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Abstract

:

Humic acid fertilizer (HA) incorporation is a common method for improving crop growth and soil fertility. However, the effects of HA incorporation on rice growth are still unknown. We conducted a two-year field experiment to determine the radiation use, growth, and yield of rice grown with five different HA rates: 110 kg∙ha−1 100% urea (pure nitrogen) (T1); 30% HA and 70% urea (T2); 50% HA and 50% urea (T3); 70% HA and 30% urea (T4), and 1500 kg∙ha−1 100% HA (T5). The results showed that the T2 treatment had the lowest values of photosynthetic efficiency of PSII (Fv/Fm), relative leaf chlorophyll content (SPAD), plant height and leaf area index (LAI) in both years, which were similar to the photosynthetically active radiation (IPAR), radiation use efficiency (RUE), yield, and biomass. In contrast, the highest harvest index (HI) value was found in the T2 treatment. In the two years, the T4 and T5 treatments showed no significant differences. However, the multivariate statistical method based on principal component analysis showed that in the first principal component, the LAI, biomass, yield, plant height, SPAD, Fv/Fm, IPAR, and RUE had a positive correlation, and the HI had a negative correlation. The LAI, yield, plant height, SPAD, HI, and RUE had a positive correlation, but biomass, Fv/Fm and IPAR had a negative correlation in the second principal component. Across the different HA treatments, the comprehensive scores were T5 > T4 > T3 > T1 > T2, with values of 2.13, 1.38, −0.17, −0.34, and −3.00, respectively. According to the principal component analysis results of each index, the T5 treatment was better than the T4 treatment.
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1. Introduction


The black soil region of the Songnen Plain is the main grain production area in China, and its grain production is related to national security and economic development, thus it is an area of major national concern [1]. Protecting black soil, improving its grain production capacity, and implementing grain storage and technology measures to better provide a “ballast” role for ensuring national food security are critical to improving green agricultural development and strengthening agriculture in China [2]. The “14th Five-Year Plan” and “the long-term goal of 2035” clearly state that black soil, which is called the “giant panda in cultivated land”, is an extremely precious agricultural resource that should be effectively protected to promote agricultural modernization in China [3].



In recent years, application of organic fertilizer in China has been insufficient and the amount of nitrogen fertilizer application has increased significantly [4]. By increasing the application amounts of nitrogen in pursuit of high crop yields, pollution problems have been introduced to farmlands. Therefore, identifying the scientifically optimal amount of nitrogen fertilizer needed is critical to the sustainable development of agriculture in the future. Adjusting and solving the disparity between the demand for crop fertilizers and the supply of soil fertilizer to realize a balanced nutrient supply can reduce chemical fertilizer use and improve its efficiency while meeting crop growth needs, achieving win-win results for both crop yield and environmentally sustainable development. Improving and maintaining soil fertility and productivity has always been the focus of soil amelioration. In recent years, due to the substantial application of chemical fertilizers, the fertilizer supply capacity and productivity of black soils have decreased significantly. The substitution of organic fertilizers for chemical nitrogen fertilizers is a measure to reduce the application of chemical fertilizers that can not only improve the soil fertility but also promote crop growth [5]. Previous studies have shown that a reasonable application of organic fertilizer can enhance crop quality [6,7], improve crop photosynthesis, and water and fertilizer utilization efficiency [8,9], increase crop plant height and stem diameter [10], reduce nitrogen leaching in soil [11], affect crop root zone microbial community [12], and decrease greenhouse gas emissions of farmlands [13,14]. Application of organic fertilizers to the soil helps improve the soil quality and maintain crop production. In addition, small molecular organic matter has a positive impact on the soil nutrient cycle, and crop growth and development [15]. Therefore, the development of environmentally friendly fertilizers and reasonable fertilization measures are an important way to ensure crop growth, restore soil fertility, and maintain the sustainable development of agriculture [16]. Consequently, it is necessary to reduce the input of nitrogen fertilizers in farmlands, reduce the amount of chemical fertilizers and apply organic fertilizer in a scientifically sound manner to improve the fertility of black soil, increase the quality of agricultural products, and reduce non-point source pollution [17]. However, the rice planting area in the black soil region of the Songnen Plain is large, and the amount of organic fertilizer applied is still insufficient. Therefore, studying the impact of organic fertilizer application on rice is critical for scientifically formulating a management model for increasing the rice yield (stabilizing yield), reducing chemical fertilizers, and improving fertilizer efficiency in black soil regions. In addition, understanding the effects of organic fertilizer on crop growth is also important for agricultural green development.



