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Abstract

:

Increasing planting density is one of the key management practices to enhance soybean yield. A 2-yr field experiment was conducted in 2018 and 2019 including six planting densities and two soybean cultivars to determine the effects of planting density on branch number and yield, and analyze the contribution of branches to yield. The yield of ZZXA12938 was 4389 kg ha−1, which was significantly higher than that of ZH13 (+22.4%). In combination with planting year and cultivar, the soybean yield increased significantly by 16.2%, 31.4%, 41.4%, and 46.7% for every increase in density of 45,000 plants ha−1. Yield will not increase when planting density exceeds 315,000 plants ha−1. A correlation analysis showed that pod number per plant increased with the increased branch number, while pod number per unit area decreased; thus, soybean yield decreased. With the increase of branch number, the branch contribution to yield increased first, and then plateaued. ZH13 could produce a high yield under a lower planting density due to more branches, while ZZXA12938 had a higher yield potential under a higher planting density due to the smaller branch number and higher tolerance to close planting. Therefore, seed yield can be increased by selecting cultivars with a little branching capacity under moderately close planting.
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1. Introduction


Soybean, an important raw material in vegetable oil, protein-rich human food, and animal feed, plays an important role in global food security [1,2]. With economic growth and diet change, the demand for soybean products will continue to increase [3,4]. In the case of China, soybean consumption has exceeded 100 million tons in 2017, while the self-sufficiency rate is only approximately 15% [5], a huge supply gap. Many researchers have investigated that planting soybeans densely can remarkably increase aboveground biomass and seed yield [6,7,8,9]. In addition, the plots with typical or high yield records often have higher planting densities. In Arkansas, United States, a record soybean yield of 7501 kg ha−1 was recorded in 2014 with a planting density of 371,000 plants ha−1 [10]. In Xinjiang Province, China, the highest soybean yield in 2010 was 6088 kg ha−1 with a planting density of 299,000 plants ha−1 [11]. Soybean plants can intercept and use solar radiation more efficiently under dense planting, which is an important crop management for high-yielding soybean [2,12,13,14].



The aboveground canopy structure is one of the most important phenotypic traits in soybean [13,15]. Canopy structure determines the light distribution, light interception, and efficiency of solar energy conversion of the crop population, which affects the accumulation and distribution of photosynthetic products [9]. Branching as an important component of canopy structure also affects the formation of soybean yield [15,16,17,18]. On soybean plants, pods can be found at internodes of the main stem and branches [19,20]. Kahlon et al. [21] and Egli [22] showed that the soybean yield can be similar between two fields, one with a high density planting and low branching capacity and the other with a low-density planting and high branching capacity. Soybean can compensate for yield loss that occurs by self-regulating branch development and increasing the branch setting rate in adverse conditions [13,23]. Previous studies have found a high correlation between the yield per plant and the yield of soybean branches [20,24,25]. For example, Carpenter and Board [20] found that the soybean yield per plant can be increased by 3.78 g when the branch weight of soybean increased by 1 g.



Branch capacity for compensating yield loss is dependent on planting densities. When soybean planting density is too low, the yield of branches cannot compensate for the loss of yield due to the shortage of seedlings [17,26,27]. The number and growth of branches are also influenced by factors such as genotype and agricultural management [28,29]. The branches of soybean are developed from axillary buds. The gene expression of the low-branching cultivars regulating axillary bud development is low, and the number of plant branches finally formed is smaller, while the genes that regulate the development of axillary buds in multibranching cultivars were active, and more branches were formed in the end [26,27]. In addition, light quality is also an important factor affecting the development of axillary buds. The axillary bud development of soybean was inhibited under low light condition, which can reduce branch number [30]. With the increased planting density, the light condition in the crop population was deteriorative, which will affect plant morphological structure in return [14,16,31]. Therefore, the relationship between branch number and planting density in soybean remains to be explored.



