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Abstract

:

Climate changes show asymmetrical warming, and warming is typically greater at night than during the day. To understand how nocturnal warming (NW) affects the performance of maize (Zea mays L.), an open-field experiment with a free air temperature increase (FATI) facility was conducted for three seasons during 2014 to 2016 at Luancheng eco-agro-experimental station on the North China Plain (NCP). Three nocturnal warming scenarios were set up: the entire growing period (T1, from V4 to maturity), only the vegetative stages (T2, from V4 to a week presilking) and the reproductive stages (T3, from a week presilking to R6). The treatment without NW was the control. Maize lodged seriously in 2015 due to heavy rainfall combined with strong winds, and the experiment failed. The results from 2014 and 2016 were analyzed in this study. During the experimental duration, the average nocturnal temperature was increased by approximately 3.6 and 3.3 °C at 150 cm height and 2.0 and 1.7 °C at the soil surface during the vegetative stages. The corresponding increases were 2.1 and 2.5 °C and 0.7 and 1.2 °C at the soil surface during the reproductive stages in 2014 and 2016, respectively, as compared with that of the CK treatment. NW during the whole growth period significantly decreased maize yield for the two seasons. Treatment T2 had a smaller impact on maize yield than T1 and T3. The silking stage was delayed by 2 days in 2014 and 2016 under T1. As a result, presilking duration and VT-R1 interval were prolonged by 1–2 days; and the postsilking duration were shortened by 1–3 days under T1. The soil moisture in the warmed plots was slightly lower than that in the control plots in the 2014 and during the stages before the earlier grain-filling stages in 2016, but NW decreased soil water content greatly at the later grain-filling stages in 2016, which caused the fast green leaf senescence and exacerbated the negative effects of NW on maize yield. NW for the whole growth duration (T1) significantly decreased seed weight and harvest index. NW increased leaf nighttime respiration rate in both seasons. No significant effects of NW on ear leaf net photosynthesis, leaf area, and specific leaf weight at early grain-filling stage were observed, irrespective of the warming stage and season. The results suggested that reproductive stages were more sensitive to NW compared to vegetative stages under the growing conditions of NCP. The negative effects of NW were worsened in dry seasons. The reduction in maize yield with nocturnal warming was driven by the reduction in the aboveground carbon allocation from shoot to grain during postanthesis stage.






Keywords:


maize (Zea mays L.); nocturnal warming; phenological phase; photosynthesis and respiration












1. Introduction


The global mean air temperature is predicted to increase by approximately 1.0–1.7 °C by 2050 [1]. Climate changes show asymmetrical warming, and warming is typically greater during the night than during the day, resulting in a narrowing of the diurnal temperature range [2]. Since the temperature is a key factor in regulating crop development and growth, future climatic warming will affect the global grain production substantially [3,4,5,6]. Crop production is experiencing increases in both the frequency and the intensity of nocturnal warming (NW). NW threatens the sustainability of crop production both currently and in the future. Many studies have indicated that decreased crop yields generally occur as a result of NW. A one-centigrade degree increase in the nighttime temperature can produce a drastic decrease in crop production [3]. Therefore, it has become important to assess the effects of NW on crop production.



Numerous efforts have been made to understand warming impacts on crop production. By employing modeling methods and warming experiments, many studies linking crop yields to historical weather data suggest that impacts from climatic warming on phenological phases and crop yields could vary both spatially and temporally. The results of warming are dependent on the geographical area, crop variety, warming stages, temperature increase intensity, etc. [3,7,8,9,10,11,12,13,14,15]. High night temperatures are known to decrease yields in several crops such as rice (Oryza sativa L.) [3,14], wheat (Triticum aestivum L.) [16], and corn (Zea Mays L.) [17]. Recent modeling results have shown that global warming may reduce the maize production by 22.8% for a 5 °C increase and 13.2% for a 2 °C increase in the NCP [11]. In China, the maize yield reduction was estimated around 3.7% and 11.5% under global warming by 1.5 °C and 2.0 °C, respectively [12]. However, there are no consistent results. Climate warming may also lead to positive impacts on the crop yields in some regions. In field warming experiments, an increase of 1.0 °C in the nighttime temperature enhanced the wheat yield by approximately 10% on average due to the increase in the seed weight [13,18]. Climate warming has benefited maize production in Northeast China at high latitudes [8]. The daily minimum temperature is the dominant factor to maize production in Northeast China, a 1.0 °C increase in the daily minimum temperature in May or September will lead to an increment of 303 kg ha−1 or 284 kg ha−1 in the corn yield, respectively [7]. A winter nocturnal warming (WT) treatment significantly enhanced the wheat grain yield by increasing the grain number and grain weight, while the ST (spring nocturnal warming) treatment had a smaller impact than that of WT treatment [9]. Modeling results in Hebei province indicate that a 1 °C warming resulted in a 150.2 kg loss in maize yields per hectare [19]. Most of the simulated results showed that nocturnal warming would be a negative factor in maize production in China, except in Northeast China. However, few field experimental studies have reported whether nocturnal warming decreased maize yields on the North China Plain (NCP).



