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Abstract

:

Soybean is one of the most important oilseed crops worldwide. Fertilization severely restricts the yield potential of soybean in the arid regions of Northwest China. A two-year field experiment was conducted to investigate the effects of fertilization on soybean yield in arid areas under a drip irrigation system. The treatment consisted of 14 fertilizer combinations comprising of four rates each of nitrogen (N) (0, 225, 450, and 675 kg ha−1), phosphorus (P) (0, 135, 270, and 405 kg ha−1), and potassium (K) (0, 75, 150, and 225 kg ha−1). The results revealed that grain yield was more sensitive to N fertilizer than to P and K fertilizers. The P and K fertilizers influenced harvest index and biomass, respectively. The optimized combination of fertilizers for high yield, as well as biological and quality traits was obtained by quadratic polynomial regression analysis. The theoretical grain yields based on the performed statistical calculations and plant biomass were greater than 7.21 tons ha−1 and 16.38 tons ha−1 with 300,000 plants ha−1 and were obtained under a fertilization combination of 411.62–418.39 kg ha−1 N, 153.97−251.03 kg ha−1 P2O5, and 117.77−144.73 kg ha−1 K2O. Thus, our findings will serve as a guideline for an effective fertilizer application in order to achieve a balance between grain yield and plant biomass as well as to contribute to the promotion of large-scale cultivation of soybean under drip irrigation.
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1. Introduction


Soybean (Glycine max [L.] Merrill) is one of the most important oilseed crops with rich protein and oil worldwide. In China, the annual import of soybean reached more than 100 million tons, accounting for more than 83% of China’s soybean demand in 2020 according to the General Administration of Customs of the People’s Republic of China (GACC, http://www.customs.gov.cn/, accessed on 21 December 2021). A huge potential in yield increase is possible for soybean production in China, however, soybean production in China has decreased in recent years because of lower yield levels and lagging technological progress [1]. Therefore, it is important to increase and sustain the yield of soybean with optimal fertilizer application to ensure food security in China. However, the fertilizer management in the current farmers’ practices is not usually in balance with crop demand [2], which limits the soybean yield and results in low nutrient use efficiency [3].



Supply of adequate fertilizer including nitrogen (N), phosphorus (P), and potassium (K) is fundamental in optimizing soybean yield and quality. Grain yield and N relationships have been extensively explored in the scientific literature [4,5,6], nonetheless, relationships for other nutrients such as P and K have received less attention. Previous research found that treatments with high N rates extended the duration of the seed filling due to its function of biological N fixation [7]. Soybeans require higher nitrogen (8 to 9 kg of N for 100 kg soybeans), but only about 1/3 of it comes from fertilizers. An overdependence on N, P, and K fertilizers may deteriorate soil quality and health and ultimately reduce soil fertility and the size of arable land [8]. Therefore, to achieve a stable planting area, to have grain yield improvement, and to realize industrialization, the balanced requirements of N, P, and K fertilizers and their proper combinations are essential in identifying optimal fertilizer application regimes. For implementation, a robust fertilizer recommendation method must be established to maximize the soybean yield and improve nutrient use efficiency.



Fertilizer along with drip irrigation is a technology that offers precise and accurate irrigation and fertilization and can save more than 30–50% of fertilizer consumption, as well as increasing the nutrients and rainfall use efficiency together with the net-profit [9]. With the strengthening of the concept of sustainable development in people’s consciousness, the prominent role of drip irrigation and fertilization in resource utilization and environmental protection has attracted increasing attention [10,11]. Thus, exploring the optimum fertilizer recommendation for soybean under drip irrigation may be one as-yet untried method.



Since 2005, the determination of optimum fertilization has been extensively carried out throughout China. The “3414” fertilizer experiment design [three fertilizer factors (N, P, K), four fertilization levels, and 14 types of proportional fertilizer treatments] developed by the Ministry of Agriculture of China was recommended for soil testing and fertilizer research to develop a fertilization system and to guide farmers on how to apply fertilizer. The design is considered optimal with less regression, high efficiency, and comparability, easy in demonstration and promotion, and satisfying the professional requirements for fertilizer testing and fertilization decisions. Thus, this test scheme has been successfully applied to pumpkin [12], phoebe bournei [13], and adzuki bean [14] to obtain an optimal fertilizer application.



To optimize soybean grain yield, plant biomass is also the main factor that determines biological yield [15]. Previous studies improved grain yield by agronomic measures [16,17], but only a few studies have focused on the increase in grain yield balanced with biomass. Several studies have described the correlation of grain yield with plant biomass and reported contradictory conclusions. Some researchers agreed that a significant positive correlation exists between plant biomass and specific grain yield components, which increases with the process of plant growth and development and reaches the maximum at the seed-filling (stage R5 and R6) [18,19]. Other studies did not observe significant correlations between plant biomass and grain yield [20]. Therefore, the correlation appears to be unclear and the achievement of grain yield and plant biomass harmony are needed to better understand the genetic basis of grain yield and facilitate the pyramiding of the optimal fertilizer amount.



Therefore, the objectives of the current study were to (i) dissect the effect of precision N, P, and K management on soybean under drip irrigation; (ii) determine the relationship among a wide range of agronomic, quality, and biomass traits; and (iii) determine the optimal amount of N, P, K fertilizer and reasonable management balance for grain yield and plant biomass.




