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Abstract

:

In the middle and lower reaches of the Yangtze River, the rainfall is greater in summer. The technology of rain catching and controlled irrigation of rice help to save water by raising the water depth of the field after rain while the soil water content during the rest period is maintained at 70–100% of field capacity. The objectives of this study were to evaluate rice growth, canopy light utilization, and yield of rice under different rain-catching and controlled irrigation modes (T1: light drought and low storage, T2: light drought and high storage), and to find the optimal storage depth after rain for rice. Measurements included the rice plant height, tiller number, high tiller growth, leaf angle, canopy interception rate, and yield shape. The plot experiment was conducted in 2012 and 2013 using Nanjing 44 (Oryza sativa L.) as the test material. The results showed that T1 treatment improved the height of rice plants and the number of effective tillers in the late growth stage. The number of high tillers had a great influence on the total leaf dry quality; compared with conventional irrigation (CK), the number of high tillers increased by 11.36% and 7.87% in T1 and T2, respectively; the canopy interception rate of T1 above 0 cm was higher than that in T2 and CK; and the leaf area index (LAI) was closely related to the 0–40 cm of canopy light distribution. The number of grains per panicle in T1 was lower than in CK and T2; however, the number of grains in T1 was less, and the 1000 grain weight was higher. On the 63 days and 83 days after transplanting in 2012 and 78 days after transplanting in 2013, the first, second, and third leaf angles of T1 were larger. Rain-catching and controlled irrigation can increase the dry weight and shoot dry weight of rice, and light drought and low storage (T1) conditions are good for maintaining a high yield because of more tiller number, more grains per panicle and reasonable light distribution.






Keywords:


rice; rain-catching and controlled irrigation; leaf angle; canopy interception rate; yield; water use efficiency (WUE)












1. Introduction


The photosynthetic potential productivity of rice mainly depends on two factors: the interception of photosynthetically active radiation and the conversion efficiency of photosynthetically available radiation energy. A reasonable crop population structure can form a good distribution of light within the canopy, increase the utilization of light energy, and thus increase yield [1]. Leaf morphology (such as leaf thickness, specific leaf area, and so forth) regulates plant absorptivity by changing the optical path [2]. Plants change their leaf morphology according to the surrounding light environment, making them more conducive to photosynthesis [3], and the changes in leaf morphology caused by light attenuation include the elongation of leaves [4], widening [5], and changes in leaf area [6].



Photosynthetically active radiation (PAR) in rice fields can be divided into three parts: penetration, reflection, and absorption. The leaf area index (LAI) affects the PAR interception of the canopy by affecting these three parts [7]. The interception rate of photosynthetically active radiation are different in different growth stages of rice [8]. With the advance of the growth period, the leaf inclination angle of the canopy first increases, and then decreases. The leaf angle distribution is closely related to the canopy light distribution, and the leaf angle is also the main factor determining the LAI distribution. In rice populations, the light reflectivity is low; the transmittance of light to the lower layer is higher in the upper part of the heading stage, while the larger leaf angle of the base is beneficial for the transmission of light from the upper layer and reduces the loss of light leakage [9].



The angular distribution of leaves is a key parameter determining radiation transmission within vegetation canopies [10,11]. The leaf angle between the stem and sheath (SSA) increases with the tiller age. The SSA of the same leaf rank increases with an increase in the N (nitrogen) rate. The maximum SSA increases with the leaf rank from the first to the third leaf, and then decreases from the third to the final leaf [12]. The canopy light and nitrogen distribution are related to the grain yield and nitrogen use efficiency in rice [13]. Additionally, erect leaves caused by brassinosteroid deficiency increase the biomass production and grain yield in rice [14]. Erect leaf phenotypes are desired to avoid shade when plants are grown at a high planting density [15], and plant architecture with an erect growth habit improves the light distribution and light use efficiency in the canopy [16,17].



The PROSTRATE GROWTH 1 gene has a notable quantitative influence on the canopy structure of rice, and there is a difference in the leaf inclination of different varieties of rice [18,19,20]. The typical rice HLH (helix loop helix) protein BRASSINOSTEROID UPREGULATED 1-LIKE1 (OsBUL1) is preferentially expressed in the lamina joint where it controls cell elongation and positively affects leaf angles [21]. However, leaf inclination can be adjusted by water and fertilizer management. Peng et al. [22] proved that the transmission coefficient of direct radiation decreases gradually from the upper to the lower layer, and the extinction coefficient gradually increases from the upper to the lower layer. This is beneficial for the downward transmission of light and the interception of light which lays a foundation for a high yield of rice. Water stress can effectively inhibit the growth of crops and induce the canopy structure to provide conditions for the compensation effect of rewatering after drought [23].