At present, there is no consensus on the physiological mechanisms of the NW effect on crop production. Previous studies have shown that NW changed the crop phenological phase. Nocturnal warming shortened the length of preanthesis phase by 5–6 days, while it prolonged the length of postanthesis phase by 4–6 days [9,13,18]. The maize development rate was hastened by NW, tassels and silks appeared 1 days earlier and the lag phase of grain filling was shortened by 5 days [17]. It was found that high night temperatures decrease crop production by decreasing photosynthetic functions and sugar and starch contents [20], and by increasing the respiration rate [14]. In addition to decreases in photosynthetic rates, NW can stimulate respiration rates, thereby negatively affecting crop production [13]. An increased rate of leaf respiration rates resulted in higher carbohydrate depletion compared to that of the nonwarmed control [18]. Nocturnal warming also has the possibility of causing male sterility and low pollen viability and hastening crop maturity [14]. However, there are different results regarding NW effects on the duration of grain filling [18]. It was recognized that NW affects the crop nutrient uptake and translocation between vegetative organs and reproductive organs such as carbon and nitrogen [21].



Maize is one of the most important staple crops in the NCP. Thus, understanding the impacts of climatic warming on maize production in the NCP will greatly facilitate the development of strategies and technological innovations needed to ensure future food security. Maize is thermophilic and sensitive to temperature. Previous studies investigating the impact of NW on maize growth used the results of modeling [7] or were executed using either passive warming systems or short experimental periods, such as during silking only [17]. Few results on nocturnal warming effects on maize plants have been reported using free air temperature increase systems (FATI). Therefore, field experiments examining the effects of nocturnal warming on the effects of maize production are essential.



The purposes of the present study were to assess whether a moderate increase in the night temperature, while the day-time temperature remained unchanged affects the (i) maize grain production, (ii) phenology, and (iii) net photosynthesis and night respiration rates. The study was conducted in the field at the Luancheng experimental station in the NCP using a free air temperature increase system. We expect that the results from this study could provide a reference for the future management of maize production to acclimate to climate change for the sustainable development of agriculture and food security in the NCP.




2. Materials and Methods


2.1. Experimental Site


The open-field warming experiment was conducted at the Luancheng Agro-Ecosystem Experimental Station in the NCP in Hebei Province (37°53′ N, 114°41′ E; elevation of 50 m above sea level) during 2014–2016, which covered three summer maize growing seasons. Winter wheat (Triticum aestivu L.) and summer maize (Zea mays L.) annual double cropping is the predominant system in the NCP. The experimental station is situated in a semi-arid monsoon climate region with 70% of rainfall occurring during July, August, and September, which constitute the summer maize growing season. At the study site, the annual average temperature was 12.3 °C, and the annual average precipitation was 481 mm. Information on precipitation, the daily maximum and minimum air temperature at the Luancheng station during this period is provided in Figure 1. The soil at the experimental site is sandy loam. The average field capacity was 36% (cm3 cm−3), and the wilting point was 13% (cm3 cm−3) on average for the top 2 m soil profile. The soil organic matter content was 17.0 g kg−1, the total nitrogen was 1.1 g kg−1, the available nitrogen was 20.1 mg kg−1, the available phosphorus (P-Olsen) was 26.1 mg kg−1, and the exchangeable potassium was 84.4 mg kg−1 in the top-20 cm soil layer.




2.2. Experimental Design


A randomized experimental design was used with four temperature treatments, and each treatment was replicated three times (CK: ambient temperature; T1: increased nocturnal temperature during the whole growing period from V5 to maturity; T2: increased nocturnal temperature only during the vegetative growing period, i.e., from V5 to about a week before silking; T3: increased nocturnal temperature only during the reproductive period, i.e., from about seven days before silking to maturity). Each plot was 4 m × 5 m in size, and the distance between two adjacent plots was 8 m to avoid heating contamination. In 2016, T2 was not conducted according to the results in 2014 and past publications.



