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Abstract

:

Shading created by intercropping reduces the photosynthetic capacity of soybean plants but also directly affects the pod setting process of soybean. However, which of the changed aspects induce the yield differences in intercropped soybean cultivars is still unknown. Four soybean cultivars with similar yield and growth and development processes in monoculture were selected by a pre-experiment. Field experiments were carried out from 2015 to 2017 to investigate the leaf photosynthetic parameters, total biomass, reproductive characteristics, yield and yield components of soybean. The yield of soybean cultivars was significantly decreased in intercropping systems and the yield of cultivars (cvs.) ZH39 and QH34 were considerably higher than those of cvs. HD19 and HD20. Besides, the pod and seed number and harvest index were also reduced by intercropping and the yield components of cvs. ZH39 and QH34 in intercropping were significantly higher than those of cvs. HD19 and HD20, other than the seed size. Although the parameters of leaf photosynthetic capacity (leaf area index, net photosynthetic rate, and chlorophyll content) of soybean were changed by intercropping, there was no significant difference among cultivars. Additionally, the CGRR1–R5 (crop growth rate between R1 and R5) of intercropped soybean was lower than that of monoculture, while no significant differences were observed in different cultivars. The reproductive biomass at R5 was significantly different among soybean cultivars, and the reproductive partitioning and seed set efficiency of different cultivars were varied by the reproductive biomass at R5. Therefore, high-yielding cultivars in intercropping can achieve higher yield due to more reproductive structures survived at R5.
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1. Introduction


Intercropping is an ecological planting pattern which can use land and environmental resources more efficiently as compared to monoculture, so as to realize sustainable development of agriculture and guarantee food security [1,2,3]. Soybean intercropped with maize, producing more grain yield and protein, are considered as a preferred combination in the intercropping systems [4,5,6]. The maize–soybean strip intercropping, which has a row ratio of 2:2 for maize-to-soybean, keeps the plant density of the two-component crops consistent with monoculture by reducing the plant spacing achieved a land equivalent ratio higher than 1.4 in China [7,8,9]. However, due to the temporal niche differentiation of crops in intercropping, it is complementary and competitive for light resource utilization of the two-component crops [6,7,10]. Soybean plant growth is affected by the shade of maize plants at the seedling stage in relay intercropping and at the reproductive stage in intercropping, which results in a significant reduction in grain yield [7,9]. Andrade et al. [11] and Yang et al. [12] demonstrated that the optimization of the sowing dates and planting geometries of the combined crops could promote the performance of intercropped soybean yields, and further increase the total yield of the intercropping system. Those practices mainly alleviate the interspecific competition and increase the light interception and utilization of lower crops by separating the critical growth period of the combined crops.



Light fluctuations are ubiquitous in nature, so plants are affected by some degree of shading during the growth period. Therefore, plants have evolved two strategies in response to shade: avoidance and tolerance [13,14]. Crops with strong shade tolerance can not only better capture and utilize light energy under low light conditions, but also generate more reproductive structures. These shade-tolerant traits can be used as the basis for selecting cultivars with high efficient utilization of light resources [15,16]. Su et al. [17] reported the parameters of photosynthetic production, such as leaf area index (LAI) and chlorophyll content and net photosynthetic rate (Pn), as references to the shade-tolerant traits to evaluate the difference between two soybean cultivars in relay intercropping. When the cultivar had higher photosynthetic capacity, the more light energy could be intercepted and the more grain yield was achieved.



From the view of botany, plant morphology and photosynthetic characteristics are important indicators of shade tolerance [14]. However, for agricultural production, the grain yield of crops depends on the number of reproductive structures after harvest, and shading can affect the development process of reproductive structures [18]. Seed number per unit area is the most important yield trait of soybean [19,20,21]. From the initial flowering to early seed-filling is the critical period for seed number determination, and there is a linear relationship between crop growth rate and seed number during this period [19,22,23,24]. Jiang and Egli [23] reported that shading from R1 to R5 significantly reduced the photosynthesis and biomass of soybean and ultimately decreased the crop growth rate and seed number. Egli and Yu [19] and Rotundo et al. [25] evaluated the characteristics through redefining the relevant parameters of the physiological model proposed by Charles-Edwards [26]. The reproductive characteristics of seed number determination can be the crop growth rate and duration of the critical period of seed set and the reproductive partitioning and seed set efficiency [19,25,27]. Therefore, it is necessary to systematically analyze the yield differences among soybean cultivars via determining the photosynthetic and reproductive production changed by shading under intercropping.



Soybean cultivars with different durations of growth periods in intercropping can induce the variations in grain yield due to different solar radiation interception [28]. To eliminate the effects of plant growth duration, four soybean cultivars were selected with similar development processes and grain yield in monoculture. All of them were measured by photosynthetic capacity, plant growth, and reproductive characteristics in order to reveal the reasons for the yield variance among cultivars under intercropping.




