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Abstract

:

High-temperature and drought events significantly impact crop growth and development. In the soybean-producing region of the Guanzhong Plain in China, understanding the dynamics of these climatic phenomena is vital for soybean yield preservation. Through a fixed-position observation experiment that analyzed four growth stages, nine agronomic traits, and soybean yield per unit area from 1998 to 2023, this research evaluated the characteristics of high-temperature and drought processes in various growth stages. It also examined the influence of high-temperature processes, drought processes, and their combined effects on agronomic traits and yield. The results indicate the following: (1) High temperature was a constant factor during the soybean growth period, with temperature-related indices markedly surpassing those related to drought. Notably, the occurrence of high-temperature and drought events was more prevalent during the flowering–podding stage than at the podding or grain-filling stages. (2) High temperature profoundly affected soybean yield components, primarily through a decrease in the number of grains per plant during the flowering–podding stage, subsequently impacting the grain weight per plant and yield. In years with extremely high temperatures, the soybean plant height was reduced by 6.1 to 15 cm, the main stem node number decreased by 0.1 to 2.9, the branch number decreased by 0.2 to 0.6, the number of pods per plant decreased by 4.8 to 13.7, the number of grains per pod decreased by 0.1 to 0.3, the number of grains per plant decreased by 13.5 to 32.6, the grain weight per plant decreased by 3.8 to 6.9 g, and the 100-grain weight decreased by 0.1 to 4.5 g. The common impact of high temperature combined with drought processes in different growth stages was reflected in the reduction in the number of branches by 0.1 to 1.4 and the reduction in the number of grains per pod by 0.02 to 13.7. This study underscores the importance of addressing the quantitative effects of climate change and extreme weather on soybean yield, which could help to develop effective adaptation and mitigation strategies.
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1. Introduction


Climate change has profound and severe impacts on crop yields in several ways, driven primarily by changes in temperature, precipitation, and sunshine duration [1]. These meteorological factors are intricately linked to the growth and yield of crops [2,3,4]. Soybean (Glycine max L.) is an important source of plant protein and a major oil crop in China, playing a significant role in human food supply and economic development. The western Guanzhong Plain in Shaanxi Province is an important region for summer soybean production. The planting area of soybean is steadily expanding there, with an average yield of 2190 kg/ha in the experimental plots, peaking at 3298.5 kg/ha in optimal years, indicating significant potential for enhancing yield efficiency. However, frequent and severe occurrences of high-temperature and drought events in the area are the primary meteorological disasters affecting soybean sowing and growth, posing certain risks to local agricultural production. Understanding the dynamics of these environmental conditions and their effects on soybean yield components is essential for guiding agricultural strategies and safeguarding food security in the region. Meteorological conditions during the growing season are key environmental factors for soybean sowing, growth, development, and yield formation, and are closely related to soybean agronomic traits, yield, and quality [5,6]. However, climate change, occurring globally, significantly impacts the growth and yield of soybean [7,8,9]. In particular, meteorological disasters such as high-temperature and drought events pose serious threats to the growth and development of soybean [5,10,11], with high-temperature stress believed to cause seed abortion in soybean [12,13,14,15,16,17,18,19,20], and extreme temperature stress potentially being a major cause of soybean staygreen syndrome [21,22]. Therefore, understanding the characteristics of soybean under high-temperature and drought processes, as well as analyzing their impact on soybean agronomic traits and yield [23,24], is crucial for developing adaptive agricultural management strategies and enhancing the sustainability of soybean production.



This study delves into regional resource endowment and meticulously examines the characteristics of disaster processes during the soybean growth period and their impact on soybean. Firstly, it evaluates the dynamics of high-temperature and drought processes across various growth stages from 1998 to 2023, including the sowing, seedling emergence, flowering, and ripening stages. The evaluation of high-temperature processes involved an analysis based on different grades of high-temperature days, comprehensive intensity of high temperature, annual high-temperature processes, the duration of high-temperature processes, a cumulative high-temperature climate index, and the intensity of high-temperature processes. Additionally, this research utilized the meteorological drought composite index (MCI) to determine the start and end dates, duration, and cumulative intensity of drought processes during distinct growth stages, thereby characterizing the drought processes. Secondly, an in-depth impact analysis was performed to assess high-temperature processes, drought processes, and their combined effects on plant height, pod-setting height, the main stem node number, the branch number, pods per plant, grains per pod, grains per plant, grain weight per plant, 100-grain weight, and yield per unit.



