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Abstract

:

High sensitivity to climate change has been demonstrated in global maize production, especially the extreme high temperature and drought events. At present, the interactive effects of those extreme event stresses on maize growth at the grain filling stage are less well studied. In this study, a two-year field experiment was conducted to evaluate the compound effects of three stressors (high temperature, drought, and stress duration) at the filling phase on phenological period, grain filling rate, yield component, and yield of summer maize. The precipitation and temperature were controlled by using a rain-shelter systems and a warming system with infrared radiation lamps in field plots. The results indicated the significant influences of high temperature, drought stress, and the interaction on the growth and yield of summer maize. Under the individual factor of drought, compared to normal irrigation (NI), the significant decrease in grain-filling rate for mild drought (LD) and severe drought (SD) were 70.7% and 60.6%, respectively, while the decrease in grain yield for LD and SD were 80.1% and 93.6%, respectively. Under the individual factor of temperature, the consequences on grain-filling rate and grain yield were more severe at high temperature (temperature increase by 4.5 °C) than low temperature (temperature increase by 2.3 °C). The compound of high temperature and drought indicated that the grain yield increase by the compound effects of 3 °C for 5 days under normal irrigation (NIT3D5) and the compound effects of 3 °C for 7 days under mild drought (LDT3D7) were 3.5% and 10.9%, respectively, compared to without temperature stress. The grain yields were reduced by the other compound effects. The preferential temperature (temperature increase by 2.3 °C) promoted maize growth under normal irrigation and mild drought, while high temperature (temperature increase by 4.5 °C) significantly inhibited maize growth under normal irrigation and heavy drought. The warming climate is favorable to maize production within certain limits, and will provide a scientific basis for agricultural disaster prevention and mitigation.
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1. Introduction


The frequency and intensity of extreme climate events (heat waves, prolonged droughts, and flooding) have increased across many regions due to global warming [1]. In particular, high temperature and drought have been the main stresses on agricultural production and food security with climate change [2,3]. Multiple indicators of the climate system suggest that more extreme weather events, such as long-term droughts and high temperature, will occur in China as global warming continues [4]. Long-term drought and extreme temperatures escalate the damage caused to plants, ecosystems, and wildlife, which will pose serious challenges to human existence and economic development [5,6,7,8,9]. Recent studies have separately evaluated the effect of droughts and high temperature stresses on agriculture production in China, based on both observations and climate model simulations [10]. However, due to the uncertainties in the climate change impact assessment, current research on the effects of drought and high temperature stresses on crop production was inconsistent [11]. Previous studies have shown that compound effects of extreme climate events on crop growth at different growth stages differed between various crops and regions [12]. Furthermore, the effect of compound events (drought and high temperature) on crop production during crop growing seasons was generally higher than of individual events [13]. North China is the main maize producing region in China, where high temperatures and droughts often occur during the growing season of maize [14]. Therefore, it is rather necessary to study the effects of drought and high temperature combination stresses on a certain crop within a specific growth period in North China.



Maize is currently one of the most important and widely grown cereal crops worldwide. It is not only an important feed and ration, but also has a wide range of industrial uses [15]. In developing countries, maize is a major source of income for many farmers, and is widely used in the food industry [16]. China is a large country with a wide distribution of maize area, and one of the larger in terms of production and consumption in the world [17]. As the main crop in the North China Plain, maize is predominantly planted in summer, and its planting area and yield account for 30% and 50% of the national crop total, respectively [18]. The frequent occurrence of high temperature and drought events in North China has severely affected maize production [19,20]. Previous studies have shown that drought exposes the maize to water stress and hinders the normal maize growth and grain yield [21]. Climate warming is also expected to induce high temperature stress, and reduce the pollen germination, photosynthetic rate, and production of maize [14]. Some studies have shown that future climate change will increase the probability of reduced yield in China’s main maize producing areas under rainfed and irrigated maize production [22]. Overall, high temperature and drought are known to be the two major environmental factors limiting the normal growth and development of maize [22,23].



The maize crop is classified as a C4-plant, and its rate of development and productivity are profoundly influenced by drought stress and high temperature, especially in certain stages of crop growth [24,25]. High temperature or drought affects germination, tiller production, vegetative growth, dry matter production, reproductive development, reproductive processes, grain yield, and grain quality [26,27,28,29,30,31,32]. The duration of the grain filling period has been shown to be positively related to maturity, grain weight and yield of maize [13]. However, reproductive processes and grain filling were found to be more sensitive to stresses when compared with vegetative growth and development. The imbalance between the short duration of an extreme event and the impact on the agro-ecosystem, which can be either detrimental or beneficial, has made event-focused agriculture research difficult. The impact on plant growth depends largely on how different components of the system are affected by the intensification of the hydrological cycle [33]. Therefore, it is particularly important to assess the interaction of high temperature and drought on the maize filling period.



Nevertheless, many studies have focused on the impacts of climate variability and extremes on crop productivity. These studies have used various methods, including controlled environment experiments, improved crop models, and statistical approaches. In addition to that, most studies focus on the individual effect of drought or high temperature extremes on crop production through climate model simulations at the laboratory level in China. Whether the information on responses of maize growth to combined extreme stresses during specific stages (especially the filling period) at a field scale is still poorly understood. Therefore, in the context of global climate change, the combined influence of drought and high temperature stresses for the study on maize growth during the filling stage becomes more urgent and important. The objectives of this research were to explore the impact of high temperature and drought interaction on maize yield components, growth, and development processes during the filling period.




2. Materials and Methods


2.1. The Experimental Site


The field experiments were conducted from June to October during two consecutive maize growing seasons (2016 and 2017) at the Gucheng Ecological Environment and Agro-meteorological Experiment Station of the China Meteorological Administration in Baoding City. The experimental station (latitude of 39°08′ N, longitude of 115°40′ E, at an altitude of 15.2 m asl) is located in Baoding City, Hebei Province, North China Plain (Figure 1). The area has a warm temperate continental monsoon climate, with an annual average temperature of 12.2 °C, a mean annual precipitation of 528 mm, and an average annual sunshine duration of 2264 h. The soil type in the experimental site is sandy loam, with 0.98 g/kg total nitrogen, 1.02 g/kg total phosphorus, 17.26 g/kg total potassium, and pH value of 8.1 [34]. The area of each plot was 8 m2 (2 m × 4 m). A 3 m deep concrete separation wall existed between the plots, to prevent soil moisture from moving sideways.