2. Materials and Methods


2.1. Experimental Site


A field experiment was conducted in Wulanwusu Agricultural Meteorological Experimental Station in 2014 and 2015, which represents the ecological conditions in northern Xinjiang, China. The annual mean temperatures and cumulative precipitations were 10.18 °C and 158.2 mm and 16.9 °C and 161.4 mm during the soybean growing season in 2014 and 2015, respectively (Figure 1 and Table S1). According to the FAO classification [21], the soil is Haplic Calcisols with sandy loam soil texture and pH of 8.0–8.5. The content of nitrate nitrogen, ammoniacal nitrogen, available phosphorus, and available potassium were 13.85, 12.40, 3.82, and 143.16 mg kg−1 DW of soil, respectively.




2.2. Experimental Materials and Design


A high-yielding and drought-sensitive cultivar Zhonghuang 35 was used in our research. The cultivar has high oil, early maturity, broad adaptability [22], and grain yield of 6.32 tons ha−1. The cultivar was evaluated with drip irrigation in the Xinjiang province of China, which showed the advantages of photosynthetic accumulation due to the typical continental climate, the large temperature difference between day and night with an average of 11°C and maximum higher than 20 °C [23].



In 2014 and 2015, the “3414” experiment was conducted with three factors (N, P, and K), each with four levels (0, 1, 2, and 3) giving a combination of 13 treatments (2014) and 14 treatments (2015) (Table 1). For the four levels, 0 indicates no fertilizer, 1 indicates half of the typical fertilizing amount, 2 indicates the typical fertilizer application, and 3 indicates 1.5 times the typical application. All treatments were arranged in a randomized complete block design with three replications.



The fertilizers, used for the “3414” experiment, were applied as follows: N fertilizer (urea containing 46% N and diammonium phosphate containing 12% N), P fertilizer (diammonium phosphate containing 61% P2O5 and monopotassium phosphate containing 52% P2O5), and K fertilizer (potassium chloride containing 62% K2O and monopotassium phosphate containing 34% K2O). To avoid excessive K fertilizer, monopotassium phosphate was used to meet the requirement for P and K fertilizer in N0P2K2 treatment. Detailed fertilization information is presented in Tables S2 and S3.




2.3. Field Management and Cultivation Conditions


The experiment was managed by water-saving drip irrigation under a plastic mulching film. The total irrigation water was 6750 m3 per ha. Each irrigation pipe was set up between every two soybean rows under the plastic film to facilitate mechanical harvesting. Before planting, the seeds were treated with the appropriate strains of bacteria, plant density was designed with 180,000 seedlings per ha. The sowing date was 14 April in 2014 and 25 April in 2015. The sowing rate was 65 kg ha−1, the depth of sowing was 3 cm and the average of emergence was 80% for all treatments. Independent fertilizer sources were used to apply each treatment to exactly control fertilizer amount. According to the soybean growth stages, fertilizer was applied six times in 2014, including once in June, twice in July, once in August, and twice in September. In 2015, fertilizer was applied seven times, that is once in May, once in June, thrice in July, and twice in August. Detailed information is shown in Table S4.




2.4. Data Observations


The plants were harvested on 14 September 2014 and 13 September 2015. Thirty-one (31) traits relating to grain yield, biomass, and nutrition were measured (Table S5). The identification of 12 yield-related traits, that is from T1 to T12, were measured in the laboratory after harvesting. The biological-related traits (T13 to T16) which include biomass per pod, leaf, stem, and plant were measured as dry matter weight. The nutritional traits (T17 to T31) comprised of N, P, K content in different tissues (seed, pod, leaf, and stem), H2SO4–H2O2 was used for the combined digestion, N content was determined using standard Kjeldahl by an automatic nitrogen analyzer (ZDDN-III-A, Zhejiang Top Cloud-Agri Technology Co., Zhejiang, China) [24], P content was determined by ultraviolet spectrophotometer (SHIMADZU UV-1800, Shimadzu Corporation, Kyoto, Japan) [24], K content was measured by a flame atomic absorption spectrometer (Model GGX-6, Beijing Haiguang Instrument Co., Beijing, China) after microwave digestion (Discover SP-D Gold, CEM, KampLintfort) using a contrAA 700 high-resolution continuum source atomic absorption spectrometer (Analytik Jena, Jena, Germany)) [24]. In addition, protein, oil, and moisture contents in seeds were determined on 20−30 g seed samples using Fourier-transform near-infrared spectrometry (Bruker Optik GmbH, Ettlingen, Germany) based on a method published previously [25]. The samples were stored at 4 °C in plastic bags in a fridge until measurement. In every case, three replicates were measured.




2.5. Data Analysis


To investigate the relationships among the 31 traits, heatmap for normalized data was conducted using the “pheatmap” package [26], correlation analysis was carried out using the “corrplot” package [27], and principal component analysis using the “cluster” package [28]. To select the optimal model, we compared the adjusted r2 for the different combinations of the quadratic polynomial regression models using the “leaps” package [29] and the models were fitted by using the “lm” function. All the analyses were conducted using R software. The optimal fertilizer amount and corresponding value were calculated by Matlab software (Mathworks, Inc., Natick, MA, USA) [30].





3. Results


3.1. Principal Component and Correlation Analyses


The PCA result shows that the first two components accounted for 50.5% of the variance; PC1 and PC2 accounted for 29 and 20.6% phenotypic variation, respectively. The yield component traits such as seed number per plant and pod number as well as biomass traits are loaded more in PC1, while nutritional traits especially N and P were loaded more in PC2 (Figure 2A,D). In general, all the traits clustered together as per their grouping into yield, biological, and nutritional traits (Figure 2B). Among the 14 treatments, 11 treatments clustered together while N0P2K2 and N1P2K2 were grouped together and N2P2K3 was alone. This indicated that moderate P and K fertilization is necessary for plant growth and excessive K fertilization affects yield and nutritional traits (Figure 2C,D).



