and infiltration below the crop root layer. It is calculated as follows:


   P  e j   =  α j  ⋅  P j   



(2)




where Pej is the effective precipitation; Pj is the total amount of precipitation of j precipitation events, mm; αj is the effective utilization coefficient. In general, the following values of α are used: when Pj ≤ 5 mm, αj = 0; when 5 mm < Pj ≤ 50 mm, αj = 0.9; when Pj > 50 mm, αj = 0.75.



The effective precipitation of multiple precipitation events in the growth stage i is calculated to obtain the effective precipitation in growth stage Pei:





   P  e j   =  ∑  j = 1  n   P  e j , i    



(3)




where Pei is the effective precipitation in growth stage i, mm; j (j = 1, 2,..., n) indicates the number of precipitation events in the growth stage; Pej,i is the j th effective precipitation event in growth stage i, mm.




2.3.3. Water Requirements in the Growth Stage


The water requirement in the growth stage is obtained by calculating the cumulative daily water requirements during the growth stage. The daily water requirement is calculated using the FAO-recommended crop coefficient method [17,18,19]. The theoretical water requirement is calculated as:


  E  T c  =  K c  ⋅ E  T 0   



(4)




where ETc is the daily crop water requirement, mm; ET0 is the daily evapotranspiration of the crop, mm; Kc is the crop coefficient.



The daily evapotranspiration of the crop (ET0) in the growth stage is calculated using the FAO-recommended Penman–Monteith formula:


  E  T 0  =   0.408 Δ    R n  − G   + γ   900    T   mean      + 273    U 2     e s  −  e a      Δ + γ   1 + 0.34  U 2       



(5)




where ET0 is the daily evapotranspiration of the crop, mm; Rn is the net radiation at the canopy surface, MJ/(m2.d); G is the soil heat flux, MJ/(m2·d). Tmean is the daily average temperature, °C; es is the daily average saturated vapor pressure, kPa; ea is the actual vapor pressure, kPa; Δ is the slope of the relationship curve between the saturated water vapor pressure and psychrometric constant, kPa/ °C. γ is the dry- and wet-bulb temperature, kPa/ °C; U2 is the wind speed at the height of 2 m, m/s. Since Rn was not available from the long-term weather stations, Rn was estimated from sunshine hours according to equations recommended by FAO [20].



The crop coefficient is the standard crop coefficient recommended by the FAO. The crop coefficients in the different growth stages of maize are listed in Table 2.




2.3.4. Establishment of Drought and Waterlogging Standard


We used data from the Chinese Meteorological Standardization Network to assess the drought level of spring maize in northern China (QX/T 259-2015, http://www.cmastd.cn/(accessed on 15 November 2022)). We classified the drought and waterlogging levels according to the magnitude of the cumulative values of the CWSDI (Table 3).




2.3.5. Multiple Stepwise Linear Regression


Droughts or floods may be caused by various meteorological factors with different degrees of influence. Multiple stepwise regression analysis can be used to select independent variables that contribute the most to the dependent variable to obtain the optimal regression equation. We used this method in SPSS software to introduce or eliminate meteorological factors in each maize growth stage to derive the best regression model between CWSDI and the meteorological factors and reveal the effects of these factors on drought or flood and their magnitude.






3. Results


3.1. Effective Precipitation Trend in the Maize Growing Season


The effective precipitation during the growing season (May-September) of maize in Northeast China from 1981 to 2015 is shown in Figure 2. The average effective precipitation during the growing season was 359.8 mm. Significant differences in the effective precipitation were observed in different years. The lowest effective precipitation of 265.2 mm occurred in 1999, and the highest effective precipitation of 493.8 mm was observed in 1994. The effective precipitation showed a significantly decreasing trend from 1981 to 2015 (−11.4 mm/10 a, p < 0.001).




3.2. Average Daily Water Requirement in the Maize Growth Stages


The average daily water requirements of maize during the growth stages were obtained. Figure 3 shows that the daily water requirement is low in the SW to the V7 stages, averaging 1.3 mm/d. The daily water requirement increased rapidly from the V7 to the JT stages, reaching a maximum (6.9 mm/d) in the FR to R1 stages. The ranking of the daily water requirements in different growth stages from high to low was FR-R1, VT-FR, JT-VT, V7-JT, R1-R6, VE-V3, V3-V7, and SW-VE.




