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Abstract

:

Soybean production under maize–soybean relay-intercropping system (MSICS) is vulnerable to shading. A study was initiated to investigate the effects of three sowing-times: ST1, 90; ST2, 70; and ST3, 50 days of co-growth period and two phosphorus-rates: P0, 0; and P60, 60 kg P ha−1 on soybean under MSICS. Results revealed that ST3 significantly increased the photosynthetically active radiations, leaf area index, and photosynthetic rate by 72% and 58%, and 61% and 38%, and 6% and 8%, respectively, at full-flowering and full-pod stage of soybean than ST1. Treatment ST3, increased the total dry-matter (TDM) and the highest TDM was reached at full-seed (R6) stage. Similarly, ST3 considerably increased the dry-matter partitioning to pods and seeds, relative to ST1, soybean under ST3 at R6 had 35% and 30% higher pod and seed dry-matter, respectively. Moreover, ST3 exhibited the maximum seed-yield (mean 1829.5 kg ha−1) for both years of this study. Soybean under ST3 with P60 accumulated 38% higher P, and increased the P content in pods and seeds by 36% and 33%, respectively at R6 than ST1. These results imply that by selecting the appropriate sowing-time and phosphorus-rate for soybean, we can increase the TDM and seed-yield of soybean under MSICS.
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1. Introduction


Relay intercropping is a well-established cropping system in Asia [1], Africa [2], and South America [3]. In relay intercropping systems, cereals, and legumes are the main crop families and are highly important for obtaining higher crop yields and the land equivalent ratio [4]. The relay intercropping of maize (Zea mays L.) and soybean (Glycine max (Linn.) Merr.) decreases the interspecific competition by promoting the facilitation processes, and thus increases the utilization of resources (i.e., land, water, and light) and nutrients (P) which ultimately enhance the crop productivity of an agro-ecosystem [5]. Moreover, the total dry matter and seed yield of intercropped maize and soybean were considerably higher than those of mono maize and soybean under a field experiment [6]. Interspecific facilitation between maize and soybean for P uptake and utilization by intercropped crop species in agricultural production has been confirmed in many previous studies [7]. In recent times, some researchers studied the intercropping systems particularly wheat-maize, wheat-soybean, maize-faba bean, and maize-soybean in terms of phosphorus accumulation [7].



Crop growth and development may be having consequences due to variations in the severity and frequency of extreme weather conditions [8]. Higher annual change in rainfall and temperature are the major climate change components [9]. The effects of climate change are being seen from the last twenty years on agriculture. Genetic and agronomic adjustments are needed to enhance agricultural production [8]. Previously, it has been reported that the soil, climate, and agronomic practices such as sowing times have a substantial influence on seed yield of crops [9]. Heat and drought stresses during the co-growth are responsible for fluctuations in dry matter accumulation as well as seed yield competition within crop species [10]. Phosphorus (P) is a second essential macronutrient after nitrogen for all crops, as agriculture production intensifies the P is of growing concern as it is a non-renewable and limited resource [11], for the sustainability of P fertilizer application in emerging and developed countries. Modern farming in China has increased the crop yields with the greater use of chemical fertilizers especially P [12,13]. In China, P is applied 92 kg ha−1 yr−1, and agronomic output of P is 39 kg ha−1 yr−1 [14]. Whereas, in the United States, total P agronomic output and total P input is 23 and 14 kg ha−1 yr−1, respectively [15]. Importantly, only 15–20% of phosphorus applied in China is accumulated by crop plants during the growing seasons [16]. Sufficient application of P fertilizer has been documented to improve the soybean seed yield and yield related parameters [7]. Phosphorus application increased the availability of other major nutrients N, and K, and enhanced soybean growth under intercropping conditions [17]. Its deficiency negatively affected the crop growth phases, crop maturity, and quality of crops [18].