A common summer maize cultivar, “Zhengdan958”, was manually sown after winter wheat harvesting in early June. At sowing, chemical fertilizers, containing N (urea), P (calcium superphosphate) and K (potassium chloride), were applied at the rate of 75 kg N ha−1, 65 kg P2O5 ha−1, and 75 kg K2O ha−1. All P and K and 30% of the N were applied as a basal dressing. In addition, another 175 kg N ha−1 was applied as a topdressing in July with a rainfall event. The planting density was 6 plants m−2, and the sowing and harvesting times are shown in Table 1. A narrow-wide row spacing of 40–80 cm was used in this study because it was convenient for sampling and installation of the heaters. After sowing, an irrigation with amount of 60 mm was immediately applied to ensure seedling establishment. There was no other irrigation during the whole growth duration in 2015 and 2016, except for one additional irrigation added on 19 July 2014 due to less rainfall.



Free air temperature increase systems in this trial was set up as Figure 2. A pair of infrared heaters (each 2 × 0.02 m) was installed above the center of each of the heated plots at a 1 m distance from each other. Every heater included two heating tubes with a rated power of 1000 W. The effective warming area of each pair of infrared heaters was 2 × 2 m. All sampling and measurements were performed within this effective 4 m2 area. Initially, the heaters were set at the height of 1.5 m in the heated plots. To guarantee the warming simulation effect, we used a telescoping mast system to hold the heater throughout the entire growth season. When the height of the maize began reaching the height of the heaters, the heaters were moved upward and thereafter were maintained 0.5 m above the top of the maize plants. Finally, the heaters were maintained approximately 3 m above the ground. The treatments without heating were installed with dummy heaters of the same shape and size as the real infrared heaters at the same height to mimic the heater shading effects on the plant canopy. The heating time was from 20:00 to 6:00 the next morning. Heating was applied continuously according to the experimental design, except due to occasional technical problems or during heavy precipitation events and gale weather. Weeds, insects, and diseases were adequately controlled.




2.3. Sampling and Measurement


2.3.1. Temperature, Rainfall, and Soil Water Content


The air temperatures at 0 cm and 150 cm above the ground in all treatments were monitored every 20 min from 20:00 to 6:00 each night using Thermo Recorders (L93-4, Loggertech Instrument Co., Ltd., Hangzhou, China). The temperature sensors were set up in the centers of the plots. The soil water contents of the top 40 cm were monitored every week using the soil auger method. A standard weather station approximately 100 m away from the experimental site was used to record the atmospheric temperature and rainfall.




2.3.2. Crop Phenology, Biomass and Yield


The dates of the main phenological growth stages were recorded, including the 6th leaf stage, tasseling, silking, and physiological maturity. The biomass was measured twice, with one sampling conducted 14 days after silking and another at maturity. Three plants were sampled for each plot, and the total biomass was recorded after oven-drying. For the biomass measurement at maturity, the dry matter of the grains was separated, and the harvest index (HI) was calculated as the fraction of grain dry matter divided by the total aboveground biomass. At maturity, all maize plants in the effective heating areas for each plot, i.e., 4 m2, were harvested to measure the yield and yield components such as the 1000-kernel weight and kernel number per cob.




2.3.3. Leaf Areas and Specific Ear Leaf Weight


Leaf areas were measured in situ by the Montgomery method every week when the experiment began and were calculated as the sum of every single-green leaf area. Five plants were selected for each plot, with each leaf measured by the length and maximum width of each blade with a ruler. The single-leaf area was calculated by multiplying the leaf length by the largest width of the leaf and the coefficient of 0.75. The leaf area index (LAI) was calculated by the average total leaf area per plant and the density. Ear leaves from three plants sampled from each plot and used for biomass measurement 14 days after silking, with the leaves detached from the stems for measuring the specific weight of ear leaf (SLW). The leaf blade was separated along the vein, and then leaf area was measured by a leaf area meter (Licro-3100, LI-COR Inc., Lincoln, NE, USA). The leaves were oven dried for two days at 70 °C to a constant weight and the dry weight was recorded. The specific leaf weight was calculated by the leaf area divided by the leaf dry weight.




2.3.4. Leaf Photosynthesis and Respiration Measurement


The net photosynthesis measurements (Pn, µmol m−2 s−1) and leaf respiration rate (R) were determined on a sunny day during the daytime between 9 a.m. and 11 a.m. and at nighttime between 10 p.m. and 11 p.m. on the ear leaf, using a Li-6400XT Portable Photosynthesis System (LI-COR Inc., Lincoln, NE, USA), respectively. The chamber was equipped with a red/blue LED light source (LI6400-02B). The light intensity within the chamber was set to follow the natural light intensity from 1000 to 1200 µmol m−2 s−1 for the net photosynthetic rate and 0 µmol m−2 s−1 for the respiration rates. The CO2 concentration was set at 380 µmol mol−1. Five ear leaves were randomly selected in each of the warming and control plots. Because the weather was dominated by cloudy and rainy days in mid to late September at the experimental site, leaf photosynthesis measurements were only done twice at the blister and earlier grain-filling stages. Due to the small value of the maize leaf respiration during late growing stages, respiration measurements were only carried out at the blister stage.





