

  sustainability-11-05086




sustainability-11-05086







Sustainability 2019, 11(18), 5086; doi:10.3390/su11185086




Article



Effects of Severe Water Stress on Maize Growth Processes in the Field



Libing Song 1, Jiming Jin 1,2,*[image: Orcid] and Jianqiang He 1,3





1



College of Water Resources and Architectural Engineering, Northwest A&F University, Yangling 712100, Shaanxi Province, China






2



Department of Watershed Sciences, Utah State University, Logan, UT 84322, USA






3



Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semi-arid Areas, Ministry of Education, Northwest A&F University, Yangling 712100, Shaanxi Province, China









*



Correspondence: jiming.jin@usu.edu; Tel.: +86-435-797-1000







Received: 13 August 2019 / Accepted: 14 September 2019 / Published: 17 September 2019



Abstract

:

In this study, we investigated the effects of water stress on the growth and yield of summer maize (Zea mays L.) over four phenological stages: Seedling, jointing, heading, and grain-filling. Water stress treatments were applied during each of these four stages in a water-controlled field in the Guanzhong Plain, China between 2013 and 2016. We found that severe water stress during the seedling stage had a greater effect on the growth and development of maize than stress applied during the other three stages. Water stress led to lower leaf area index (LAI) and biomass owing to reduced intercepted photosynthetically active radiation (IPAR) and radiation-use efficiency (RUE). These effects extended to the reproductive stage and eventually reduced the unit kernel weight and yield. In addition, the chlorophyll content in the leaf remained lower, even though irrigation was applied partially or fully after the seedling stage. Severe and prolonged water stress in maize plants during the seedling stage may damage the structure of the photosynthetic membrane, resulting in lower chlorophyll content, and therefore RUE, than those in the plants that did not experience water stress at the seedling stage. Maize plants with such damage did not show a meaningful recovery even when irrigation levels during the rest of the growth period were the same as those applied to the plants not subjected to water stress. The results of our field experiments suggest that an unrecoverable yield loss could occur if summer maize were exposed to severe and extended water stress events during the seedling stage.
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1. Introduction


Maize is one of the most important food grains and bio-energy crops [1,2], with an average harvested area of 157 million ha and production of 781 Mt from 2000 to 2014 [3]. Maize can be produced at annual precipitation levels as low as 200 mm [4] and in recent years, maize cultivation has been gradually extended to arid and semi-arid areas, which represent a substantial proportion of land resources. This shift has helped resolve food security issues in countries with limited water resources, such as China [5].



However, the uneven spatiotemporal distribution and shortage of water resources have limited maize production in arid and semi-arid areas to date [6,7,8,9,10,11,12,13]. Insufficient available soil water weakens the metabolic activity of maize, reduces its biomass accumulation, and decreases its photosynthetic rate by reducing the chlorophyll content in leaves, eventually leading to a decrease in maize yield [14,15,16,17,18,19,20]. Several studies have shown that the timing and intensity of soil water stress are critical for maize growth [21,22,23,24]. A strong water stress during the vegetative growth stage could seriously inhibit the growth and leaf area of maize plants and decrease the yield [21,25]. However, the maize with light water stress during the early vegetative growth and late grain-filling stages showed a certain level of water stress tolerance due to the low water demand of maize during these stages [26,27,28,29,30]. Therefore, a high maize yield could be achieved through full irrigation at the flowering stage, even if the soil water content is sub-optimal during the vegetative growth and grain-filling stages [31]. Thus, an improved understanding of water stress on maize growth is essential to soil water and crop management.



Many studies have explored the effects of water stress on the growth and development of maize [21,25,26,27,28,29,30]. Most of them neglect the influence of water stress during the seedling stage on the young maize growth and final yield. Understanding such an influence is important to maize yield predictions, which is the focus of this study.



In this study, we used multi-year field experiments to gain an in-depth and quantitative understanding of how water stress affects maize growth and development. Our main objective was to explore the effects of severe water stress (no water supply) during different growth stages on maize growth and development. We emphasized the influence of water stress during the seedling stage on maize growth and analyzed the mechanism of those effects. A field site located in central China was selected for this study. However, it was very difficult to conduct multiple-site field experiments under different soil water conditions. Therefore, we accounted for the site-dependence of our experiments to the minimum extent possible by controlling soil water through scheduled irrigation and sheltered rainwater.