3.3. Spatial Distribution of Water Requirements in the Maize Growth Stages


Kriging interpolation and inverse distance interpolation are frequently used spatial interpolation methods. Precipitation interpolation results obtained from inverse distance interpolation have fewer errors and are more stable [21]. Therefore, we used this method to obtain maps of the average water demand of maize in the eight growth stages (Figure 4). The average water requirements in the different stages were 19.2 mm, 10.1 mm, 18.9 mm, 67.6 mm, 98.9 mm, 18.2 mm, 13.8 mm, and 113.6 mm. Low values occurred in the southeastern part of the study area, and high values were observed in the western and southwestern parts, with a decreasing trend from west to east.




3.4. Spatial Distribution of Drought and Flood States in the Maize Growth Stages


The spatial distribution of the drought and flood levels in the eight growth stages was derived from the CWSDI and the drought and waterlogging level criteria. Figure 5 shows that the effective precipitation is insufficient in most areas of the Northeast region during the SW to VE stages. Since crop sowing and emergence periods would be dependent on irrigation or stored soil water from the winter fallow period, neither were included in the analysis. The drought area was smaller during the VE to V3 stages than in the previous growth stage. However, in areas with extreme drought, i.e., in southern Inner Mongolia, most of Liaoning, western Jilin, and central and eastern Heilongjiang, the drought during this period caused damage to the maize, such as slow growth, yellowing of leaves, and smaller stalks [22]. The drought level was lower in the Northeast region during the V3 to V7 stages. The highest drought levels occurred in western Jilin and Inner Mongolia, and Yichun in Heilongjiang experienced flooding. The V7 to the JT stages and the JT to the VT stages coincided with the rainy season in the northeast [23]. There was sufficient precipitation, which was favorable to maize development in the VT stage. The JT is a critical period when corn requires sufficient water and fertilizer to ensure adequate growth and cob development. The water requirement of corn increases rapidly during this period. Farmers should monitor the weather and use irrigation in time in dry areas to prevent inadequate cob development. Drought during the flowering period occurred in Inner Mongolia, western Jilin, and some parts of Heilongjiang. The drought areas increased during the flowering and silking periods, significantly reducing the corn yield. Southeastern Liaoning and some parts of Jilin are prone to flooding in this stage. The moisture conditions in most of the northeast during the silking to harvest stages were suitable for kernel development and maturation. However, insufficient soil moisture in southern Inner Mongolia and western Jilin affected the nutrient transfer and reduced dry matter accumulation, resulting in missing or underdeveloped kernels and lower yields. Some parts of southeastern Liaoning and southern Jilin areas are prone to flooding, which hampers corn harvest and storage.




3.5. Water Surplus/Deficit Index in Different Maize Growth Stages in Northeast China


We used masking in ArcGIS to obtain the CWSDI in different maize growth stages in Northeast China (Figure 6). On the whole, all provinces had a low CWSDI in the early crop stages, and Liaoning and Jilin had the most favorable moisture conditions for grain fill later in the crop’s life. There were worse moisture conditions at the VE-V3 stages. However, since the VE-V3 stages have lower leaf surface area and transpiration is weaker, the water requirement is less compared to other growth stages, and less soil moisture in this stage helps root system development and enables the plant to make better use of soil moisture. Therefore, each region should focus on the VE-V3 stages of corn to ensure sufficient water levels.




3.6. Effect of the Dominant Meteorological Factors on the CWSDI


Table 4 shows the optimum multiple stepwise regression models describing the effects of meteorological factors on the CWSDI. The standardized coefficients show that the effects of each meteorological factor on the CWSDI in different growth stages are different. Precipitation has the largest effect on CWSDI in different growth stages, with standardized coefficients of 0.681, 0.564, 0.567, 0.646, 0.703, 0.703, 0.608, and 0.921, respectively. The effects of wind speed on the CWSDI are negative in different growth stages (−0.143, −0.138, −0.139, −0.111, −0.132, −0.179, −0.218, and −0.093, respectively). The minimum temperature affects CWSDI in four stages (SW-VE, JT-VT, VT-FR, and FR-R1), and the relative humidity influences it in three stages (V3-V7, V7-JT, and JT-VT). The sunshine hours and maximum temperature affect the CWSDI only in the SW-VE stage. The dominant meteorological factors affecting the drought and flooding status of maize in each growth stage are precipitation and wind speed, followed by minimum temperature, relative humidity, sunshine hours, and maximum temperature. The average temperature does not affect the drought and flooding status.