2.2. Experimental Design


2.2.1. Experimental Treatment


Three factors (water stress, amplitude of increasing temperature, and the time of increasing temperature) were set in the experiment during the summer maize filling stage, and a further three levels for each factor were also implemented: water stress was categorized into normal irrigation at 80% field water holding rate (NI), mild drought at 55% (LD), and severe drought at 40% (SD); the temperature increase (all day) gradient was 0 °C (T0), 3 °C (T3), and 5 °C (T5); and the temperature increase time was 0 days (D0), 5 days (D5), and 7 days (D7). The design of the experiment using a three-factor three-level orthogonal method is shown in Table 1, and the experiment treatments were as follows: (1) sufficient irrigation (NI, sufficient moisture), (2) temperature increase by 3 °C for 5 days under sufficient moisture (NIT3D5), (3) temperature increase by 5 °C for 7 days under sufficient moisture (NIT5D7), (4) Mild drought (LD, ~55% of soil moisture content), (5) temperature increase by 3 °C for 7 days under mild drought (LDT3D7), (6) temperature increase by 5 °C for 0 days under mild drought (LDT5D0), (7) Severe drought (SD, ~40% of soil moisture content), (8) Temperature increase by 3 °C for 0 days under severe drought (SDT3D0), (9) Temperature increase by 5 °C for 7 days under severe drought (SDT5D5) (Table 1). Each treatment was randomly arranged with three replicates for a total of 27 plots in all. The temperature increases of the grain filling stage compared to NI is shown in Table 2. Due to temperature increase by 3 °C for 0 days and temperature increase by 5 °C for 0 days meaning without temperature treatment, the LD treatment is the same as the LDT5D0 treatment and the SD treatment is the same as the SDT3D0.




2.2.2. Experimental Arrangement


The experiment was conducted in the water control experiment field, where the large-scale moveable rain-shelter was prepared to keep off precipitation. Irrigation stage was applied to filled to avoid drought stress as needed. The plots were installed with infrared radiators suspended above the ground as warming devices [35,36]. The warming plots were heated by three stainless steel mirror-reflector infrared radiators suspended 3.0 m above the ground to achieve environmental warming, and its irradiation range only covered the summer maize canopy. All the heaters under warming treatments were set to a radiation output of 2400 W. Compared with the greenhouse and the open-air chamber, the environment of the experimental plot was basically the same as the field conditions. In each control plot, one “dummy” heater with the same shape and size as the infrared heater was used to replace the heater to simulate the shading effect (Figure 2). A set of automatic observation sensors for ground temperature (20 cm) and canopy temperature were installed in each sample plot. Temperature and ground temperature changes were continuously observed once every 10 min.




2.2.3. Crop Establishment


The field experiment for maize production was conducted during two consecutive years (2016 and 2017). The maize variety Zhengdan 958 was planted in the experimental plot, which is one of the most popular maize hybrids in China. The experimental field’s preceding crop was winter wheat with no arable land after harvest. Approximately half a month before sowing, the soil moisture of each plot was measured and then irrigated to the same soil moisture levels in each plot, and the irrigation volume is shown in Table 3.



The maize seeds were sown on 17 June and were well-watered to ensure the emergence of seedlings with 50-cm line spacing and 25-cm row spacing (total plant density of 8.0 plantsm−2). A compound fertilizer was applied at 600 kg·ha−1 before sowing each year, and a top dressing of 600 kg·ha−1 of urea was applied at the jointing stage, which was equivalent to the fertilization level of the local field. All other agronomic management was implemented according to the local field method in both years.




2.2.4. Field Management


The summer maize for each treatment had normal irrigation in the vegetative growth phase. No more water was added after irrigation in those treatment plots. A large mobile rain shelter was constructed to reduce the risk of rain intrusion after spinning. Normal irrigation treatments were maintained at more than 80% field capacity. Each experiment treatment reached the soil moisture level to be controlled at the beginning of the filling stage. During the filling period on 11 September, the temperature increase was conducted according to the experimental design. The summer maize was no longer sheltered from the rain after the end of the temperature increase, allowing the summer maize to grow in natural conditions.





2.3. Sampling and Measurements


2.3.1. Temperature Observation and Measurements


The canopy temperature and soil temperature at 20 cm depth were recorded using automatic thermometer sensors. Those temperatures were measured at three hour intervals a day. The temperature increases of each treatment is shown in Table 2. The mean air temperature (11–17 September) in the canopy area under the temperature increase of 3 °C was 2.5 °C higher than that under NI. The mean air temperature (11–17 September) in the canopy area under the temperature increase of 5 °C was 4.5 °C higher than that under NI.




2.3.2. Soil Water Content Observations and Measurements


Soil water content was measured using the oven-drying method. The soil water content was measured using the gravimetric method at 10 cm interval to a depth of 100 cm. The samples were weighed both before and after they were dried up in an oven at 105 °C. The relative soil moisture of 0–50 cm depth was used here to describe soil water status. The calculation method for soil water content is detailed in Wang [37]. Soil water content of each treatment before and after temperature increase are shown in Table 4.




2.3.3. Crop Management


The observation of phenological dates and the measurement of yield components during the growth duration were conducted based on the Agrometeorological Observation Specification [38]. Ten plants per plot were selected randomly to measure plant height, above ground biomass and phenology at maturity in each growing period, and observed every 2 days during the maize warming period. At harvest, 10 plants in each plot were completely harvested to determine of yield components such as 100-grain weight, baldness to tip ratio, seed weight, spike thickness and spike length, determine grain yield, and dry weight of above ground biomass. Above ground biomass was determined by oven drying fresh samples at 72 °C for 48 h to a constant weight. Grain yield was determined after drying seeds in the sun to a constant grain weight.