In addition, tolerance to high planting density was found to be different among soybean cultivars that had different plant types [14,18,20,32]. To fully utilize land and light energy resources, high planting density tolerance is gradually enhanced with the newly released soybean cultivars. Compared with the older cultivars, the current soybean cultivars often have an optimized canopy structure under dense planting, thus alleviating the negative effect of densification on branch number and pod number per plant [18]. To date, the relationship between branch number and planting density among the cultivars released in different periods have not been evaluated. Moreover, the differences in the effects of branching on yield composition between old and new cultivars need to be analyzed.



In the present study, two soybean cultivars (ZZXA12938, released in the 2010s; ZH13, released in the 2000s) were sown under six planting densities. The objectives of this study were to (1) analyze the yield of soybean cultivars under different planting densities, (2) evaluate the branching characteristics of soybean cultivars under various planting densities, and (3) investigate the branch yield contribution rate of soybean under different planting densities. We proposed the following hypothesis: (1) high density planting can significantly increase soybean seed yield, (2) the number of soybean branches decreased with the increase of planting density, and (3) the increase of yield contribution rate of mainstem was the main reason for yield increase under dense planting.




2. Materials and Methods


2.1. Experimental Site


Field experiments were carried out in 2018 and 2019 at Xinxiang Experimental Station (N 35°09′, E 113°48′) of Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Henan Province, China. This experimental field has sandy-loam soil, with the upper 0.4 m of soil containing 12.9 g kg−1 organic matter, 63.8 mg kg−1 total nitrogen (N), 15.9 mg kg−1 available phosphorus (P), and 112.1 mg kg−1 available potassium (K). The preceding crop was winter wheat. Mean monthly air temperature and rainfall during the soybean growing seasons are shown in Table 1. The average monthly temperature of soybean growing season in 2018 and 2019 was 25.0 and 25.1 °C, respectively. The amounts of precipitation during the growing season in were 262.1 and 343.3 mm, respectively.




2.2. Experimental Design


Experiments were laid out as a split plot design with four replicates in both years with cultivar as the first factor and planting density as the second factor. Soybean cultivars ZZXA12938 and ZH13 were used. ZZXA12938 is a convergent type cultivar of MG 3.9 with subindeterminate, which was selected and bred in the 2010s. ZH13 is a semidwarf cultivar of MG 3.7 with subindeterminate, which was released in the 2000s. ZH13 is widely planted in China. There were six planting densities included (i.e., 135,000, 180,000, 225,000, 270,000, 315,000, and 360,000 plants ha−1), which were randomly distributed within the main plot. Each plot was 72 m2 in area (7.2 m × 10 m). Soybean was sown at a row spacing of 0.4 cm. The plant spacing of soybean among the six planting densities were 18.5, 13.9, 11.1, 9.3, 7.9, and 6.9 cm, respectively. In order to ensure the final number of plants in the field meets the requirement of the experimental density, 3 seeds were planted in one hill during soybean sowing. When soybean plants reached the V3 stage, the redundant plants in each hole were eliminated by artificial thinning, and the final planting density in the experiment was reached. Soybean was sown on 12 June 2018 and on 18 June 2019. Each plot was irrigated with 60 mm of water immediately after sowing. Each plot received 75 kg N ha−1, 100 kg P2O5 ha−1, and 75 kg K2O ha−1 before sowing and no top-dressing was added during growth. Seed harvest was performed on 7 October 2018 and 14 October 2019.




2.3. Plant Sampling and Analysis


At the physiological maturity (R7) stage of soybean, three 4 m2 (0.8 m × 5 m) quadrats were randomly selected from each plot to measure yield (kg ha−1, the grain moisture content was calculated as 13.5%).



Three plant samples were randomly selected from each plot. Each sample contains 50 soybean plants. The number of branch, pod, and seed in mainstem and in branch were recorded. The seed weight in ZZXA12938 and ZH13 was also determined.



The contribution of the yield of soybean branches (%) was calculated as the ratio of seed weight in branches (g) over weight per plant (%). The result obtained was multiplied by 100 to get a percentage value.