4. Discussion


Drought is a meteorological hazard with a significant impact on agriculture and a hot research topic. Effective precipitation showed a significantly decreasing trend. The downward trend in effective rainfall means that understanding the spatial and temporal occurrence of crop drought is becoming increasingly important in maintaining productivity. The drought index has been used to assess drought levels. Therefore, Chinese and international scientists have established drought indicators, including meteorological indicators [24], soil moisture indicators [25], crop physiological and ecological indicators [26], and other comprehensive monitoring indicators [27,28,29]. Commonly used drought indicators include the soil moisture content, crop water stress index, and Palmer drought index [30,31]. We used the CWSDI for drought and waterlogging classification. Crops experienced drought across most of the region in the SW and VE phases. The soil moisture is low, which is not conducive to corn emergence [32]. There was sustained drought through all growth stages in the western part of the region. An exceptional drought occurred in Inner Mongolia, southeastern Heilongjiang, and most parts of Jilin during this stage, substantially reducing the corn emergence rate. Therefore, these areas should use irrigation after sowing to replenish the soil moisture, monitor corn emergence, and replant areas with low emergence [33]. This study indicated that maize in Northeast China is most at risk of drought in its early growth stages, whereas the moisture was adequate in the other stages, which was generally consistent with the monthly distribution of annual rainfall in the northeast. A study showed that high emissions could increase the future risk of maize drought in China by 60–70% [34]. Inner Mongolia has the highest risk of drought in the agro-pastoral mosaic zone. Another study found that the drought risk was the highest in Heilongjiang and central Jilin, consistent with the results of this study. There is risk of waterlogging in the VT stage in the southern coastal part of the region. Rainfall was approximately equal to crop requirements during ripening, which has the potential to delay drying of the crop and harvest and cause flooding during harvest in the south. When a drought is accompanied by continuous high temperatures above 35 °C, the vitality of the pollen is adversely affected, leading to missing kernels [35]. An extended drought will delay the flowering time of corn. When the silking period is delayed, the number of cobs and empty cobs increases [36]. Therefore, farmers should select drought-resistant corn varieties and protect water resources to ensure sufficient water for corn. The moisture conditions were the best in the Liaoning region, especially in the late corn growth and development stage. There are some limitations in this research work due to data and methodology. We calculated the effective rainfall with an empirical equation, where α is the coefficient of precipitation. It depends on the precipitation characteristics [37], soil properties [38], crop growth [39], land cover [40], and other factors. It is typically derived from experiments and is based on local conditions. Due to our large study area, we could not obtain it from experiments, resulting in deviations between the calculation results and actual conditions. We did not cover stored water, particularly contributions from the winter fallow period that may support the crop in the SW and VE stages. The model does not consider drainage of excess water through the soil or down a slope in assessing the flooding risk. Therefore, in a follow-up study, we will establish an optimal model of the effective precipitation during the crop’s growing period and derive a multivariate geospatial model that considers latitude, longitude, and altitude to estimate effective precipitation in different regions. CWSDI considers the crop–soil–water system, and there is a simplicity in analyzing it by growth stage, as it is more useful than the P/E ratio by month and simpler than using a process-based model.



Due to climate warming, the temperatures are predicted to increase substantially in the middle- and high-latitude regions. For example, in Northeast China, the predicted temperature increase is 0.36 °C/10 a, which would increase the evaporation rate and reduce soil moisture and precipitation levels, further increasing the risk of drought disasters.