2.3.4. Meteorological Data


Meteorological data including temperature, relative humidity, wind speed, and total radiation at 1-min intervals were obtained from the automatic weather station of the Gucheng Agrometeorological Experimental Station. The 30-year period from 1981 to 2010 was used as the climate state period for climate change analysis in the study area.




2.3.5. Statistical Analysis


The main interactive effects of high temperature, time, and drought, were determined using univariate ANOVA (analysis of variance) via the General Linear Models procedure. The biomass, yield components, ear characteristics, bald ratio, and plant height were determined from randomly collected samples from 10 complete plant stands in each plot. All data processing was conducted using the SPSS Statistics program (Version 22, IBM, Chicago, IL, USA).






3. Results


The mean monthly precipitation and temperature in 2016 and 2017 compared with the 30-year (1981–2010) mean records are shown in Figure 3. The annual precipitation was 491.3 mm in 2016 and 541.9 mm in 2017, whereas precipitation during the spring maize growing seasons (1 June to 30 September) was 392.6 mm in 2016 and 395.7 mm in 2017. The mean of 30-year annual precipitation was 496.1 mm, while the 30-year average precipitation during the spring maize growing seasons was 390.6 mm. Monthly rainfall reached 269.9 mm in July 2016 and 184.0 mm in August 2017. Although these rainfall values were higher than the 30-year July (153.8 mm) and August means (113.9 mm), 2016 and 2017 were considered normal years when compared with the 30-year mean annual record.



The annual maximum temperatures during the spring maize growing season were 30.5 °C in 2016 and 31.0 °C in 2017, respectively, with a 30-year average maximum temperature of 24.9 °C. The maximum temperatures in September were 27.8 °C in 2016 and 28.8 °C in 2017, respectively, with a 30-year average maximum temperature of 26.6 °C. The maximum temperature was higher than the 30-year average maximum temperature in September 2016 and 2017, but were considered normal when compared with the 30-year mean temperature during the spring maize growing seasons. The rainfall was considered normal, but August 2016 and 2017 had high temperatures during the spring maize growing seasons.



3.1. Impact on the Summer Maize Yields and Its Component Parts


The interaction effects of high temperature and drought on the yield composition of maize showed differences in the reproductive stage (Table 5). Drought reduced maize yields through negative effects on the yield components. Compared with NI, the significant decrease in grain yield and HI were 78.4% and 23.1%, respectively, for LD, while it was 94.7% and 66.9% for SD, and there was a significant decrease in ear length, ear thickness, 100-grain weight, and biological yield. However, the bald ratio was decreased.



The increase in temperature of 2.3 °C promoted the growth of maize, while the increase in temperature of 4.5 °C inhibited the growth of maize under sufficient soil water conditions. Compared with NI, the mean increase in grain yield and HI were 3.6% and 1.2%, respectively, for NIT3D5, however, the mean decrease in grain yield and HI were 7.2% and 1.1%, for NIT5D7, and there was a significant decrease in ear length, ear thickness, 100-grain weight, and biological yield.



The synergistic effect of high temperature and drought had a serious impact on the yield components of maize, resulting in serious yield reduction. Compared with NI, the significant decrease in grain yield and HI were 78.4% and 21.3%, respectively, for LDT3D7, while it was 95.1% and 47.1% for SDT5D5. Compared with LD, the increase in grain yield and HI were 11.6% and 8.6%, respectively, for LDT3D7, however, compared with SD, it significantly decreases by 21.6% and 16.3% for SDT5D5, and there was a significant decrease in ear length, ear thickness, 100-grain weight and biological yield.



The preferential temperature (temperature increase of 2.3 °C) increased the yield of summer maize under normal irrigation and mild drought, while high temperature (temperature increase of 4.5 °C) reduced maize yield under normal irrigation and severe drought. The synergistic effect of high temperature and drought significantly reduced maize yield compared with the individual effects of high temperature or drought. Drought mainly impacts grain yield by affecting dry matter accumulation during flowering or by directly affecting the function of pollen and ovule cells, which reduces grain setting ability. High temperatures reduce the supply of assimilates, which decreases the grain size and yield. High temperature and drought stress combined can reduce grain weight and yield by limiting the supply of assimilates or by directly affecting the grain synthesis process during the grain filling stage.




3.2. Impact on the Summer Maize Phenological Period


The phenophase of summer maize significantly differed between the treatments due to the interaction of high temperature and drought. Drought stress either delayed or advanced the phenological period of summer maize (Figure 4). Compared with NI, the mean delay of the vegetative stages was 5.5 days for LD, while it was 11 days for SD. However, the reproductive stages of maize were shortened due to the influence of drought. Compared with NI, the mean advance of the reproductive stages was 8 days for LD, while it was 15 days for SD in 2016. The mean advance of the reproductive stages was 2 days for LD and SD in 2017.



The reproductive stages of maize were shortened by increasing temperature under sufficient water. Compared with NI, the mean advance of the reproductive stages was 1 day for NIT3D5, while it was 2 days for NIT5D7 in 2016, and the mean advance of the reproductive stages was 1 day for LD and SD in 2017. The reproductive stages of maize were shortened under the synergistic effect of high temperature and drought. Compared with NI, the mean advance of the reproductive stages was 5 days for LDT3D7, while it was 11 days for SDT5D5.



Increasing temperature promoted the growth and development of summer maize and advanced plant phenophase under the same soil moisture during the reproductive growth stage. The growth period of SDT5D5 was the shortest, followed by LDT3D7, which were both under the synergistic effect of high temperature and drought; therefore, the synergistic effect of high temperature and drought promoted reproductive growth.