2.4. Statistical Analyses


Graphs were plotted using Originlab Pro7 (Northampton, MA, USA) and Excel 2016 software. One-way ANOVA was used to test for effects between the control and nocturnal warming treatments. The SAS System for Windows, Release 8.2 (SAS Institute, Cary, NC, USA) was used for all statistical analyses.





3. Results


3.1. Weather Conditions and Temperature Changes under Nocturnal Warming


The rainfall amounts in 2014, 2015 and 2016 were 196.4 mm, 329.0 mm, and 275.9 mm, respectively, during the summer maize seasons (Figure 1). Compared with the long-term average of 310 mm, the 2014 and 2016 seasons were dry seasons, and the 2015 season was a wet season. Two heavy rainfall events occurred and were accompanied by strong wind on 3 August (42.3 mm) and 30 August (72.3 mm), which caused the serious lodging of the maize plants in 2015 season. The examination of the effects of NW on maize could not be continued due to the lodging in this season. Therefore, the heating treatments after lodging were discarded, and the results of the maize performance in 2015 were excluded in this paper.



The daily maximum and minimum air temperatures recorded at the standard weather station are shown in Figure 1 for the three seasons. The mean daily maximum temperatures in 2014, 2015 and 2016 seasons were 30.2 °C, 30.2 °C, and 30.9 °C, respectively, and the mean daily minimum temperatures were 18.8 °C, 18.8 °C, and 19.6 °C, respectively. The average daily temperatures were 24.6 °C, 24.7 °C, and 25.5 °C. The diurnal temperature ranges (DTR) were 11.4 °C, 11.4 °C, and 11.3 °C, respectively, for the three seasons. The results indicated that the three seasons had similar thermal conditions for the summer maize, with the 2016 season being slightly warmer than the other two seasons.



The night air temperature increments for the warming treatments are shown in Figure 3. At 150 cm height above the ground, the nocturnal temperature was increased by 3.6 and 3.3 °C during the vegetative stage and by 2.1 and 2.5 °C during the reproductive stage in 2014 and 2016, respectively. The corresponding increase at the ground level was 2.0 and 1.7 °C during the vegetative stage and 0.7 °C and 1.2 °C during the reproductive stage in 2014 and 2016, respectively. In general, the increments during the vegetative stage were higher than those during the reproductive stage because the height of heaters was lower for the former than for the latter. The average temperature increment at 150 cm and the ground level during the two seasons were 2.7 °C and 2.8 °C and 1.2 °C and 1.4 °C, respectively.




3.2. Nocturnal Warming Effects on the Soil Water Content


Due to the shortage of precipitation in the earlier stages in 2014, the nocturnal warming treatments such as T1 and T2 decreased the soil water content in the top-40 cm soil layer compared with the control (Figure 4) in early July. One irrigation was applied to all treatments to replenish the soil water. Due to more rainfall falling afterwards, the soil water contents were similar among different treatments in 2014 (Figure 4). Due to the reduced rainfall during the late growing stages of maize in 2016, the soil water contents in T1 and T3 were lower than that of the control by 10.4% and 10.3% (Figure 4). The reduced soil water content under NW negatively affected the maize production.




3.3. Crop Development under Nocturnal Warming


Compared with the control treatment, the phenology of tasseling and maturity in T1, T2, and T3 was advanced by one day and the silking stage was delayed by one day in T1 and T2 in 2014 season (Table 1). Therefore, the anthesis-silking interval (ASI) was increased by two days in T1 and T2 and one day in T3 in 2014 (Table 1). In the 2016 season, only the silking stage was delayed by two days and maturity was advanced by one day in the T1 treatment in 2016 in comparison with the control treatment, resulting in a two-day increase of the ASI value due to NW. The vegetative growth season was extended by one day and two days under T1 in 2014 and 2016, respectively. The reproductive stages after silking were shortened by two days and three days in T1 in 2014 and 2016. In general, the growth duration of maize plants tended to be shortened slightly in 2014 and 2016 by nocturnal warming during the whole growth season (Table 1).