Significant changes in the northeastern climate in recent years have resulted in an insufficient agricultural water supply in the region. Many scholars investigated improvements in water use efficiency to reduce the influence of drought on corn production, such as combining mulch and furrow planting to minimize soil evaporation and increase production in China’s drought and low-rainfall areas [41]. The optimal fertilization depth was changed to improve the water utilization rate and increase maize yield [42]. Cover crops are beneficial because they reduce soil moisture and nutrient losses [43], especially during the vegetative growth phase of maize when the water supply is limited [44]. Irrigation in the west, alternative crops with lower water requirements, lower plant density, or winter crops could also be used. In the face of waterlogging risks, it may be possible to consider methods such as optimizing drainage facilities or changing the slope. Researchers should focus on the innate response of major food crops to droughts and floods to develop mitigation measures [45].




5. Conclusions


The effective precipitation in Northeast China showed a decreasing trend from 1981 to 2015. The drought risk increased, and the spatial distribution of the water requirements of maize in each growth stage showed a decreasing trend from west to east. The crop water requirement was lowest at the SW stage and increased gradually to a maximum at silking before declining during the harvesting stage. The ranking of the daily water requirements in different growth stages from high to low was FR-R1 (6.9 mm/d), VT-FR (6.1 mm/d), JT-VT (4.9 mm/d), V7-JT (3.4 mm/d), R1-R6 (2 mm/d), VE-V3 (1.4 mm/d), V3-V7 (1.3 mm/d), and SW-VE (1.2 mm/d).



Drought is a major meteorological disaster affecting maize growth in Northeast China. It occurred primarily in the early stage of maize growth and development, and the most risk was observed in the SW to VE stages and the SW to V3 stages. Waterlogging risk occurred mainly in the flowering to silking stages and the silking to maturity stages in southeastern Liaoning and some parts of Jilin. Inner Mongolia had the lowest moisture conditions and was not suitable for growing corn, followed by Heilongjiang, Jilin, and Liaoning. We used detailed corn growth period data and meteorological data and established a CWSDI model to assess the moisture condition of corn in different growth stages in Northeast China. The results provide information for selecting corn varieties and implementing water conservation measures. In addition, CWSDI analysis has identified drought as a limitation at the SW–VE stages across most of the region. Conservation of soil water from the winter fallow period is needed to provide a buffer to ensure the crop develops over this period. Drought is a limitation during all growth stages in the western part of the region, and this can only be relieved by irrigation. Flooding is only a risk in the southern coastal parts of the region during the tasseling and ripening stages. This may affect crop drying and harvest prior to winter.



In the context of climate warming, it is critical to utilize water resources wisely to ensure sufficient crop yields globally. This study provides insights into allocating limited water resources in different growth stages of maize. It is necessary to consider various factors and integrate new technologies due to the complexity of agricultural drought, which is also affected by the tillage system, human activities, crop varieties, and other factors. Drought indicators have limitations at temporal and spatial scales. Our results can be used to guide the development of water-saving agriculture and intelligent agriculture.
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Figure 1. Spatial distribution of meteorological station and phenological data location in Northeast China. 
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Figure 2. Effective precipitation trend during the growing season of maize in Northeast China, 1981–2015. 
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Figure 3. Daily water requirement during the maize growing stage in Northeast China. NOTE: SW: sowing stage; VE: emergence stage; V3: three-leaf stage; V7: seven-leaf stage; JT: jointing stage; VT: tasseling stage; FR: flowering stage; R1: silking stage; R6: harvesting stage. 
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Figure 4. Spatial distribution of total water requirements in different growth stages of maize in Northeast China. NOTE: SW: sowing stage; VE: emergence stage; V3: three-leaf stage; V7: seven-leaf stage; JT: jointing stage; VT: tasseling stage; FR: flowering stage; R1: silking stage; R6: harvesting stage. 
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Figure 5. Spatial distribution of drought and waterlogging levels in the maize growth stages in Northeast China. NOTE: SW: sowing stage; VE: emergence stage; V3: three-leaf stage; V7: seven-leaf stage; JT: jointing stage; VT: tasseling stage; FR: flowering stage; R1: silking stage; R6: harvesting stage. 
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Figure 6. Water surplus/deficit index in different maize growth stages in Northeast China. 
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Table 1. Duration of each stage of maize in Northeast China.
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	Growth Stage
	SW-VE
	VE-V3
	V3-V7
	V7-JT
	JT-VT
	VT-FR
	FR-R1
	R1-R6