3.3. Impact on Summer Maize Grain Filling Rate


The grain filling process directly affects the formation of grains. The interaction of high temperature and drought had a significant effect on the grain filling rate of summer maize during the grain filling stage (Figure 5). The dry weight of the grain gradually increased with the progress of the grain filling process. The drought stress had restrained grain-filling rate and shortened grain-filling time. Compared with NI, the significant decrease of the grain-filling rate was 70.8% for LD, while it was 88.1% for SD.



The suitable temperature increased the grain filling rate of summer maize, while the high temperature reduced the grain filling rate under sufficient moisture. Compared with NI, the increase in the grain-filling rate was 6.6% for NIT3D5, but it decreased by 8.2% for NIT5D7. The grain-filling of summer maize had restrained, and the grain-filling rate significantly decreased under the synergistic effect of high temperature and drought. Compared with NI, the significant decrease in the grain-filling rate was 58.5% for LDT3D7, but it was 95.4% for SDT5D5. However, compared with LD, the mean increase in the grain-filling rate was 76.9% for LDT3D7, but the mean decrease in the grain-filling rate was 66.2% for SDT5D5, compared with SD.



The preferential temperature promoted grain filling under mild drought stress compared with LD, and high temperature inhibited grain filling under severe drought compared with SD. During the grain-filling stage, the preferential temperature (increase temperature of 2.3 °C) promoted the stalk-to-grain transport of carbohydrates, enhanced starch synthesis, and increased the yield of summer maize under NI and LD. The drought stress had restrained grain-filling rate and shortened grain-filling time, decreased transportation efficiency of photosynthetic product to harvest organ under drought stress conditions, which caused maize grain yield reduction. Moreover, the number of endosperm cells decreased, which affected starch synthesis during grain formation and reduced grain yield due to high temperature stress at the grain filling stage.





4. Discussion


The impacts of climate change on agricultural production will not be uniform across the world. Many studies have shown that climatic changes may affect the growth and yield of maize by applying the statistical model [12,39,40,41]. It was demonstrated that temperature increase reduces global yields of major crops (wheat, maize, and barley) by model estimates. In agreement, previous studies showed that high temperature and drought would lead to the decrease in maize and wheat yields on a large scale in the United States and Europe [42,43]. Drought stress significantly reduced the production of maize, wheat, and rice (three major food crops) due to high temperatures in Northeast China [44]. Mi, et al. [45] found that maize yields have the potential to increase in the northern part of Northeast China by combining regional climate models and WOFOST models. Liu, et al. [46] found that an increase in temperature of 2.5 °C reduced the yield of maize kernels during the growth period. Similarly, Zhang, et al. [47] noted a significant reduction in maize yield (from the bell stage to maturity) under a temperature increase of 3 °C using a growth box. Based on these studies, the effect of temperature increase on maize yield was inconsistent.



Drought is a major factor restricting increases in maize yield at regional to global scales. The effect of drought on maize yield formation gradually increased with drought aggravation in each growth period. However, compound stresses of high temperature and drought have a significantly higher impact on the inhibition of Gramineae plant growth and yield than the individual stresses [48]. Wang, et al. [37] found that the compound stresses of high temperature and drought had a significantly higher impact on maize yield than the individual stresses. Ding, et al. [49] also found that high temperature and drought stress during the maize flowering period reduced grain yield. High temperature stress significantly reduced the number of grains and grain weight during the filling stage, which resulted in a significant reduction of maize yield, especially when combined with drought stress [50,51,52]. When the temperature increased by 2 °C and the precipitation decreases by 20%, the crop yield is severely reduced [6]. The results of this study showed that a temperature increase of 2.3 °C increased the grain yield of maize in the grain filling stage, by about 4.5%, and a temperature increase of 4.5 °C significantly reduced the grain yield of maize under the sufficient water condition, by about 7.6%. The grain yield of maize was significantly increased by a temperature increase of 2.3 °C in the grain filling stage under mild drought. The grain yield of summer maize significantly decreased under high temperature and drought stress.



High temperature and drought stress reduced the transfer of assimilates to the grain, resulting in a decrease in the number of endosperm cells, limiting the supply of assimilates or directly affecting the synthesis process of the grain, thereby reducing grain weight. This directly affected the grain synthesis process and reduced grain weight. We found that summer maize growth can adapt to a climate warming of 2–2.5 °C during the grain-filling period in North China, but its yield significantly reduced under combined high temperature and drought conditions. This may be related to the differences in research methods, research parameters, planting layouts and climate scenario settings [11]. The yield fluctuation among different maize varieties is related to the local climate characteristics and planting layout. In this study, the influence of high temperature and drought on summer maize in the sub-humid area was studied. In the future, the interaction effects of high temperature and drought on maize yield in the arid and semi-arid area will be further studied. The grain yield of maize is closely related to the grain filling characteristics such as the rate and duration of filling [53]. The grain filling rate of summer maize was the highest under normal irrigation, followed by mild drought, and then severe drought. Under the sufficient water condition with adaptive temperature (3 °C), the grain filling rate of summer maize increased as temperature increased, but it decreased under high temperature (5 °C) condition. A previous study found that the grain-filling rate of summer maize was increased under adaptative temperature in mild drought conditions [54]. The grain filling rate of summer maize was significantly decreased under the combined stress of severe drought and high temperature. The results of this experiment were consistent with previous research, in which high temperature and drought stress shortened the grain filling period and reduced the filling rate and the grain yield [55,56,57,58]. High temperature and drought stress represent the major abiotic stress factors affecting maize filling rate during the grain filling period, so the interaction of high temperature and drought have significantly negative implications for grain filling [29]. Combined with this research, we found that an increase in temperature of 3 °C could increase the grain-filling rate, shorten the filling period, and enhance grain yield of summer maize under sufficient water and mild water stress in summer.