2. Materials and Methods


2.1. Experimental Site


Field experiments were established at two locations in the Huang-Huai-Hai Plain of China. The first site was located at Heze city (35°15′N, 115°25′E), Shandong province in 2015. The second one was at Zhengzhou city (34°47′N, 114°4′E), Henan province in 2016–2017. Rainfall and average daily temperature from sowing to maturity were 360.5 mm and 24.5 °C in 2015, and 410.0 mm and 26.5 °C in 2016, and 328.1 mm and 26.2 °C in 2017, respectively (Figure 1). The soil was clay texture in Heze and damp soil in Zhengzhou. Basic soil chemical characteristics (0–15 cm depth) before sowing were measured. The organic matter was 12.0, 17.3, and 16.6 g kg−1; N was 65.4, 54.5, and 52.8 mg kg−1; P was 61.4, 25.9, and 23.4 mg kg−1, and K was 229.0, 141.5, and 148.4 mg kg−1 in 2015–2017, respectively.




2.2. Cultivar


One hundred eighty-three soybean germplasms were collected from different regions in China. The soybean cultivars, which had a similar yield in monoculture but had significantly different yields in intercropping, were screened out by preliminary experiments from 2013 to 2015. Moreover, the growth period of component crops had temporal niche differentiation [10]. If soybean cultivars have a significant difference in plant growth duration, the overlap time between the two-component crops would be varied in intercropping. Then, the PAR interception and light utilization of the soybean canopy are subsequently different in intercropping. Finally, the different durations of the plant development processes can cause yield variation among cultivars in intercropping [6,11,28]. To eliminate the difference in grain yield affected by different plant development processes, four soybean cultivars with similar yield and plant development processes in monoculture were selected to carry out this study (Table 1).



The growth stages of soybean were classified according to Fehr and Caviness [29]. Twenty soybean plants in each plot were investigated every other day, and the phenology of the soybean plant was recorded. The data in Table 2 show the growth stages and the corresponding days after sowing.




2.3. Experimental Design


A two-factor split-plot design was used in this experiment from 2015 to 2017. The planting patterns were the main plots, and the soybean cultivars were the split plots. All treatments were with three replications. The planting patterns included soybean monoculture (M0) and maize–soybean intercropping with two different bandwidths (2 m for INT1 and 2.4 m for INT2). The rows ratio was 2:2 for maize–soybean intercropping. Two rows of soybean were planted in the wide rows between the maize strip (Figure 2). The rows spacing between soybean to soybean and maize to maize was 0.4 m. The adjacent maize and soybean rows were 0.6 m for INT1 and 0.8 m for INT2. Soybean monoculture plots were eight rows 6 m long, with 0.5 m row spacing. Intercropping plots were 3 strips with 6 rows of soybean and 6 m long, and the land area of one plot was 36 m−2 for INT1 and 43.2 m−2 for INT2, respectively. The plant density was 16.5 plants per m2 for soybean and 7.05 plants per m2 for maize. A similar plant population was maintained in monoculture and two intercropping systems by shortening the distances between the contiguous standing plants. Maize cultivars “Xundan26” and “Xundan20” were used in Heze and Zhengzhou, respectively. The orientation of intercropping strips was east–west.



The times of sowing and harvesting for maize and soybean were on the same days. Sowing was on 17 June 2015, 14 June 2016, and 13 June 2017. Harvesting was on 1 October 2015, 30 September 2016 and 2017. Irrigation was applied using sprinklers at 0, 10, 26, 66 days after sowing to protect from water stress. Fertilizers were applied at rates of 150 kg N ha−1, 100 kg P ha−1, and 100 kg K ha−1 for intercropped maize at 20 days after sowing, but no fertilizer for soybean. Weeds were controlled by hand, and plant diseases and insect pests were prevented by chemicals.




2.4. Sampling Methods and Photosynthetic Production Analysis


To measure the total biomass, six consecutive plants were cut at the cotyledon node from each plot. Sampling commenced at the flowering initiation stage with 5- or 10-day intervals. All samples were separated into leaf, stem, petiole, pod, and seed. After that, subsamples were oven-dried at 105 °C for half an hour to kill the fresh tissues and then dried at 80 °C for more than 48 h until constant weight was reached.



The leaf area index (LAI) was measured simultaneously with biomass sampling. All leaves of six soybean plants in each plot were collected, and then fifteen leaves were randomly selected as subsamples. The area of every single leaf was calculated by multiplying the leaf maximum length and width with the shape coefficient factor of 0.75 [6]. LAI was calculated as (Equation (1)).


  LAI =   L A f × D W   d w f × n   × N  



(1)




where LAf and dwf are the total leaf area and dry weight of fifteen leaves, respectively; DW is the dry weight of all leaves; n and N are the numbers of sampling plants and standing plants per m2, respectively.



Chlorophyll content was measured by a SPAD 502 Minolta chlorophyll meter from the initiation flowering (R1) stage of soybean. Each sampling time was 5- or 10-day intervals. Three soybean plants were selected from each experimental plot, and the middle leaflets of the full-unrolled trifoliate leaves at the third node from the top canopy of plants were measured. Each leaflet was measured six times as technical replicates and then the value was averaged.



The net photosynthesis rate (Pn) was measured by LI-6400XT (Li-Cor Inc., Lincoln, NE, USA) at 10, 20, 40, and 50 days after flowering in 2015. Three soybean plants without disease and pest injury were selected from each experimental plot, and the middle leaflets of the full-unrolled trifoliate leaves at the third node from the top canopy of plants were measured. The photosynthetically active radiation (PAR) was set at 1000 μmol m−2 s−1, provided by a 6400-02B LED light source, and CO2 flow was controlled at 380 μmol m−2 s−1. All samples were measured from 9:00 a.m. to 11:30 a.m.