2. Materials and Methods


2.1. Experiment Overview


A set of field experiments focused on rainfed summer maize (Zea mays L.) were carried out from 2013 to 2016 in Yangling, Shaanxi (34°17′ N, 108°04′ E, elevation 506 m a.s.l. Figure 1). The sowing area was 10 m2 in each of the field plots. The field capacity and wilting point in the top 1 m of the soil were 0.26 and 0.12 cm3 cm−3, respectively, and the average bulk density of the soil was 1.31 g cm−3. A 1.5 m deep polyethylene plastic isolation layer was placed between the plots, to prevent the lateral flow of water between the plots. To control the amount of water applied to the plots, a movable transparent plastic shelter overarching the field was used to prevent rainwater entering the field, as shown in Figure 1. Thus, the shelter was opened on sunny days and closed on rainy days.



The seeds of ZhenDan-958—the maize cultivar most commonly planted in the study area because of its adaptation to the local environmental conditions—were sown manually in each plot in an east-to-west direction. The plant spacing was 30 cm, row spacing was 50 cm, and the sowing depth was 5 cm. Every plot was fertilized with 210 kg hm−2 nitrogen (urea) and 160 kg hm−2 P2O5 before sowing. The planting, seedling emergence, and harvesting dates for the four seasons are shown in Table 1.



With these field settings, we conducted field experiments with different levels of irrigation to investigate the effect of soil water on the growth of maize. By sheltering the experimental field from rainwater, the soil water was largely controlled based on the irrigation levels. The whole growth season of maize was divided into four stages: Seedling (from emergence to the eighth leaf), jointing (from the eighth leaf to silking), heading (from silking to milk), and grain-filling (milk to physiological maturity). These growth stages were determined according to the physiological and morphological features of the maize based on the Hanway standard [32]. As aforementioned, this study focused on rainfed summer maize. The rain intensities were represented with different levels of irrigation in the rest of the text. One experiment was carried out with full irrigation (FullIRR) as a control treatment, where the maize was irrigated during all four stages, with an irrigation level of 110 mm at each stage. This level of irrigation represented the 75% percentile of the monthly precipitation during the growth period (June to September) based on data from the period of 1954 to 2007 and provided sufficient water for the growth of maize without stress (shown in Section 3.3). Two irrigation water levels were set with 110 mm and 70 mm of water in water stress treatments, these two values represented the 75% and 25% percentiles, respectively, of the monthly precipitation for the growth period based on the precipitation data described previously. To generate meaningful water stress for a certain phenological stage, maize received no irrigation during this stage but was irrigated during the other three stages with 70 or 110 mm of water. Each of the above treatments was repeated three times, and plots were conducted in the field based on split-plot design. The former level was used for a low irrigation (LowIRR) treatment and the latter for a high irrigation (HighIRR) treatment. The complete irrigation management is shown in Table 2. For the FullIRR treatment, we irrigated the plots with 80 mm of water before planting to ensure the absence of water stress during the initial growth stage. In the LowIRR and HighIRR treatments, we irrigated about 40 mm of water before planting to ensure maize emergence, and the initial soil moistures were either close to or lower than the threshold below which water stress occurred (shown in Section 3.3). When no irrigation was applied during the seedling stage, sufficient water stress was generated from low initial soil moistures for the LowIRR and HighIRR treatments (shown in Section 3.3).




2.2. Experiments


2.2.1. Phenology


Phenology, in this instance, refers to the various growth stages of crop plants, such as emergence, silking, and maturity. Understanding the phenology can inform field agricultural management. We observed the exact dates of emergence, the eighth leaf, silking, maturity, and harvest during the 2013 and 2014 growing seasons. The grain filling dates were not included because it was difficult to accurately observe in the field.