Extreme climate disasters have partially or completely damaged the stability of regional crop production. The present study suggests that extreme drought and high temperature events will be increasingly common, frequent, and severe, and considerable uncertainty persists about the extreme climate threat on agriculture production around the world. The purpose of this study is to explore the interaction effect of high temperature and drought on the grain filling period of summer maize. However, our preliminary results have some uncertainties that require further improvement, including trial representativeness (time and space), the role of adaptation measures, planting layout, tillage practices, variety renewal, and the variability of future climate scenarios [59]. The experiment in a single area can only reflect the local interactions of high temperature and drought on crops, and the experimental results cannot simply be extrapolated. It is necessary to conduct experimental studies and crop model simulations across more areas and over longer periods. This experiment is based on the premise that the current and future agricultural production status is consistent. In this study, only three factors and three levels of high temperature and drought experiments were adopted, and the response of summer maize to high temperature and drought has nonlinear characteristics. Future climate scenarios also have many uncertainties, and crop varieties and farming methods continually change. Therefore, it is necessary to conduct further long-term observations and simulation studies of multi-factor and multi-level high temperature and drought interactions during different growth stages to fully understand the influence rule on summer maize.




5. Conclusions


Drought significantly reduced the grain yield and yield components of summer maize, prolonged the reproductive growth stage, shortened the vegetative reproduction stage, and reduced the grain filling rate. Under the synergistic effect of high temperature and drought (NIT3D5 and LDT3D7), the summer maize grain yield, yield components, and bald tip ratio increased, and the grain filling rate was accelerated compared with that of NI and LD. Moreover, the grain yield, yield composition, and grain-filling rate of NIT5D7 and SDT5D5 decreased relative to that of NI and SD. Under both normal irrigation and drought stress, an increase in temperature shortened the phenological period and promoted the vegetative growth of summer maize during the grain-filling stage. The research results show that the summer maize growth was related to the degree of temperature increase and drought stress, and was not affected by the time of temperature increase.







Author Contributions


Conceptualization, Y.Q., H.W. and Q.Z.; methodology, R.W., S.R. and H.Z.; software, F.Z., H.W. and F.C.; validation, F.Z. and Y.Y. (Yang Yang 2); formal analysis, F.C., K.Z., Y.Y. (Yang Yang 1) and Y.Q.; investigation, Y.Q., S.R., Q.Z., H.Z., K.Z., R.W., F.Z., Y.Y. (Yang Yang 2) and F.C.; resources, Y.Q. and S.R.; data curation, F.C. and Y.Y. (Yang Yang 1); writing—original draft preparation, Y.Q.; writing—review and editing, Q.Z., S.H., R.W. and H.W.; visualization, S.R.; supervision, Q.Z., H.W. and R.W.; project administration, Y.Q. and R.W.; funding acquisition, R.W. and Q.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (42175192, 42230611, 41505098, 42075116, 41775107) and the China Special Fund for Meteorological Research in the Public Interest (Major projects) (GYHY201506001-2).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. Informed consent was obtained from all subjects involved in the study.




Acknowledgments


All the staff in Gucheng Agrometeorological Experiment Center of the China Meteorology Administration made great efforts on this experiment. Fang Shibo gave many excellent suggestions and helped with refining the manuscript. All the aforementioned are gratefully acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Coumou, D.; Rahmstorf, S. A decade of weather extremes. Nat. Clim. Chang. 2012, 2, 491–496. [Google Scholar] [CrossRef]

	



Zhai, P.M.; Zhang, X.B.; Pan, X.H. Trends in total precipitation and frequency of daily precipitation extremes over China. J. Clim. 2005, 18, 1096–1108. [Google Scholar] [CrossRef]

	



Alexander, L.V.; Zhang, X.; Peterson, T.C. Global observed changes in daily climate extremes of temperature andprecipitation. J. Geophys. Res. Atmos. 2006, 111, D05109. [Google Scholar] [CrossRef]

	



Huang, Y.; Feng, G.; Dong, W.J. Temporal changes in the patterns ofextreme air and precipitation in the various regions of China in recent 50 years. Acta Meteorol. Sin. 2011, 69, 125–136. [Google Scholar]

	



Matsui, T.; Omasa, K.; Horie, T. High temperature at flowering inhibits swelling of pollen grains, a driving force for thecae dehiscence in rice (Oryza sativa L.). Plant Prod Sci. 2000, 3, 430–434. [Google Scholar] [CrossRef]

	



Lobell, D.B.; Hammer, G.L.; McLean, G.; Messina, C.; Roberts, M.J.; Schlenker, W. The critical role of extreme heat for maizeproduction in the United States. Nat. Clim. Chang. 2013, 3, 497–501. [Google Scholar] [CrossRef]

	



Tao, F.; Zhang, Z. Climate change, high temperature stress, riceproductivity and water use in Eastern China: A new superensemble-based probabilistic projection. J. Appl. Meteorol. Climatol. 2013, 52, 531–551. [Google Scholar] [CrossRef]

	



Porter, J.R.; Xie, L.; Challinor, A.J.; Cochrane, K.; Howden, S.M.; Iqbal, M.M.; Lobell, D.B.; Travasso, M.I. Food security and food production systems. In Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2014; pp. 485–533. [Google Scholar]

	



Sánchez, B.; Rasmussen, A.; Porter, J.R. Temperatures and the growth and development of maize and rice: A review. Glob. Chang. Biol. 2014, 20, 408–417. [Google Scholar] [CrossRef]

	



Li, E.; Zhao, J.; Pullens, J.W.M.; Yang, X.G. The compound effects of drought and high temperature stresses will be the main constraints on maize yield in Northeast China. Sci. Total Environ. 2022, 812, 152461. [Google Scholar] [CrossRef]

	



Lobell, D.B.; Field, C.B. Global scale climate—Crop yield relationships and the impacts of recent warming. Environ. Res. Lett. 2007, 2, 014002. [Google Scholar] [CrossRef]

	



Wang, Q.; Ma, S.Q.; Guo, J.P.; Zhang, T.L.; Yu, H.; Xu, L.P. Effects of air temperature on maize growth and its yield. Chin. J. Ecol. 2009, 28, 255–260. [Google Scholar]

	