This study provides critical insights into the characteristics of meteorological disasters encountered by soybean throughout its growth cycle against the backdrop of climate change. By conducting a quantitative analysis of how high-temperature and drought events influence soybean agronomic traits and yield over an extended period, this research sheds light on the specific patterns of high-temperature and drought processes within the study region. Moreover, it explores the underlying mechanisms by which elevated temperature affects soybean yield. The findings of this investigation are crucial for performing comprehensive assessments of disaster impacts.




2. Materials and Methods


2.1. Overview of the Study Area


Qishan County, located within the East Asian monsoon region, enjoys a warm temperate semi-humid climate that features marked seasonal shifts in temperature and precipitation. The summer season, from June to August, brings the year’s highest temperatures, serving as the main season for rainfall, alongside abundant sunlight. Despite this, precipitation distribution is irregular, with droughts being a frequent occurrence, thus leading to frequent high-temperature and drought disasters. In contrast, the autumn period, from September to November, is characterized by prolonged rainy weather, with a gradual drop in temperature, increased humidity, and diminished sunlight exposure. Located in the loess plateau region of northwest China, Qishan County is a primary agricultural hub where key grain and oilseed crops such as wheat, corn, and soybean are cultivated. The region predominantly features brown soil, which is relatively fertile yet shallow. Although precipitation levels are low, the area benefits from favorable conditions for sunlight and warmth. The effective irrigated farmland spans 18,260 mu, making up just 19.7% of the total arable land in the county, indicating a limited capacity for irrigation despite the agricultural prominence of the region.



The field trial data were sourced from the Liujiayuan Experimental Base in Qishan County, Baoji Institute of Agricultural Science. Within this experimental base, the earliest recorded sowing date was 29 May 1999, while the latest sowing occurred on 21 June 2010, with the average sowing date falling on 12 June. The earliest seedling emergence stage was noted on 4 June 1999, with the latest emergence recorded on 28 June 2010, resulting in an average emergence date of 19 June. The flowering stage of soybean commenced as early as 13 July 2000 and as late as 9 August 2010, averaging on 21 July. The ripening stage was observed as early as 17 September 2002 and 2003, with the latest ripening date on 10 October 2010, averaging on 28 September. Overall, the average duration of the growth stages spanned 108 days. During the period from soybean sowing to seedling emergence, various climatic conditions were recorded. The sunshine duration varied from 33.1 to 125.9 h. The average daily temperature fluctuated between 16.8 and 29.9 °C, with the highest daily temperature ranging from 20 to 41.5 °C. The total rainfall during this period varied from 0.2 to 121.6 mm, and the daily relative air humidity was between 32% and 99%. From the emergence stage to the flowering stage, the sunshine duration extended from 89.6 to 315.7 h. The average daily temperature varied between 18 and 33.2 °C, with the highest daily temperature again ranging from 20 to 41.5 °C. The total rainfall during this phase ranged from 19.7 to 165.5 mm, while the daily relative air humidity varied from 30% to 98%.




2.2. Data


Field experimental data for this study were sourced from the Liujiayuan experimental base in Qishan County, Baoji Institute of Agricultural Science. The experimental material was the soybean variety ‘Qindou 8’ from the Shaanxi Hybrid Rapeseed Research Center. Field experiments were continuously conducted from 1998 to 2023 as a long-term fixed-position observation, covering four growth stages (sowing, seedling emergence, flowering, and ripening) and nine agronomic traits (plant height, pod-setting height, main stem node number, branch number, pods per plant, grains per pod, grains per plant, grain weight per plant, 100-grain weight), as well as the yield per unit [25]. The experimental fields were generally irrigated twice a year—once after sowing and once during the flowering–podding stage—using a spray irrigation method, typically for 8 h each time [26,27]. This base, among the 14 national and regional observation stations built in Qishan County, is the closest to the Qishan County Meteorological Bureau observation field, with a straight-line distance of 7.2 km. Therefore, the meteorological data used in this paper are from the Qishan National Station (34°27′ N, 107°39′ E, 669.6 m) observation data (Figure 1), sourced from the National Meteorological Center, and have undergone strict quality control.




2.3. Research Methods


This study utilized meteorological data from the National Meteorological Center and multi-year observational data of soybean agronomic traits to evaluate the characteristics of high-temperature and drought processes in the western Guanzhong area and analyzed their impacts on soybean agronomic traits and yield. The methods utilized in this study for researching high-temperature and drought events follow the technical methods and standards recommended in the first national comprehensive risk census of natural disasters [28,29]. These methods have advantages such as cross-departmental applicability, full coverage, and uniform industry standard norms. They are applicable across various sectors and stages, including agricultural planting, cultivation, horticulture, seed production, and climate quality assessment of agricultural products, making them highly valuable for widespread use in various industries.