The correlation analysis showed that biomass per plant was significantly and positively associated with yield component traits such as stem diameter (r = 0.87, p < 0.001), pod number (r = 0.86, p < 0.001), seed number per plant (r = 0.86, p < 0.001), and seed weight per plant (r = 0.86, p < 0.001), while significantly and negatively associated with hundred seed weight (HSW, r = −0.72, p < 0.01). There was a negative correlation between protein and oil contents (r = −0.78, p < 0.001). The K in the seeds was positively correlated with pod number (r = 0.84, p < 0.001), seed number per plant (r = 0.91, p < 0.001), seed weight per plant (r = 0.83, p < 0.01), and biomass per pod (r = 0.45, p < 0.01). Furthermore, the K in the seeds was positively associated with K in the leaf (r = 0.73, p < 0.01), stem (r = 0.67, p < 0.01), and plant (r = 0.74, p < 0.01). The N in the pod was significantly and negatively associated with harvest index (r = −0.69, p < 0.01), the N in leaf was significantly and negatively associated with number of branches (r = −0.72, p < 0.01), while the N in stem was significantly and negatively associated with biomass per leaf (r = −0.79, p < 0.001) (Figure 3).




3.2. Effects of Different Fertilization Interactions on Grain Yield


Increasing soybean yield is always the core of soybean breeding. To determine the optimal fertilization for grain yield, the 14 treatments were separated into three groups (Table 2) based on grain yield parameters. The first group with a grain yield higher than 4483.75 kg ha−1 has harmonious fertilizer and adequate nitrogen, the second group has a grain yield higher than 4112.5 kg ha−1, while the third group consisting of the control has the lowest grain yield of 3726.5 kg ha−1. The percentage grain yield increase of N0P2K2, N2P0K2, N2P2K0, and N2P2K2 over N0P0K0 was 13, 22, 23, and 20%, respectively, and the percentage grain yield difference of N2P2K2 over the other treatments (N0P0K0, N0P2K2, N2P0K2, and N2P2K0) was 19, 9, 1, and 2%, respectively (Figure S1 and Table 3).



From the heatmap, there are wider variations for biological traits and pod/leaf-related nutritional traits than other traits (Figure 4). The N2P2K2 fertilizer treatment ranks second in grain yield (4590.75 kg ha−1) but resulted in the highest nitrogen (49.13 g kg−1) and oil content (22.33%) in the seed. The grain yield of N-deficient treatment (N0P2K2) declined (4195.88 kg ha−1). The N-abundant treatment, N3P2K2, resulted in the highest grain yield (4654.5 kg ha−1) but low biomass per plant (49.81 g), plant height (82.09 cm), and protein content (39.85 %). The grain yield of the P-deficient treatment (N2P0K2) decreased slightly but resulted in increased biomass per pod (12.95 g), N-stem (11.3 g kg−1), and N-leaf (15.46 g kg−1), while the P-abundant treatment, N2P3K2, resulted in the highest HI (0.57). The K-deficient treatment, N2P2K0, resulted in low biomass per plant (46.8 g), while for the K-abundant treatment (N2P2K3), the grain yield decreased (4112.5 kg ha−1), but with increased biomass per plant (64.77 g) and seed nutrients.




3.3. Optimal Fertilization Model Development


Based on the adjusted r2 for the polynomial regression model, the optimal model (r2 = 0.89) for grain yield was selected (Figure S2A). Thus, the polynomial regression equation that governs the effect of grain yield by N, P, and K fertilizers is expressed as    y 1  = 3724.326 + 1.504  x 1  − 1.357  x 2  + 6.097  x 3  + 0.001  x 1 2  + 0.004  x 2 2  − 0.017  x 3 2  − 0.008  x 1   x 3    (Table 4). The regression was significant (p < 0.01) with N and K fertilizers having significant effects (p < 0.01) on grain yield. From the regression coefficient, the effect of different fertilizers on grain yield was in the order K > N > P (Table 4). Grain yield gradually increased with an increase in N and P, while with increasing K fertilizer, grain yield slowly increased and then rapidly decreased (Figure 5A).



Besides, there was a significant interaction (p < 0.05) between N and K fertilizer in terms of grain yield while no significant interaction between N and P (Table 4, Figure 6A,B). Grain yield slowly increased with the increase in N and K fertilizers (Figure 6B), and the maximum grain yield of 5202.3 kg ha−1 was observed at 675 kg ha−1 N and 20.5 kg ha−1 K2O (Figure 6B).



For biomass per plant, the best fitting model was    y 1  = 54.575 + 0.032  x 1  + 0.071  x 2  − 0.234  x 3  + 0.0003  x 3 2  − 0.0008  x 1   x 2  + 0.0002  x 1   x 3  + 0.0005  x 2   x 3    (Table 5). The regression was significant (p < 0.05) and the adjusted r2 was 0.66 (Figure S2B). The regression result shows that K fertilizer largely affects biomass per plant (p < 0.05). The effect of fertilizer on biomass per plant was in the order K > P > N (Table 5). Biomass per plant gradually increased with an increase in N and P fertilizers, while the effect of the increased rate of P on biomass per plant was higher than N. However, with increasing K fertilizer, the biomass per plant sharply declined (Figure 5B).