Zhu, X.Y.; Zhang, J.J.; Zhao, W.L.; Shi, B.L. Impacts of Climate Change on Maize Yield in Shangqiu, Henan, China. Hubei Agric. Sci. 2012, 51, 2198–2200. [Google Scholar]

	



Sun, X.S.; Long, Z.W.; Song, G.P.; Chen, C.Q. Effects of Climate Change on Cropping Pattern and Yield of Summer Maize-Winter Wheat in Huang-Huai-Hai Plain. Sci. Agric. Sin. 2017, 50, 2476–2487. [Google Scholar]

	



Oula, G. C4 photosynthesis and water stress. Ann. Bot. 2009, 103, 635–644. [Google Scholar]

	



Jamala, G.Y.; Iorkaa, A.A. Socio-Economic Implications of Charcoal Production and Marketing in Nigeria. IOSR J. Agric. Vet. Sci. 2020, 5, 41–45. [Google Scholar]

	



Ma, X.Y.; He, Q.J.; Zhou, G.S. Sequence of Changes in Maize Responding to Soil Water Deficit and Related Critical Thresholds. Front. Plant Sci. 2018, 9, 511. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.W. The Theory of Crop Cultivation; China Agricultural Press: Beijing, China, 2013. [Google Scholar]

	



Wang, Y.Y.; Hu, C.S.; Dong, W.X.; Li, X.X.; Zhang, Y.M.; Qin, S.P.; Oenema, O. Carbon budget of a winter-wheat and summer-maize rotation cropland in the North China Plain. Agric. Ecosyst. Environ. 2015, 206, 33–45. [Google Scholar] [CrossRef]

	



Lu, Y.; Hu, H.C.; Li, C.; Tian, F.Q. Increasing compound events of extreme hot and dry days during growing seasons of wheat and maize in China. Sci. Rep. 2018, 8, 16700. [Google Scholar] [CrossRef]

	



Zhu, P.; Jin, Z.N.; Zhuang, Q.L.; Ciais, P.; Bernacchi, C.; Wang, X.H.; Makowski, D.; Lobell, D. The important but weakening maize yield benefit of grain filling prolongation in the US Midwest. Glob. Chang. Boil. 2018, 24, 4718–4730. [Google Scholar] [CrossRef] [PubMed]

	



Barnabas, B.; Jager, K.; Feher, A. The effect ofdrought and heat stress on reproductive processes in cereals. Plant Cell Environ. 2008, 31, 11–38. [Google Scholar]

	



Prasad, P.V.V.; Staggenborg, S.A.; Ristic, Z. Impacts of drought and/or heat stress on physiological, developmental, growth and yield processes of crop plants. In Responses of Crops to Limited Water: Understanding and Modeling Water Stress Effects on Plant Growth Processes; Ahuja, L.H., Ma, L., Saseendran, S., Eds.; Advances in Agricultural Systems Modeling Series 1; ASA-CSSA: Madison, WI, USA, 2008; Volume 1, pp. 301–355. [Google Scholar]

	



Tester, M.; Bacic, M. Abiotic stress tolerance in grasses. From model plants tocrop plants. Plant Physiol. 2005, 137, 791–793. [Google Scholar] [CrossRef] [PubMed]

	



Hama, B.M.; Mohammed, A.A. Physiological performance of maize (Zea mays L.) under stress conditions of water deficit and high temperature. Appl. Ecol. Environ. Res. 2019, 17, 1261–1278. [Google Scholar] [CrossRef]

	



Saini, H.S.; Aspinall, D. Effect of water stress onsporogenesis in wheat (Triticum aestivum L.). Ann. Bot. 1981, 48, 623–633. [Google Scholar] [CrossRef]

	



Saini, H.S.; Aspinall, D. Abnormal sporogenesis inwheat (Triticum aestivum L.) induced by short periods ofhigh temperature. Ann. Bot. 1982, 49, 835–846. [Google Scholar] [CrossRef]

	



Wardlaw, I.F.; Sofield, I.; Cartwright, P.M. Factors limiting the rate of dry matter accumulation in the grain of wheat grown at high temperatures. Aust. J. Plant Physiol. 1980, 7, 387–400. [Google Scholar] [CrossRef]

	



Porter, J.R.; Gawith, M. Temperature and growth and development of wheat: A review. Eur. J. Agron. 1999, 10, 23–36. [Google Scholar] [CrossRef]

	



Boyer, J.S.; Westgate, M.E. Grain yield with limited water. J. Exp. Bot. 2004, 55, 2385–2394. [Google Scholar] [CrossRef]

	



Gooding, M.J.; Ellis, R.H.; Shewry, P.R.; Schofield, J.D. Effects of restricted water availability and increased temperature on the grain filling, drying and quality ofwinter wheat. J. Cereal Sci. 2003, 37, 295–309. [Google Scholar] [CrossRef]

	



Britz, S.J.; Prasad, P.V.V.; Moreau, R.A.; Allen Jr, L.H.D.; Kremer, F.; Boote, K.J. Influence of growth temperature on amounts of tocopherols, tocotrienols and gamma-ozyzanol in brown rice. J. Agric. Food. Chem. 2007, 55, 7559–7565. [Google Scholar] [CrossRef]

	



Huntington, M.K. Book Review: Ethical Issues in Rural Health Care. J. Rural Health 2010, 26, 201. [Google Scholar]

	



Fang, S.B.; Ren, S.X.; Tan, K.Y. Responses of winter wheat to higher night temperature in spring as compared withinwhole growth period by controlled experiments in North China. J. Food Agric. Environ. 2013, 11, 777–781. [Google Scholar]

	



Wan, S.Q.; Xia, J.Y.; Liu, W.X.; Niu, S.L. Photosynthetic overcompensation under nocturnal warming enhances grassland carbon sequestration. Ecology 2009, 90, 2700–2710. [Google Scholar] [CrossRef] [PubMed]

	



Fang, S.B.; Tan, K.Y.; Ren, S.X. Winter Wheat Yields Decline with Spring Higher Night Temperature by Controlled Experiments. Sci. Agric. Sin. 2010, 43, 3251–3258. [Google Scholar]