At present, many studies on the effects of organic fertilizers on crop growth have been carried out worldwide. However, due to the influences of climate conditions, planting structures, and environmental effects of water and soil resources, there are many uncertainties related to the crop growth and organic fertilizer application in the black soil region of China. Therefore, according to the government work report, the primary agricultural challenge currently is the further improvement of black soil cultivated land quality and the maintenance of crop productivity by increasing organic fertilizer use. To address these issues, we conducted continuous field experiments to determine the effects of HA organic fertilizer application on rice growth in black soil regions to provide technical guidance for the coordinated development of grain production and sustainable agriculture.




2. Materials and Methods


2.1. Experimental Site


The experimental design in this study was performed at the National Key Irrigation Experimental Station located in the town of Heping in Qing’an County, Suihua, Heilongjiang, China (Figure 1). The experimental site is located at 45°63’ N, 125°44’ E at an elevation of 450 m above sea level. This region has a topography of plains and a semiarid cold, temperate, continental monsoon climate; it is a typical cold region with black soil. The average annual temperature in the study region is 2.5 °C, the average annual precipitation is 550 mm, and the average annual surface evaporation is 750 mm. The growth period of crops ranges from 156–171 days, and a frost-free period of approximately 128 days occurs annually [18].




2.2. Experimental Design and Setup


In our research, five fertilization treatments were applied as shown in Table 1. The 100% pure nitrogen was 110 kg∙ha−1, and the 100% humic acid fertilizer (HA) was 1500 kg∙ha−1. In this experiment, the rice cultivar “Suijing No. 18” was selected, and the ratio of fertilizers applied to the soil was in accordance with Zheng et al. [18]. This study was performed with a randomized complete block design with three replications; for the water management according to the local irrigation method, please refer to the reference [4].




2.3. Sampling and Measurements


The photosynthetic efficiency of PSII (Fv/Fm) was determined using five random selections during the period stages on days with sunshine and no wind by a Li-6400XT portable measurement system (LI-COR, Inc., Lincoln, NE, USA). The detection light intensity was 1500 μmol m−2 s−1, and the saturated pulsed light intensity was 7200 μmolm−2 s−1. The functional leaves were dark-adapted for 30 min, and then the Fv/Fm was measured [19].



The relative leaf chlorophyll content (SPAD) was determined for fully expanded leaves in each plot at the period stages using a leaf chlorophyll meter (Minolta SPAD 502, Minolta Camera Co., Osaka, Japan) during 9:00–11:30 on sunny days. Five leaves were randomly selected from each treatment and their values were averaged to obtain an average value [20].



At the maturity stage, the plants were cut at ground level, and the fresh weight of 5 randomly selected plants was measured. A sub-sample per plot from each treatment was dried at 80 °C to a constant weight to determine the above-ground dry matter.



Data on plant height were determined by measuring the height of five randomly selected plants from the soil surface to the tip of each plant at physiological maturity in each treatment plot, and then averaging the 5 measurements.



To determine the leaf area index (LAI) in each plot, at the beginning of each stage and every five days thereafter, an LI-3000C portable area meter ( Ecotek Technology Co., Ltd., Beijing, China) was used to measure the green leaf area on 20 randomly selected plants in each plot [20].



Photosynthetically active radiation was measured above and below the crop canopy by using a SunScan Canopy Analysis System (Delta T Devices Ltd., Cambridge, England, UK) in the growing seasons, and three measurements were taken from each plot. The intercepted photosynthetically active radiation (IPAR), radiation use efficiency (RUE), and daily fraction of light interception (Fd) were assessed according to the methods of Xiang et al. [21].