For biomass per plant, a significant interaction between N and P fertilizer (p < 0.05) was observed while no interaction effects between P and K (Table 5, Figure 6E,F). Biomass per plant gradually increased and then rapidly decreased with the increase in N and P (Figure 6D). The maximum biomass per plant was 83.33 g with 405 kg ha−1 P2O5 and 0 kg ha−1 N (Figure 6D).




3.4. Optimal Fertilizer Application


To obtain the optimal fertilizer amount for grain yield, we conducted frequency analysis for the eight treatments with grain yields higher than 4480 kg ha−1. The 95% confidence intervals for N, P2O5, and K2O were 1.83–2.42, 0.86–2.39, and 0.87–2.13, respectively. Thus, the optimal fertilizer amount for high grain yield was 411.62–544.63 kg ha−1 N, 115.98–322.77 kg ha−1 P2O5, and 65.10−159.90 kg ha−1 K2O (Table 6).



Similarly, nine treatments with biomass per plant higher than 54 g were used for the fertilizer frequency analysis. The 95% confidence intervals for N and P2O5 fertilizer were 1.14−1.86 for each and 1.57−1.93 for K2O. Thus, the optimal fertilization requirement for high biomass per plant (>54 g) was 256.61–418.39 kg ha−1 N, 153.97–251.03 kg ha−1 P2O5, and 117.77−144.73 kg ha−1 K2O (Table 7).



The average plant density was 178,440 plants per hectare and ranged from 132,270 to 240,195 plants per hectare for plots. The analysis of the relationship between plant number and grain yield in 2014 and 2015 revealed that the best fitting models were    y i  = 440.2033 + 0.022571  x i    and    y i  = 111.5964 − 0.00019  x i   , respectively, where    y i    is the grain yield and biomass per plant for treatment i; and    x i    is the plant density for each treatment i. The result shows that the regression was significant for grain yield (p < 0.001) and biomass per plant (p < 0.05) and the adjusted r2 is 0.43 for grain yield and 0.13 for biomass per plant. Thus, a plant density of 300,000 plants per hectare gave a grain yield of 7211.5 kg ha−1 and plant biomass of 16378.9 kg ha−1.



To determine the optimal fertilizer amount for high grain yield (>7.21 tons ha−1) and high plant biomass (>16.38 tons ha−1), we compared the optimal range for grain yield and plant biomass. The result shows that 411.62–418.39 kg ha−1 N, 153.97–251.03 kg ha−1 P2O5, and 117.77–144.73 kg ha−1 K2O is the optimal combination.





4. Discussion


Mulched drip irrigation is regarded as an effective water-saving irrigation technique that is adopted widely in the arid and semi-arid environments, which can effectively maintain and improve soil health and functionality [31,32,33]. The combination of film mulching and drip irrigation has been applied to vegetable, corn, and cotton cultivations in Northwest China and provides a potential solution to balance the needs of the rising agricultural production and the sustainability of the oasis agroecosystem [34]. However, little attention has been paid to the optimal fertilization combination for soybean in the agro-ecosystem where mulching is implemented with drip irrigation. There is little potential to further increase current levels of soybean grain yields (2800 up to 4500 kg ha−1) with the exception when plants are grown under some favorable conditions (day length, water availability, etc.) prevailing in the arid and semiarid areas where appropriate irrigation systems have been practiced. Given the unique climate in Xinjiang which is beneficial for nutrient transportation, photosynthetic accumulation, and seed development using drip irrigation [35], it is worth improving the grain yield and plant biomass simultaneously to maintain the high-yield record. Thus, we selected Zhonghuang 35 with different fertilizer treatments in a typical agro-ecosystem to shed new insights into the fertilization effects on soybean grain yield and plant biomass under constant film mulching and drip irrigation.



Nitrogen (N), Phosphorus (P), and potassium (K) are essential to ensure adequate nutrient supply and maximum grain yield, comprising a significant proportion of total fertilizer expenditures, and can be yield limiting in soybean. Determining optimum application of these fertilizers effects has been an ongoing research focus for decades and efforts are continuing to refine recommendations. Studies have shown that excessive or insufficient N, P, and K application suppresses plant growth and dry matter accumulation, as well as the allocation and utilization ratio of nitrogen and phosphate fertilizer [36]. In the present study, fertilization at different degrees promoted the growth of agronomic characters such as plant height and stem number. High variability for grain yield was observed with N fertilization rather than P and K fertilization, thus, nitrogen has a big impact on soybean grain yield. Increasing the nitrogen amount will result in an increase in grain yield, while decreasing the nitrogen amount will promote fertilizer absorption by the nutritious organ. P fertilizer improved the harvest index while K fertilizer largely affected the biomass. Therefore, the effect of K fertilizer on biomass was more as compared to N and P. The result of the findings revealed that soybean performance was largely affected by fertilizer, and it also provides effective fertilization measures for the cultivation and production of soybean.



The “3414” fertilizer experiment design was recommended for the national soil testing and fertilization work to fast build a formula fertilization system and guide farmers in applying fertilizer due to less processing and higher efficiency. The main analysis methods include the fertilizer effect function method, the nutrient balance method, and the soil nutrient abundance index method [37], while the fertilizer effect function method is the most commonly used method in soil measurement. To the best of our knowledge, this is the first time that the recommended fertilizer Zhonghuang 35 in Xinjiang under drip irrigation has been characterized in any research.