2.2.2. Soil Moisture


In the present study, the soil moisture was measured every 20 cm from the surface to a depth of 1 m (five soil layers in total) for each plot at about 10-day intervals. These values were used to calculate the effects of water stress on maize growth. We adopted the following equation recommended by the Food and Agriculture Organization [33] to quantify water stress (Ks) for the maize planted in our study field:


   {       K s  =   T A W −  D r    T A W − R A W   =   S A W    (  1 − p  )  T A W        D r  > R A W        K s  = 1      D r  ≤ R A W        



(1)






  S A W = 1000  (   θ t  −  θ  W P    )   Z r   



(2)






  T A W = 1000  (   θ  F C   −  θ  W P    )   Z r   



(3)




where, TAW is total available soil water in the root zone (mm), Dr is root zone depletion (mm), SAW is soil available water (mm), RAW is readily available water (mm), p as 0.55 is a constant specifically for maize, θt, θFC, and θWP are the soil water content, field capacity, and wilting point in the top 1 m of the soil, respectively, and Zr is the soil depth (1 m in this study). We used Ks1 and Ks2 to represent different water stress factors: Ks1 is the water stress factor during a maize growth stage with no irrigation, Ks2 is the water stress factor during the rest of the stages with irrigation water.




2.2.3. LAI and Aboveground Biomass


The leaf area and aboveground biomass of maize plants were measured at the same time intervals. In each plot, two maize plants with an average appearance were selected for measurements of the length (from the leaf collar to the leaf tip) and width (the maximum) of each green leaf, which were subsequently used to calculate the leaf area and leaf area index (LAI) based on the following equations [34]:


  A = 0.75 L W  



(4)






  L A I =   ∑  i = 1  n    A i    D / 10000  



(5)




where, A is the area of a single leaf (cm2), L is the length from the leaf collar to the leaf tip (cm), W is the maximum leaf width (cm), 0.75 is a leaf area regression coefficient that is related to leaf shape, n is the total number of leaves in the sampled plant, D is plant density (m−2), and 10,000 is the factor used to convert from square-meters to square-centimeters.



Three plants with an average appearance for each treatment were cut and dried in the oven at 105 °C for 30 min. Thereafter, the temperature of the oven was adjusted to 75 °C, and plants were kept at that temperature until a constant weight was reached. The final weight was recorded as the weight of the dry matter. The aboveground biomass of maize was estimated as single-plant dry matter multiplied by planting density. In addition, the plants in a unit area (1 m2) located in the middle of each plot were harvested to measure canopy height, unit kernel weight, kernels per spike, and yield. Final yield was estimated for the whole plot (kg ha−1) with density, because the plant density was even across all plots.




2.2.4. IPAR and RUE


The intercepted photosynthetically active radiation (IPAR) was calculated based on LAI, as shown in Equation (6) [35] and the required data were collected from a nearby meteorological station (within a distance of ~200 m).


  I P A R = 0.5  R s   (  1 −  e  − 0.65 L A I    )   



(6)




where, Rs is the daily total incoming solar radiation (MJ m−2 d−1), 0.5 is the ratio between PAR and Rs, and 0.65 is the light extinction coefficient of maize [36].



The radiation use efficiency (RUE) was calculated as the slope between the total accumulated aboveground biomass and the quantity of cumulative IPAR [37]. These data and maize-related variables were used to quantitatively investigate and understand the effects of water stress on maize growth.




2.2.5. Evapotranspiration (ET), the Irrigation Water-Use Efficiency (IWUE), the Water-Use Efficiency (WUE), and the Crop Response Factor (ky)


ET from each plot was calculated using the soil water balance equation for individual growth stages and the growth season as follows:


  E T = S D + P + I + R − D  



(7)




where SD is the soil water depletion (mm), which was calculated as the difference between soil water content values at the beginning and end of each period for a soil depth of 1 m. P is the precipitation (mm), which was zero because the experiment was controlled by a rain shelter. I is for the irrigation water amount (mm). R is the runoff (mm), and it was set to zero because the experimental plots were surrounded with dikes. D is the drainage (mm) below the root zone, and it was assumed to be zero, since almost no water drainage below a soil depth of 1.2 m was observed from measurements taken to a soil depth of 1.5 m. IWUE for each treatment was calculated using grain yield and total irrigation water as follows:


  I W U E = G Y / I  



(8)




where IWUE is the irrigation water-use efficiency (kg m−3), GY is the grain yield (kg m−2), and I is the total irrigation water (m). WUE can be written as follows:


  W U E = G Y / E T  



(9)







Seasonal values of the yield response factor (ky) for each deficit irrigation treatment was determined using the following equation:


   k y  = ( 1 −   G  Y i    G  Y m    ) / ( 1 −   E  T i    E  T m    )  



(10)




where ky is the yield response factor, GYi and ETi is the grain yield and total ET for the irrigation level i, and GYm and ETm is the maximum grain yield and maximum total ET for an individual year, which were from FullIRR in this study.