	



Wang, L.J.; Liao, S.H.; Huang, S.B.; Ming, B.; Meng, Q.F. Increasing concurrent drought and heat during the summer maize season in Huang–Huai–Hai Plain, China. Int. J. Climatol. 2018, 38, 3177–3190. [Google Scholar] [CrossRef]

	



National Weather Service. Agrometeorology Observation Standards; Meteorological Press: Beijing, China, 1993. (In Chinese) [Google Scholar]

	



Wolf, J.; Van Diepen, C.A. Effects of climate change on grain maize yield potential in the European Community. Clim. Chang. 1995, 29, 299–331. [Google Scholar] [CrossRef]

	



Tao, F.L.; Zhang, Z. Impacts of climate change as a function of global mean temperature: Maize productivity and water use in China. Clim. Chang. 2011, 105, 409–432. [Google Scholar] [CrossRef]

	



Tokatlidis, I.S. Adapting maize crop to climate change. Agron. Sustain. Dev. 2013, 33, 63–79. [Google Scholar] [CrossRef]

	



Ciais, P.; Reichstein, M.; Viovy, N.; Granier, A.; Ogee, J.; Allard, V.; Aubinet, M.; Buchmann, N.; Bernhofer, C.; Carrara, A. Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 2005, 437, 529–533. [Google Scholar] [CrossRef]

	



Lecomte, D.U.S. Weather Highlights 2012: Heat, Drought, and Sandy. Weatherwise 2013, 66, 12–16, 18–19. [Google Scholar] [CrossRef]

	



Tian, Y.; Zhang, Y. Impacts of climate change and inter-annual variability on cereal crops in China from 1980 to 2008. J. Sci. Food Agric. 2011, 92, 1643–1652. [Google Scholar]

	



Mi, N.; Zhang, S.Y.; Cai, F.; Ji, R.P.; Zhang, S.J.; Yu, H.B.; Yu, X.J. Modeling the impacts of future climate change on maize productivity in northeast China. J. Arid. Land Resour. Environ. 2012, 26, 118–121. [Google Scholar]

	



Liu, D.; Zhang, J.H.; Meng, F.C.; Hao, C.; Zhou, Z.M.; Li, H.; Zhang, H.; Wang, K. Effects of different soil moisture and air temperature regimes on the growth characteristicsand grain yield of maize in Northeast China. Chin. J. Ecol. 2013, 32, 2904–2910. [Google Scholar]

	



Zhang, J.W.; Dong, S.T.; Wang, K.J.; Hu, C.H.; Liu, P. Effects of high field temperature on summer maize grain yield and quality. Chin. J. Appl. Ecol. 2007, 18, 52–56. [Google Scholar]

	



Craufurdf, P.Q.; Peacock, J.M. Effect of heat and drought stress on sorghum. Exp. Agron. 1993, 29, 77–86. [Google Scholar] [CrossRef]

	



Ding, M.Q. Physiological Mechanism of Post-Silking High Temperature and Drought Stress Affecting Leaf Senescence of Waxy Maize; Yangzhou University: Yangzhou, China, 2019. [Google Scholar]

	



Wheeler, T.R.; Hong, T.D.; Ellis, R.H.; Batts, G.R.; Morison, J.I.L.; Hadley, P. The duration and rate of grain growth, and harvest index, of wheat (Triticum aestivum L.) in response to temperature and CO2. J. Exp. Bot. 1996, 47, 623–630. [Google Scholar] [CrossRef]

	



Blum, A. Improving wheat grain filling under stress by stem reserve mobilisation. Euphytica 1998, 100, 77–83. [Google Scholar] [CrossRef]

	



Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q.S.; Liu, L.J. Activities of fructan- and sucrose-metabolizing enzymes in wheat stems subjected to water stress during grain filling. Planta 2004, 220, 331–343. [Google Scholar] [CrossRef]

	



Borrás, L.; Zinselmeier, C.; Senior, M.L.; Westgate, M.E.; Muszynski, M.G. Characterization of grain filling patterms in divense maize germplasm. Crop Sci. 2009, 49, 999–1009. [Google Scholar] [CrossRef]

	



Sadras, V.O.; Egli, D.B. Seed size variation in grain cropB: Allometric relationshipe between rate and duration of seed growth. Crop Sci. 2008, 48, 408–416. [Google Scholar] [CrossRef]

	



Stuthman, D.D.; Hellewell, K.B.; Erwin, J.E. Day and Night Temperature Effects during Grain-Filling in Oat. Crop Sci. 1996, 36, 624–628. [Google Scholar]

	



Prasad, P.V.V.; Pisipati, S.R.; Momčilović, I. Independent and Combined Effects of High Temperature and Drought Stress during Grain Filling on Plant Yield and Chloroplast EF-Tu Expression in Spring Wheat. J. Agron. Crop Sci. 2011, 197, 430–441. [Google Scholar] [CrossRef]

	



Frederick, J.R.; Woolley, J.T.; Hesketh, J.D.; Peters, D.B. Seed yield and agronomic traits of old and modern soybean cultivars under irrigation and soil water-deficit. Field Crop. Res. 1991, 27, 71–82. [Google Scholar] [CrossRef]

	



Wolf, J.; van Oijen, M.; Kempenaar, C. Analysis of the experimental variability in wheat responses to elevated CO2 and temperature. Agric. Ecosyst. Environ. 2002, 93, 227–247. [Google Scholar] [CrossRef]

	



Long, S.P.; Ainsworth, E.A.; Leakey, A.D.B.; Nösberger, J.; Ort, D.R. Food for thought: Lower-than-expected crop yield stimulation with rising CO2 concentration. Science 2006, 312, 1918–1921. [Google Scholar] [CrossRef]








[image: Agriculture 12 01948 g001 550] 