2.4. Statistical Analysis


The effects of planting densities and years on seed yield, yield components, and branch number were evaluated using univariate analysis of variance (ANOVA) procedures. After verifying the homogeneity of error variances, all data across years, cultivars, and planting densities were pooled for use in the ANOVA. Differences were determined using least significant difference analysis, with differences considered significant at p = 0.05. The relationship between yield and planting density, as well as seed (pod) per area and branch number was analyzed using quadratic regression. The relationship between seed (pod) per plant and branch number was analyzed by linear regression. The relationship between yield and branch number, as well as the relationship between the contribution of branches on yield and branch number were analyzed using segmental regression. All analyses were conducted using SPSS 19.0 (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Response of Yield and Yield Components to Planting Density


Seed yield, seed number, pod number, and hundred-seed weight were significantly affected by planting density and cultivar (Table 2, p ≤ 0.001). The seed yield of ZZXA12938 was 4389 kg ha−1, which was 22.4% higher than that of ZH13. This finding indicates that the cultivar ZZXA12938 had a higher yield potential compared with ZH13. In addition, the number of seeds per plant and pods per plant of ZZXA12938 were 50.8% and 36.0% higher, respectively, compared with ZH13. In contrast, the hundred-seed weight was significantly 31.4% lower in ZZXA12938 compared with ZH13, indicating that the high yield potential of ZZXA12938 was mainly due to the greater number of pods and seeds per plant (Table 2).



With the increase of planting density, the number of pods and seeds per plant decreased gradually for both cultivars (Figure 1). However, the variation of the relationship between pods and seeds per plant and planting density for the two soybean cultivars differed. As the planting density increased from 135,000 to 270,000 plants ha−1, the number of pods and seeds per ZZXA12938 individual decreased by 35.7% and 36.4%, respectively. There was no significant change with further increase in planting density. No significant changes were found in the number of pods and seeds per ZH13 individual as the planting density increased from 135,000 to 225,000 plants ha−1. In addition, as the planting density increased from 225,000 to 360,000 plants ha−1, the number of pods and seeds per ZH13 individual decreased by 32.9% and 39.0%, respectively. With the increase of planting density, the number of pods and seeds per area showed a trend of increasing first, then plateauing (Figure 2). The number of pods and seeds per area in ZZXA12938 were both significantly higher than that in ZH13 under the same planting conditions. With the increase in planting density, the 100-seed weight increased gradually (Figure 3). As the planting density increased from 135,000 to 360,000 plants ha−1, the 100-seed weight of ZZXA12938 and ZH13 increased by 5.3% and 9.4%, respectively. The 100-seed weight in ZZXA12938 was significantly lower than that for ZH13 in the same treatment.



The soybean yield increased significantly by 16.2%, 31.4%, 41.4%, and 46.7% for every increase in planting density of 45,000 plants ha−1, within the range of 135,000 to 315,000 plants ha−1. As planting density increased from 315,000 to 360,000 plants ha−1, there was no significant change in seed yield. The yield and planting density of soybean cultivars showed a quadratic function (Figure 4, p ≤ 0.01). According to the regression model, the optimal density of ZZXA12938 was 350,000 plants ha−1 in the present study, while that of ZH13 was 311,000 plants ha−1. The maximum simulated seed yield of ZZXA12938 was 5090 kg ha−1, which was 25.3% higher than that of ZH13 (4062 kg ha−1), indicating that the former had a higher yield potential.




3.2. Response of Branching to Planting Density


The correlation between branch number and planting density was different for the two soybean cultivars (Figure 5). A significant negative correlation was found between planting density and branch number in ZZXA12938. With the increase of planting density, the number of soybean branches decreased sharply first and then slowly, and the final branch number tended to be zero (Figure 5A). However, a plateau followed by a linear relationship was found between branch number and planting density for ZH13 (Figure 5B). The branch number for ZH13 did not change with the increase of planting density until planting density increased to 213,240 plants ha−1 based on the regression curve. When planting density was above 213,240 plants ha−1, the number of soybean branches decreased linearly.