3.4. Leaf Area Index, Ear Leaf Area, Specific Leaf Weight, and Photosynthesis and Respiration Rates


Treatments (T1 and T2) under NW had the same LAI during the vegetative stages in 2014 and 2016 seasons (Figure 5), but the LAI was slightly reduced during the stages after silking in 2014, though the difference was not significant (Figure 5). However, at the late grain-filling stage in 2016, because leaf senescence was faster under nocturnal warming, which was possibly related to the low soil water content, the reduction in the green leaf area in T1 and T3 was significant compared with CK, with the green leaf LAI being 17.7% and 13.3% lower at maturity (Figure 5). No significant effect occurred on the ear leaf area or specific leaf weight of the leaves at the ear position during the two growing seasons was observed (Figure 6).



Nocturnal warming had consistent effects on ear leaf net photosynthesis rate in 2014 and 2016. There were no significant effects of nocturnal warming on the Pn, irrespective the warming stage or growth season (Figure 7). Compared with the Pn, the leaf respiration of ear leaves was relatively smaller. The respiration rate of ear leaves was increased by 40.0% and 33.3% under T1 and T3 in 2014. The corresponding increases were 45.6% and 37.0% in 2016 season (Figure 8).




3.5. Grain and Biomass Yield and Grain Yield Components


Significant differences in maize yields between the nocturnal warming treatment and CK were observed for T1 in 2014 and for both T1 and T3 in 2016 (Table 2). No significant difference in biomass was found among all treatments at the blister stage for the two growing seasons, as there was only a slightly decreasing trend under T1 and T2 compared with CK (Table 2). NW during the whole growth period (T1) decreased the biomass at maturity significantly by 10.2% and 13.3% in both growing seasons compared with CK. The T3 treatment slightly reduced the biomass at maturity in 2014 but significantly negatively affected the biomass in 2016 compared with CK. NW during the vegetative stage (T2) did not affect the yield and biomass production in the 2014 season.



NW during the whole growing season (T1) significantly decreased the seed weight in both growing seasons. The harvest index (HI) was reduced greatly in the T1 treatment in 2014 and in the T1 and T3 treatments in 2016. No significant effects on the seed number per ear were found among all treatments in either season. Nocturnal warming during the reproductive stage (T3) slightly reduced the maize yield and harvest index in 2014 but caused significant yield reduction in 2016 (Table 2). There were no apparent effects on the harvest index and other yield components under T2 in 2014. The results indicated that the responses of the maize yield and production under NW were related to the developmental stages by nocturnal warming and climatic conditions changes in different growth seasons.





4. Discussion


4.1. Phenological Effects of NW


Nocturnal warming changed the crop phenological phase, which was related to the reductions in the crop yields in previous research [9,13,17,18]. The period of development centered around flowering, during which the kernel number is defined, has been referred to as the “yield critical period” [22]. Warmer temperatures accelerate the development rate, resulting in shorter vegetative and reproductive phases [23]. In the present study, under NW conditions, the tasseling stage was one day earlier in 2014 in the T1 and T2 treatments. Female flower development was also delayed by two days in 2014 and 2016 under T1 (Table 1). Due to the delayed effects of NW on female flowers relative to those on male flowers, ASI increased by two days (Table 1). Tasseling and silking desynchronization would impede grain setting and lead to kernel abortion and the losses in maize yield. Nocturnal warming caused male sterility, low pollen viability and hastening crop maturity [14]. However, in the results obtained from this experiment, the kernel number per cob was not significantly affected by NW (Table 2), which suggested that the ASI extension by two days did not impede grain setting or cause kernel abortion. The effective grain filling period was shortened by 2–3 days by NW (Table 1), which induced a decrease in the seed weight, and this might be one of the reasons that caused the yield reduction under NW.




4.2. Photosynthesis and Respiration


Crop yield formation is the process of carbohydrate accumulation. Carbon gain is strongly linked to efficient photosynthesis and adequate respiration. However, the sensitivities to temperature of photosynthesis and respiration are different. Temperature changes break the balance between photosynthesis and respiration [24,25]. NW had positive [26,27], negative effects [28], and no effect [28] on the photosynthetic rates. The results from this experiment showed that nocturnal warming did not affect the Pn at the blister stage or the early grain-filling stage during both seasons (Figure 7). It is well-recognized that high night temperatures can stimulate respiration rates at nighttime [18]. In the present experiment, nocturnal warming at the reproductive stages including the T1 and T3 treatments increased the respiration rate (R) in both seasons, especially in 2016, when significant differences were observed for treatments under NW compared to CK (Figure 8). Generally, a higher leaf R rate would result in higher carbohydrate depletion, thereby negatively affecting the yield. However, the stimulation of nighttime respiration and carbohydrate depletion could be compensated for by nocturnal warming-led promotion of daytime photosynthesis and carbohydrate assimilation, which resulted in yield improvement [18,26]. Furthermore, plant leaves optimize their carbon assimilation capacity by adjusting the leaf thickness and develop the ability to acquire, transport and utilize resources when their environments change [29,30]. However, we did not find a significant difference in the specific leaf weight of ear leaves in either growing season (Figure 6).