N is lost through surface runoff, leaching, and other ways, which can result in severe environmental pollution [24,25]. However, controlled drainage can reduce N losses from subsurface drain fields and improve farmland environments [26,27,28]. Several water-saving technologies have been developed to manage the water requirements of rice crops, with the traditional flooding irrigation mode of growing rice being gradually replaced by a water-saving irrigation mode. The water-saving irrigation practice contributes to a lower drainage potential, while controlled drainage reduces irrigation requirements. For example, alternate wetting and drying (AWD) technology can reduce the water input and increase the water use efficiency (WUE) and grain yield of rice; therefore, it has become popular in some parts of China [29,30,31,32]. Integrated water-saving irrigation and controlled drainage (WSI-CD) practices seem to have the desirable functions of water saving and pollutant reduction [33]. The water-saving irrigation mode is favorable for the early maturation of rice, while excessive water saving leads to a decrease in yield [34].



Controlled irrigation was effective in maintaining rice yield, increasing nitrogen recovery and reducing nitrogen losses from paddy fields [35], and fewer species were found in controlled irrigation fields than traditional irrigation fields [36]. Because of global warming, in the future some areas will receive more rainfall and others less, and there will be more drought and submergence stress [37,38,39,40]. A sharp alternation from drought to flooding is common during summer rice planting in China [41,42,43]. The yield of rain-fed rice is usually low [44,45], but the application of mineral fertilisers significantly increased rice yields under a rain-fed lowland rice ecosystem [46]. Combined with rain-fed planting mode and controlled irrigation, rain-catching and controlled irrigation technology has been put forward for consideration in ways that maintain different water levels in different growth stages after rain.



However, raising the water level would have some effects on the growth and development of rice, such as changes in the leaf inclination, the interception of the light layer, and the production of high tillers. Nagasawa et al. [47] indicated that axillary buds found in the leaf axils of rice could develop into tillers when the conditions are suitable, and high tillering can be controlled through temperature, light, and moisture. Rain-catching and controlled irrigation can decrease the drainage times and save water [48,49], but high water depth can cause waterlogging damage, so a suitable water depth after rain is the most important factor to rice. Leaf shape is an important feature of rice, but the leaf angle and light distribution under rain-catching and controlled irrigation have not been determined. This study aimed to determine the growth characteristics of rice and the leaf angle under rain-catching and controlled irrigation, the relationship between the LAI and canopy light distribution, and the relationship between high tillers and yield. We hope that this study will provide some reference for using rain water in southern China.




2. Materials and Methods


2.1. Site Description


Experiments were conducted under field conditions at the Water Saving Park of Hohai University Campus, of Jiangning in Nanjing (latitude 31°57 N, longitude 118°50 E, 15 m above sea level), from April–October of 2012 and May–October of 2013. The area is located downstream of the Yangtze River drainage basin and belongs to the north subtropical monsoon climate zone. It is hot in summer and cold in winter. The annual mean temperature is 16 °C; the absolute maximum and minimum temperatures of the area are 43 °C and −16.9 °C, respectively; annual precipitation is around 1062 mm; the frost free period is 224 days; the average sunshine duration is 2017.2 h; the annual evaporation is 1472.5 mm; and the average wind speed is 2.5 m/s. The depth of the groundwater in the experimental area is greater than 50 cm, the soil fertility is moderate, and the volumetric soil water content at field capacity (FC) is 43.46%. Table 1 shows the physical and chemical properties of the field soil. Table 2 shows the average monthly climate in 2012 and 2013.




2.2. Plant Material and Cultivation Practices


The rice variety Nanjing 44 (Oryza sativa L.) was used as the test material. The sowing dates were 20 April 2012 and 30 April 2013. The rice seedlings were raised in dry beds. The fertilizer application rate for urea was 10 g m−2, for calcium magnesium phosphate fertilizer it was 50 g m−2, and for potassium chloride it was 7.5 g m−2. As basal fertilizers, they were only applied once to the dry bed before sowing, and the dry bed area was 3 m2. Seedlings were transplanted on 1 June 2012 and 15 June 2013. In 2012, rice plots were fallowed after harvest, weeding and tillage were carried out in spring of 2013.




2.3. Water Regimes


We carried out two rain-catching and controlled irrigation treatments: light drought and low storage (T1) and light drought and high storage (T2), while conventional irrigation was used as the control (CK). The maximum allowable flooding depth of the traditional submergence irrigation period, as well as the possible depth of water storage after 20 years of rainstorms in the Huaihe and Taihu basins in China, was fully taken into account in the experimental design (Table 3). The experiment was laid out in a randomized complete block design (RCBD) with the arrangements as shown in Figure 1. The average plot size was 20 m2 (2.5 m × 8 m). The plastic lining in the bunds was 45 cm deep to prevent the lateral flow of water between the plots. Seedlings were transplanted at a density of 25 holes m−2 and two plants per hole. Fertilizer at was applied at a rate of 265-80-75 kg ha−1 of N-P-K in three parts, firstly at transplanting stage, secondly at tillering stage, and thirdly at the panicle initiation stage. All fertilizers were artificially distributed. Irrigation water was pumped from the pond nearby and transported through pipes to the experimental plots, and the amount of irrigation water was measured by a water meter. Local farming practices were followed, without spraying insecticides and herbicides.