In each plot, rice was harvested over an area of 1 m2 (excluding border rows) to determine the yield per unit area. The average number of panicles, number of grains per panicle, grain-filling rate, and 1000-grain weight were measured after harvesting from a representative square-meter area in each plot [20].



The harvest index (HI) was calculated based on the following method:


HI = Yield/Total biomass












2.4. Principal Component Analysis


Principal component analysis is a multivariate statistical method to investigate the correlation between multiple variables. This method reveals the internal structure of multiple variables through analysis of a few principal components, that is, it derives a few principal components from the original variables that retain as much information as possible. Usually, the mathematical treatment is to linearly combine the original n indices into a new comprehensive index. The computational steps of the principal component analysis are as follows:



Step 1: Assume that there are n evaluation objects, and each evaluation object has m variables to establish a data matrix.


  X =   (  x  i j   )   n m   =  [       x  11      ⋯     x  1 m        ⋮   ⋱   ⋮       x  n 1      ⋯     x  n m        ]   



(1)




where xij is the j-th index in the i-th treatment (i = 1, 2 … n, n = 5 and j = 1, 2 … m, m = 9).



Step 2: Standardize the data, m index variables for principal component analysis: x1, x2 …, xm, n evaluation objects, and the j-th index in the i-th treatment is xij. Convert each index value xij into a standardized index     x ˜   i j    .


    x ˜   i j   =    x  i j   −   x ¯  j     s j     



(2)




where i = 1, 2, …, n; j = 1, 2, …, m


    x ¯  j  =  1 n    ∑   i = 1  n   x  i j    



(3)






   s j  =    1  n − 1     ∑   i = 1  n    (  x  i j   −   x ¯  j  )  2     



(4)




where     x ¯  j    is the mean value of the j-th index and    s j   . is the standard deviation of the j-th index (i = 1, 2, …, n; j = 1, 2, …, m).



Step 3: Calculate the correlation coefficient matrix.





  R =    (   r  i j    )    m × m    



(5)






   r  i j   =     ∑   k = 1  n    x ˜   k i     x ˜   k j     n − 1    



(6)




where rij is the correlation coefficient of the i-th index and j-th index, rii = 1, rij = rji (i, j = 1, 2, …, m).



Step 4: Calculate eigenvalues and eigenvectors.



Calculate the eigenvalue of the correlation coefficient matrix λ1 ≥ λ2 ≥…≥ λm ≥ 0 and eigenvectors u1, u2,…,um. Therein,    u j  =    (   u  1 j   ,  u  2 j   , … ,  u  n j    )   T   , and M new index vectors are composed of eigenvalue vectors as follows:


   {       y 1  =  u  11     x ˜  1  +  u  21     x ˜  2  + ⋯ +  u  n 1     x ˜  n             y 2  =  u  12     x ˜  1  +  u  22     x ˜  2  + ⋯ +  u  n 2     x ˜  n        … …            y m  =  u  1 m     x ˜  1  +  u  2 m     x ˜  2  + ⋯ +  u  n m     x ˜  n         



(7)




where y1 is the first principal component, y2 is the second principal component, …, ym is the m-th principal component.



Step 5: Select P principal components to calculate the comprehensive evaluation value (P ≤ m).



Calculate eigenvalue λj (j = 1, 2..., m), information contribution rate, and cumulative contribution rate.


         b j  =    λ j      ∑   k = 1  m   λ k     (  j = 1 , 2 , … , m  )   



(8)




where bj is the information contribution rate of the main component yj.


   α P  =     ∑   k = 1  P   λ k      ∑   k = 1  m   λ k     



(9)




where    α P    is the cumulative contribution rate of the principal components y1, y2..., yp. When    α P    ≥ 85%, the first P index variables y1, y2..., yp are selected as the P principal components instead of the original m index variables so that the P principal components can be comprehensively analyzed.



Comprehensive scores are calculated as follows:


  Y =   ∑   j = 1  P   b j   y j   



(10)




where bj is the information contribution rate of the j-th principal component and    y j    is the j-th principal component.




2.5. Statistical Analysis


The experimental data obtained for different parameters were statistically analyzed using the analysis of variance technique, as this method is applicable to randomized complete block designs. Duncan’s multiple range test was employed to assess differences among the treatment means at a 5% probability level. All statistical analyses were performed using SPSS 22.0 for Windows [20].