Some researchers have shown that moderate warming at nighttime enlarged the flag leaf area and the postanthesis green leaf areas significantly, which improved the carbon gain and benefitted the yield increase [18]. In the present experiment, nocturnal warming had small effects on the leaf area index during the whole growth period in 2014 and 2016, except at the late grain-filling stage in 2016 (Figure 5). Nocturnal warming led to leaf senescence, and the green LAI values at maturity for T1 and T3 were 17.7% and 13.3% lower than that of the CK, respectively (Figure 5), which might have been the major reason behind the yield reduction under NW. In both seasons, the ear leaf areas showed no significant effects due to NW (Figure 6). Evapotranspiration was affected by the atmospheric temperatures. The increased temperatures under NW would increase the crop water use. In dry periods when rainfall or irrigation cannot meet the water requirements of crops, the reduced soil water content under NW might negatively affect crop production, such as in the case in 2016. The lower soil water content under NW at late grain-filling stage in 2016 under NW caused rapid leaf senescence, which resulted in the reduction of carbohydrate accumulation and finally caused the reduction in the seed weight (Table 2).




4.3. Biomass Production and Harvest Index


The total biomass production and HI determine the final grain yield [31,32]. The results from this study indicated that there was no significant difference among all treatments in the biomass production at the blister stage in both growing seasons. The NW during the vegetative growth stage did not affect the biomass production. However, the aboveground biomass accumulation from blistering to maturity was significantly reduced under T1 and T3 compared with CK (Table 2). Effective grain filling is highly dependent upon the temperature and assimilate availability [33]. NW was found to affect the carbon translocation from vegetative organs to reproductive organs [21]. The seed weight was reduced significantly under T1 in 2014 and under T1 and T3 in 2016 (Table 2). The reduction in the seed weight might be related not only to the reduction in biomass accumulation but also to the reduced carbon allocation to seeds. A reduction of the harvest index (HI) due to NW under the T1 and T3 treatments in 2014 was observed (Table 2). The kernel number per cob did not change much among the treatments (Table 2). Therefore, the differences in the kernel weight among the treatments provided the major contribution to the variations in the grain yield. This is consistent with the result of Zhou et al. [34]. Increased night temperatures affect kernel setting in maize mainly by reducing photoassimilation translocation from shoots to grains during the critical phenological phase for kernel weight determination. The reduction in photo-assimilates was related to the reduction in the green leaf area under NW.




4.4. Effects of NW during Different Stages on Maize Production


In the present experiment, NW lasting the whole growth duration or during the reproductive stage significantly reduced the maize yields in 2014 and 2016 (Table 2). These results were consistent with those reported by Cantarero et al. [17]. In China, previous studies have shown that maize yield reductions of 3.7% and 11.5% corresponded to 1.5 °C and 2.0 °C increases under global warming, respectively [12]. In the NCP, it was reported that 1 °C warming resulted in a 150.2 kg ha−1 loss in the maize yield [15]. The long-term meteorological data (1963–2016) during the maize growing season at the experimental station showed that the daily minimum temperature (Tmin) during the maize growing season was significantly increased and that no significant change occurred to the daily maximum temperature (Tmax) [35]. Therefore, the diurnal temperature range (DTR = Tmax-Tmin) decreased significantly. These results indicate that the actual warming effects on the maize yields were mainly caused by NW. Other simulation results showed that the DTR during the grain filling stage had positive effects on the maize yield [36]. In this paper, NW increased Tmin and the DTR was decreased, which caused maize yield reduction (Table 2). However, there are also some results showing no effects from climate warming on maize yields in the NCP [27]. These diversified results are mostly from crop modeling, and the crop models might not be able to precisely simulate the responses of crops to different changes in the nighttime and daytime temperatures.