For the fertilizer effect function method, the unary quadratic function, binary quadratic function, and quadratic polynomial regression function [38,39] have been used to fit the model and obtain the optimal fertilization application. Studies show that the quadratic polynomial regression function is the best model for the “3414” fertilizer experiment design [40], while there still exists a lot of statistical problems. For instance, there is shown to be a typical fertilizer effect function, the maximum fertilizer for the highest yield loses touch with reality, the optimal fertilizer amount with a detailed number on solving the function is not available for control. Thus, an effective and practical analytical method for the “3414” experimental design needs to be determined. Due to multicollinearity, the quadratic polynomial regression equation is difficult to put into practice and cannot account for the diminishing effects of fertilizer. To overcome this, we set a maximum grain yield target, then obtained a set of fertilization combinations within the 95% confidence interval.



Previous research on fertilizers applied to leguminous species have limited their investigations to short-term data collection with few treatments setting for establishing fertilizer combinations, while little data exploration has occurred [41]. Hence, research on the relationship among a wide range of agronomic, quality, and biomass traits under various fertilizer treatments is necessary. Studies have shown that a decrease in grain yield will also result in a decrease in biomass [19]. Inadequate biomass accumulation caused by environmental changes can lead to grain yield reduction. The correlation analysis in our experiment shows that there is a positive correlation between grain yield components and plant biomass. This is evident from the highest grain yield observed by the treatment N3P2K2 but with low plant biomass, which is consistent with the report of Huang et al. [19]. The high-yielding soybean cultivar, Zhonghuang 35, won a high seed yield record of 6.32 tons ha−1 in 2012 for this experiment. Although soybeans require higher nitrogen requirement (100 kg of soybeans require 8 to 9 kg of N), only about 1/3 comes from fertilizers.



To obtain the economically effective fertilizer combinations, the price of the fertilizer was taken into consideration. As of January 2022, the price of urea per ton was $354, monoammonium phosphate was $435, and potassium chloride was $455. The yield difference of 401kg between N2P2K2 (4591 kg) and N1P2K2 (4190 kg), at the latest soybean sales price of $0.57 a kilogram, will give an increase of $228 revenue. In this way, $55 net income per ha will be produced, which will totally cover the $173 cost of 489 kg urea. Taken together, we concluded that the optimal fertilizer needed to achieve a grain yield greater than 7.21 tons ha−1 and plant biomass greater than 16.38 tons ha−1 is 411.62–418.39 kg ha−1 N, 153.97−251.03 kg ha−1 P2O5, and 117.77−144.73 kg ha−1 K2O. The recommended fertilizer application would be useful for production and serve as a guideline for efficient fertilization of soybean. This economical fertilizer combination could promote the use of profitable fertilizer in future production of soybean.




5. Conclusions


In this study, we conducted the “3414” experiment under drip irrigation in the arid region of Northwest China based on a super-high yielding soybean cultivar Zhonghuang 35. First, we confirmed that N fertilizer significantly affects grain yield, while P and K fertilizers influence harvest index and biomass, respectively. Second, we clarified the relationship among a wide range of agronomic, quality, and biomass traits under various fertilizer treatments. Third, we offered the optimal fertilizer scheme to obtain a theoretical grain yield and plant biomass of more than 7.21 tons ha−1 and 16.38 tons ha−1 with 300,000 plants ha−1, respectively. This will serve as a guideline for effective fertilization measures in order to achieve a balance between grain yield and plant biomass as well as to contribute to the promotion of the large-scale cultivation of soybean under drip irrigation, which will increase the efficiency and productivity of farmlands, thereby improving profitability and also helping to minimize environmental risk.
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Figure 1. The average temperature and cumulative precipitation for each month in 2014 and 2015. 
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Figure 2. The principal component analysis of 31 traits. (A) The heatmap of 31 traits on the first five principal components, the depth of color indicates the level of trait contribution on the corresponding PC, (B) PCA plot for 31 traits, ellipses and shapes show clustering of traits, (C) principal component analysis for 14 treatments, circle size means the square cosine, (D) the contribution for 31 traits on PC1 and PC2, the length indicates the quality of trait. Yield, Grain yield; PH, Plant height; FPH, First pod height; SD, Stem diameter; NN, Number of nodes on main stem; BN, Branch number; PN, Pod number; SNPT, Seed number per plant; SWP, Seed weight per plant; HSW, 100-seed weight; SNPD, Seed number per pod; HI, Harvest index; PDB, Biomass per pod; LB, Biomass per leaf; SB, Biomass per stem; PTB, Biomass per plant; Nseed, N content in seed; Npod, N content in pod; Nleaf, N content in leaf; Nstem, N content in stem; Pseed, P content in seed; Ppod, P content in pod; Pleaf, P content in leaf; Pstem, P content in stem; Kseed, K content in seed; Kpod, K content in pod; Kleaf, K content in leaf; Kstem, K content in stem; Protein, Protein content; Oil, Oil content; Water, Water content. 
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Figure 3. The pairwise correlations (Pearson’s r) among 31 traits based on the averaged values. The lower diagonal plots show the correlation coefficient, significant differences are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001, values without asterisks were not significant at p < 0.05. The upper diagonal only shows the significant correlations which are represented as colored circles, blue indicating negative correlation, and red indicating positive correlation. Yield, Grain yield; PH, Plant height; FPH, First pod height; SD, Stem diameter; NN, Number of nodes on main stem; BN, Branch number; PN, Pod number; SNPT, Seed number per plant; SWP, Seed weight per plant; HSW, 100-seed weight; SNPD, Seed number per pod; HI, Harvest index; PDB, Biomass per pod; LB, Biomass per leaf; SB, Biomass per stem; PTB, Biomass per plant; Nseed, N content in seed; Npod, N content in pod; Nleaf, N content in leaf; Nstem, N content in stem; Pseed, P content in seed; Ppod, P content in pod; Pleaf, P content in leaf; Pstem, P content in stem; Kseed, K content in seed; Kpod, K content in pod; Kleaf, K content in leaf; Kstem, K content in stem; Protein, Protein content; Oil, Oil content; Water, Water content. 
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Figure 4. The heatmap of 31 traits for the 3414-experiment design. The color indicates the correlation between treatment and trait. 
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Figure 5. Effect of N, P, and K fertilizer rates on the grain yield (A) and biomass per plant (B) of soybean. 
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Figure 6. Effects and response surface of interaction among N, P, and K fertilizers on the grain yield (A–C) and biomass per plant (D–F) of soybean. (A) effects and response surface of N fertilizers and P fertilizer on grain yield (fixed factor = 0); (B) effects of N fertilizers and K fertilizer on grain yield (fixed factor = 0); (C) effects of P fertilizers and K fertilizer on grain yield (fixed factor = 0); (D) effects of N fertilizers and P fertilizer on biomass per plant (fixed factor = 0); (E) effects of N fertilizers and K fertilizer on biomass per plant (fixed factor = 0); (F) effects of P fertilizers and K fertilizer on biomass per plant (fixed factor = 0). 
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Table 1. The 3414-fertilization experiment design for soybean.
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No.