2.4. Measurements


	(1)

	
The height of rice was measured using a ruler, and the tiller number per plot was calculated every 6–10 days in 2012 and 2013. The high tiller rate was also measured.




	(2)

	
We used SUNSCAN (Delta-T Devices) to measure the PAR and LAI at 11:30~12:30 as the weather was clear and cloudless. The PAR interception rate was calculated based on the following equation:


FIPARh = 1 − PARh/PART



(1)




where FIPARh is the PAR interception rate of the canopy height (h); PARh is the PAR of the canopy height (μmol/(m2∙s)); and PART is the PAR of the top (μmol/(m2∙s)).




	(3)

	
Leaf angle. We dug a soil block (5 cm × 5 cm × 5 cm) around the root of each plant at about 6:00, and then placed in an indoor water storage barrel for 1 h to maintain the natural state of the rice plant. Each tiller was photographed in a natural state. We adjusted the leaves to both sides of the background plate according to the direction of the leaves of each stem, and occasionally, when the non-half leaf sequence occurred, the rotation of the plant was adjusted to the appropriate position and a picture was added. After photographing, the leaf tilt angle was measured by Image-Pro Plus 5 software (Media Cybernetics, Inc., Rockville, MD, USA). For a straight blade, the angle between the base and the stem was measured, and the angle of the leaf was calculated. For a curved blade, the blade was divided into 2–5 segments according to the blade bending degree, and the average leaf angle was calculated from the leaf area as the weight, allowing the average leaf inclination to be obtained.




	(4)

	
At the end of the growing season in 2013, the grain yield was measured in each plot, the spike length was measured by a ruler, and the effective spikes were calculated. Spikes were collected and first dried at 105 °C for 1 h, and then dried at 80 °C to a constant weight for 48 h to determine the yield component, including spike weight, filled grain, unfilled grain, setting rate, and 1000-grain weight.








2.5. Statistical Analysis


To test the significance levels of differences, the data were analysed using an analysis of variance (ANOVA) with SPSS 19.0 (IBM, Amun, NY, USA). Multiple comparisons were made using Duncan’s new multiple range test (MRT). The correlations between yield components and irrigation volume were analyzed with Pearson’s dual tests. In all cases, differences were treated as significant if p < 0.05.





3. Results


3.1. Plant Height and Tiller


In 2012, the plant heights increased rapidly under all the three treatments (Figure 2a). The growth rate of the plant height slowed down at DAT (days after transplanting) 30, then increased rapidly at DAT 50, and tended to be stable and slightly decreased at DAT 90. After DAT 20, the plant heights of T1 and T2 were higher than that of CK. The plant height of T1 was higher than that of CK and T2 at DAT 90 and DAT 100.



In 2013, the plant heights in all three treatments increased continuously before DAT 73 and then tended to be stable and slightly decreased (Figure 2b). The height growth rate of T2 was higher than CK and T1 after DAT 57, and was significantly higher than CK and T2 at DAT 73 and 94.



The tiller number first increased and then decreased across the whole growth period in 2012 in all three treatments (Table 4), and in the later period, it became stable. The number of tillers reached the maximum at DAT 45, and the tiller number of T1 was 0.75 and 0.5 higher than those of CK and T2, respectively. The difference in the number of tillers of the three treatments in the rest period was not significant, but the number of tillers in T1 was slightly greater.



In 2013, the tiller number first increased and then decreased in all three treatments, and then increased notably, and finally decreased (Table 5). The number of tillers reached the maximum at DAT 38, the tiller number of T1 was 1 and 2 higher than those of CK and T2, respectively. The numbers of tillers in CK and T1 at DAT 119 were 1.33 and 1.66 higher than in T2, respectively, and the difference was not significant.



In the condition of CK, there was no significant difference in tiller number between 2012 and 2013 (Table 6), T1 and T2 were the same as CK. The tiller number of T2 in 2013 was the least.




3.2. Leaf Angle


In 2012, at DAT 43, both the second and third leaf angles of T1 and T2 were lower than those of CK, while the second leaf angle of the T2 treatment was 4.33° higher than that of CK at DAT 53 (Figure 3a). The first leaf angle of T1 was 11.43% higher than that of CK at DAT 63 (p < 0.05), and the second and third leaf angles were higher than those of CK and T2. At DAT 73, the first leaf angles of T1 and T2 decreased by 7.44% and 8.84% compared to CK, and the third leaf angle of T1 was significantly reduced by 12.3° and 10° compared with CK and T2. At DAT 83, the second and third leaf angles of T1 were higher than those of CK and T1. At DAT 93, the first leaf angles of T1 and T2 were lower than those of CK, and the second leaf angle of T2 was increased by 4° and 3° compared to CK and T2, respectively. At DAT 110, the three leaf angles of T were higher than those of CK and T2.



In 2013, at DAT 78, the third leaf angles of T1 and T2 were significantly higher than that of CK (Figure 3b). At DAT 93, the second leaf angle of T1 significantly decreased by 7.60% compared with CK, and the third leaf angle of T1 was also lower than those of CK and T2.