The nocturnal warming effects on the maize yield were also related to the warming stages. In the present paper, NW during the whole growth duration (T1), the vegetative stages (T2), and the reproductive stages (T3) decreased the maize yield by 9.3%, 1.0%, and 3.4% in 2014 (Table 2). In 2016, T1 and T3 decreased the maize yield by 14.3 and 13.0% (Table 2). There were no significant effects on the maize yield by NW during the vegetative stage (T2) in 2014 (Table 2). The yield losses from T3 were greater than those from T2 in 2014, although the temperature increment at the vegetative stage was higher than that during the reproductive stages (Figure 3). Maize grain yield changes are primarily associated with variations in the number of mature kernels which, in turn, depends on the crop growth at silking. NW by approximately 5 °C at the silking stage decreased the maize kernel setting when using an open-top chamber [17]. The vegetative stages of maize development are less sensitive to high temperatures compared to the reproductive stages [37,38]. Our results were consistent with the previous findings. Silking and anthesis (tasseling) are two of the most temperature-sensitive stages for maize [5]. Heat waves during maize reproductive stages alter reproductive growth but have no lasting effects when they occur during vegetative stages [39]. Furthermore, the aboveground biomass accumulation between the blister stage and maturity accounted for 80–90% of the total grain-yield production. Therefore, NW during the crop reproductive period exerts negative effects on yield-determining processes and can be a critical detrimental factor affecting maize productivity.




4.5. NW Effects under Different Soil Water Conditions


The results from this study also indicated that the warming effects were related to the soil water conditions. Elevated temperatures would amplify the negative effects of a water deficit on crop production [40,41]. In this study, except for irrigation on the sowing date and in July in 2014, there was no irrigation during the whole growth duration in both growing seasons. Therefore, the soil moisture status mainly depended on the precipitation. The lower rainfall during the productive stage in 2016 resulted in a low soil moisture status, and the soil moisture under T1 and T3 was approximately 10% lower than that under CK (Figure 4). Nocturnal warming worsened the water stress situation during a dry season and resulted in a larger reduction in crop production. A similar result was found for wheat in the NCP [42]. Warming decreased the wheat yield significantly in the relatively dry year but did not in the relatively wet year. Supplemental irrigation nullified the warming effect completely [42]. Medium water stress did not significantly affect the ecophysiological characteristics during vegetative stages, and water shortages at the flowering and grain filling stages had more adverse effects on the final yield compared to water deficits during the vegetative growth stage [43]. This could explain why T1 in 2014 and T1 and T3 in 2016 had significantly decreased the 1000-grain weight (Table 2), but the weight was not decreased by T2 treatment (Table 2).



Rainfall during the maize season has shown a declining trend in the NCP [35,44]. It was found that irrigation led to increasing temperatures by enhancing nighttime warming more than daytime cooling during the dry season from 1961 to 2004 in the NCP [45]. The frequency, duration, and severity of climate warming and drought stress events are predicted to increase in the future. The combination of warming and reduced rainfall would increase the negative effects of climate change on maize production in the NCP. Therefore, the severity of nocturnal warming and drought and their interactive effects on crop yield losses should be given more attention in the NCP in the future.





5. Conclusions


Nocturnal warming during the reproductive stage significantly decreased maize production, while no such effects were found during the vegetative growing stage. The reduction of the yield under NW was mainly related to the reduction in the seed weight and HI, and these negative effects were more serious under dry soil water conditions. Nocturnal warming increased the leaf nighttime respiration rate but had no significant effects on the leaf net photosynthesis rate, leaf area, and specific leaf weight, irrespective of the warming stage and growth seasons. The results from this study suggested that reproductive stages were more sensitive to NW compared to vegetative stages for maize. The reduction in the maize yield under nocturnal warming was driven by the reduced above-ground carbon allocation from shoots to ears during the postanthesis stage. The dynamic characteristics of maize yields are the results of the external environment and internal plant growth regulation, and a trade-off mechanism exists between nocturnal warming and soil water conditions. This should be further studied in the future.
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Figure 1. Daily maximum temperature, minimum temperature, and precipitation during maize growing seasons in 2014–2016. 
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Figure 2. Free air temperature increase systems in the nocturnal warming experiment on maize (photo taken by an infrared camera on 17 July 2014). 
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Figure 3. The average night time temperature increase under the nocturnal warming as compared with the control at 150 cm above-ground and at the ground level during the 2014 and 2016 maize growth season. T2 and T3 denote nocturnal warming during vegetative stages (from V4 to a week presilking) and the reproductive stages (from a week presilking to R6), respectively; and T1 denotes nocturnal warming at the whole growth duration between V4 to R6. 
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Figure 4. Mean soil volumetric water content (V/V, 0–40 cm) during the whole growth seasons of maize plants in 2014 (a) and in 2016 (b). CK, T1, T2, and T3 denote the control, nocturnal warming during the whole growth season, and nocturnal warming during the vegetative and reproductive stages, respectively. 
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Figure 5. Leaf area index during the warming growth duration in 2014 (a) and 2016 (b). CK, T1, T2, and T3 denote the control, nocturnal warming during the whole growth season, and nocturnal warming during the vegetative and reproductive stages, respectively. 
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Figure 6. Leaf areas (a) and specific leaf weight (b) for the ear leaf at blister stage in 2014 and 2016. CK, T1, T2, and T3 denote the control, nocturnal warming during the whole growth season, and nocturnal warming during the vegetative and reproductive stages, respectively. The same letters on the pillar indicate no significant difference among the treatments in the same year (p < 0.05). 
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Figure 7. Ear leaf net photosynthesis rate (Pn) at the blister stage and the early grain-filling stage in 2014 (a) and 2016(b). CK, T1, T2, and T3 denote the control, nocturnal warming during the whole growth season, and nocturnal warming during the vegetative and reproductive stages, respectively. The same letters on the pillar indicate no significant difference among the treatments in the same year (p < 0.05). 
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Figure 8. Ear leaf respiration rate (R) at blister stage. CK, T1, T2, and T3 denote the control, nocturnal warming during the whole growth season, and nocturnal warming during the vegetative and reproductive stages, respectively. The same letters on the pillar indicate no significant difference among the treatments in the same year (p < 0.05). 
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Table 1. Phenology changes as affected by nocturnal warming during 2014 and 2016.
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Year