2.5. Grain Yield and Yield Components


At full maturity, two rows of soybean (one left strip without sampling during the growth stages) were harvested in each plot, avoiding 0.5 m gaps from plot boundary and 4.5 m long. All plants were air-dried for at least 15 days and then threshed manually to measure the yield per unit area. In the harvested strip, 10 consecutive soybean plants were selected for measuring the pod and seed number per unit area, and seed weight and aboveground biomass. Seed size was calculated by 300-seeds weight from each treatment. The harvest index (HI) was the ratio between seed weight and aboveground biomass of 10 plants of soybean.




2.6. Reproductive Biomass and Characteristics Determinations


The critical period of determination of the soybean seed set is from the flowering initiation to the early seed-filling stage [19,22,23,30]. The reproductive characteristics were evaluated according to the model defined by Rotundo et al. [25].



Four soybean cultivars with consistent development processes were used so the critical period of seed set determination for all cultivars was estimated from 0 to 30 days after flowering (almost the stages between R1 and R5) in this experiment. The reproductive biomass at R5 (g m−2) was obtained from the pods excised from plants at 30 days after flowering. In addition, the CGRR1–R5 (crop growth rate between R1 and R5) was calculated using the linear regression between the sampling times and the corresponding total biomass from 0 to 30 days after flowering. Then, the slope of the linear equation was for CGRR1–R5 during the seed set period. Partitioning of total biomass to reproductive organs (PartCoef, g g−1) was the ratio between the reproductive biomass at R5 and the total biomass accumulated from 0 to 30 days after flowering. Seed set efficiency (SetEff, seed g−1) was the ratio between the seed number per unit area at harvest time and the reproductive biomass at R5.




2.7. Statistical Analysis


The ANOVA was used to analyze all the experimental data using SPSS (version 19.0, Chicago, IL, USA). Means of each treatment were compared with Duncan’s test at the 0.05 probability level. Pearson correlation was used to analyze the correlation coefficient between grain yield and seed number determined parameters. Figures were drawn using Sigmaplot 10.0, and linear regressions for the crop growth rate measurements were conducted with Curve Expert 1.4.





3. Results


3.1. Yield and Yield Components


The variance analysis of grain yield and yield components of soybean in different treatments from 2015 to 2017 showed cultivars, planting patterns, and years significantly affected the grain yield and yield components (p < 0.01), except planting patterns did not affect seed size (Table 3). The interaction between cultivars and planting patterns significantly affected (p < 0.01) the grain yield, pod number, seed number, and HI of soybean. The interaction between cultivars and years had no significant effect on grain yield and yield components. The interaction between planting patterns and years significantly affected (p < 0.01) grain yield, pod numbers, and seed numbers of soybean. The interaction of cultivars × planting patterns × years only significantly affected (p < 0.01) the pod numbers of soybean.



Intercropping significantly reduced the grain yield, pod number, seed number, and HI other than seed size, as compared to monoculture (Table 3). In intercropping, the grain yield of cvs. ZH39 and QH34 was considerably higher than those of cvs. HD19 and HD20 during three growing seasons. The decrease in yield of cvs. ZH39 and QH34 was both by an average of 60%, while the decrease of cvs. HD19 and HD20 was by an average of 72% and 70% as compared to monoculture, respectively.



Under intercropping, the pod numbers of cvs. ZH39 and QH34 were significantly higher than those of cvs. HD19 and HD20. As compared to monoculture, the decrease of cvs. ZH39 and QH34 was by an average of 52% and 53% in intercropping, while the decrease of cvs. HD19 and HD20 was by an average of 66% and 65% during three growing seasons, respectively.



The seed numbers of cvs. HD19 and HD20 were significantly lower than cultivar ZH39 under intercropping, but not for cv. QH34. Under intercropping, the decrease of cvs. ZH39 and QH34 was both by an average of 59%, while the decrease of cvs. HD19 and HD20 was by an average of 71% and 68%, as compared to monoculture during three growing seasons. Both in monoculture and intercropping, the seed size of cv. QH34 was significantly larger than those of the other three cultivars, while no significant differences were found in other cultivars. Under intercropping, the harvest index of cv. ZH39 was the highest and significantly higher than those of cvs. HD19 and HD20 in most cases from 2015 to 2017.




3.2. Photosynthetic Parameters


The planting pattern did not affect the growth dynamics of leaf area index (LAI), but LAI was significantly lower in intercropping than that of monoculture after flowering (Figure 3). In 2015 and 2016, the LAI was decreased by more than 40% at 15–35 days after flowering in intercropping. In 2017, the LAI was decreased by more than 35% at 10–40 days after flowering in intercropping. However, no significant differences of LAI among the four soybean cultivars were found either in monoculture or in intercropping.



The planting pattern did not affect the growth dynamics of leaf chlorophyll content (SPAD values) (Figure 4). Interestingly, soybean plants in intercropping had a higher chlorophyll content than that of monoculture during the seed filling stage, which implied a longer duration of green leaves (Figure 4D–I). After flowering, the chlorophyll content of cultivar ZH39 was significantly lower than that of the other three cultivars at 25 and 35 days in 2015, at 35 days in 2016, and at 30 and 40 days in 2017, respectively. To sum up, intercropping had little effect on chlorophyll content, while chlorophyll content among soybean cultivars showed a significant difference only at the seed filling stages.