2.3.1. Calculation of Single-Station Comprehensive Intensity of High Temperature and Determination of Intensity Grades


Based on the meteorological industry standard in China [24], the calculation formula for the comprehensive intensity index of high temperature (SI) is expressed in Equation (1):


  SI =   ∑  j = 1  3      I j  ×  T j     



(1)




where SI indicates the single-station comprehensive intensity index of high temperature; Ij represents the single-station high-temperature intensity, i.e., the grading of the daily maximum temperature, with values 1, 2, and 3 corresponding to the temperature ranges [35 °C, 37 °C), [37 °C, 40 °C), and [40 °C, +∞), respectively; and Tj is the number of high-temperature days corresponding to Ij [28].



In this study, a comprehensive dataset was established, capturing daily high temperatures in Qishan County from 1998 to 2023, with the data structured annually. The specific timing and phenological stages of a high-temperature process were determined based on the start and end dates when the temperature reached or exceeded 35 °C. The daily high-temperature intensity (   I j   ) and the duration of high temperatures (   T j   ) were then calculated for each process. Using Equation (1), the SI values for meteorological stations during all study periods in the designated areas were calculated. The frequency of each SI value was then tallied. These values were arranged in ascending order, and the percentile method was used to divide them into different levels, determining the value intervals for each SI level. This establishes the comprehensive intensity grades for high temperature (Gk), as presented in Table 1 [28].



In this study, the comprehensive intensity grades for high temperature were defined as follows: Gk = 1 indicates an extremely high-temperature year; Gk = 2 indicates a very severe high-temperature year; Gk = 3 indicates a severe high-temperature year; Gk = 4 indicates a moderate high-temperature year; and Gk = 5 indicates a year without high temperature.




2.3.2. Single-Station Daily High-Temperature Climate Index


The high-temperature climate index is a measure of high-temperature intensity. When the daily maximum temperature is ≥35 °C, the daily high-temperature climate index is calculated using Equation (2):


   I d  =    T g  − 34.9   ×      D g      0.5   +    T d  − 25.9   ×      D d      0.5    



(2)




where Id represents the single-station daily high-temperature climate index; Tg indicates the daily maximum temperature (°C); Dg signifies the duration of high-temperature days up to the current day (d); Td denotes the daily minimum temperature (°C); and Dd is the duration of days with the daily minimum temperature continuously at or above 26 °C up to the current day (d).



In this study, the corresponding SI value range for Gk = 1 was [44, +∞), for Gk = 2 was [23, 44), for Gk = 3 was [13, 23), and for Gk = 4 was [1, 13).




2.3.3. Drought Characteristic Extraction


The drought index reflects the degree of drought, and this study employed the MCI to reflect drought intensity [10,11,30]. A drought process is identified when a station experiences light drought or above for 15 consecutive days or more, with at least one day reaching moderate drought or above. The date of the first occurrence of light drought during the period is considered the start of the drought process. After a drought process begins, if there are five consecutive days of no drought or wet conditions, this process ends. The last day of the drought process, with a drought level of light or above before it ends, is considered the end date of the drought process. The total number of days from the start to the end of the drought process is the duration of the drought process. The cumulative drought intensity reflects the combination of drought index intensity and duration, expressing the intensity of the drought process, and is calculated according to Equation (3):


  S  n  =  n  α − 1     ∑  i = 1  N    I i   



(3)




where S(n) is the cumulative drought intensity for n days of drought at a station; n represents the number of consecutive days of drought at a station; α denotes the weight coefficient, generally ranging from 0.5 to 1.0, preferably 0.5, and in this study, 0.5 was used; and Ii signifies the absolute value of the drought index on the ith day, 1 ≤ i ≤ n, with the drought index for levels below light drought set to 0. Drought process intensity was divided into four levels: light, moderate, severe, and extreme.



For this investigation, conventional statistical techniques, such as correlation analysis and time series analysis, were employed to process and analyze the data. All computations relevant to this study were carried out using Microsoft Excel 2021.