	
Treatment

	
Urea (kg ha−1)

	
Monoammonium

Phosphate (kg ha−1)

	
Potassium

Chloride

(kg ha−1)

	
Total Fertilizer in the Block (kg)




	
(N:46%)

	
(P2O5:61%)

	
(K2O:62%)

	
Urea

	
Monoammonium

Phosphate

	
Potassium

Chloride






	
1

	
N0P0K0

	
0

	
0

	
0

	
0.00

	
0.00

	
0.00




	
2

	
N0P2K2

	
0

	
519

	
0

	
0.00

	
1.05

	
0.00




	
3

	
N1P2K2

	
374

	
443

	
242

	
0.75

	
0.89

	
0.49




	
4

	
N2P0K2

	
978

	
0

	
242

	
1.97

	
0.00

	
0.49




	
5

	
N2P1K2

	
921

	
221

	
242

	
1.86

	
0.45

	
0.49




	
6

	
N2P2K2

	
863

	
443

	
242

	
1.74

	
0.89

	
0.49




	
7

	
N2P3K2

	
805

	
664

	
242

	
1.62

	
1.34

	
0.49




	
8

	
N2P2K0

	
863

	
443

	
0

	
1.74

	
0.89

	
0.00




	
9

	
N2P2K1

	
863

	
443

	
121

	
1.74

	
0.89

	
0.24




	
10

	
N3P2K2

	
1352

	
443

	
242

	
2.73

	
0.89

	
0.49




	
11

	
N1P1K2

	
431

	
221

	
242

	
0.87

	
0.45

	
0.49




	
12

	
N1P2K1

	
374

	
443

	
121

	
0.75

	
0.89

	
0.24




	
13

	
N2P1K1

	
921

	
221

	
121

	
1.86

	
0.45

	
0.24




	
14

	
N2P2K3

	
863

	
443

	
363

	
1.74

	
0.89

	
0.73
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Table 2. The average result for 3414 experiment design.
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Rep

	
Treatment

	
Yield

	
PH

	
FPH

	
SD

	
NN

	
BN

	
PN

	
SNPT

	
SWP

	
HSW

	
SNPD

	
HI

	
PDB

	
LB

	
SB

	
PTB

	
Nseed

	
Npod

	
Nleaf

	
Nstem

	
Pseed

	
Ppod

	
Pleaf

	
Pstem

	
Kseed

	
Kpod

	
Kleaf

	
Kstem

	
Protein

	
Oil

	
Water




	
Unit

	
kg ha−1

	
cm

	

	

	

	

	
g

	

	