3. Results


3.1. The Fv/Fm and SPAD


The Fv/Fm during different plant growth stages in Y1 (first year) and Y2 (second year) under different treatments are shown in Figure 2a,b. The Fv/Fm showed an increasing trend with increasing HA incorporation. There were no significant differences among the T1, T3, T4, and T5 treatments, however, they were significantly higher than the T2 treatment. The T5 treatment had the highest values of 0.79 in Y1 and 0.76 in Y2, on average. Compared with the T2 treatment, the T1, T3, T4, and T5 treatments increased the Fv/Fm by 4.1%, 6.5%, 8.8%, and 9.6% on average in Y1 and Y2, respectively. The impact of HA incorporation application on the rice SPAD was consistent with that of HA on the Fv/Fm (Figure 2c,d). The T5 treatment had the highest values of 44.85 in Y1 and 47.98 in Y2. Compared with the T2 treatment, the T1, T3, T4, and T5 treatments increased the SPAD by 6.6%, 7.6%, 13.5% and 15.9% on average in Y1 and Y2, respectively, and the increase in SPAD in the T4 and T5 treatments was greater than that in the other treatments. Both Fv/Fm and SPAD in the T4 and T5 treatments had no significant differences in the two years.




3.2. The Plant Height and LAI


Plant height is the main agronomic trait used to describe the vertical growth and developmental abilities of crops. The plant heights during each of the plant growth stages in Y1 and Y2 under different treatments are shown in Figure 3a,b. Under the 30% HA and 70% urea treatment, the plant height reached the minimum value, while the maximum plant height appeared in the T5 treatment in Y1 and Y2. However, there was notably no significant difference in plant height among the T1, T3, T4, and T5 treatments in the same year. The LAI under different fertilization methods are shown in Figure 3c,d. In the two-year experiment, the results showed that the LAI value across all treatments first increased and then decreased, and reached the maximum value at the heading stage. Compared with the T2 treatment, the average LAI values in the T1, T3, T4, and T5 treatments were 8.38%, 7.32%, 16.34%, and 14.52%, higher, respectively, in Y1, and 12.53%, 14.85%, 21.54%, and 29.29%, higher, respectively in Y2. In the two years, the increase in LAI in the T4 and T5 treatments was significantly greater than that in the other treatments.




3.3. The IPAR and RUE


Increased HA improved the RUE (Table 2), and the RUE of the rice distinctly increased after the application of HA. During rice development, the RUE increased rapidly after fertilization and then decreased significantly. Similar to Fd, it peaked during the heading stage. At all stages, the RUE in the T4 and T5 treatments was higher than that in the T1 and T3 treatments, with significant differences in the T2 treatment. The RUE in the T4 and T5 treatments was, on average, 8.2% higher than that in the T2 treatment in Y1 and 9.6% higher in Y2. Increased HA also promoted the RUE, IPAR, and Fd at all stages, but no significant differences were observed in the T4 and T5 treatments. However, both of them were significantly higher than those in the T1, T2, and T3 treatments. The IPAR in the T4 and T5 treatments was on average 19.2% higher in Y1 and 24% higher in Y2, relative to the T1, T2, and T3 treatments. The Fd in the T4 and T5 treatments was on average 19.5% higher in Y1 and 23.6% higher in Y2, relative to the T1, T2, and T3 treatments.




3.4. Yield, Biomass, and HI


HA incorporation significantly improved the yield and biomass of rice (p < 0.05) (Figure 4). The highest dose of HA (1500 kg·ha−1) increased the yield and biomass by 5.6% and 21.3%, respectively, in Y1, and by 7.0% and 23.0%, respectively, in Y2, relative to the other treatments on average. To evaluate the impact of HA application on HI, the plants were harvested at the maturity stage to determine the HI. However, in growth duration, the HI was not significantly different in Y1 and Y2, and except for the T2 treatment, there were also no significant differences between treatments. However, the higher dose of HA induced a lower HI. Therefore, additional future research is required on how to improve the harvest index while increasing yield.