2.3. Statistical Analyses


In this study, the effects of all the nine irrigation treatments on the observed variables were evaluated using the one-way analysis of variance (ANOVA) as the irrigation water is the main factor. We applied Duncan’s new multiple range test to calculate the least significant difference (LSD) between the means of each observed variable with different treatments when the F-values of ANOVA were significant. In all cases, differences were deemed to be significant if the p-value was less than 0.05.





3. Results


3.1. Weather Condition Analysis


The mean air temperatures during the growing season (June–September) were 25.4 °C in 2013, 24.4 °C in 2014, 24.1 °C in 2015, and 26.0 °C in 2016, which were 1.7 °C, 0.7 °C, 0.4 °C, and 2.3 °C higher, respectively, than the historical average temperature, where the historical average was calculated based on temperature data for the period 1983–2012. The mean air temperature during each of the growth stages over the four seasons is shown in Figure 2a. The temperature was lower by 1.6 °C during the seedling stage in 2015 than that in the other three periods, whereas the temperature in the jointing stage in 2014 was 3.0 °C higher than that in 2013 and 2.1 °C higher than that in 2015 and 2016. The temperature during the heading stages in 2016 was approximately 1.6 °C, 4.3 °C, and 3.2 °C higher than those in 2013, 2014, and 2015, respectively. Moreover, during the grain-filling stages, the temperature in 2016 and 2013 was approximately 2.3 °C and 1.6 °C higher than those in 2014 and 2015, respectively. The relative humidity during each of the growth stages over the four seasons is shown in Figure 2b. There is a little difference in relative humidity during seedling and heading stages over the four seasons. The relative humidity values for the jointing stage in 2013 and 2016 were about 11% and 5% higher than those in 2014 and 2015, respectively. In 2014, the relative humidity for the grain filling stage was around 16% higher than those for the other three stages. These differences in air temperature between the different maize growth periods were expected to affect maize development through evapotranspiration and water stress, thus providing an understanding of yield variations under similar water management conditions [38,39,40].




3.2. Effects of Different Irrigation Treatments on Maize Growth


Different treatments had different water conditions, resulting in different growth processes of the maize. Table 3 shows that there was no water stress in the FullIRR treatment because the water stress factor equaled one. It also can be seen that the maize under the HighIRR treatments experienced water stress during the stage with no irrigation and did not experience water stress during stages with high irrigation based on the stress factors that the Ks1 was always less than one and the Ks2 was equal to one, respectively. What is more, the values of Ks1 and Ks2 were always less than one in the LowIRR treatments, which indicated that the maize experienced water stress during the whole growth period. The maximum LAI, canopy height, biomass, unit kernel weight, kernels per spike, and yield were highest in FullIRR treatment during all treatments, while water stress during different growth stages has different effects on those variables. Table 3 shows that water stress reduces the leaf area, canopy height, number of the kernels per spike, and the unit kernel weight during the seedling, jointing, heading, and grain-filling stages, respectively. Maize plants subjected to the FullIRR treatment produced the highest yield with a weight of 7768 kg ha−1, whereas the lowest yield (3573 kg ha−1) occurred in the LowIRR plants when no irrigation was applied at the seedling stage. In the HighIRR treatment, the lowest yield with a weight of 4945 kg ha−1 was also seen when water stress occurred during the seedling stage. From this table, we can see that the yield was reduced the most by water stress occurring during the seedling stage. The measured ranges of the LAI and biomass with all treatments for our study periods are shown in Figure 3. This figure gives us a general picture of the variations of our measurements under different environmental conditions. We can see that the LAIs and biomasses were most remarkably reduced by water stress occurring during the seedling stage.