3.3. Relationship between the Number of Seeds and Pods, and Branches


A significant positive relationship was found between the number of pods and seeds per plant and the number of branches (Figure 6, p ≤ 0.001). With the increase in the number of branches, the extent to which the number of pods and seeds per plant increased in ZZXA12938 was higher than that in ZH13 (i.e., the slope and intercept of the curve for ZZXA12938 were both higher).



The numbers of pods and seeds per area of soybean and the number of branches are shown in a quadratic function (Figure 7, p ≤ 0.001). With the increase in the number of branches, the number of pods and seeds per unit area increased first and then decreased. The maximum value of pods and seeds per area of ZZXA12938 and ZH13 were found when the branch number ranged from 1.45 to 1.63 and from 3.44 to 3.47, respectively.



The correlations between seed yield and the number of branches were different for the two soybean cultivars (Figure 8, p ≤ 0.001). A significant negative correlation was found between seed yield and branch number in ZZXA12938 (Figure 8A). However, a plateau followed by a linear relationship was found between seed yield and the number of branches in ZH13 (Figure 8B). The seed yield of ZH13 remained at the same level with the increase in the number of branches from 0 to 2.7 branch per plant, and then decreased gradually.




3.4. Branch Yield Contribution Rate


Linear plus platform relationship was found between branch yield contribution rate and branch number for soybean (Figure 9, p ≤ 0.001). Compared to ZH13, with the increase of the branch number, the branch yield contribution rate in ZZXA12938 was lower and the increasing duration was shorter (the inflection points in ZZXA12938 and ZH13 were 2.89 and 3.84, respectively). The branch yield contribution rate in ZZXA12938 at the plateau stage was 26%, which was significantly lower than that in ZH13 (56.2%). The results indicated that the yield of ZH13 was strongly dependent on its branch number and should be planted at a relative low density, while the yield of ZZXA12938 was strongly dependent on its mainstem and should be planted densely.





4. Discussion


Close planting improves light interception and photosynthesis, resulting in a remarkable increase in biomass and seed yield [16,33,34,35]. Under a constant harvest index, the increase of crop yield under dense planting conditions was due to the increase of dry matter accumulation [9,36]. In the present study, seed yield of the two soybean cultivars were determined under six different planting densities, and the yield increased first and then decreased with the increase of planting density according to the regression model (Figure 4). Egli [37] and Holshouser and Whittaker [38] showed that the optimal planting density of soybean ranged from 70,000 to 600,000 plants ha−1 depending on cultivar. From the regression model, the optimal density of ZZXA12938 was 350,000 plants ha−1 in the field experiment, while that of ZH13 was 311,000 plants ha−1, which was consistent with the previous results [37,38]. In the present study, seed yield of ZZXA12938 was 4389 kg ha−1, which was 22.4% greater than that of ZH13 (Table 1). In addition, seed yield of ZZXA12938 can reach up to 5090 kg ha−1 based on the regression model, which was 25.3% higher than that in ZH13 (Figure 4). These findings indicate that the cultivar ZZXA12938 is more suitable for dense planting and has a higher yield potential.



Pods grow at the nodes of the soybean plant. Many researchers have studied the relationship between seed yield and the number of nodes and indicated that the number of nodes per unit area should be increased in order to achieve high soybean yield [21,23,39]. The pod–nodes occur on both the mainstem and branches of the soybean plant [19,20]. Branch number for the two cultivars showed an obvious difference with the increase of planting density (Figure 5). The branching capacity of ZZXA12938 can be stimulated only under lower planting densities. However, for ZH13, the branch number can increase to more than five under a low density condition, and then decreased gradually with the further increase of planting density. Previous studies showed that the number of branches in a soybean plant depends on the genetic characteristics of the cultivar and the growth environment [28,29,40]. In the past, soybean production in China was mainly dominated by smallholders, with low sowing rate and serious land leakage, which required the soybean cultivars having a strong branching ability. Currently, mechanized seeding technology is widely applied, which can make the field grown plants evenly distributed. Therefore, the requirements on the branching ability of cultivars have been gradually reduced [41]. In this context, increasing planting density is becoming an increasingly important strategy to increase soybean yield. Wolters and Jürgens [28] and Wang et al. [29] showed that the development of axillary buds was inhibited with the increase of planting density. Therefore, an optimal planting density is essential to ensure soybean yield for a given cultivar in a specific region.