3.3. Canopy Interception


In 2012, at DAT 52 (Table 7), the interception rate of T1 was the highest (0.39). At DAT 106, the interception rates of T1 at 0 and 40 cm were higher than those of CK and T2, but the interception rate of T1 at 60 cm was 44.44% lower than that of T2 (p < 0.05), which was 37.5% lower than that of CK (p > 0.05).



In 2013, at DAT 64 (Table 8), the interception rates of T1 at 0, 5, 20, and 40 cm were significantly higher than those of CK and T2, and the interception rate of T1 at 20 cm was two times those of CK and T2. The difference between CK and T2 was not significant. At DAT 79, the interception rates of T1 at 0, 5, 20, 40, and 60 cm were higher than those of CK and T2, and the interception rates of T1 at 0, 5, and 40 significantly increased by 13.89%, 18.84%, and 38.30%, respectively, compared to those of T2. The interception rate of T2 was lower than that of CK. At DAT 93, the interception rates of T1 at all heights was higher than those of CK and T2, but the difference was not significant. The interception rates of T1 and T2 at 40 cm increased by 95.65% and 78.26% compared with CK, respectively, but the difference was not significant.



At DAT 52 and 106 in 2012 (Table 9), there was a significant positive correlation between the LAI and the 0 cm interception rate (r = 0.993, p < 0.01; r = 0.997, p < 0.01). At DAT 64 in 2013, the LAI was significantly positively correlated with the interception rates at 0 cm, 5 cm, and 20 cm (r = 0.992, 0.850, 0.826, p < 0.01). At DAT 79 in 2013, the interception rates at 0, 5, 20, and 40 cm had a significant positive correlations with the LAI (r = 0.0915, p < 0.01; r = 0.979, p < 0.01; r = 0.760, p < 0.05; r = 0.828, p < 0.01). At DAT 93 in 2013, there was a significant positive correlation between the interception rates at 0 cm, 5 cm, and 20 cm and the LAI.




3.4. Yield Characters


In 2012, the actual yield of T1 was 0.37 and 0.48 t/hm2 higher than of the yields of CK and T1, respectively, and the difference between the T1 and T2 yields was significant (Table 10). The theory yield of T1 was 0.23 and 0.0.30 t/hm2 higher than those of CK and T1, and the theory yield of T1 was significantly different from T2. Compared with CK, the ear lengths of T1 and T2 significantly increased by 6.46% and 9.78%, respectively, and the difference between T1 and T2 was also significant.



In 2013, compared with CK, the actual yields of T1 and T2 increased by 41.16% and 19.94% respectively. The theory yield of T1 significantly increased by 0.98 t/hm2, the theory yield of T2 was increased by 0.77 t/hm2, and the ear lengths of T1 and T2 increased by 8.01% and 7.60%, respectively.



In 2013, the tiller number, stem mass, leaf dry quality, spike quality, seed setting rate, and 1000 grain quality were higher for T1 and T2 than CK (Table 11). Compared with CK, the tiller numbers of T1 and T2 increased by 18.98% and 4.90%, but the difference was not significant. The spike quality of T1 and T2 increased by 27.58% and 21.61%, and the filled grain number of T1 increased by 14.67 (p > 0.05) and 23.26 (p < 0.05), while the amount of shriveled grain reduced by 5.45 (p > 0.05) and 6.2 (p > 0.05), respectively, compared with CK and T2.



Compared with CK, the number of high tillers in T1 and T2 increased by 11.36% and 7.87% (Table 12), and the spike quality of the high tillers of T1 decreased by 3.68 g (p > 0.05), while the spike quality of the high tillers in the T2 treatment increased by 3.95 g (p > 0.05). The stem mass of T1 decreased by 6.92%, and the stem lengths of T1 and T2 were lower than that of CK. After removing the high tillers, the stem masses of T1 and T2 increased by 90.65 g (p < 0.05) and 21.19 g (p > 0.05) compared with CK, the leaf dry masses increased by 24.39 g (p < 0.05) and 17.9 g (p > 0.05), and the spike quality increased by 101.79 g (p < 0.05) and 72.92 g (p > 0.05), respectively. The proportion of the spike quality of high tillers to the total spike quality was lower in T1 than in CK and T2.



The number of high tillers was not significantly correlated with the total tiller number (r = 0.614, p > 0.05) (Table 13), which was significantly positively correlated with the quality of the total stem (r = 0.698, p < 0.05). The spike quality of the high tillers was significantly positively correlated with the stem mass, dry mass, number, and stem length of the high tillers (p < 0.01); the total tiller number had a significant positive correlation with the total stem quality, leaf stem quality, and spikelet quality (r = 0.908, 0.849, 0.821, p < 0.01). The total stem and leaf dry quality had a significant positive correlation with the ear quality (r = 0.734, p < 0.05; r = 0.864, p < 0.01), and the correlations between the irrigation amount and the stem, leaf, and ear dry qualities were not significant. The dry weights of stems and leaves is the main influencing factor of panicle quality, and the number of high tillers has a great influence on the total dry weight of leaves.