Both in monoculture and intercropping, the net photosynthetic rate (Pn) of soybean leaves decreased gradually from 10 to 50 days after flowering (Figure 5). The highest Pn was by an average of 26.3 μmol CO2 m−2 s−1 for monoculture and 24.7 μmol CO2 m−2 s−1 for intercropping at 10 days after flowering. Compared with monoculture, intercropping significantly reduced the Pn at 10, 20, and 40 days after flowering, with an average decrease of 6%, 8%, and 11%, respectively (Figure 5B,C). In intercropping, the Pn among cultivars was significantly different at 10 and 40 days after flowering, which the Pn of cultivar QH34 was significantly higher than those of the other three soybean cultivars, while no significant differences were found in the other three cultivars.




3.3. Total Biomass Accumulation


Intercropping did not affect the dynamics of total biomass accumulation, while it significantly reduced the total biomass (Figure 6). The mean maximum biomass was 724, 866, and 831 kg ha−1 in monoculture and 395, 418, and 380 kg ha−1 in intercropping at 35, 40, and 40 days after flowering from 2015 to 2017, respectively. In intercropping, the average decrease of soybean biomass was larger than 45% at 25–50, 15–50, and 10–50 days after flowering from 2015 to 2017, respectively. In addition, the average maximum decrease of biomass was 50%, 54%, and 55% at 25, 35, and 50 days after flowering during three growing seasons, respectively.



The biomass of different soybean cultivars was similar in monoculture (Figure 6A–C). However, in intercropping, the average biomass of cvs. ZH39 and QH34 was higher than those of cvs. HD19 and HD20 at 35–50 days after flowering in 2015 and 2016, and at 30–50 days after flowering in 2017, respectively.




3.4. Reproductive Biomass and Characteristics


Variance analysis of reproductive biomass and characteristics from 2015 to 2017 showed that planting patterns and years affected the reproductive biomass and characteristics at R5, and cultivars affected the reproductive biomass at R5 and seed set efficiency (Table 4). The interaction between planting patterns and cultivars, planting patterns, and years affected the reproductive biomass and characteristic at R5. The interaction between cultivars and years affected the reproductive biomass at R5 and reproductive partitioning. The interaction of cultivars × planting patterns × years only affected the reproductive partitioning.



The reproductive biomass at R5 was significantly reduced by intercropping, with an average decrease of 52%, 58%, and 57% in 2015–2017, respectively (Table 4). Moreover, the reproductive biomass at R5 of cvs. ZH39 and QH34 was significantly higher than those of cvs. HD19 and HD20 in 2015 and 2017 under intercropping.



The CGR between R1 and R5 was also significantly decreased by intercropping, with an average decrease of 56%, 53%, and 46% from 2015 to 2017, respectively (Table 4). In intercropping, the CGRR1–R5 of cvs. ZH39 and QH34 were merely significantly higher than those of cvs. HD19 and HD20 in 2016.



The effects of intercropping on the reproductive partitioning showed opposite results in different years (Table 4). In 2015, the reproductive partitioning was reduced by an average of 8% but significantly increased by an average of 12% and 26% in 2016 and 2017, respectively. Under intercropping, the reproductive partitioning of cvs. ZH39 and QH34 was significantly higher than that of cvs. HD19 and HD20 in 2015 and 2017.



In addition, seed set efficiency was significantly affected by intercropping, with an average decrease of 23%, 26%, and 31% from 2015 to 2017, respectively (Table 4). Under intercropping, the cultivar ZH39 had the highest seed set efficiency and was significantly higher than those of cvs. HD19 and HD20 for three years.




3.5. Correlation Analysis


As shown in Table 5, the grain yield was significantly positively correlated with seed number, reproductive biomass at R5, crop growth rate, and seed set efficiency (p < 0.01). The seed number was also significantly positively correlated with reproductive biomass at R5, crop growth rate and seed set efficiency (p < 0.01). There was a significant positive correlation between reproductive biomass at R5 and reproductive partitioning (p < 0.01). The crop growth rate had a significant positive correlation with seed set efficiency (p < 0.01), but significantly negatively correlated with reproductive partitioning (p < 0.01). Moreover, the reproductive partitioning was negatively correlated with seed set efficiency, while not at a significant level (p > 0.05).





4. Discussion


4.1. Variation of Yield and Yield Components among Soybean Cultivars in Strip Intercropping


The growth of soybean was hindered by the shading of the upper layer crops during the co-growth period, and the grain yield was significantly decreased in intercropping [31]. In this study, four soybean cultivars with similar yield and development processes in monoculture were adopted. The grain yield of soybean was significantly decreased by more than 50% when intercropped with maize from 2015 to 2017 (Table 3). These results agree with the reports by Liu et al. [31]. Moreover, there were significant differences in grain yield among cultivars under intercropping. The grain yield of cvs. ZH39 and QH34 under intercropping were decreased by an average of 60% less than that of cvs. HD19 and HD20 (by an average of 72% and 70%) compared to monoculture, respectively. Finally, the grain yield of cvs. ZH39 and QH34 was significantly higher than that of cvs. HD19 and HD20 when intercropped with maize (Table 3).