Soybean is one of the main legumes seeds which provides energy in the form of protein, vitamins, and minerals to most of the people in the whole world. Among legume crops, soybean has the highest protein (30 to 60%) and oil (10 to 30%) contents [19]. In China, soybean is widely sown under a maize–soybean relay intercropping system (MSICS), within the MSICS, described here as the deliberate sowing of soybean crop within the relay-intercropping strip area after 60 days of maize sowing. The maize is usually planted according to a narrow–wide-row sowing pattern at the start of April and harvested at the beginning of August. Soybean is planted in the wide-rows between the maize at the start of June and harvested at the end of October [20]. The vegetative growth period of soybean and the reproductive growth period of maize overlap over a period of approximately nine to ten weeks between the sowing of soybean and the harvesting of maize. Thus, the two different crop species can be grown during one season in production areas where the growing season is too short for double cropping [20]. This system increases the productivity as it takes advantage of the biological N fixation by soybean, thereby reducing the demand for N-containing fertilizers [6]. However, the frequency and amount of rainfall during the co-growth period varies, which results to the change the morphological characteristics of soybean plants at early stages. According to Yang et al., (2014), vegetative and flowering periods are the crucial growth stages where severe environmental conditions and maize shading negatively affected the initial growth of soybean plants [20]. However, these adverse effects could be reduced by selecting the appropriate sowing time. Sowing time of soybean in maize soybean relay intercropping systems affects the growth mostly through its determination of the shading duration during the vegetative stage, since early sown soybean under this system suffers from maize shading for a longer period of time, thereby forcing the soybean plants to coincide with heavy shade and water stress. This water and shade stress leads to a significant effect on soybean seedling parameters, i.e., plant height, stem diameter, and leaf area [21,22]. In past reports, heavy shade on soybean seedlings during the co-growth period resulted in decreased stem diameter, leaf area, stem breaking strength and soluble sugar contents, which in turn increased the lodging and plant height [1,23]. Soybean’s initial growth for higher seed yield is the most critical parameter under MSICS which is significantly affected by the change in sowing time [20]. The shading effect on soybean seedlings could be influenced by changing the sowing time. In addition, sowing time regulates the flowering time and duration which ultimately changed the environmental conditions and shading during the co-growth period of soybean and maize.



The effects of P application and sowing times on biomass accumulation and partitioning towards economic parts in soybean under MSICS has rarely been investigated. Therefore, this study was conducted for understanding the effects of P application and sowing times on biomass accumulation and partitioning in soybean under MSICS to improve the soybean cultivation management and maintain sustainable soybean production in rainfed areas. The objectives of this two-year field experiment were (i) to investigate the effects of sowing time (co-growth period) and P fertilizer rates on the growth and development of soybean under MSICS; (ii) to characterize the total P accumulation and distribution in different plant parts of soybean in MSICS, and (iii) to find out an appropriate sowing time for higher soybean yield under MSICS.




2. Materials and Methods


2.1. Experimental Site


The experiments were conducted during the seasons of 2016 and 2017 at Ya’an Experimental Farm of Sichuan Agricultural University, Sichuan Province, China (29°59′ N, 103°00′ E, 620 m elevation). The climate of the study area was humid and subtropical, and it has an annual mean temperature of 19.4 °C, annual mean rainfall 505.3 mm, annual mean sunshine 1196.6 h, and frost-free period of 312 days. Weather data during the growing seasons from 2016 to 2017 included every month of rainfall and average temperature and are presented in Table 1. The soil at the experiment site consists of a clay loam texture (56% sand, 26% silt, and 18% clay), with total nitrogen 0.39 g kg−1, total phosphorus, 0.51 g kg−1, total potassium 5.58 g kg−1, available nitrogen 51.6 mg kg−1, available phosphorus 15.3 mg kg−1, available potassium 103.1 mg kg−1 and organic matter 27.2 g kg−1, in the top 0–20 cm soil layer and pH 7.2.




2.2. Planting Material and Sowing Times


The maize and soybean cultivars was Chuandan-418 (semi-compact, registration number 2007020 provided by the Maize Institute of Sichuan Agricultural University) and Nandou-12 (shade tolerant, registration number 2008002 main variety in Southwest China, bred by Nanchong Academy of Agricultural Sciences) and were sown in randomized complete block design with a split-plot arrangement and replicated three times under rainfed conditions. Different sowing times were selected in such a manner that the growing soybean plants would likely experience longer, medium, and shorter shading durations. The three sowing times of soybean were: ST1 (15–20 May, 90 days of co-growth period in MSICS); ST2 (5–10 June, 70 days of co-growth period in MSICS); and ST3 (25–30 June, 50 days of co-growth period in MSICS), and two phosphorus fertilizer rates, P0 (0 kg ha−1) and P60 (60 kg ha−1), for intercropped soybean were used in this experiment. Phosphorus fertilizer rates were placed to main plots while sowing times were allocated in the sub-plots. The soybean was grown in 2016 and 2017, and respectively harvested on the 28th and 30th of September, the 22nd and 23rd of October, and the 15th and 19th of November for the three periods of MSICS growth: ST1, ST2, and ST3, respectively.