4. Discussion


The height of a rice plant is directly related to the depth of water and generally increases with an increasing water depth [50]. Tillering is an important agronomic trait affecting crop biomass and grain yield [51], and the effective tillering rate of wet irrigation is the highest, followed by controlled irrigation and intermittent irrigation, with the lowest rate in flooding irrigation [52]. In our results, the height of T1 plants (lower water level after rain) was higher than that of T2 plants (high water level after rain), which may be because the rice was not always submerged in water, and the soil moisture was dry and wet alternately. The tiller number of T1 was higher than those of CK and T2, which helped to increased yield.



In rice plants, the flag leaf is metabolically most active during grain formation [53] and provides maximum carbon assimilates to the growing panicle [54]. The interception rate and LAI of the rice canopy and bending degree of the leaf can be obtained accurately using sensors [55,56], which is conducive to rapid and accurate data acquisition. Leaf traits are closely related to the LAI and canopy interception. The shapes of leaves are mainly controlled by genes [57,58,59]; however, changes in water and fertilizer can also affect the tiller number and leaf inclination. Nitrogen tends to make rice leaves droopier, and silica keeps them more erect. An increased nitrogen supply markedly increases the leaf length, width, and area [60]. Our results showed that, in 2012, after DAT 63, the second leaf angle was higher in T1 than in CK and T2. After DAT 83, the angles of the three leaves were higher, and thus more erect which promotes an increased yield in T1 than in T2. In 2013, at DAT 78, the angles of the three leaves of T1 and T2 were higher than those of CK, but at DAT 93, the angles of the three leaves of T1 were lower than those of T2. The light interception rate of T1 at 0 cm was higher than those of T2 and CK, which may be due to the higher dry mass of the total leaves in the upper part of T1, resulting in a larger total leaf area and higher leaf area index. In 2013, the light interception rate at each layer in T1 was higher than in CK and T2, which means that the proper reduction of the storage depth after rain is conducive to improving the utilization of light energy. The light interception rate at 60 cm was relatively low, indicating that the leaves above 60 cm were relatively upright which is conducive to the utilization of light energy of the lower leaves. The dry mass of the stems and leaves was higher in T1 than in CK and T2, which was the main reason for the higher final yield of T1.



The relationships between the LAI and dry matter, grain yield, and grain number were quadratic, and the LAI versus panicle number and grain number versus grain yield relationships were linear [61]. The productivity of water could be improved by making full use of rainfall at appropriate times of the year [62]. Waterlogging and drought could significantly reduce the number of tillers [63]. Waterlogging at the tillering stage can increase the occurrence rate of high tillering in rice. Under flooding conditions, applying multiple fertilizers can reduce the incidence of high tillering at the booting stage [64,65]. Studies on tillering traits and the yield of different nodes in rice have also been reported [66,67,68]. Our results showed that the number of grains per panicle was lower in T1 than in CK and T2, but T1 had less shriveled grains, a higher quality of 1000 grains, and more effective tillering, and the final total ear quality was higher than in CK and T2.



The theoretical and actual yields of T1 in 2012 and 2013 were higher than those of CK and T2, while the theoretical and actual yields of the T2 treatment in 2012 were lower than those of CK, but the difference was not significant despite being higher than CK in 2013. This indicates that lowering the storage depth properly is conducive to improving the rice yield. Although increasing the depth of water storage is more conducive to reducing nitrogen and phosphorus loss and reducing non-point source pollution in paddy fields [48,49], increasing storage depth is liable to cause waterlogging damage to rice, which is not conducive to its growth and development [69].




5. Conclusions


Light drought and low storage (T1) can promote an increase in plant height in the late growth stage, and more effective tillering promotes an increased yield. Throughout the growth period, the leaf inclination angle was shown to change more obviously in T1 compared to the other two conditions, and there was no obvious pattern. The LAI was shown to be closely related to a 0–40 cm canopy, especially below 20 cm. Rain-catching and controlled irrigation can increase the dry weight of the rice stem and leaf and the total dry weight of the aerial part, and its effect at low water storage depths is better. Also, rain-catching and controlled irrigation can increase high tiller number, but the high tiller had no significant effect on the total spike quality. The results of this study were based on plot experiments and need to be verified in field experiments. It is also necessary to strengthen the research of the dynamics of dry matter accumulation in various organs of rice as well as the leaf photosynthesis and physiological indexes after rain storage.
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Figure 1. The arrangement of all treatments. 
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Figure 2. Changes in the plant height of rice under rain catching and controlled irrigationin 2012 (a) and 2013 (b); DAT: days after transplanting. 
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Figure 3. Leaf angles of different leaves of rice under rain-catching and controlled irrigationin 2012 (a) and 2013 (b). 
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Table 1. Physical and chemical properties of the soil.






Table 1. Physical and chemical properties of the soil.





	Soil Depth/cm
	Soil Texture
	Organic Matter/(mg∙kg−1)
	pH
	Total Phosphorus/(mg∙kg−1)
	Available P/(mg∙kg−1)
	Total N/%
	Available Nitrogen/(mg∙kg−1)





	0~20
	Clay
	8.06
	8.06
	330.9
	10.13
	0.1
	65
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Table 2. Nanjing monthly average climate in 2012 and 2013.