Under shading, the yield variation among cultivars was related to the range of grain number [32]. Many studies confirmed that the availability of photosynthate from soybean leaves significantly affects the grain number [22,23,30]. Previous studies showed the pod and seed number of soybean were significantly reduced by the negative effects of shading during the co-growth period, but not for seed size in maize and soybean intercropping systems [4,31]. Lesoing and Francis [33] found the seed number of soybean on border rows near the maize strip was significantly lower than that in the middle rows in maize and soybean intercropping, but the seed size had no changes. These results suggested that the shading hindered the formation of the reproductive structures in soybean while not affected the seed filling processes. Similar results were obtained in our study. Intercropping significantly reduced the pod and seed numbers per unit area of soybean. Under intercropping, the average decrease in the pod number of cvs. ZH39 and QH34 was 52% and 53% and the decrease in seed number was 59%, respectively. However, the average decrease in the pod numbers of cvs. HD19 and HD20 was 66% and 65% and the average decrease in seed number was 71% and 68%, respectively (Table 3). Therefore, cvs. ZH39 and QH34 produced more reproductive structures than cvs. HD19 and HD20, which resulted in the achievement of higher grain yield. This was similar to the yield differences in other crops, in which crop species with a stronger shade tolerance can produce more grains under low light conditions [15,16].



Intercropping also significantly reduced the harvest index of soybean [6,31]. Similar results were observed in the present study. Besides, we also found the harvest index among cultivars was significantly different in intercropping. In most cases, the harvest index of cvs. HD19 and HD20 was lower than that of cv. ZH39, but this was not found in cv. QH34 (Table 3). Further, it is necessary to explore the processes of the difference in harvest index among cultivars under intercropping [34].




4.2. Variation of Photosynthetic Production and Biomass Accumulation among Soybean Cultivars in Strip Intercropping


In maize–soybean intercropping systems, the development of the two combined crops are synchronous and the co-growth period is throughout the whole growth duration from sowing to harvest [6,7]. The main stem nodes and the individual leaf area of intercropped soybean was less than that of monoculture with the PAR decreased after the initial flowering stage, and that induced the LAI of intercropped soybean was lower than that of monoculture [7]. Our results showed that the LAI of intercropped soybean decreased by an average of more than 35% at 10–40 days after flowering (Figure 3). However, there was no significant difference in LAI after flowering among soybean cultivars both in monoculture and intercropping, which indicate that the changes in leaf area of different intercropped soybean cultivars are similar.



In the present study, we found intercropping significantly reduced the Pn of soybean leaves at 10, 20, and 40 days after flowering, with an average decrease of 6%, 8%, and 11%, respectively (Figure 5B,C). In addition, the Pn of different intercropped soybean cultivars only showed a significant difference at 10 and 40 days after flowering, in which the Pn of cv. QH34 was significantly higher than those of the other three cultivars, but with no significant difference among the other cultivars. We also found intercropping only significantly increased chlorophyll content (SPAD values) of soybean plants at seed filling stages, and the difference of soybean cultivars was only at 25–40 days after flowering, and the chlorophyll content of cv. ZH39 was lower than those of the other three cultivars (Figure 4). In summary, the response of soybean photosynthetic characteristics (i.e., LAI, Pn, and chlorophyll content) to maize shading under intercropping caused a significant decrease in total biomass after flowering. Meanwhile, the photosynthetic capacity among cultivars had no significant difference at 0–30 days after flowering, which explains that different soybean cultivars have similar photosynthate accumulation from flowering to the beginning of seed filling (Figure 6).




4.3. Variation of Seed Number Determinations among Soybean Cultivars in Strip Intercropping


The seed number of soybean were determined gradually from the beginning of flowering to a few days after seed filling [22,23]. Egli and Yu [19] investigated the relationship between canopy photosynthesis (i.e., estimated as the crop growth rate between R1 and R5) and seeds per unit area by referring to the model proposed by Charles-Edwards [26]. The results showed there was a linear relationship between the CGR and the seeds per unit area of soybean in different years and treatments. Moreover, Egli [24] considered that CGR was more important than other reproductive characteristics in seed number determinations and the stabilized linear relationship may be the result of species evolution and long-term selection by breeders. In the present study, we found that intercropping had a significant impact on the CGR between R1 and R5 of soybean, and then significantly reduced the CGRR1–R5. Besides, the seed number of soybean was also significantly reduced by intercropping (Table 3 and Table 4). It implied the seed number of soybean and CGRR1–R5 show a linear relationship when the planting pattern was transformed. However, under intercropping, the CGRR1–R5 showed no significant difference among cultivars (Table 4) and did not correlate with reproductive biomass at R5 (Table 5).



In the processes of seed set, the photoassimilate is partially distributed to reproductive structures, so that the model of seed number estimation should include the factors of photoassimilate distribution [27]. Rotundo et al. [25] used a physiological framework based on a modified Charles–Edwards [26] model and redefined the reproductive characteristics to explain the variation in seed number per unit area. In this study, cultivars only had a significant influence on seed set efficiency, while planting patterns had a significant impact on reproductive partitioning and seed forming efficiency. Shading could significantly improve reproductive partitioning in two growing seasons (Table 4). This may partially explain the physiological reasons why intercropping increases the radiation use efficiency (RUE) of soybean [9].