3.5. Comprehensive Evaluation Based on Principal Component Analysis


Principal component analysis requires a strong correlation among the variables. Here, the correlation coefficients of most of the variables were greater than 0.3 (Figure 5). Therefore, principal component analysis could be used. In our study, the KMO (Kaiser–Meyer–Olkin) value was 0.570, and the P value of Bartlett’s sphericity test was 0.000 (less than 0.05), further indicating that the data were suitable for principal component analysis.



Through the analysis of total variance, it was concluded that the eigenvalues of the first principal component and the second principal component were 6.577 and 1.851, respectively, and the eigenvalue of the third principal component was 0.352 (i.e., less than 1). Therefore, the first two principal components were selected, and the total variance interpretation of the two principal components reached 93.645%. Selecting the two principal components could explain 93.645% of the variation of the 9 variables and was suitable for the general comprehensive analysis.



The principal component expressions were as follows:



The principal component expressions were:


      Y 1  = 0.380  Z  L A I   + 0.374  Z  b i o m a s s   + 0.364  Z  Y i e l d   + 0.340  Z  p l a n t   h e i g h t   + 0.338  Z  S P A D         + 0.326  Z  F v / F m   + 0.317  Z  I P A R   − 0.304  Z  H I   + 0.231  Z  R U E       










      Y 2  = 0.065  Z  L A I   − 0.191  Z  b i o m a s s   + 0.095  Z  Y i e l d   + 0.315  Z  p l a n t   h e i g h t   + 0.345  Z  S P A D         − 0.367  Z  F v / F m   − 0.417  Z  I P A R   + 0.304  Z  H I   + 0.575  Z  R U E       











Comprehensive score:


  Y = 73.074 ∗  Y 1  + 20.571 ∗  Y 2   








where Y1 is the first principal component score, Y2 is the second principal component score, and Y is the comprehensive score.



In the first principal component, the LAI, biomass, yield, plant height, SPAD, Fv/Fm, IPAR, and RUE had a positive correlation, and the HI had a negative correlation. The LAI, yield, plant height, SPAD, HI, and RUE had a positive correlation, but the biomass, Fv/Fm, and IPAR had a negative correlation in the second principal component. Considering the different humic acid fertilizer treatments, the comprehensive scores were T5 > T4 > T3 > T1 > T2, with values of 2.13, 1.38, −0.17, −0.34, and −3.00, respectively (Figure 6). According to the principal component analysis results of each index, the T5 treatment was the best HA treatment.





4. Discussions


An increase in Fv/Fm is helpful for photosynthetic pigment molecules to convert captured light energy into chemical energy with a faster efficiency [22], provide energy for crop carbon assimilation, improve the photosynthetic rate, and promote dry matter accumulation. In our study, the Fv/Fm increased with increasing HA. However, the Fv/Fm in the T2 treatment was lower than that in the T1 treatment, on which urea was applied, indicating that the light reaction process of photosynthesis was inhibited to a certain extent when a lower HA was applied. The results were consistent with Yang et al. [23], which showed that organic fertilizer could reduce the degree of photo-inhibition and the proportion of non-photochemical dissipation, and improve the utilization rate of light energy. SPAD is an important pigment in plant photosynthesis [24], and its content can indicate the accumulation of plant photosynthetic products and is positively correlated with the photosynthetic capacity of plants. Our study showed that different HA treatments had a significant impact on the SPAD, which first increased and then decreased as the growth period progressed, while the SPAD of the T4 and T5 treatments in the entire growth period was higher than that of the other treatments, indicating that the application of HA can promote rice photosynthesis, promote plant growth, obtain a higher photosynthetic efficiency, and produce and accumulate more organic matter. These results were also in accordance with Cao et al. [25] and Zhang et al. [26].