	Duration (days)
	16 d
	7 d
	14 d
	20 d
	20 d
	3 d
	2 d
	58 d







NOTE: When the effective precipitation is calculated for two adjacent growth stages at a site, the time frame is the average number of days for the two phenological stages preceding the phenological stage of interest. For example, if the maize VE stage at site A is 130 d, and the interval between the SW and VE stages in the northeast is 16 d, the period for calculating the effective precipitation is 114–130 d.
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Table 2. Crop coefficients in different growth stages of maize.
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	Growth Stage
	SW-VE
	VE-V3
	V3-V7
	V7-JT
	JT-VT
	VT-FR
	FR-R1
	R1-R6





	Crop coefficient
	0.3
	0.3
	0.3
	0.75
	1.2
	1.2
	1.2
	0.6
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Table 3. Range of CWSDI in each growth stage.
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Level

	
CWSDI in Different Growth Stages (%)




	
SW-VE

	
VE-V3

	
V3-V7

	
V7-JT

	
JT-VT

	
VT-FR

	
FR-R1

	
R1-R6






	
Normal

	
(−45,45]

	
(−50,50]

	
(−50,50]

	
(−50,50]

	
(−35,35]

	
(−35,35]

	
(−35,35]

	
(−50,50]




	
Light drought

	
(−60,−45]

	
(−65,−50]

	
(−65,−50]

	
(−65,−50]

	
(−50,−35]

	
(−45,−35]

	
(−45,−35]

	
(−60,−50]




	
Moderate drought

	
(−70,−60]

	
(−75,65]

	
(−75,65]

	
(−75,65]

	
(−60,−50]

	
(−55,−45]

	
(−55,−45]

	
(−70,60]




	
Heavy drought

	
(−80,−70]

	
(−85,−75]

	
(−85,−75]

	
(−85,−75]

	
(−70,−60]

	
(−65,−55]

	
(−65,−55]

	
(−80,−70]




	
Extreme drought

	
(−∞,−80]

	
(−∞,−85]

	
(−∞,−85]

	
(−∞,−85]

	
(−∞,−70]

	
(−∞,−65]

	
(−∞,−65]

	
(−∞,−80]




	
Light flood

	
(45,60]

	
(50,65]

	
(50,65]

	
(50,65]

	
(35,50]

	
(35,45]

	
(35,45]

	
(50,60]




	
Moderate flood

	
(60,70]

	
(65,75]

	
(65,75]

	
(65,75]

	
(50,60]

	
(45.55]

	
(45.55]

	
(60,70]




	
Heavy flood

	
(70,80]

	
(75,85]

	
(75,85]

	
(75,85]

	
(60,70]

	
(55,65]

	
(55,65]

	
(70,80]




	
Extreme flood

	
(80,∞]

	
(85,∞]

	
(85,∞]

	
(85,∞]

	
(70,∞]

	
(65,∞]

	
(65,∞]

	
(80,∞]
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Table 4. Results of multiple stepwise regression models in different maize growth stages.
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	Developmental Stages
	Model

Variables
	Unstandardized

Coefficient
	Standardized Coefficient
	Sig.