Table 2. Nanjing monthly average climate in 2012 and 2013.





	
Meteorological Index

	
2012

	
2013




	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct






	
Rain (mm)

	
73

	
102

	
193

	
186

	
129

	
72

	
65

	
24.2

	
101.2

	
154.6

	
245.2

	
63.4

	
63.2

	
27.4




	
Temperature (°C)

	
15.5

	
21

	
25

	
28.5

	
28

	
23

	
17.5

	
13.4

	
18.6

	
21.9

	
26.9

	
29.1

	
24.8

	
20.7




	
Humidity (%)

	
73

	
74

	
78

	
81

	
81

	
79

	
77

	
62.6

	
78.7

	
82.6

	
72.2

	
72.8

	
79.6

	
76.7








Note: The meteorological data came from the HOBO U30-NRC automatic weather station (Onset, USA).













[image: Table] 





Table 3. Experimental design of controllable irrigation.
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	Treatment
	Seedling
	Early Tillering
	Later Tillering
	Elongation
	Heading
	Milky
	Ripening





	CK
	10~30~70
	0~30~70
	0~30~90
	0~30~120
	0~30~100
	0~30~60
	70~80%



	T1
	10~30~70
	80%~100%~80
	70%~100%~100
	70%~100%~150
	80%~100%~150
	80%~100%~80
	70~80%



	T2
	10~30~70
	80%~100%~100
	70%~100%~120
	70%~100%~200
	80%~100%~200
	80%~100%~80
	70~80%







Note: The three given data points (mm), for example 10~30~70, refer to the lower limit of irrigation, the upper limit of irrigation, and the maximum water-catching depth after rain. 80%~100%~80 means that the soil moisture is maintained at 80%~100% of saturated water content of 0~30 cm soil layer as there is no rain, and the water depth is maintained at 80 mm after rain.
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Table 4. Number of tillers per plot in 2012.






Table 4. Number of tillers per plot in 2012.





	
Treatment

	
Days after Transplanting




	
10

	
17

	
24

	
31

	
38

	
45

	
52

	
59

	
66

	
73

	
80






	
CK

	
2.25 a

	
4.25 a

	
6.50 a

	
7.50 a

	
9.00 a

	
9.50 b

	
9.50 a

	
8.75 a

	
8.25 a

	
8.25 a

	
8.00 a




	
T1

	
2.50 a

	
4.50 a

	
6.75 a

	
8.00 a

	
9.25 a

	
10.25 a

	
9.75 a

	
8.75 a

	
8.50 a

	
8.25 a

	
8.25 a




	
T2

	
2.75 a

	
4.00 a

	
6.25 a

	
7.75 a

	
8.75 a

	
9.75 b

	
9.50 a

	
8.75 a

	
8.00 a

	
7.75 a

	
8.00 a








Note: In the column, averages followed by common letter(s) are not significantly different at a level of p < 0.05. The same applies for the table below.
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Table 5. Number of tillers per plot in 2013.
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Treatment

	
Days after Transplanting




	
25

	
31

	
38

	
49

	
57

	
73

	
94

	
119






	
CK

	
7.33 a

	
7.33 a

	
8.33 ab

	
8.00 a

	
7.67 a

	
7.00 ab

	
8.00 a

	
8.00 a




	
T1

	
7.67 a

	
8.00 a

	
9.33 a

	
8.33 a

	
8.00 a

	
8.33 a

	
8.33 a

	
8.33 a




	
T2

	
5.33 a

	
6.67 a

	
7.33 b

	
7.00 a

	
6.33 a

	
6.67 b

	
6.67 a

	
6.67 a
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Table 6. Number of tillers per plot on 31, 38 and 73 in 2012 and 2013.
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Year

	
Treatment

	
Days after Transplanting




	
31

	
38

	
73






	
2012

	
CK

	
7.50 a

	
9.00 a

	
8.25 a




	
T1

	
8.00 a

	
9.25 a

	
8.25 a




	
T2

	
7.75 a

	
8.75 ab

	
7.75 ab




	
2013

	
CK

	
7.33 a

	
8.33 ab

	
7.00 ab




	
T1

	
8.00 a

	
9.33 a

	
8.33 a




	
T2

	
6.67 a

	
7.33 b

	
6.67 b
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Table 7. Leaf area index (LAI) and photosynthetically active radiation (PAR) in 2012.






Table 7. Leaf area index (LAI) and photosynthetically active radiation (PAR) in 2012.