3. Results


3.1. Characteristics of Disaster Weather Processes during the Soybean Growth Period


3.1.1. Spatial–Temporal Variations in Characteristics of High-Temperature Processes


This study utilized the annual agronomic trait data for soybean as well as meteorological data to conduct a comprehensive correlation analysis. The relationships between the cumulative high-temperature index during the growing season and soybean agronomic traits were analyzed. The results showed a significant correlation between the high-temperature index and plant height (r = 0.29), grains per pod (r = 0.30), and main stem node number (r = 0.34). These findings were statistically significant at α levels of 0.2 and 0.05 with a sample size of N = 26. Using the daily maximum temperature data during the soybean growth period from 1984 to 2023 (a total of 40 years, with 1998 to 2023 being the observation period for soybean in the field, from which the average values for each phenological stage of soybean were calculated, with 1984 to 1997 as the average growth period), the comprehensive intensity and grade of high temperatures during the soybean growth period were calculated annually. The corresponding SI value range for Gk = 1 was [44, +∞), with 2017 and 2022 classified as extremely high-temperature years; for Gk = 2, it was [23, 44), with 2005, 2006, 2014, and 2016 as very severe high-temperature years; for Gk = 3, it was [13, 23), with 1997, 2001, 2004, 2009, 2013, 2015, 2019, 2021, and 2023 as severe high-temperature years; 1984 was a year without high temperature; and the remaining years were categorized as moderate high-temperature years.



During the 26-year growing season of soybean, there were 314 days of high temperature, with a cumulative duration of high-temperature processes totaling 251 days and 74 occurrences of high-temperature processes. The comprehensive intensity of high temperature was 434, and the cumulative high-temperature climate index was 884. The average number of days with a maximum temperature in the range of [35 °C, 37 °C) was 7.8 days; in the range of [37 °C, 40 °C), it was 3.9 days; and above 40 °C, it was 0.3 days (Figure 2 and Figure 3).



From 1998 to 2023, during the soybean growth period, the annual average high-temperature climate index was 34.2. In 2004, 2007, and 2008, high temperatures occurred only during the seedling emergence to flowering stage, while in 1999 and 2000, high temperatures occurred only during the flowering to ripening stage. The average high-temperature climate index from sowing to seedling emergence was 2.6, with high temperatures occurring in 14 years, lasting 1 to 3 days, and the high-temperature climate index ranging from 0.2 (in 2017) to 17.4 (in 2006), accounting for 3 to 68% of the entire growth period (in 1998).



The average high-temperature climate index from seedling emergence to flowering was 18.7, with high temperatures occurring in 24 years, lasting 2 to 15 days, and the high-temperature climate index ranging from 2.4 (in 2019) to 112.6 (in 2017), accounting for 7 to 93% of the entire growth period (in 2001). The average high-temperature climate index from flowering to ripening was 13.0, with high temperatures occurring in 20 years, lasting 2 to 11 days, and the high-temperature climate index ranging from 0.2 (in 1998) to 52.8 (in 2017), accounting for 1 to 100% of the entire growth period (in 1999 and 2000).



In an annual time series, high temperatures from sowing to seedling emergence showed a decreasing trend, while those from seedling emergence to flowering and from flowering to ripening generally showed an increasing trend, with the annual comprehensive intensity of high temperature, high-temperature process and duration, and cumulative high-temperature climate index during the flowering to ripening stage showing a more noticeable increase (Figure 4).



As illustrated in Figure 5, high-temperature characteristic indices showed significant time series changes: The number of high-temperature days, the comprehensive intensity of high temperature, and the cumulative high-temperature climate index during the soybean growth period generally exhibited an increasing trend, though there were fluctuations between years. The years 2017 and 2022 recorded the highest values in terms of high-temperature days (28 days each), the duration of high-temperature processes (25 days and 27 days, respectively), the number of high-temperature processes (five times and seven times, respectively), the comprehensive intensity of high temperature (52 and 44, respectively), and the cumulative high-temperature climate index during the growth period (165.5 and 110.7, respectively).



The year 2014 ranked third historically in terms of high-temperature days (23 days), the duration of high-temperature processes (20 days), the comprehensive intensity of high temperature (29), and the cumulative high-temperature climate index during the growth period (65), while the years 2005, 2015, and 2016 also had relatively severe high-temperature characteristic indices.




3.1.2. Spatial–Temporal Variations in Characteristics of Drought Processes


A correlation analysis was conducted to evaluate the impact of the cumulative drought index on soybean agronomic traits. The results revealed significant negative correlations between the cumulative drought index and various agronomic traits, including plant height (r = −0.56), the main stem node number (r = −0.37), the branch number (r = −0.27), pods per plant (r = −0.44), grains per pod (r = −0.40), grains per plant (r = −0.44), 100-grain weight (r = −0.30), and yield per unit (r = −0.40). These findings indicated that drought stress during the growing season significantly and detrimentally affected the agronomic traits of soybeans. The statistical significance of these correlations was confirmed at α levels of 0.25, 0.1, 0.05, and 0.002 with the same sample size of N = 26. The analysis of the drought process during the soybean growth period in each year showed that 17 years (65%) experienced 24 drought processes, with significant differences in drought and its impacts between years. There were no drought processes during the soybean growth period in nine years: 1998, 1999, 2009, 2011, 2018, 2019, 2020, 2022, and 2023. However, the years 2000, 2001, 2005, and 2014 experienced longer durations of drought processes and greater cumulative intensity of drought, severely affecting the agronomic traits and yield of soybean. Annual time series analysis indicated that the process, duration, and cumulative intensity of drought processes during the soybean growth period generally showed a decreasing trend (Figure 6), suggesting a weakening trend in drought intensity.