The four soybean cultivars had consistent growth and development processes under monoculture and intercropping so that they had the same duration of seed set period. The CGRR1–R5 was also similar among cultivars in intercropping. The reproductive partitioning was estimated by the duration of seed set period, CGRR1–R5, and reproductive biomass at R5, and the seed set efficiency was determined by the seed number at maturity and reproductive biomass at R5. Therefore, the reproductive partitioning and seed set efficiency of different cultivars would be varied by the reproductive biomass at R5 (Table 4). Besides, both reproductive partitioning and seed set efficiency have the same parameter (i.e., reproductive biomass at R5), which induce them to be negatively correlated in the numerical calculation (Table 5). Moreover, Egli et al. [35] reported that biomass accumulation and partitioning of soybean reproductive structures changed exponentially with time after R3. So that before comparing the reproductive characteristics of different cultivars, it is necessary to precisely determine the phenological stages of soybean. In summary, after evaluating the relationship between seed number and reproductive characteristics among soybean cultivars, the significant differences of reproductive biomass at R5 in intercropped soybean cultivars caused the yield differences among cultivars.





5. Conclusions


In the current study, the grain yield of soybean was significantly decreased by intercropping and there were significant differences in intercropped soybean cultivars. Under intercropping, the high-yielding cultivars had more pods and seeds. On the one hand, the photosynthetic production of the different cultivars was not shown to have significant differences in intercropping during the critical seed set periods. However, on the other hand, the reproductive biomass at R5 was found to be significantly different in soybean cultivars. Besides, when the planting pattern transformed from monoculture to intercropping, the reproductive partitioning and seed set efficiency of different cultivars were varied depending on the reproductive biomass at R5. Therefore, the results suggest that the differences in reproductive biomass at R5 explain the grain yield differences in intercropped soybean cultivars.
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Figure 1. Daily temperature and rainfall of field experiments during three growing seasons at Heze city in 2015 (A) and Zhengzhou city in 2016 (B) and 2017 (C), respectively. 
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Figure 2. Spatial configurations of each treatment in the field experiment from 2015 to 2017, including soybean monoculture (A) and two bandwidth intercropping treatments, INT1 (B) and INT2 (C). 
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Figure 3. Dynamic changes of leaf area index (LAI) for the different soybean cultivars (●: HD19; ○: HD20; ▼: ZH39, and △: QH34) under different planting patterns (A, B and C for M0; D,E and F for INT1; G,H and I for INT2) at the days after anthesis during 2015–2017. Each value is the mean (n = 3) ± S.E. 
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Figure 4. Dynamic changes of chlorophyll content (SPAD values) for the different soybean cultivars (●: HD19; ○: HD20; ▼: ZH39, and △: QH34) under the M0 (A), INT1 (B) and INT2 (C) at days after flowering during 2015–2017. Each value is the mean (n = 9) ± S.E. 
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Figure 5. Dynamic changes of net photosynthesis rate (Pn) for the different soybean cultivars (●: HD19; ○: HD20; ▼: ZH39, and △: QH34) under the M0 (A), INT1 (B), and INT2 (C) at 10, 20, 40, and 50 days after flowering (corresponding to the different growth stages within R2, R4, R6, and R6.5, respectively) in 2015. Each value is the mean (n = 9) ± S.E. 
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Figure 6. Dynamic changes of above-ground total biomass for the different soybean cultivars (●: HD19; ○: HD20; ▼: ZH39 and △: QH34) under different planting patterns (A,B and C for M0; D,E and F for INT1; G,H and I for INT2, respectively) at the days after flowering during 2015–2017. Each value is the mean (n = 3) ± S.E. 
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Table 1. Information on the experimental cultivars.
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	Cultivar †
	Branch Number (Plant−1) ‡
	Growth Habit
	Released (year)
	Origin from Institute





	HD19
	1.4
	Determinate
	2010
	Heze Academy of Agricultural Sciences



	HD20
	1.9
	Determinate
	2010
	Heze Academy of Agricultural Sciences



	ZH39
	1.8
	Determinate
	2010
	Chinese Academy of Agricultural Sciences



	QH34
	1.9
	Determinate
	2012
	Shandong Academy of Agricultural Sciences







† Abbreviation for the cvs. Hedou19, Hedou20, Zhonghuang39, and Qihaung34, respectively. ‡ The effective branch number was from the breeding reports under sole cropping.
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Table 2. The growth stages of soybean cultivars under the different planting patterns in 2015–2017.
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Phenology

	
2015

	
2016

	
2017




	
Date

	
Days after Sowing (d)

	
Date

	
Days after Sowing (d)

	
Date

	
Days after Sowing (d)






	
Sowing

	
17 June

	
0

	
14 June

	
0

	
13 June

	
0




	
VE

	
23 June

	
6

	
19 June

	
5

	
18 June

	
5




	
R1

	
27 July

	
40 (0) †

	
22 July

	
38 (0)

	
22 July

	
39 (0)




	
R5

	
20 August

	
64 (24)

	
17 August

	
64 (26)

	
17 August

	
65 (26)




	
R6

	
6 September

	
81 (41)

	
2 September

	
80 (42)

	
1 September

	
80 (41)




	
R7

	
21 September

	
96 (56)

	
18 September

	
96 (58)

	
18 September

	
97 (58)








† The number within the brackets refer to the days after flowering. The growth stages (VE: emergence; R1: beginning flowering; R5: beginning seed; R6: full seed; R7: beginning maturity) were according to descriptions from Fehr and Caviness (1977). The development of soybean plants between monoculture and intercropping was similar in this study.