Rational fertilization is an effective means of improving crop yield. This experimental study showed that the application of HA could affect the growth and radiation utilization of rice, as similarly reported by Kalteh et al. [27]. Based on this analysis of two years of experimental data, compared with the T4 and T5 treatments, the other HA and urea treatments had no obvious impact on the growth of rice. In the two growth seasons, the plant height growth rate in the T4 and T5 treatments was significantly higher than that in the other treatments. Khattak and Dost [28] also reported an increase in plant height with HA, which suggested that the application of HA with different fertilizers may have beneficial effects on plant growth and nutrient uptake. This could be associated with the capability of HA to improve the biochemical environment of the soil by promoting soil enzymatic activity, microbial activity and populations, cation exchange capacity, and water retention of the soil that ultimately enhance plant growth and nutrient uptake. These results were also in accordance with Tahir et al. [29], who reported that the application of HA significantly improved plant height. LAI is an important agronomic parameter that reflects crop growth and predicts crop yield; almost all biomass is formed through its photosynthesis, and it is also one of the most important indices for evaluating the photosynthetic performance of plant populations. The results showed that the LAI increased gradually with increasing HA and increased significantly at the heading stage, which was also in accordance with Ye et al. [30]. An appropriate leaf area index is the basis of a high yield of rice. Appropriate increases in leaf area can promote the formation of effective panicles, grains per panicle and full grains per panicle, and improve the seed setting rate, which provides scientific support for increasing the application of HA to improve the radiation interception rate of rice and ultimately, increase the yield [31].



To a certain extent, the characteristics of light distribution within a population affect crop photosynthesis and crop yield. In our study, the light interception rate of the crops first increased and then decreased, and had a good correlation with the green leaf area, showing an increasing trend with the increase in HA, which was similar to the results of Liu et al. [32]. The light energy utilization rate was closely related to crop light interception and bio-accumulation. To improve the crop light energy utilization rate, one method is to improve the light energy conversion efficiency, and the other is to increase light interception. It was found that with the increase in HA, the RUE gradually increased, and was significantly higher than that of the other treatments under the T4 and T5 treatments, but there was no significant difference between them. The possible reason was that after the light interception reached a certain limit, continuing to improve the light interception rate led to a rapid decline in light conversion efficiency. Therefore, high light interception may inhibit crop growth and development, as suggested by Chen et al. [33]. Comparing the RUE of crops in different periods, the RUE was low in the early and late growth stages of the rice. Meng et al. [34] and Liu et al. [35] also obtained the same results. The possible reason was that the leaves in the early stage are small and no new leaves are produced in the late growth stage of crops, and that the photosynthetic capacity of existing leaves gradually weakens, which reduces the light energy utilization rate of the crops. The improvement of crop yield and resource efficiency is of great importance to food security, and crop yield mainly depends on the RUE of crops. Photosynthesis is the basic process of the formation of primary productivity of green plants, and the basic link among light energy absorption, fixation, and transformation, which are closely related to crop yield [36]. This study also found that changing the fertilization method could increase the radiation interception rate and RUE. Appropriately increasing the radiation interception rate and RUE are key factors to improving the dry matter and yield of rice. Through the analysis of rice agronomic characteristics and RUE under different HA conditions, it was concluded that the T4 and T5 treatments had obvious advantages, and the T5 treatment was better based on principal component analysis.




5. Conclusions


In this study, the application of 1500 kg∙ha−1 HA to paddy fields increased rice radiation use, growth, and yield more than other treatments. Under the T5 treatment, the yield and biomass increased by 5.6% and 21.3%, respectively, in Y1, and by 7.0% and 23.0%, respectively, in Y2, relative to the other treatments on average. Moreover, the application of 1500 kg∙ha−1 HA significantly increased the LAI and SPAD, and improved the RUE. In the two years, the T4 and T5 treatments showed no significant difference. However, based on the two years of data, the principal component analysis method used to evaluate the different treatments found that, across all treatments, the comprehensive scores were T5 > T4 > T3 > T1 > T2, with values of 2.13, 1.38, −0.17, −0.34, and −3.00, respectively. According to the principal component analysis results of each index, the T5 treatment was better than the T4 treatment.
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Figure 1. Location of study site. 
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Figure 2. Fv/Fm (a,b) and SPAD (c,d) under the different HA treatments. Note: T1 represents 100% N (110 kg∙ha−1), T2 represents 70% N and 30% HA, T3 represents 50% N and 50% HA, T4 represents 30% N and 70% HA, T5 represents 0% N and 100% HA (1500 kg∙ha−1), and T, J, H and R represent the tillering, jointing, heading, and ripening stages, respectively. 
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Figure 3. The plant height (a,b) and LAI (c,d) under the different HA treatments. 
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Figure 4. The yield, biomass, and the HI under the different HA treatments. 
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Figure 5. Evaluation index correlation matrix. Note: Fv/Fm represents the photosynthetic efficiency of PSII; SPAD represents the relative leaf chlorophyll content; LAI represents the leaf area index; HI represents the harvest index; RUE represents the radiation use efficiency, and IPAR represents the amount of intercepted photosynthetically active radiation. 
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Figure 6. The comprehensive scores based on the principal component analysis. 
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Table 1. The different fertilizer treatments.
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	Treatments
	Pure Nitrogen