In terms of the growth and development stages, during the 26-year period, there were eight instances of drought from sowing to seedling emergence, with seven of those years (2000, 2001, 2003, 2004, 2005, 2007, 2012) experiencing drought throughout the entire sowing to seedling emergence stage. During the seedling emergence to flowering stage, there were 13 instances of drought across 12 years. Notably, in 2000, during the 37 days of the seedling emergence to flowering stage, two separate droughts occurred, lasting 18 and 14 days, respectively. In total, during the 26-year period, there were 15 instances of drought during the flowering to ripening stage across 12 years.




3.1.3. Spatial–Temporal Variations in Characteristics of High Temperature Combined with Drought Processes


There were 18 compound disasters of high temperature and drought across 14 years (53.4%). High temperature and drought overlapped three times during the sowing to seedling emergence stage, with the overlapping high-temperature days being 2 days in 2003, 3 days in 2005, and 3 days in 2012. During the seedling emergence to flowering stage, there were nine occurrences, with overlapping high-temperature days as follows: 9 days in 2001, 14 days in 2004, 11 days in 2005, 7 days in 2006, 2 days in 2010, 14 days in 2014, 4 days in 2015, 3 days in 2016, and 12 days in 2017. In the flowering to ripening stage, there were six occurrences, with overlapping high-temperature days as follows: 6 days in 2000 (flowering–podding stage), 4 days in 2002 (2 days in the podding stage and 2 days in the grain-filling stage), 8 days in 2014 (flowering–podding stage), 7 days in 2015 (flowering–podding stage), 5 days in 2017 (flowering–podding stage), and 4 days in 2021 (flowering–podding stage).



It is evident that in the study area, the occurrence of high temperatures combined with drought was significantly more frequent and lasted longer during the seedling emergence to flowering stage compared to the flowering to ripening and sowing to seedling emergence stages. During the flowering to ripening stage of soybean, high temperatures combined with drought were significantly more common during the flowering–podding stage compared to the podding and grain-filling stages.





3.2. Impact Analysis


3.2.1. Impact Analysis of High Temperature


In years with extremely high temperatures, the soybean plant height was reduced by 6.1 to 15 cm, the main stem node number decreased by 0.1 to 2.9, the branch number decreased by 0.2 to 0.6, the number of pods per plant decreased by 4.8 to 13.7, the number of grains per pod decreased by 0.1 to 0.3, the number of grains per plant decreased by 13.5 to 32.6, the grain weight per plant decreased by 3.8 to 6.9 g, and the 100-grain weight decreased by 0.1 to 4.5 g. The main trends observed in extremely high-temperature years were a decrease in pod-setting height, an extension in the number of days from flowering to ripening, and a decrease in yield per unit. In years with severe high temperature, the main trends were a decrease in pod-setting height, an increase in the 100-grain weight, and an increase in yield per unit. In years with moderate high temperature, the trends were a decrease in plant height, pod-setting height, pods per plant, grains per plant, grain weight per plant, and yield per unit.



The impact of high temperature on soybean yield was more closely related to the timing of high temperatures during the phenological stages of soybean. High temperatures occurring during the flowering–podding stage affected yield by reducing the grains per plant and, subsequently, the grain weight per plant. If high temperatures were concentrated before the flowering stage and the high-temperature characteristic index during the flowering to ripening stage was low, the impact on soybean yield for that year would be minimal.



For example, both 2017 and 2022 were years of extremely high temperature. In 2017, soybean flowering occurred on 23 July, and a high-temperature process of over 37 °C lasting 10 days occurred before and after flowering, resulting in two high-temperature processes during the flowering, pollination, and pod-setting stages, reducing the grains per plant by 19.1, the grain weight per plant by 3.9 g, and yield per unit by 315 kg/ha. In contrast, in 2022, soybean flowering occurred on 19 July, and high-temperature processes mainly occurred during the seedling emergence stage, and due to the absence of drought that year, the pod-setting height decreased by 4.5 cm, but the plant height, main stem node number, pods per plant, grains per pod, grains per plant, grain weight per plant, and yield per unit all significantly increased.