Different irrigation treatments have different values of ET, IWUE, WUE, and ky as shown in Table 4. The total ET values of different treatments were very close to the total irrigation except for LowIRR for the seedling stage where ET was lower than irrigation by about 15 mm. During each growth stage, ET in the treatment without irrigation was about 60% lower than that in other treatments with irrigation. The differences of IWUE under different irrigation treatments were not significant, and the maize plants subjected to GFS with the LowIRR treatment produced the highest IWUE with 2.07 kg m−3, while the lowest value (1.35 kg m−3) occurred in SDS with HighIRR. The WUE pattern was very similar to that of IWUE. Although the differences of ky under different irrigation groups were not significant, there were significant differences among different treatments. For example, the ky was equal to 1.47 with SDS under the HighIRR treatment, while it was 0.79 with HDS under the same irrigation treatment. This was because the yield with SDS under the HighIRR treatment lost about 1300 kg ha−1 more than that with HDS at the same irrigation level. The values of ky calculated in this study were consistent with those in Çakir [21]. It was seen that the influence of water stress during the seedling stage was important to maize growth and yield.




3.3. Water Stress on Maize


Water stress conditions were not present during most of the study period in the FullIRR treatment (Figure 4a–c), and the most significant water stress event occurred during the seedling stage in both LowIRR and HighIRR treatments when no irrigation was applied. Irrigation was applied three times in those two treatments approximately 40, 62, and 82 days after sowing (DAS) in 2013, 2014, and 2015, respectively, which were the approximate start dates of the jointing, heading, and grain-filling stages. After the application of the first irrigation, water stress in the LowIRR treatment occurred more often and was more severe than in the HighIRR treatment due to the lower level of irrigation. In the HighIRR and FullIRR treatments, very weak water stress occurred at around 81 DAS in 2013 (Figure 4d,g) and 62 DAS in 2014 (Figure 4e,h). Such weak stress was most likely related to the positive air temperature anomalies, which were 3.8 °C and 3.1 °C above the climatology (the average over 1983–2012) 10 days before 81 DAS in 2013 and 62 DAS in 2014, respectively.




3.4. Maize Developmental Stages


The emergence dates were the same for all three treatments (6 DAS) for which complete phenological data were available during 2013 and 2014, whereas the other phenological processes differed significantly among the treatments (Figure 5). Each of the remaining three growth stages occurred earlier in 2013 than in 2014 owing to higher air temperature (approximately 3 °C) during these stages. Compared with the start dates of the eighth leaf and silking in the FullIRR treatment, these two phenological stages were delayed by three to six days in both years in the LowIRR and HighIRR treatments and started the latest in the LowIRR treatment. Water stress delayed the silking and maturity date, as also observed in previous studies [41,42,43]. Cell and tissue expansions are sensitive processes to water in plants, and water stress can reduce expansion through reduced turgor pressure [7]. A similar effect of water stress on cell division was also observed by Hsiao [7]. Further, water stress delays leaf tip emergence and reduces leaf expansion in maize [17,43,44]. Thus, the delayed silking date and reduced LAI by water stress result in grain yield losses [42]. With the temperatures becoming lower over time in the later growing stages of maize, this delay may affect the grain-filling process of maize, as it is a thermophilic crop, and quantification of such an effect needs additional experiments that were not included in this study.




3.5. LAI and Aboveground Biomass


We examined how water stress affected the LAI and biomass of the maize in the three treatments. The differences in LAI and biomass among the three treatments were not significant at the seedling stage (Figure 6 and Figure 7). The FullIRR treatment generated the highest LAI and biomass values, whereas the lowest values were found in the LowIRR treatment. The maximum LAI and final biomass were 3.3 and 15,585 kg ha−1 for the FullIRR and 1.9 and 7649 kg ha−1 for the LowIRR treatments, respectively. The divergence of these two variables in the LowIRR treatment from those in the FullIRR treatment started from the eighth leaf stage due to severe water stress in the LowIRR treatment.