	
DAT

	
Treatment

	
t

	
LAI

	
Canopy Interception




	
0

	
20

	
40

	
60

	
80






	
52

	
CK

	
0.71 ± 0.07 a

	
0.99 ± 0.36 a

	
0.29 ± 0.07 a

	

	

	

	




	
T1

	
0.60 ± 0.12 a

	
1.48 ± 0.45 a

	
0.39 ± 0.12 a

	

	

	

	




	
T2

	
0.73 ± 0.19 a

	
0.95 ± 0.77 a

	
0.28 ± 0.19 a

	

	

	

	




	
106

	
CK

	
0.34 ± 0.11 a

	
2.67 ± 0.92 a

	
0.66 ± 0.12 a

	
0.52 ± 0.09 a

	
0.35 ± 0.09 a

	
0.16 ± 0.05 ab

	
0.03 ± 0.02 a




	
T1

	
0.29 ± 0.07 a

	
2.93 ± 0.70 a

	
0.71 ± 0.07 a

	
0.51 ± 0.03 a

	
0.38 ± 0.05 a

	
0.10 ± 0.03 b

	
0.04 ± 0.04 a




	
T2

	
0.43 ± 0.10 a

	
2.00 ± 0.56 a

	
0.57 ± 0.11 a

	
0.51 ± 0.11 a

	
0.35 ± 0.16 a

	
0.18 ± 0.01 a

	
0.04 ± 0.02 a








Note: In the column, averages followed by common letter(s) are not significantly different at a level of p < 0.05. T1: light drought and low storage, T2: drought and high storage, CK: conventional irrigation. The same applies for the table below.
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Table 8. LAI and PAR in 2013.
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DAT

	
Treatment

	
t

	
LAI

	
Canopy Interception at Different Height (cm)




	
0

	
5

	
20

	
40

	
60






	
64

	
CK

	
0.39 ± 0.09 a

	
2.15 ± 0.49 b

	
0.61 ± 0.08 b

	
0.52 ± 0.03 b

	
0.29 ± 0.08 b

	
0.05 ± 0.02 b

	




	
T1

	
0.24 ± 0.05 b

	
3.38 ± 0.38 a

	
0.76 ± 0.05 a

	
0.73 ± 0.05 a

	
0.60 ± 0.05 a

	
0.13 ± 0.08 a

	




	
T2

	
0.40 ± 0.04 a

	
2.11 ± 0.23 b

	
0.60 ± 0.04 b

	
0.54 ± 0.03 b

	
0.30 ± 0.05 b

	
0.07 ± 0.04 b

	




	
79

	
CK

	
0.20 ± 0.05 b

	
3.30 ± 0.58 ab

	
0.80 ± 0.03 a

	
0.76 ± 0.05 ab

	
0.64 ± 0.07 a

	
0.50 ± 0.10 ab

	
0.14 ± 0.04 a




	
T1

	
0.18 ± 0.03 b

	
3.90 ± 0.17 a

	
0.82 ± 0.03 a

	
0.82 ± 0.03 a

	
0.76 ± 0.05 a

	
0.65 ± 0.07 a

	
0.17 ± 0.11 a




	
T2

	
0.28 ± 0.02 a

	
2.69 ± 0.27 b

	
0.72 ± 0.02 b

	
0.69 ± 0.03 b

	
0.63 ± 0.07 a

	
0.47 ± 0.09 b

	
0.13 ± 0.03 a




	
93

	
CK

	
0.23 ± 0.09 a

	
2.83 ± 0.52 a

	
0.77 ± 0.06 a

	
0.74 ± 0.09 a

	
0.67 ± 0.09 a

	
0.23 ± 0.18 a

	
0.10 ± 0.07 a




	
T1

	
0.22 ± 0.04 a

	
3.18 ± 0.33 a

	
0.78 ± 0.04 a

	
0.78 ± 0.04 a

	
0.69 ± 0.08 a

	
0.45 ± 0.17 a

	
0.17 ± 0.09 a




	
T2

	
0.25 ± 0.09 a

	
2.95 ± 0.75 a

	
0.75 ± 0.09 a

	
0.74 ± 0.09 a

	
0.61 ± 0.15 a

	
0.41 ± 0.15 a

	
0.10 ± 0.06 a
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Table 9. The relationship between the LAI and canopy interception.
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Year

	
DAT

	

	
Interception Rate at Different Height (cm)




	
0

	
5

	
20

	
40

	
60

	
80






	
2012

	
52

	
LAI

	
0.993 **

	

	

	

	

	




	
106

	
0.977 **

	

	
0.582

	
0.509

	
0.004

	
0.019




	
2013

	
64

	
0.992 **

	
0.850 **

	
0.826 **

	
0.412

	

	




	
79

	
0.915 **

	
0.979 **

	
0.760 *

	
0.828 **

	
0.593

	




	
93

	
0.954 **

	
0.973 **

	
0.886 **

	
0.538

	
0.454

	








Note: * and ** mean that the correlation is significant at the 0.05 and 0.01 levels (2-tailed), respectively.
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Table 10. Crop yield under the controllable irrigation regime.
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Year

	
Treatments

	
Actual Yield (t/hm2)

	
Theoretical Yield (t/hm2)

	
Ear Length (cm)






	
2012

	
CK

	
4.79 ab

	
5.12 ab

	
17.80 c




	
T1

	
5.16 a

	
5.35 a

	
18.95 b




	
T2

	
4.68 b

	
5.05 b

	
19.54 a




	
2013

	
CK

	
3.11 c

	
3.56 b

	
17.23 b




	
T1

	
4.39 a

	
4.54 a

	
18.61 a




	
T2

	
3.73 b

	
4.33 ab

	
18.54 a








Note: In the column, averages followed by common letter(s) are not significantly different at a level of p < 0.05. The same applies for the table below.
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Table 11. Crop yield characteristics for 1 m2 in 2013.