The daily high-temperature climate index not only considers the impact of the highest daytime temperature but also accounts for the effects of high nighttime temperature on the respiration and assimilation processes of crops. In the western Guanzhong Plain, periods with daily minimum temperatures exceeding 26 °C occurred in July, coinciding with the soybean flowering stage. Thus, considering the cumulative effect of high temperatures during both day and night more accurately reflects the meteorological disaster characteristics for soybean.



For instance, from 21 July to 26 in 2000, Qishan County experienced a 6-day high-temperature process, with the daily maximum temperature reaching 35.4 to 38.6 °C. During the nights of the 25th and 26th, the daily minimum temperature reached 26.3 to 26.9 °C. In 2022, four high-temperature processes occurred on 23–25 June, 27 June–1 July, 3–4 July, and 6–10 July, with the highest temperature from 6 July to 10 ranging from 37 to 39.8 °C. On 10 July, the minimum temperature reached 26.4 °C, causing slow growth and stunting in soybean during the seedling emergence stage.



An extreme event of continuous high night temperature occurred from 18 July to 27 in 2017 in Qishan County, with a 10-day high-temperature process. The high-temperature intensity was severe, with the daily maximum temperature reaching 37.4 to 40.4 °C. During this period, from 21 July to 24, the minimum night temperature (night temperature) continuously reached 26.7 to 29 °C. The high temperature in the day not only affected the flowering of soybean, but that at night also impacted the normal growth of soybean in the seedling emergence stage, causing serious effects on soybean production during and around the flowering stage.




3.2.2. Impact Analysis of Drought


In 2000, there was one drought process each during the soybean sowing stage, seedling emergence–flowering stage, and flowering–ripening stage, far exceeding other years. The number of drought days during the growth period reached 93 days, with the cumulative drought intensity of the three drought processes reaching 18.67, the highest annual cumulative drought intensity during the soybean growth period recorded. Among these, the number of drought days around the flowering stage reached 44 days, with a cumulative drought intensity of 9.97, the second highest recorded in the region with soybean cultivation observations. That year, the soybean growth period was extended by 10 days, with the sowing to flowering stage extended by 4 days and the flowering to ripening stage extended by 6 days. The plant height decreased by 12.4 cm, the pod-setting height decreased by 1.25 cm, the main stem node number decreased by 1.83, the pods per plant decreased by 11.35, the grains per plant decreased by 25.51, the grain weight per plant decreased by 6.25 g, the 100-grain weight decreased by 2 g, and the yield per unit decreased by 670.7 kg/ha.



In 2001, there was one drought process each during the soybean sowing–seedling emergence stage and podding stage, with the number of drought days reaching 71 days. The cumulative drought intensity of the two processes reached 15.28, making it the year with the second highest cumulative drought intensity during the soybean growth period. Among these, the drought process during the sowing–seedling emergence stage lasted 39 days, with a cumulative intensity of 10.4, the most severe single drought process recorded in the region. A 32-day drought process occurred during the podding stage. The impacts of these two drought processes led to a 3-day extension of the soybean growth period, a 4-day extension of the sowing to flowering stage, a decrease in plant height by 29.9 cm, a decrease in pod-setting height by 3.05 cm, a decrease in the main stem node number by 1.93, a decrease in the branch number by 1.28, a decrease in the number of pods per plant by 4.15, and a reduction in yield per unit by 165.2 kg/ha.



In 2005, there was one drought process each during the soybean sowing to podding stage and the grain-filling to ripening stage. The drought during the sowing to podding stage lasted 68 days, the longest duration of any drought process recorded over the years, but its cumulative intensity was the third highest. The drought process during the grain-filling to ripening stage was significantly weaker than the first one. Under the influence of these two drought processes, the flowering to ripening stage and the overall growth period of soybean that year were extended by 3 days. The plant height decreased by 6.1 cm, the pod-setting height decreased by 2.15 cm, the main stem node number decreased by 0.53, the branch number decreased by 0.48, the number of pods per plant decreased by 13.65, the number of grains per pod decreased by 0.12, the number of grains per plant decreased by 32.61, the grain weight per plant decreased by 6.85 g, and the 100-grain weight decreased by 0.1 g.



In 2014, there was a drought process during the soybean seedling to flowering–podding stage that lasted 37 days. As a result, the flowering to ripening stage was extended by 5 days, the plant height decreased by 15 cm, the pod-setting height decreased by 2.55 cm, the main stem node number decreased by 0.03, the branch number decreased by 0.18, the number of pods per plant decreased by 4.75, the number of grains per pod decreased by 0.12, the number of grains per plant decreased by 13.51, the grain weight per plant decreased by 3.75 g, the 100-grain weight decreased by 1.39 g, and the yield per unit decreased by 285.2 kg/ha.