2.3. Experimental Management


The maize and soybean relay intercropping system (MSICS) “160 cm + 40 cm” maize wide-narrow-row sowing, i.e., the relay intercropping combination of two crop strips with a total width of 200 cm, consisting of two rows of maize and two rows of soybean with a 40-cm row width for maize and soybean, and 60-cm spacing between the adjacent rows of maize and soybean. Every experimental plot size was 36 m2 (6 m × 6 m) in MSICS, including six rows of maize and six rows of soybean. The plant to plant distance of 16.7 cm for maize and 10 cm for soybean was maintained by thinning, which was done after 15 days of germination to maintain a uniform planting density of 60,000 and 100,000 plants ha−1 for maize and soybean, respectively in the MSICS system. The maize and soybean were seeded by hand under different sowing times, and weeds were controlled manually. The experimental land was prepared by using cultivator in both years. All plots were treated with initial fertilizers. Initial N at 75 kg ha−1 as urea, K at 60 kg ha−1 as potassium sulfate, and P at 0 and 60 kg ha−1 to the main plots as per phosphorus levels as calcium superphosphate were initially applied for soybean at the time of soybean sowing. Other measures were used according to the same as those used in field production [24].




2.4. Sampling and Measurements


2.4.1. Photosynthetically Active Radiation (PAR) Transmittance


The measurement of photosynthetically active radiation (PAR) at the top of soybean plants under MSICS in different treatments were conducted to demonstrate the changes in PAR transmittance due to the variations in the co-growth period. To determine the intercepting PAR, first light measuring sensors (LI-191SA quantum sensors, LI-COR Inc., Lincoln, NE, USA) were held on the horizontal arm of the observing scaffold at the top of maize plant then at the top of soybean seedlings at V5 (five trifoliate), R2 (full flowering), and R4 (full pod) stage in all sub-blocks of MSICS. The PAR of each sub-block was determined five times at different points on the maize and soybean canopy from each treatment from 11:00–12:00 on a clear sunny day and then mean was calculated. After that PAR transmittance at soybean canopy was calculated by using the following formula [25]:


PAR transmittance (%)=IsIm×100



(1)




where Is is the PAR at the top of soybean canopy, and Im is the PAR at the top of maize canopy.




2.4.2. Leaf Area Index


Leaf area index of soybean under MSICS in different treatments was determined at V5 (five trifoliate), R2 (full flowering), R4 (full pod), and R6 (full seed) in both study years. For this purpose, ten soybean plants from the central rows of each sub-block were destructively collected at least one meter away from the last sampling. To determine the leaf area of soybean plants, we measured the maximum leaf length and width with a ruler, then leaf area was calculated by multiplying the leaf length and width with a coefficient factor of 0.75 [26]. The LAI of each sub-block was determined as the ratio of soybean leaf area to ground area.




2.4.3. Photosynthetic Characteristics


As described by Raza et al., (2018b), the net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO2 concentration (Ci) of soybean plants under MSICS were investigated by using a Li-6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA) equipped with an LED leaf chamber [27]. In all treatments, five fully expanded trifoliate leaves per plot from soybean plants above the 7th node was selected at V5, R2, and R4 from all treatments to determine the photosynthetic characteristics. All the measurements were conducted from 10:00 to 11:00 on a clear sunny day under a CO2 concentration of 400 µmol mol−1.




2.4.4. Dry Matter and Seed Yield


Each sub-block under MSICS was divided into two equal units. One unit was used to determine the total dry matter (TDM), distribution in vegetative (stem + leaves), and reproductive (pods + seeds) plant organs of soybean. From this unit ten successive soybean plants were destructively collected at V5, R2, R4, and R6, and then collected plants were separated into different plant organs (i.e., vegetative and reproductive) and placed in oven for 1 h at 105 °C to kill the fresh tissues and then dried at 80 °C to attain constant weight before weighing of every sample for TDM and partitioning analysis [4]. For seed yield measurement, forty soybean plants from every treatment of MSICS were manually harvested from the central rows of each sub-block using sickle at ground level when all the three replications of each sowing time mature fully (95% of pods achieved mature pod color). Then all the collected soybean plant samples were air dried for ten days. The dried soybean plants were threshed manually and weighed to determine the intercropped seed yield of every plant and then converted into kg ha−1.