A significant positive correlation was found between the number of pods and seeds per plant and the number of branches (Figure 6), which was consistent with previous studies [13,23]. The results showed that soybean could increase the total number of nodes by increasing the number of branches, thus increasing the number of pods per plant and seed yield per plant. However, the increase of branches was based on the premise of low planting density, which is the cost of losing the number of plants per unit area. Therefore, the increase of pod number per unit area is the key factor for high soybean yield [22,42]. According to the regression equation, the number of pods and seeds per unit area of ZZXA12938 and ZH13 decreased significantly when the number of branches was greater than 1.6 and 3.4, respectively (Figure 7). In addition, soybean yield decreased with the further increase of branch number (Figure 8), which indicated that it was difficult to obtain a higher seed yield only by increasing the number of soybean branches under low planting regimes.



In the present study, the yield formation of the two soybean cultivars had different responses to dense planting. Compared with ZH13, ZZXA12938 was suitable for higher planting density and had a higher yield potential (Figure 4). In contrast, seed yield formation of the ZH13 was more dependent on branches (Figure 9). The yield of ZZXA12938 decreased significantly with the increase of branching, while the yield of ZH13 remained steady with the increase of branching, and then decreased significantly (Figure 8). The results showed that cultivar ZH13 showed a stronger compensation by increasing branching under low density planting, while ZZXA12938 possessed a higher yield potentiality by improving the tolerance to high planting density.




5. Conclusions


This study has fully verified our hypothesis. Firstly, increasing planting density is an important approach to achieving the potential of soybean yield. As the planting density increased from 135,000 to 360,000 plants ha−1, the seed yield of soybean was significantly increased by 48.2%. Secondly, there was generally a negative correlation between branch number and planting density. Compared with cultivar ZH13, ZZXA12938 was more tolerant to high planting density and has a higher yield potential. Therefore, based on the current advanced seeding technology, it is necessary to select the cultivars with a weak branching ability and a moderately dense planting for high yielding.
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Figure 1. Pod and seed number per plant as an effect of planting density and cultivar ((A,C): ZZXA12938; (B,D): ZH13). Error bars represent the standard deviation of the mean. Different lowercase letters in the same year indicate significant differences among the treatments (p ≤ 0.05). 
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Figure 2. Pod and seed number per area as an effect of planting density and cultivar ((A,C): ZZXA12938; (B,D): ZH13). Error bars represent the standard deviation of the mean. Different lowercase letters in the same year indicate significant differences among the treatments (p ≤ 0.05). 
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Figure 3. Hundred-seed weight as an effect of planting density and cultivar ((A): ZZXA12938; (B): ZH13). Error bars represent the standard deviation of the mean. Different lowercase letters in the same year indicate significant differences among the treatments (p ≤ 0.05). 
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Figure 4. The relationship between yield and planting density for (A) ZZXA12938 and (B) ZH13. Markers with different colors represent different growing seasons; ** indicates that the correlation is significant at the p ≤ 0.01 level. 






Figure 4. The relationship between yield and planting density for (A) ZZXA12938 and (B) ZH13. Markers with different colors represent different growing seasons; ** indicates that the correlation is significant at the p ≤ 0.01 level.