[image: Table] 





Table 3. Analysis of variance of grain yield and yield components among soybean cultivars under the different planting patterns during 2015–2017.
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Year

	
Cultivar

	
Grain Yield (kg ha−1)

	
Pod Number (No.m−2)

	
Seed Number (No.m−2)

	
Seed Size (mg)

	
Harvest Index




	
M0

	
INT1

	
INT2

	
M0

	
INT1

	
INT2

	
M0

	
INT1

	
INT2

	
M0

	
INT1

	
INT2

	
M0

	
INT1

	
INT2






	
2015

	
HD19

	
3422a

	
950b

	
927b

	
721a

	
217b

	
236b

	
1446a

	
394b

	
390b

	
237b

	
241a

	
238b

	
0.48a

	
0.45a

	
0.44b




	

	
HD20

	
3323a

	
979b

	
909b

	
746a

	
239b

	
233b

	
1353b

	
408b

	
386b

	
245b

	
240a

	
236b

	
0.49a

	
0.46a

	
0.45ab




	

	
ZH39

	
3417a

	
1448a

	
1214a

	
751a

	
306a

	
323a

	
1430a

	
603a

	
518a

	
239b

	
240a

	
235b

	
0.48a

	
0.46a

	
0.48a




	

	
QH34

	
3293a

	
1450a

	
1198a

	
655b

	
302a

	
310a

	
1266c

	
572a

	
463ab

	
260a

	
254a

	
259a

	
0.48a

	
0.46a

	
0.46ab




	
2016

	
HD19

	
3471a

	
863b

	
1083ab

	
635a

	
212b

	
240b

	
1475a

	
369b

	
445a

	
235b

	
234b

	
243ab

	
0.47ab

	
0.45ab

	
0.44b




	

	
HD20

	
3227b

	
982b

	
1059b

	
624a

	
223b

	
239b

	
1333bc

	
404b

	
444a

	
242ab

	
243ab

	
239b

	
0.48ab

	
0.44b

	
0.44b




	

	
ZH39

	
3301ab

	
1256a

	
1296a

	
638a

	
330a

	
316a

	
1394ab

	
530a

	
547a

	
237b

	
237b

	
238b

	
0.49a

	
0.46a

	
0.47a




	

	
QH34

	
3170b

	
1240a

	
1218ab

	
619a

	
305a

	
307a

	
1238c

	
488ab

	
473a

	
257a

	
254a

	
258a

	
0.46b

	
0.45ab

	
0.45ab




	
2017

	
HD19

	
3510a

	
1087c

	
1031c

	
698a

	
244b

	
250c

	
1507a

	
489b

	
431b

	
233b

	
223b

	
240b

	
0.48a

	
0.44b

	
0.44b




	

	
HD20

	
3558a

	
1137bc

	
1098bc

	
664b

	
235b

	
234c

	
1489a

	
495b

	
492b

	
239b

	
230b

	
223b

	
0.48a

	
0.44b

	
0.45ab




	

	
ZH39

	
3410a

	
1511a

	
1472a

	
674ab

	
334a

	
354a

	
1512a

	
681a

	
651a

	
226b

	
222b

	
226b

	
0.48a

	
0.47a

	
0.46a




	

	
QH34

	
3456a

	
1431ab

	
1371ab

	
669ab

	
318a

	
313b

	
1326b

	
564ab

	
537ab

	
260a

	
254a

	
256a

	
0.49a

	
0.47a

	
0.45ab




	
ANOVA

	
df

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Cultivar (C)

	
3

	
26.1 **

	

	

	
67.9 **

	

	

	
26.5 **

	

	

	
45.5 **

	

	

	
9.7 **

	

	




	
Planting pattern (P)

	
2

	
3699.9 **

	

	

	
4584.7 **

	

	

	
2931.9 **

	

	

	
1.5 ns

	

	

	
83.3 **

	

	




	
Year (Y)

	
2

	
13.0 **

	

	

	
21.2 **

	

	

	
20.6 **

	

	

	
9.8 **

	

	

	
3.2 *

	

	




	
C × P

	
6

	
11.2 **

	

	

	
21.9 **

	

	

	
14.5 **

	

	

	
1.6 ns

	

	

	
3.1 **

	

	




	
C × Y

	
6

	
0.9 ns

	

	

	
2.2 ns

	

	

	
1.1 ns

	

	

	
1.3 ns

	

	

	
0.8 ns

	

	




	
P × Y

	
4

	
2.8 *

	

	

	
19.2 **

	

	

	
1.8 **

	

	

	
1.0 ns

	

	

	
0.5 ns

	

	




	
C × P × Y

	
12

	
0.5 ns

	

	

	
2.0 *

	

	

	
0.4 ns

	

	

	
0.4 ns

	

	

	
0.9 ns

	

	








Means with the same letter in each column indicate no significant difference (p > 0.05) among different soybean cultivars. F-value was for different probability levels (ns: not significant, * p < 0.05, ** p < 0.01).
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Table 4. Analysis of variance for seed number determinant parameters among soybean cultivars under different planting patterns during 2015–2017.
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Year

	
Cultivar

	
Reproductive Biomass (g m−2)

	
Crop Growth Rate (g m−2 d-1)

	
Partitioning Coefficient (g g−1)

	
Seed set efFiciency (Seed g−1)