Figure 1. Distribution of geographical location in Gucheng Station (the green shows the maize planting area in China), the red star represent the location of experimental station. 
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Figure 2. Layout of instruments in the experimental plot. 
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Figure 3. Mean monthly precipitations and temperature at the experiment site in 2016 and 2017 compared with the mean 30-year records (1981–2010) during the summer maize growing seasons, (a) Precipitation and (b) Temperature. 
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Figure 4. Maize phenology divided into sowing to beginning of seeding emergence, seven leaf stage, tasseling, milky stage, and end of maturity (upper half of each graph), and growing days (lower half part of each graph) for the growing seasons (a) 2016 and (b) 2017. 
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Figure 5. Response of grain filling rate to the interaction of high temperature and drought during the summer maize grout period. 
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Table 1. Three-factor three-level orthogonal experiment treatments.
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	Treatment
	Water Stress
	Amplitude of Increasing Temperature
	Time of Increasing Temperature





	NI
	NI
	T0
	D0



	NIT3D5
	NI
	T3
	D5



	NIT5D7
	NI
	T5
	D7



	LD
	LD
	T0
	D5



	LDT3D7
	LD
	T3
	D7



	LDT5D0
	LD
	T5
	D0



	SD
	SD
	T0
	D7



	SDT3D0
	SD
	T3
	D0



	SDT5D5
	SD
	T5
	D5
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Table 2. Temperature increase in the grain filling stage compared to NI.
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Year

	
Temperature Treatment

	
Air Temp. Increased in Canopy Area (°C)




	
Mean

	
STDEV






	
2016

	
Temperature increase 3 °C

	
2.26

	
0.58




	
Temperature increase 5 °C

	
4.45

	
0.42




	
2017

	
Temperature increase 3 °C

	
2.38

	
0.53




	
Temperature increase 5 °C

	
4.61

	
0.61











[image: Table] 





Table 3. The irrigation volume of treatment/m3.
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	NI
	LD (LDT5D0)
	SD (SDT3D0)
	NIT3D5
	NIT5D7
	LDT3D7
	SDT5D5





	2016
	0.479
	0.323
	0.274
	0.386
	0.352
	0.261
	0.253



	2017
	0.481
	0.296
	0.283
	0.412
	0.384
	0.253
	0.268
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Table 4. Soil water relative content (%) before and after temperature increase.
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Treatment

	
2016

	
2017




	
Before the Temperature Increase

	
End of Temperature Increase

	
Before the Temperature Increase

	
End of Temperature Increase






	
NI

	
89.8 ± 2%

	
87.3 ± 2%

	
91.5 ± 2%

	
87.3 ± 2%




	
NIT3D5

	
91.3 ± 2%

	
85.7 ± 2%

	
90.8 ± 2%

	
84.6 ± 2%




	
NIT5D7

	
90.6 ± 2%

	
83.5 ± 2%

	
91.2 ± 2%

	
82.5 ± 2%




	
LD (LDT5D0)

	
50.1 ± 2%

	
46.8 ± 2%

	
53.1 ± 2%

	
47.5 ± 2%




	
LDT3D7

	
53.5 ± 2%

	
42.6 ± 2%

	
55.7 ± 2%

	
45.9 ± 2%




	
SD (SDT3D0)

	
44.5 ± 2%

	
43.9 ± 2%

	
42.2 ± 2%

	
41.3 ± 2%




	
SDT5D5

	
46.8 ± 2%

	
43.1 ± 2%

	
44.7 ± 2%

	
42.1 ± 2%
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Table 5. Effects of different treatments on maize yield and yield components.
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	Ear Length (cm)
	Ear Thickness (cm)
	Bald Ratio (%)
	Hundred-Grain Weight (G)
	Grain Yield (g/m2)
	Harvest Index (%)
	Biological Yield (g/m2)





	2016
	
	
	
	
	
	
	



	NI
	12.78 a
	4.53 a
	1.11 c
	32.39 a
	1140.70 a
	48.00 a
	19,011.10 a



	NIT3D5
	12.93 a
	4.58 a
	1.55 ab
	32.80 a
	1141.07 a
	48.77 a
	19,552.10 ab



	NIT5D7
	12.61 a
	4.50 a
	1.65 a
	30.27 b
	1012.28 b
	47.31 a
	16,761.43 b



	LD (LDT5D0)
	6.89 b
	3.38 b
	1.67 bc
	28.13 c
	242.25 c
	37.59 b
	5156.10 c



	LDT3D7
	6.96 b
	3.41 b
	1.86 bc
	28.46 d
	247.56 c
	41.62 b
	5758.30 c



	SD (SDT3D0)
	6.26 b
	2.77 c
	1.82 bc
	20.55 e
	84.26 d
	18.67 c
	3609.95 c



	SDT5D5
	5.38 b
	2.26 d
	1.97 c
	18.96 d
	65.44 c
	16.85 b
	3518.77 c



	2017
	
	
	
	
	
	
	



	NI
	13.13 a
	4.61 a
	1.95 a
	34.28 a
	1177.14 a
	55.76 a
	16,888.65 a



	NIT3D5
	13.65 a
	4.67 a
	1.49 b
	34.64 b
	1258.64 a
	56.16 a
	17,928.48 a



	NIT5D7
	12.65 a
	4.47 a
	1.37 b
	32.39 a
	1140.70 a
	55.65 a
	16,310.08 a



	LD (LDT5D0)
	8.04 b
	3.05 b
	1.47 b
	21.39 d
	210.48 b
	37.02 b
	4548.35 bc



	LDT3D7
	8.18 b
	3.23 b
	1.20 bc
	24.76 c
	254.72 b
	39.40 b
	5448.22 b



	SD (SDT3D0)
	5.07 c
	2.34 c
	1.07 c
	19.21 e
	61.52 b
	19.57 c
	2515.15 cd



	SDT5D5
	4.94 c
	2.06 d
	1.27 bc
	17.28 f
	48.73 b
	15.08 c
	2484.57 d







Means within a column followed by the same letters are not significantly different at the 5% level (Tukey’s-b test ANOVA).
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