[image: Agriculture 11 00069 g004]







[image: Agriculture 11 00069 g005 550] 





Figure 5. The relationship between the number of branches and soybean planting density for (A) ZZXA12938 and (B) ZH13. Markers with different colors represent different growing season; *** indicates that the correlation is significant at the p ≤ 0.001 level. 
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Figure 6. The relationship between pods and seeds per plant and branch number for (A,C) ZZXA12938 and (B,D) ZH13. Markers with different colors represent different growing season; *** indicates that the correlation is significant at the p ≤ 0.001 level. 
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Figure 7. The relationship between the number of pods and seeds per unit area and the branch number for (A,C) ZZXA12938 and (B,D) ZH13. Markers with different colors represent different growing season; *** indicates that the correlation is significant at the p ≤ 0.001 level. 
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Figure 8. The relationship between seed yield and the branch number for (A) ZZXA12938 and (B) ZH13. Markers with different colors represent different growing season; *** indicates that the correlation is significant at the p ≤ 0.001 level. 
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Figure 9. The relationship between branch yield contribution rate and branch number for (A) ZZXA12938 and (B) ZH13. Markers with different colors represent different growing season; *** indicates that the correlation is significant at the p ≤ 0.001 level. 
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Table 1. Monthly mean air temperature and rainfall during the 2018–2019 soybean growing season in Xinxiang, China.
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Growing Month

	
Air Temperature (°C)

	
Rainfall (mm)




	
2018

	
2019

	
2018

	
2019






	
June

	
22.6

	
29.1

	
75.4

	
59.9




	
July

	
27.8

	
29.7

	
78.5

	
30.8




	
August

	
29.5

	
27.1

	
72.7

	
114.6




	
September

	
29.0

	
23.0

	
35.3

	
73.5




	
October

	
16.3

	
16.4

	
0.2

	
64.5
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Table 2. Yield and yield components of soybean under different planting densities.
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Factor

	
Seed No.

	
Pod No.

	
Hundred-Seed

	
Yield




	
Plant−1

	
Area (m−2)

	
Plant−1

	
Area (m−2)

	
Weight (g)

	
(kg ha−1)






	
Year

	
2018

	
120.4 b

	
2759.2 b

	
53.2 a

	
1215.2 a

	
19.6 b

	
4052 a




	

	
2019

	
123.6 a

	
2912.3 a

	
51.6 b

	
1190.8 b

	
21.6 a

	
3924 a




	
Cultivar

	
ZZXA12938

	
146.7 a

	
3397.2 a

	
60.4 a

	
1364.8 a

	
16.8 b

	
4389 a




	

	
ZH13

	
97.3 b

	
2274.2 b

	
44.4 b

	
1041.2 b

	
24.5 a

	
3587 b




	
Density

	
13.5

	
164.0 a

	
2214.3 e

	
67.6 a

	
902.5 d

	
19.8 d

	
3053 e




	
(104 × plant ha−1)

	
18.0

	
144.6 b

	
2602.1 d

	
59.6 b

	
1075.2 c

	
20.2 c

	
3546 d




	

	
22.5

	
137.9 c

	
3102.4 ab

	
57.4 c

	
1294.0 b

	
20.4 c

	
4012 c




	

	
27.0

	
111.8 d

	
3135.0 a

	
50.1 d

	
1329.6 a

	
20.9 b

	
4315 b




	

	
31.5

	
95.2 e

	
3036.2 b

	
42.6 e

	
1317.2 ab

	
21.1 ab

	
4477 a




	

	
36.0

	
78.7 f

	
2924.4 c

	
37.1 f

	
1299.5 ab

	
21.4 a

	
4524 a




	
Cultivar (C)

	
***

	
***

	
***

	
***

	
***

	
***




	
Density (D)

	
***

	
***

	
***

	
***

	
***

	
***




	
C × D

	

	
***

	
***

	
***

	
***

	
***

	
***








Note: values within the same column followed by different lowercase letters are significantly different among different treatments at the p ≤ 0.05 level; *** indicates significant differences at the p ≤ 0.001 level.
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