Droughts during the sowing to seedling emergence stage typically extended the flowering stage by 1 to 7 days, with general trends of decreased plant height, pod-setting height, main stem node number, branch number, pods per plant, grains per pod, grains per plant, grain weight per plant, and 100-grain weight. Droughts during the seedling emergence to flowering stage also led to a general trend of decreased plant height, pod-setting height, main stem node number, branch number, pods per plant, grains per plant, grain weight per plant, and yield per unit, with no significant change in grains per pod and 100-grain weight. Droughts during the flowering to ripening stage resulted in a decrease in plant height by 6.1 to 12.4 cm, a reduction in the main stem node number by 0.5 to 2.9, a decrease in pods per plant by 6 to 13.7, a decrease in grains per plant by 16 to 32.6, a decrease in grain weight per plant by 6 to 6.9 g, and a reduction in 100-grain weight by 0.1 to 4.5 g. This stage was mainly characterized by reduced plant height, pod-setting height, main stem node number, branch number, pods per plant, grains per pod, grains per plant, grain weight per plant, 100-grain weight, and yield per unit.



Overall, the impacts of drought included an extension of the growth period by 3 to 10 days, a decrease in plant height by 6.1 to 29.9 cm, a decrease in pod-setting height by 1.25 to 3.05 cm, a reduction in main stem node number by 0.03 to 1.93, and a decrease in pods per plant by 4.15 to 13.65. However, the grain weight per plant, 100-grain weight, and yield per unit did not necessarily decrease concurrently.




3.2.3. Impact Analysis of High Temperature Combined with Drought


From sowing to seedling emergence, the combined impact of high temperature and drought delayed the seedling emergence by 1 to 5 days, thereby delaying the flowering by 1 to 4 days. The plant height was reduced by 4.5 to 6.1 cm, the branch number decreased by 0.1 to 0.5, and grains per pod decreased by 0.02 to 0.1.



From seedling emergence to flowering, the combined impact of high temperature and drought generally reduced the plant height by 6 to 30 cm, reduced the main stem node number by 0.5 to 4, reduced the branch number by 0.2 to 1.3, reduced pods per plant by 1.4 to 13.7, reduced the grain weight per plant by 0.3 to 6.9 g, reduced the 100-grain weight by 0.1 to 4.5 g, and generally reduced the yield per unit by 165 to 1493 kg/ha.



From flowering to ripening, the combined impact of high temperature and drought generally decreased the main stem node number by 0.1 to 1.8, decreased the branch number by 0.2 to 1.4, decreased the pods per plant by 4.1 to 11.4, decreased the grains per pod by 0.1 to 1.3, decreased the grains per plant by 13.5 to 25.5, decreased the grain weight per plant by 3.8 to 6.3 g, and generally decreased the yield per unit by 88.5 to 670.5 kg/ha.



The common impact of high temperature combined with drought processes in different growth stages was reflected in the reduction in branches by 0.1 to 1.4 and the reduction in grains per pod by 0.02 to 13.7.






4. Discussion


The growth period of soybean is mainly concentrated in summer. In terms of research on the impact of the El Niño Southern Oscillation (ENSO) index and atmospheric circulation factors affecting temperature and precipitation in Shaanxi, previous studies have made corresponding analyses from June to August in Shaanxi. When the ENSO index is high, Shaanxi Province often experiences high-temperature and drought events with less precipitation in summer. Circulation indices affecting the summer temperature include the Western Pacific Subtropical High ridge line, the 850 hPa East Pacific trade wind index, the Niño 4 region sea surface temperature anomaly index, and the 200 hPa zonal wind index over the equatorial central eastern Pacific. Circulation indices affecting the summer precipitation include the 850 hPa Western Pacific trade wind index, the Southern Oscillation Index, the Niño 3.4 region sea surface temperature anomaly index, and the multivariate ENSO index [31].



Other researchers have also conducted extensive research. Shen et al. [32] believe that the key oceanic area affecting precipitation changes in Shaanxi Province is the equatorial Pacific. When the central equatorial Pacific sea temperature anomaly is high, precipitation in Guanzhong and southern Shaanxi decreases, and when the eastern equatorial Pacific sea temperature anomaly is high, the decrease in precipitation in northern Shaanxi is more pronounced. Liu [33] maintains that El Niño events generally result in less precipitation in Shaanxi during summer and autumn. This is consistent with the mechanism and conclusions of drought characteristics studied in this paper. However, the causes of drought during the soybean growth period are complex and not solely affected by El Niño events and atmospheric circulation factors, but also by local terrain, evapotranspiration, and irrigation conditions, so the analysis of drought characteristics may be influenced by uncertainties from other factors.