The remarkable differences in LAI and biomass between the FullIRR and HighIRR treatment were found to start at the eighth leaf stage, although the level of irrigation at this stage was the same for both treatments, and water stress was almost eliminated in the HighIRR treatment (Figure 4d–f). Such differences may be related to the photosynthetic processes that are closely associated with leaf and whole biomass growth. Total aboveground biomass accumulation is mainly related to the quantity of IPAR by the canopy and the efficiency of radiation conversion to dry matter through photosynthesis [45,46,47,48]. The daily and accumulated IPAR values (Figure 8) were the lowest under the LowIRR treatment, whereas those in FullIRR were the highest, and those in HighIRR were intermediate. The differences in daily IPAR among the three treatments were large for most of the first half of the growth period and became smaller when the LAIs approached their maximum values (Figure 8a). This was because the leaves overlapped with each other when the LAIs were high, and the leaf areas that received solar radiation were close among the three treatments, although the absolute values of the LAIs were quite different. Overall, water stress resulted in lower IPAR in all three treatments (Figure 8) and decreased photosynthesis, leading to the formation of maize smaller leaves in LowIRR and HighIRR treatments.



The slope of the plot of aboveground biomass versus IPAR provided an estimated of RUE based on the data for the period 2013–2016 (Figure 9). Estimates of RUE within the same treatment did not differ among years, so all IPAR and biomass data were pooled to obtain a single estimate of RUE for each treatment for all years. The estimated RUE with FullIRR was 3.13 g MJ−1, which was below the potential RUE of maize estimated from previous studies (3.39 to 4.1 g MJ−1) [49,50,51]. Such differences may be caused by differences in the maize cultivars and their growing environment. In our experiments with FullIRR, it is very likely that the maize plants did not grow under optimal conditions, resulting in lower RUE than that observed in some of these previously published studies. The estimated RUE values with HighIRR and LowIRR were 2.31 and 2.09 g MJ−1, respectively, which were lowered largely by the water stress.



Thus, water stress significantly reduced the RUE of maize, which is also reported in the literature [52,53]. This could be related to the chlorophyll content in the leaf. Our observations indicated that the chlorophyll content in the leaf for the 2014 maize growth season decreased from FullIRR to LowIRR (Figure 10). Moreover, previous studies indicated that chlorophyll content decreased under severe and prolonged water stress conditions, leading to a reduced rate of photosynthesis [54,55,56]. Interestingly, the chlorophyll content of leaves from the HighIRR treatment remained lower than that of leaves from the FullIRR treatment after the seedling stage, although the maize plants in both treatments were irrigated with the same amount of water after the seedling stage, and water stress seldom occurred in the HighIRR treatment. Some studies have shown that prolonged water stress can lead to irreversible structural damage to the photosynthetic membrane in the leaf [57,58,59], thereby decreasing the rate of photosynthesis. This could explain the observed results for the HighIRR treatment. The cell membrane in the leaf may have been permanently damaged by the long period of water stress during the seedling stage (approximately 40 days), leading to a lower photosynthetic rate over the entire maize growth period than that in the FullIRR treatment.




3.6. Grain Yield and Unit Kernel Weight


Water stress can reduce the unit kernel weight, and thus, the total yield of maize (Figure 11). The unite kernel weight, and yield in the LowIRR and HighIRR treatments were significantly lower than those in the FullIRR treatment. The water stress in our field experiments was the most severe during the seedling stage, but its effects continued throughout the reproductive growth stage, ultimately lowering the unit kernel weight and yield. In all our field tests, the FullIRR treatment in 2016 produced the highest values of unit kernel weight and yield, resulting from the highest average temperature during the maize growth period among the four years of the study (26.0 °C in 2016 versus 25.4 °C in 2013, 24.4 °C in 2014, and 24.1 °C in 2015). However, the LowIRR treatment in 2014 resulted in the lowest values of unit kernel weight and yield owing to the effect of the longest and the most severe water stress.





4. Conclusions


Field experiments conducted over four consecutive crop-growing seasons revealed that water stress during the seedling stage had a strong effect on maize growth and development, leading to lower LAI and biomass through reduced IPAR and RUE. These effects continued in the reproductive stage, thereby reducing the unit kernel weight and yield. In addition, the chlorophyll content of the leaf remained lower in plants, resulting from the water stress during the seedling stage, even when irrigation was resumed afterwards. Severe and prolonged water stress during the seedling stage may damage the structure of the photosynthetic membrane, resulting in lower chlorophyll content and RUE. In our experiments, the maize plants with such damage did not show a meaningful recovery even when the irrigation levels during the rest of the growth period were the same as those for the FullIRR treatment. Overall, these results suggest that an unrecoverable yield loss could occur if summer maize were exposed to severe and extended water stress during the seedling stage.