	
Treatment

	
Phenophase Date (day/month)

	
VT-R1 Interval (days)

	
Days before R1 (days)

	
Days after R1 (days)

	
Whole Growing Season (days)




	
Sowing Date

	
V6

	
VT

	
R1

	
R6






	
2014

	
CK

	
13-June

	
4-July

	
7-August

	
8-August

	
26-September

	
1

	
56

	
48

	
104




	
T1

	
13-June

	
4-July

	
6-August

	
9-August

	
25-September

	
3

	
57

	
46

	
103




	
T2

	
13-June

	
4-July

	
6-August

	
9-August

	
25-September

	
3

	
57

	
46

	
103




	
T3

	
13-June

	
4-July

	
6-August

	
8-August

	
25-September

	
2

	
56

	
47

	
103




	
2016

	
CK

	
16-June

	
7-July

	
5-August

	
7-August

	
27-September

	
2

	
51

	
50

	
101




	
T1

	
16-June

	
7-July

	
5-August

	
9-August

	
26-September

	
4

	
53

	
47

	
100




	
T3

	
16-June

	
7-July

	
5-August

	
7-August

	
26-September

	
2

	
51

	
49

	
100








CK, T1, T2, and T3 denote the control, nocturnal warming during the whole growth season, and during the vegetative and the reproductive stages, respectively.
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Table 2. Aboveground biomass, grain yield, yield components, and harvest index in 2014 and 2016 seasons.
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Year

	
Treatments

	
Aboveground Biomass at Blister Stage (kg ha−1)

	
Aboveground Biomass at Maturity (Mg ha−1)

	
Aboveground Biomass Accumulation between the Blister and Maturity (kg ha−1)

	
Yield (kg ha−1)

	
1000-Kernel Weight (g)

	
Kernel Number per Cob

	
Harvest Index (HI)






	
2014

	
CK

	
8341.4a

	
15.50a

	
7163.1a

	
8213.0a

	
268.8a

	
482.1a

	
0.56a




	
T1

	
7764.2a

	
13.92b

	
6158.4b

	
7449.4b

	
248.0b

	
477.7a

	
0.52b




	
T2

	
8151.6a

	
15.23a

	
7077.5a

	
8129.0a

	
266.4a

	
463.8a

	
0.54a




	
T3

	
8440.2a

	
14.58ab

	
6142.8b

	
7932.7ab

	
267.9a

	
501.5a

	
0.53ab




	
2016

	
CK

	
6713.2a

	
14.16a

	
7444.2a

	
7784.0a

	
331.7a

	
446.8a

	
0.54a




	
T1

	
6312.6a

	
12.28b

	
5964.4b

	
6671.7b

	
317.7b

	
456.5a

	
0.51b




	
T3

	
6634.5a

	
12.89ab

	
6257.7b

	
6773.1b

	
313.0b

	
458.9a

	
0.51b








CK, T1, T2, and T3 denote the control, nocturnal warming during the whole growth season, and during the vegetative and the reproductive stages, respectively. Values in columns followed by the same letter in the same year are not significantly different at p < 0.05.
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