Table 11. Crop yield characteristics for 1 m2 in 2013.





	Treatment
	Tiller Number
	Stem Mass/g
	Leaf Dry Quality/g
	Spike Quality/g
	Filled Grain per Spike
	Shriveled Grain per Spike
	Seed Setting Rate
	1000 Grain Quality/g





	CK
	120.75 ± 11.62 a
	285.00 ± 42.00 a
	52.28 ± 5.62 a
	355.75 ± 23.62 b
	122.33 ± 24.14 ab
	28.71 ± 18.77 a
	0.82 ± 0.11 a
	26.51 ± 2.15 a



	T1
	143.67 ± 19.76 a
	373.25 ± 57.28 a
	76.70 ± 21.46 a
	453.87 ± 73.71 a
	107.70 ± 25.89 b
	23.26 ± 18.37 a
	0.83 ± 0.12 a
	27.44 ± 3.45 a



	T2
	126.67 ± 2.31 a
	306.18 ± 43.37 a
	70.60 ± 14.01 a
	432.63 ± 42.99 ab
	130.96 ± 29.61 a
	29.46 ± 23.58 a
	0.83 ± 0.12 a
	26.66 ± 0.79 a
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Table 12. Crop yield characteristics with high tillers and without high tillers for 1 m2 in 2013.
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Treatment

	
High Tiller

	
Without High Tiller




	
High Tiller Number

	
Stem Mass

	
Stem Length

	
Leaf Quality

	
Spike Quality

	
Stem Mass

	
Leaf Quality

	
Spike Quality






	
CK

	
66.75 ± 15.95 a

	
34.66 ± 10.35 a

	
35.55 ± 2.49 a

	
8.92 ± 2.65 a

	
32.98 ± 10.74 a

(9.27%)

	
250.34 ± 45.65 b

	
43.36 ± 5.51 b

	
322.78 ± 22.97 b

(90.73%)




	
T1

	
74.33 ± 31.88 a

	
32.26 ± 15.89 a

	
33.17 ± 4.80 a

	
8.94 ± 4.42 a

	
29.30 ± 16.08 a

(6.46%)

	
340.99 ± 41.45 a

	
67.75 ± 17.30 a

	
424.57 ± 60.97 a

(93.54%)




	
T2

	
72.00 ± 15.87 a

	
34.65 ± 8.67 a

	
34.17 ± 1.26 a

	
9.34 ± 0.99 a

	
36.93 ± 5.21 a

(8.54%)

	
271.53 ± 41.70 ab

	
61.26 ± 13.39 ab

	
395.70 ± 47.78 ab

(91.46%)








Note: In rank of Spike Quality, (9.27%) means the percentage of the quality to the total spike quality is 9.7%.
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Table 13. The relationship between yield character and irrigation amount in 2013.






Table 13. The relationship between yield character and irrigation amount in 2013.





	
Index

	
Total Tiller Number

	
High Tiller

	
Total Stem Mass

	
Total Leaf Quality

	
Total Spike Quality

	
Irrigation Amount




	
Tiller Number

	
Stem Mass

	
Stem Length

	
Leaf Quality

	
Spike Quality






	
Total tiller number

	
1

	
0.614

	
0.373

	
0.227

	
0.415

	
0.248

	
0.908 **

	
0.849 **

	
0.821 **

	
0.466




	
High tiller

	
Tiller number

	

	
1

	
0.951 **

	
0.692 *

	
0.931 **

	
0.884 **

	
0.502

	
0.698 *

	
0.454

	
0.054




	
Stem mass

	

	

	
1

	
0.808 **

	
0.953 **

	
0.956 **

	
0.243

	
0.469

	
0.226

	
−0.095




	
Stem length

	

	

	

	
1

	
0.828 **

	
0.825 **

	
0.073

	
0.170

	
0.142

	
−0.149




	
Leaf quality

	

	

	

	

	

	
0.964 **

	
0.295

	
0.548

	
0.391

	
−0.059




	
Spike quality

	

	

	

	

	

	
1

	
0.116

	
0.433

	
0.264

	
−0.294




	
Total stem mass

	

	

	

	

	

	

	
1

	
0.855 **

	
0.734 *

	
0.493




	
Total leaf quality

	

	

	

	

	

	

	

	
1

	
0.864 **

	
0.167




	
Total leaf quality

	

	

	

	

	

	

	

	

	
1

	
0.160




	
Irrigation amount

	

	

	

	

	

	

	

	

	

	
1








Note: * and ** mean that the correlation is significant at the 0.05 and 0.01 levels (2-tailed), respectively.
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