	
M0

	
INT1

	
INT2

	
M0

	
INT1

	
INT2

	
M0

	
INT1

	
INT2

	
M0

	
INT1

	
INT2






	
2015

	
HD19

	
199.6a

	
73.6b

	
79.0a

	
19.5a

	
9.0a

	
9.1a

	
0.34a

	
0.27b

	
0.29a

	
7.2ab

	
5.4b

	
5.0b




	

	
HD20

	
182.1b

	
73.6b

	
79.4a

	
20.0a

	
9.0a

	
9.1a

	
0.30b

	
0.27b

	
0.29a

	
7.5ab

	
5.5b

	
4.9b




	

	
ZH39

	
184.2b

	
92.7a

	
87.1a

	
20.1a

	
9.9a

	
9.8a

	
0.30b

	
0.31a

	
0.30a

	
7.8a

	
6.5a

	
5.9a




	

	
QH34

	
180.5b

	
87.8a

	
82.3a

	
19.2a

	
9.6a

	
9.8a

	
0.31ab

	
0.31a

	
0.28a

	
7.0b

	
6.5a

	
5.6a




	
2016

	
HD19

	
215.1a

	
98.8a

	
94.2a

	
21.1a

	
8.3b

	
8.1ab

	
0.34a

	
0.40a

	
0.39ab

	
6.9a

	
3.7c

	
4.7b




	

	
HD20

	
204.1ab

	
93.3a

	
94.3a

	
20.4ab

	
8.7b

	
7.7b

	
0.33a

	
0.36ab

	
0.41a

	
6.5ab

	
4.3bc

	
4.7b




	

	
ZH39

	
199.5b

	
97.8a

	
97.8a

	
20.0b

	
9.5a

	
8.7a

	
0.33a

	
0.34b

	
0.37ab

	
7.0a

	
5.5a

	
5.6a




	

	
QH34

	
210.1ab

	
101.1a

	
95.2a

	
20.1b

	
8.4b

	
8.7a

	
0.35a

	
0.40a

	
0.36b

	
5.9b

	
4.9ab

	
5.0ab




	
2017

	
HD19

	
191.2a

	
92.4b

	
85.8b

	
22.2a

	
9.0a

	
8.8a

	
0.29a

	
0.34b

	
0.33b

	
7.9a

	
5.3ab

	
5.0a




	

	
HD20

	
193.8a

	
97.8b

	
93.4b

	
22.7a

	
9.5a

	
9.1a

	
0.28a

	
0.35b

	
0.34b

	
7.7a

	
5.0b

	
5.3a




	

	
ZH39

	
180.2b

	
109.4a

	
110.2a

	
21.3b

	
9.7a

	
9.3a

	
0.28a

	
0.37a

	
0.39a

	
8.4a

	
6.2a

	
5.9a




	

	
QH34

	
178.3b

	
106.2a

	
104.8a

	
21.2b

	
9.4a

	
9.4a

	
0.28a

	
0.37a

	
0.38a

	
7.4a

	
5.3ab

	
5.1a




	
ANOVA

	
df

	

	

	

	

	

	

	

	

	

	

	

	




	
Cultivar (C)

	
3

	
3.4 *

	

	

	
2.6 ns

	

	

	
2.2 ns

	

	

	
19.2 **

	

	




	
Planting pattern (P)

	
2

	
2907.7 **

	

	

	
5451.4 **

	

	

	
33.2 **

	

	

	
208.2 **

	

	




	
Year (Y)

	
2

	
63.3 **

	

	

	
30.3 **

	

	

	
125.0 **

	

	

	
37.7 **

	

	




	
C × P

	
6

	
10.0 **

	

	

	
5.8 **

	

	

	
4.0 **

	

	

	
3.8 **

	

	




	
C × Y

	
6

	
2.7 *

	

	

	
1.7 ns

	

	

	
4.4 **

	

	

	
0.9 ns

	

	




	
P × Y

	
4

	
16.2 **

	

	

	
19.1 **

	

	

	
32.8 **

	

	

	
6.8 **

	

	




	
C × P × Y

	
12

	
1.6 ns

	

	

	
1.0 ns

	

	

	
3.3 **

	

	

	
0.7 ns

	

	








Means with the same letter in each column indicate no significant difference (p > 0.05) among different soybean cultivars in one growing season. F-value was for different probability levels (ns, not significant; * p < 0.05; ** p < 0.01).
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Table 5. Correlation analysis of grain yield and seed number, reproductive biomass, and seeds determined parameters among soybean cultivars under intercropping during 2015–2017.
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	Source
	GY
	SN
	RB
	CGRR1–R5
	PartCoef
	SetEff





	GY
	-
	0.956 **
	0.646 **
	0.536 **
	0.253
	0.732 **



	SN
	
	-
	0.677 **
	0.556 **
	0.267
	0.746 **



	RB
	
	
	-
	0.001
	0.838 **
	0.021



	CGRR1–R5
	
	
	
	-
	−0.536 **
	0.754 **



	PartCoef
	
	
	
	
	-
	−0.39



	SetEff
	
	
	
	
	
	-







GY: grain yield; SN: seed number per unit area; RB: reproductive biomass at R5; CGRR1–R5: crop growth rate between R1 and R5; PartCoef: partitioning coefficient; SetEff: seed set efficiency. ** p < 0.01.
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