	
g

	
g kg−1

	
%






	
1

	
N0P0K0

	
3726.50

	
79.84

	
11.33

	
0.71

	
17.80

	
0.80

	
62.43

	
149.52

	
29.60

	
21.61

	
2.46

	
0.51

	
9.58

	
29.80

	
12.19

	
54.92

	
48.86

	
9.57

	
13.99

	
9.85

	
5.22

	
1.25

	
1.62

	
1.42

	
12.63

	
17.57

	
7.79

	
6.94

	
39.38

	
21.87

	
6.83




	
2

	
N0P2K2

	
4195.88

	
82.68

	
12.23

	
0.77

	
17.90

	
1.28

	
64.17

	
150.97

	
29.85

	
20.30

	
2.36

	
0.50

	
10.92

	
39.45

	
17.20

	
65.22

	
48.58

	
11.38

	
13.69

	
8.83

	
5.52

	
1.85

	
1.88

	
1.63

	
12.49

	
19.52

	
9.00

	
6.01

	
39.37

	
21.77

	
6.87




	
3

	
N1P2K2

	
4190.40

	
83.31

	
11.41

	
0.75

	
18.72

	
1.03

	
69.90

	
156.10

	
33.19

	
20.06

	
2.45

	
0.51

	
12.34

	
36.86

	
16.19

	
60.84

	
48.99

	
11.19

	
15.16

	
9.83

	
5.36

	
1.78

	
1.89

	
1.77

	
12.48

	
17.69

	
7.38

	
6.91

	
39.15

	
21.93

	
6.83




	
4

	
N2P0K2

	
4543.75

	
82.52

	
10.83

	
0.74

	
18.46

	
0.82

	
59.67

	
133.78

	
30.17

	
21.85

	
2.41

	
0.55

	
12.95

	
34.21

	
14.39

	
55.68

	
49.02

	
9.80

	
15.46

	
11.30

	
5.08

	
1.29

	
1.54

	
1.38

	
12.39

	
17.50

	
6.64

	
6.59

	
39.70

	
22.10

	
6.90




	
5

	
N2P1K2

	
4483.75

	
80.24

	
10.84

	
0.74

	
18.10

	
1.25

	
65.02

	
153.74

	
31.73

	
21.34

	
2.46

	
0.55

	
11.48

	
31.49

	
12.55

	
59.19

	
48.53

	
8.71

	
13.02

	
9.84

	
5.20

	
1.14

	
1.40

	
1.18

	
12.48

	
18.26

	
6.53

	
6.20

	
39.05

	
22.30

	
6.93




	
6

	
N2P2K2

	
4590.75

	
79.10

	
12.10

	
0.70

	
17.73

	
1.03

	
57.68

	
135.95

	
28.97

	
21.23

	
2.45

	
0.56

	
10.27

	
33.38

	
12.62

	
52.55

	
49.13

	
8.97

	
13.46

	
8.85

	
5.24

	
1.33

	
1.52

	
1.43

	
12.28

	
17.52

	
6.93

	
6.56

	
39.00

	
22.33

	
6.70




	
7

	
N2P3K2

	
4584.25

	
82.36

	
11.96

	
0.68

	
17.82

	
1.13

	
58.43

	
132.04

	
28.51

	
21.17

	
2.40

	
0.57

	
10.79

	
34.11

	
13.09

	
51.42

	
47.69

	
9.30

	
12.44

	
9.51

	
5.37

	
1.41

	
1.51

	
1.49

	
11.60

	
17.89

	
7.00

	
6.39

	
39.20

	
21.98

	
6.93




	
8

	
N2P2K0

	
4484.00

	
82.18

	
10.69

	
0.66

	
17.65

	
1.05

	
51.89

	
121.45

	
25.26

	
21.86

	
2.44

	
0.55

	
8.79

	
26.59

	
10.86

	
46.80

	
46.78

	
8.93

	
13.61

	
8.94

	
5.21

	
1.45

	
1.73

	
1.35

	
11.64

	
18.11

	
7.33

	
5.70

	
39.05

	
22.25

	
7.03




	
9

	
N2P2K1

	
4500.50

	
79.38

	
12.39

	
0.74

	
17.60

	
1.15

	
66.69

	
147.95

	
29.06

	
21.41

	
2.36

	
0.54

	
12.36

	
32.25

	
13.46

	
54.99

	
46.84

	
9.02

	
14.46

	
9.69

	
5.62

	
1.43

	
1.56

	
1.37

	
12.37

	
17.39

	
6.55

	
5.75

	
39.82

	
21.08

	
7.20




	
10

	
N3P2K2

	
4654.50

	
82.09

	
11.26

	
0.68

	
17.96

	
0.89

	
56.49

	
131.55

	
26.01

	
21.15

	
2.45

	
0.53

	
8.54

	
34.04

	
12.13

	
49.81

	
48.93

	
9.23

	
14.62

	
9.40

	
5.56

	
1.29

	
1.65

	
1.49

	
11.97

	
16.48

	
6.74

	
5.62

	
39.85

	
21.23

	
7.00




	
11

	
N1P1K2

	
4189.25

	
79.60

	
11.81

	
0.70

	
17.87

	
0.79

	
49.95

	
124.79

	
25.02

	
22.05

	
2.54

	
0.51

	
10.51

	
31.13

	
13.40

	
49.62

	
47.48

	
10.31

	
13.88

	
9.21

	
5.54

	
1.47

	
1.40

	
1.53

	
10.78

	
17.79

	
6.92

	
6.30

	
39.03

	
22.23

	
6.87




	
12

	
N1P2K1

	
4219.00

	
76.49

	
11.49

	
0.71

	
18.52

	
0.79

	
63.92

	
151.40

	
29.87

	
21.62

	
2.47

	
0.54

	
10.78

	
30.27

	
13.02

	
57.08

	
48.04

	
10.53

	
15.41

	
10.78

	
5.42

	
1.55

	
1.68

	
1.67

	
12.73

	
16.34

	
7.23

	
6.02

	
39.17

	
21.72

	
7.00




	
13

	
N2P1K1

	
4491.25

	
81.07

	
11.18

	
0.67

	
18.28

	
0.66

	
60.51

	
146.70

	
29.63

	
22.46

	
2.48

	
0.55

	
11.83

	
35.96

	
14.17

	
54.04

	
48.89

	
9.82

	
15.24

	
9.15

	
5.21

	
1.47

	
1.52

	
1.24

	
12.72

	
16.23

	
7.07

	
6.13

	
40.12

	
21.47

	
7.07




	
14

	
N2P2K3

	
4112.50

	
82.00

	
11.08

	
0.74

	
18.20

	
1.33

	
72.65

	
183.90

	
34.35

	
19.57

	
2.53

	
0.55

	
12.33

	
55.84

	
20.28

	
64.77

	
46.79

	
8.77

	
12.08

	
5.07

	
5.69

	
1.22

	
1.42

	
0.86

	
14.30

	
16.24

	
5.65

	
4.50

	
39.27

	
22.27

	
7.00