Temperature and precipitation are the main meteorological factors for estimating soybean yield per unit, but there is currently a lack of quantitative understanding of the impact of high-temperature and drought processes on soybean traits and yield. This paper analyzed the impact range of different grades of high temperature and drought on soybean agronomic traits and yield. This provides foundational research data for constructing numerical or statistical models based on historical meteorological and soybean yield data, simulating the impact of high-temperature and drought events on soybean yield. Research on the impact of different types of high-temperature years and drought processes on soybean also lays the groundwork for establishing threshold models for the impact of high temperature and drought on yield, helping to improve soybean yield prediction models based on meteorological indicators.



This study incorporated relevant content into the Section 4: quantitatively analyzing the effects of temperature and precipitation on crop yield is particularly crucial for using meteorological factors in crop yield monitoring, early warning, and field management [34,35,36,37,38,39]. This study provides scientific support for quantitative assessments of the effects of high-temperature and drought disasters on soybean production, aiming to supplement and improve the mechanisms of the yield prediction model based on temperature, precipitation, and sunshine duration during the soybean growth period [40]. Given the meteorological challenges posed by extreme temperature and water scarcity, identifying effective agricultural management strategies becomes paramount. These strategies may include optimizing irrigation practices, implementing shading techniques, and selecting soybean varieties that are more resilient to adverse weather conditions. Such measures are essential for enhancing the adaptability and sustainability of soybean cultivation in the face of climate variability [41].




5. Conclusions


The following conclusions were obtained:



High temperatures occurred every year during the soybean growth period. The duration of high-temperature days, the comprehensive intensity of high temperature, and the cumulative high-temperature climatic index were generally on the rise, with the high-temperature characteristic index far exceeding the drought index. High temperatures significantly impacted soybean yield, most notably during the flowering–podding stage, where high temperatures reduced the grains per plant, thereby affecting the grain weight per plant and, consequently, the yield.



There was a considerable variation in the impact of drought across different years. During the soybean growth period, the process, duration, and cumulative intensity of droughts generally decreased. Compared to the impact of high temperature, the consistent effect of drought was manifested in extending the soybean growth period, reducing the plant height, and decreasing the pod-setting height.



About half of the years experienced compound disasters of high temperature and drought, occurring more frequently and for more extended periods from seedling emergence to flowering than from flowering to ripening or from sowing to seedling emergence. The occurrences of high temperature combined with drought during the flowering–podding stage were significantly more than during the podding stage and grain-filling stage. The common impact of high temperature combined with drought processes in different growth stages was reflected in the reduction in branches and grains per pod.



In conclusion, the detrimental effects of high temperature and drought on soybean production are significant and cannot be ignored. However, implementing suitable management strategies and cultivating varieties that are heat-tolerant and drought-resistant can effectively mitigate these risks, thereby improving both soybean yield and quality. Nevertheless, this study is limited by its focus on the yield data of a single soybean variety within the research area, lacking a comparative analysis for the impact of soybean yield across multiple varieties under the specific local meteorological conditions. Additionally, the uncertainty of future climate change may present conditions that exceed current characteristics. Future research should focus on the advancement of real-time monitoring for crop growth and development traits, the early warning and assessment of extreme weather events, the breeding of more resilient varieties, the optimization of irrigation systems, and the improvement of soybean production to better adapt to climate change.
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Figure 1. Overview of the study area. 
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Figure 2. Inter-annual variation in different high-temperature days from 1998 to 2023. 
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Figure 3. Inter-annual variation in SI values and cumulative high-temperature climate indices from 1998 to 2023. 
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Figure 4. Inter-annual variation in different high-temperature days during the soybean growth and development stages from 1998 to 2023. 
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Figure 5. Inter-annual variation in SI values and cumulative high-temperature climate indices during the soybean growth and development stages from 1998 to 2023. 
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Figure 6. Start and end dates of annual drought processes and cumulative drought intensities from 1998 to 2023. 
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Table 1. Methods for determining the comprehensive intensity grades for high temperatures.
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	Gk
	Value Conditions





	Gk = 1
	More than 95% percentiles



	Gk = 2
	[85%, 95%)



	Gk = 3
	[60%, 85%)



	Gk = 4
	Below 60%



	Gk = 5
	Without high temperature
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