Our results showed that the young maize plant at the seedling stage was strongly affected by severe water stress. Such adverse effects persistently extended to the rest of the maize growth stages. These effects caused the smaller chlorophyll content in the maize plant under severe and prolonged water stress conditions, resulting in lower radiation-use efficiency. Our results further showed the aboveground biomass and yields significantly decreased. These findings are different from most previous studies that point out the most significant rate of yield and dry weight loss due to water stress during the heading stage. A further study is needed to quantify an intensity of water stress on the seedling stage of summer maize that could significantly reduce the yield.
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Figure 1. (a) Yangling, Shaanxi, China, the study location, (b) the field and the plastic shelter, (c) maize plants growing in a plot. 
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Figure 2. The temperature (a) and relative humidity (b) during the different growth stages of summer maize in 2013, 2014, 2015, and 2016 at the experimental site. 
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Figure 3. The measured ranges of the LAI (a,b,c) and aboveground biomass (d,e,f) of the summer maize with water stress during different maize growth stages and FullIRR for our study periods. FullIRR is for full irrigation (a,d), HighIRR is for high irrigation (b,e), and LowIRR is for low irrigation (c,f). SDS is for the seedling stage stress, JTS is for the jointing stage stress, HDS is for the heading stage stress, and GFS is for the grain-filling stage stress. 
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Figure 4. Available soil water storage of the top 1 m of the soil layer of the experimental field cultivated with summer maize under water stress at seedling stage and FullIRR treatments during three crop seasons of 2013 (a,d,g), 2014 (b,e,h), and 2015 (c,f,i) (data for 2016 are not shown because they are incomplete). The bar represents the irrigation (IRR), the solid line with dots represents available soil water storage (ASW), and the dashed line represents the threshold available soil water (TASW) below which symptoms of water stress occurs. 
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Figure 5. Duration of different growth stages of summer maize in the crop season of 2013 (a) and 2014 (b), (data for 2015 and 2016 are not shown because they are incomplete). The letters VE, V8, R1, R6, and HA represent the dates of seedling emergence, eighth leaf, silking, maturity, and harvest, respectively. PE is the pre-emergence stage, i.e., the time from sowing date until emergence, VS is the vegetative stage, i.e., the time from seedling emergence until silking, RS is the reproductive stage, i.e., the time from silking until the attainment of physiological maturity. 
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Figure 6. Leaf area index of summer maize under water stress during seedling stage and FullIRR treatments in the crop seasons of 2013 (a), 2014 (b), 2015 (c), and 2016 (d). The bold line with a cross represents full irrigation (FullIRR), dashed line with a solid circle represents high irrigation (HighIRR), and solid line with an open circle represents low irrigation (LowIRR). The letters VE, V8, R1, and R6 represent the dates of seedling emergence, eighth leaf, silking, and maturity, respectively. 
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Figure 7. Aboveground biomass of summer maize under water stress during seedling stage and FullIRR treatments in the crop seasons of 2013 (a), 2014 (b), 2015 (c), and 2016 (d). The bold line with a cross represents full irrigation (FullIRR), dashed line with a solid circle represents high irrigation (HighIRR), and solid line with an open circle represents low irrigation (LowIRR). The letters VE, V8, R1, and R6 represent the dates of seedling emergence, eighth leaf, silking, and maturity, respectively. 
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Figure 8. The average change in the daily (a) and accumulative (b) IPAR of summer maize subjected to LowIRR, HighIRR, and FullIRR treatments in the growing seasons of 2013 to 2016. 
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Figure 9. Cumulative maize aboveground biomass as a function of cumulative intercepted photosynthetically active radiation (IPAR) for FullIRR (a), HighIRR (b), and LowIRR (c) treatments. 
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Figure 10. The chlorophyll content of the leaves of maize plants subjected to the FullIRR, HighIRR, and LowIRR treatments in the growing season in 2014. 
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Figure 11. The unit kernel weight (a) and yield (b) of the summer maize with LowIRR, HighIRR, and FullIRR treatments during the growing seasons of 2013, 2014, 2015, and 2016. 
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Table 1. Field management times for the four growing seasons.
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Season