N (kg∙ha−1)
	HA (kg∙ha−1)
	P

(kg∙ha−1)
	K

(kg∙ha−1)





	T1
	100%
	0
	45
	80



	T2
	70%
	30%
	45
	80



	T3
	50%
	50%
	45
	80



	T4
	30%
	70%
	45
	80



	T5
	0
	100%
	45
	80
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Table 2. The RUE at different stages with different HA treatments.
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The Key Stages (g·MJ−1)

	
The Key Stages (Fd%)

	
The Whole Stage




	
Years

	
Treatments

	
Tillering

	
Jointing

	
Heading

	
Ripening

	
Tillering

	
Jointing

	
Heading

	
Ripening

	
Fd%

	
IPAR (MJ·m−2)

	
RUE (g·MJ−1)






	

	
T1

	
1.67 a

	
1.86 ab

	
1.68 ab

	
0.87 a

	
16.03 c

	
63.92 c

	
78.11 c

	
62.65 c

	
47.45 b

	
1036 b

	
1.80 a




	

	
T2

	
1.68 a

	
1.78 b

	
1.49 c

	
0.87 a

	
12.92 d

	
60.18 d

	
74.66 d

	
56.46 d

	
42.54 c

	
937 c

	
1.71 b




	
Y1

	
T3

	
1.62 a

	
1.89 ab

	
1.65 b

	
0.85 a

	
17.22 c

	
65.34 c

	
79.14 a

	
64.37 c

	
48.01 b

	
1051 b

	
1.79 a




	

	
T4

	
1.64 a

	
1.98 a

	
1.76 a

	
0.89 a

	
19.24 b

	
72.36 b

	
87.52 b

	
71.87 b

	
53.47 a

	
1170 a

	
1.85 a




	

	
T5

	
1.68 a

	
1.93 a

	
1.76 a

	
0.87 a

	
22.58 a

	
74.85 a

	
90.15 a

	
75.50 a

	
56.36 a

	
1234 a

	
1.85 a




	

	
T1

	
1.69 a

	
2.21 b

	
2.38 ab

	
1.05 a

	
23.15 b

	
70.74 c

	
82.78 c

	
69.05 b

	
49.73 b

	
906 b

	
1.95 a




	

	
T2

	
1.66 a

	
1.72 c

	
1.92 c

	
1.03 a

	
16.23 c

	
58.01 a

	
73.17 d

	
56.10 c

	
39.31 c

	
717 c

	
1.83 b




	
Y2

	
T3

	
1.69 a

	
2.24 b

	
2.27 b

	
1.04 a

	
23.32 b

	
71.44 c

	
83.10 c

	
68.99 b

	
50.00 b

	
910 b

	
1.96 a




	

	
T4

	
1.67 a

	
2.37 a

	
2.45 a

	
1.02 a

	
30.31 a

	
79.84 b

	
90.98 a

	
76.83 a

	
56.56 a

	
1034 a

	
2.00 a




	

	
T5

	
1.62 a

	
2.38 a

	
2.44 a

	
1.01 a

	
31.42 a

	
82.90 a

	
92.52 a

	
78.15 a

	
58.03 a

	
1060 a

	
2.01 a








Note: Mean values followed by different letters within columns differ significantly at p < 0.05 according to Duncan’s range test. RUE represents radiation use efficiency. IPAR represents the amount of intercepted photosynthetically active radiation. Fd represents the daily fraction of intercepted light.
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