	SW-VE
	MC

PRE

SSD

Tmax

Tmin

WV
	−1.318

0.327

0.165

−0.075

0.045

−0.081
	

0.681

0.528

−0.485

0.333

−0.143
	0.001

0.000

0.000

0.000

0.002

0.024



	VE-V3
	MC

PRE

WV
	−1.023

0.299

−0.101
	

0.564

−0.138
	0.000

0.000

0.025



	V3-V7
	MC

PRE

RHU

WV
	−1.733

0.357

1.188

−0.141
	

0.567

0.166

−0.139
	0.000

0.000

0.008

0.014



	V7-JT
	MC

PRE

RHU

WV
	−1.473

0.135

0.648

−0.048
	

0.646

0.219

−0.111
	0.000

0.000

0.000

0.020



	JT-VT
	MC

PRE

RHU

WV

Tmin
	−1.819

0.160

0.697

−0.076

0.016
	

0.703

0.154

−0.132

0.108
	0.000

0.000

0.001

0.003

0.009



	VT-FR
	MC

PRE

Tmin

WV
	−2.202

0.159

0.085

−0.265
	

0.703

0.223

−0.179
	0.000

0.000

0.000

0.000



	FR-R1
	MC

PRE

WV

Tmin
	−1.573

0.136

−0.332

0.067
	

0.608

−0.218

0.178
	0.000

0.000

0.000

0.001



	R1-R6
	MC

PRE

WV
	−1.278

0.408

−0.151
	

0.921

−0.093
	0.000

0.000

0.000







NOTE: MC: Mathematical constant; PRE: Precipitation; Tmax: Maximum temperature; Tmin: Minimum temperature; SSD: Sunshine hours; WV: Wind speed; RHU: Relative humidity.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agronomy-13-00374


  
    		
      agronomy-13-00374
    


  




  





media/file11.png
135°E
135°E

130°E
130°E

120° E
120°E

15 E
1S E

N oS$ N 20§ N oSt N 0t

135°E
135°E
135°E

130° E
130°E
130° E

120°E
120°E
120°E

1S E
1S E
1S E

N o§$ N 20§ N oSt N 0% N oS§ N o0§ N oSt N o0F

SW—VE

FR—RI

0
—
V7—IT

N oSS N o0§ N oSt N o0F N oSS N o0§ N oSt N 0F N oSS N 0§ N oSt N o0F





media/file6.jpg





media/file1.png
35N

50°N

45° N

Z
Q

&
<

-y
: A
A
A h‘ o \\?32.“ 7 ] A‘
F £y
Study region | A ,,}“3{ ey
=Non-study region ;f;}‘
4 Meteorological station ) T
* Phenological data location R 4
115° E 120° E 125°E 130° E 135°E






media/file13.png
R1-R6

SW-VE

<\

FR-RI

VT-FR

JT-VT

Liaoning Heilongjiang
—— Jilin Inner Mongolia
VE-V3
V3-V7
V7-JT





media/file10.jpg
i E H
: : :
| o -
q 4 i
S —
51 z i‘ z i3 z
|
| E :
1 1 1
{ 1 '
] ] ]
i E {
e R R A I
E I i
f :
E H






media/file12.jpg
Heilongjiang
Inner Mongolia






media/file9.png
135°E

130°E

125° E

120° E

H5°E

135°E

130° E

120° E

125°E

135°E

1257 E

130° E

120°E

15°E

N oS¢

NSt N =0%

N =S¢

NSt

115°E

135°E

130° E

120° E

125°E

135°E

I30PE

120° E

125° E

H5°E

N o$¢

N o0¢

N oSt N a0t

N o€

N o0¢

N £t

N 0%

H5°E





media/file7.jpg





media/file5.png
o)} ~]
] ]

h
|

oy
|

Water requirement (mm)
N
|

N
|

| =

I I I | 1 1
SW-VE VE-V3 V3-V7 V7JT JI-VT VT-FR FR-R]

Maize growth stage

1
R1-R6





media/file3.png
550 -
500 -

450 -

o
"V

300 -

Effective precipitation (mm)

250 I | | I I I |
1981 1985 1990 1995 2000 2005 2010 2015

Year





media/file4.jpg
N

Py

w

Water requirement (mm)
=

~

1

SW-VE VE-V3 V3-V7 V7-JT JT-VT VT-FR FR-RI

Maize growth stage

RI-R6





media/file8.png
135°E

130° E

125° E

120° E

N oS¢ N o0¢ NSt N =0%

H5°E

135°E

130°E

125° E

120° E

N =$¢ N -0¢ NSt N a0F

H5°E

- S0-100

4

<20
-20-40 = 100-]20

. 40--60 . 120~-140

- 0-80

Water requirement(mm)

135°E

130° E

125°E

120° E

SW—VE
250
—

H5°E

>
N =£¢ N o0¢ N oEt N =0





media/file0.jpg
55°N

50°N

45°N

Study region
=Non-study region %
4 Meteorological station 0 30 s00

* Phenological data location

5 E 120°F 125 B0 E






media/file2.jpg
5504

5004

450 4

itation (mm)

400

Effective preci
g

3004

250 T T T T T T g
1981 1985 1990 1995 2000 2005 2010 2015

Year