	
Time




	
Planting

	
Emergence

	
Harvest






	
2013

	
June 12

	
June 18

	
October 7




	
2014

	
June 12

	
June 18

	
October 10




	
2015

	
June 11

	
June 16

	
October 3




	
2016

	
June 13

	
June 19

	
September 27
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Table 2. The irrigation management during field experiments conducted from 2013 to 2016 during the growth season of maize. FullIRR is full irrigation, HighIRR is high irrigation, and LowIRR is low irrigation. SDS is for the seedling stage stress, JTS is for the jointing stage stress, HDS is for the heading stage stress, and GFS is for the grain-filling stage stress.
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Treatments

	
Growth Stages

	
Total Irrigation Water (mm)




	
Seedling

	
Jointing

	
Heading

	
Grain Filling






	
FullIRR

	
110

	
110

	
110

	
110

	
440




	
HighIRR

	
SDS

	
0

	
110

	
110

	
110

	
330




	
JTS

	
110

	
0

	
110

	
110

	
330




	
HDS

	
110

	
110

	
0

	
110

	
330




	
GFS

	
110

	
110

	
110

	
0

	
330




	
LowIRR

	
SDS

	
0

	
70

	
70

	
70

	
210




	
JTS

	
70

	
0

	
70

	
70

	
210




	
HDS

	
70

	
70

	
0

	
70

	
210




	
GFS

	
70

	
70

	
70

	
0

	
210
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Table 3. Water stress factors and variables of maize growth under water stress during different maize growth stages and FullIRR. SDS is for the seedling stage stress, JTS is for the jointing stage stress, HDS is for the heading stage stress, and GFS is for the grain-filling stage stress.
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Treatments

	
Ks1

	
Ks2

	
LAImax

	
Canopy

Height (cm)

	
Biomass (kg/ha)

	
Unit Kernel Weight (g)

	
Kernels

Per Spike

	
Yield (kg/ha)






	
FullIRR

	
1.00

	
3.4 a

	
216

	
17,353 a

	
0.277 a

	
544 a

	
7768 a




	
HighIRR

	
SDS

	
0.63

	
1.00

	
2.5 cd

	
195

	
10,664 bc

	
0.221 cd

	
433 c

	
4945 d




	
JTS

	
0.71

	
1.00

	
3.0 ab

	
193

	
12,591 bc

	
0.245 bc

	
462 b

	
5588 c




	
HDS

	
0.49

	
1.00

	
3.1 ab

	
211

	
14,276 ab

	
0.255 ab

	
458 b

	
6212 b




	
GFS

	
0.53

	
1.00

	
3.0 ab

	
205

	
14,193 ab

	
0.238 bc

	
485 a

	
5822 b




	
LowIRR

	
SDS

	
0.33

	
0.92

	
2.1 d

	
172

	
8678 d

	
0.205 d

	
368 d

	
3573 f




	
JTS

	
0.25

	
0.95

	
2.7 bc

	
162

	
9145 cd

	
0.224 bcd

	
366 d

	
3868 e




	
HDS

	
0.53

	
0.62

	
2.7 bc

	
184

	
10,071 c

	
0.240 b

	
374 cd

	
4455 de




	
GFS

	
0.48

	
0.65

	
2.7 bc

	
185

	
10,711 bc

	
0.221 bcd

	
456 b

	
4676 de




	
F values (ANOVA)

	
--

	
--

	
2.32 *

	
2.18

	
6.09 *

	
5.83 *

	
3.63 *

	
7.31 *








Note: The data were averaged over four seasons (2013 to 2016). Values followed by different letters within one column are significantly different (p < 0.05) by least significant differences of Duncan’s new multiple range test. The sign * behind F-values of ANOVA in the bottom row indicates that the difference of the variable in the column between different irrigation groups is significant with p < 0.05. LAImax represented the maximum value of leaf area index.
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