Yield, Grain yield; PH, Plant height; FPH, First pod height; SD, Stem diameter; NN, Number of nodes on main stem; BN, Branch number; PN, Pod number; SNPT, Seed number per plant; SWP, Seed weight per plant; HSW, 100-seed weight; SNPD, Seed number per pod; HI, Harvest index; PDB, Biomass per pod; LB, Biomass per leaf; SB, Biomass per stem; PTB, Biomass per plant; Nseed, N content in seed; Npod, N content in pod; Nleaf, N content in leaf; Nstem, N content in stem; Pseed, P content in seed; Ppod, P content in pod; Pleaf, P content in leaf; Pstem, P content in stem; Kseed, K content in seed; Kpod, K content in pod; Kleaf, K content in leaf; Kstem, K content in stem; Protein, Protein content; Oil, Oil content; Water, Water content.
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Table 3. Fertilizer interaction effect and abundance or shortage status of nutrients.
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	Number
	Fertilizer Type
	Treatment
	Grain Yield

(kg ha−1)
	Percentage Higher than CK
	Percentage of N2P2K2 Compared to Other Treatments





	1
	CK
	N0P0K0
	3726.50
	
	19



	2
	P, K
	N0P2K2
	4195.88
	13
	9



	4
	N, K
	N2P0K2
	4543.75
	22
	1



	6
	N, P, K
	N2P2K2
	4590.75
	23
	



	8
	N, P
	N2P2K0
	4484.00
	20
	2
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Table 4. Analysis of variance of the effects of N, P, and K fertilizers on grain yield.
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	Source of Variation
	Estimate
	Standard Error
	t-Value
	p-Value





	Intercept
	3724.32
	82.66
	45.06
	0.00 ***



	N
	1.50
	0.40
	3.72
	0.01 **



	P
	−1.36
	0.75
	−1.80
	0.12



	K
	6.10
	1.21
	5.03
	0.00 **



	N2
	0.00
	0.00
	1.17
	0.29



	P2
	0.00
	0.00
	2.00
	0.09



	K2
	−0.02
	0.01
	−2.94
	0.03 *



	N:K
	−0.01
	0.00
	−2.97
	0.03 *







Significant differences are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001.













[image: Table] 





Table 5. Analysis of variance of the effects of N, P, and K fertilizers on biomass per plant.






Table 5. Analysis of variance of the effects of N, P, and K fertilizers on biomass per plant.





	Source of Variation
	Estimate
	Standard Error
	t-Value
	p-Value





	Intercept
	54.56
	3.18
	17.18
	0.00 ***



	N
	0.03
	0.03
	1.30
	0.24



	P
	0.07
	0.04
	1.73
	0.14



	K
	−0.23
	0.09
	−2.74
	0.04 *



	K2
	0.00
	0.00
	1.51
	0.18



	N:P
	0.00
	0.00
	−3.46
	0.01 *



	N:K
	0.00
	0.00
	1.38
	0.22



	P:K
	0.00
	0.00
	1.62
	0.16







Significant differences are indicated by * p < 0.05, *** p < 0.001
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Table 6. The frequency distribution and fertilization measures for grain yield greater than 4480 kg ha−1.






Table 6. The frequency distribution and fertilization measures for grain yield greater than 4480 kg ha−1.





	
Levels

	
N

	
P2O5

	
K2O




	
Times

	
Frequency

	
Times

	
Frequency

	
Times

	
Frequency






	
0

	
0

	
0

	
1

	
0.125

	
1

	
0.125




	
1

	
0

	
0

	
2

	
0.25

	
2

	
0.25




	
2

	
7

	
0.875

	
4

	
0.50

	
5

	
0.625




	
3

	
1

	
0.125

	
1

	
0.125

	
0

	
0




	
Weight mean

	
2.13

	

	
1.63

	

	
1.50

	




	
Standard error

	
0.35

	

	
0.92

	

	
0.76

	




	
95% confidence interval

	
1.83

	
2.42

	
0.86

	
2.39

	
0.87

	
2.13




	
Fertilization measures (kg ha−1)

	
411.62

	
544.63

	
115.98

	
322.77

	
65.10

	
159.90
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Table 7. The frequency distribution and fertilization measures for biomass per plant > 54 g.






Table 7. The frequency distribution and fertilization measures for biomass per plant > 54 g.





	
Levels

	
N

	
P2O5

	
K2O




	
Times

	
Frequency

	
Times

	
Frequency

	
Times

	
Frequency






	
0

	
2.00

	
0.25

	
2.00

	
0.25

	
1.00

	
0.13




	
1

	
2.00

	
0.25

	
2.00

	
0.25

	
3.00

	
0.38




	
2

	
5.00

	
0.625

	
5.00

	
0.63

	
4.00

	
0.5




	
3

	
0.00

	
0.00

	
0.00

	
0.00

	
1.00

	
0.13




	
Weight mean

	
1.50

	

	
1.50

	

	
1.75

	




	
Standard error

	
0.47

	

	
0.47

	

	
0.23

	




	
95% confidence interval

	
1.14

	
1.860

	
1.14

	
1.86

	
1.57

	
1.93




	
Fertilization measures (kg ha−1)

	
256.61

	
418.39

	
153.97

	
251.03

	
117.77

	
144.73
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