2.4.5. Phosphorus Uptake and Distribution


At V5, R2, R4, and R6, the dried plant samples (ten consecutive soybean plants) were ground after measuring the dry matter from every treatment and the P content of stem, leaf, pod, and seed were determined by using the vanadomolybdate procedure [7] after digesting about 0.5 g sample in H2SO4-H2O2 [28]. The P content in different soybean plant organs was measured by multiplying the total dry matter of each plant organ with the P content and calculated in a kg ha−1. The total phosphorus uptake (TPU) was calculated from the summation of the phosphorus in all plant organs above ground.




2.4.6. Statistical Analysis


All the data recorded for each parameter was processed in Microsoft Excel 2013 and analysis of variance was carried out by Statistix software (version, 8.1). Analysis of variance (ANOVA) technique and least significance difference (LSD) test were employed to assess the effect of sowing times and phosphorus fertilizer rates on PAR transmittance, photosynthetic characteristics, leaf area index, total dry matter, and seed yield, and all the means were compared at the 0.05 probability level. In addition, Microsoft Excel-2013 program was used for the graphical presentation of data using standard error (±SE).






3. Results


3.1. Co-Growth Period Information


The changed sowing times selected for soybean under MSICS in this experiment revealed that soybean plants experienced the different shading duration (co-growth period of maize and soybean under MSICS: ST1; 90 days of co-growth; ST2; 70 days of co-growth; and ST1; 50 days of co-growth), temperature, and precipitation before and during vegetative and flowering stages. In this experiment, the average highest 76%, 100%, and 100% PAR transmittance at V5, R2, and R4, was observed in ST1 and ST3, respectively, while lowest 62%, 58%, and 64% PAR transmittances at V5, R2, and R4, respectively were measured under treatment ST3 and ST1, under P60 and P0, respectively (Table 2). Moreover, the interactive effect of phosphorus fertilizer rates and sowing times for PAR transmittance was found non-significant at V5 and R2 in both years, while at R4 it was found significant and non-significant in 2016 and 2017, respectively (Table 2). The flowering stage of soybean started after 56 and 58, 56 and 59, and 57 and 60 days after sowing (DAS) in 2016 and 2017 under ST1, ST2, and ST3, respectively. The mean temperatures at the flowering stage of soybean in ST1, ST2, and ST3 were 24.5, 25.9, and 24.5 °C, respectively. The mean received precipitations under ST1, ST2, and ST3 were 116.9, 63.7, and 136.6 mm. Overall, ST1, ST2, and ST3 received the total precipitations of 719.8, 741.3, and 777.2 mm, respectively from germination to harvesting. Different sowing times (co-growth duration, and PAR transmittance) and phosphorus levels under MSICS considerably changed the leaf area index (LAI), photosynthetic rate (Pn), total dry matter (TDM), and distribution in vegetative and reproductive organs, phosphorus accumulation and distribution, and seed yield of soybean. There was 10 percent more precipitation in 2017 than 2016. It may be more interesting that the period May-July was wetter in 2016, whilst the period August-September had slightly more precipitation in 2017 see Table 1.




3.2. Leaf Area Index


Leaf area index of soybean in MSICS showed significant (p < 0.05) variations from V5 to R6 stages under different sowing times and phosphorus levels (Figure 1). In both study years, the average highest LAI values of 0.76, and 1.96, 4.47, and 2.95, were measured in ST1 and ST3, while average lowest 0.61, and 1.21, 3.22, and 1.98, LAI values were recorded in ST3 and ST1 treatments at V5, R2, R4, and R6, respectively. The different P levels significantly affected the LAI of soybean plants under MSICS, the mean maximum LAI 0.72, 1.73, 4.07, and 2.59, was noted in P60, while minimum LAI values were noticed in P0 V5, R2, R4, and R6, respectively. The interactive effect of phosphorus fertilizer rates and sowing times for LAI was found non-significant at V5, R4, and R6 in both experimental years, while at R2 it was found significant and non-significant in 2016 and 2017, respectively. Overall, ST3 led to increase in LAI of soybean at R4 by 26.6% in 2016 and 21.7% in 2017 in comparison with ST1, respectively.




3.3. Photosynthetic Characteristics


The application of 60 kg P ha−1 (P60) to soybean significantly increased the Pn, Gs, Tr, and Ci of soybean plants, and reached maximum Pn (21.8 mmol m−2 s−1), Gs (88.5 H2O mol m−2 s−1), Tr (2.63 mmol H2O m−2 s−1), and Ci (339.5 μmol CO2 m−2 s−1) at R4 in both years (Table 3). Similarly, sowing times exhibited the significant differences in Pn, Gs, Tr, and Ci. The average highest Pn 20.0, 20.5, and 21.9 (mmol m−2 s−1), Gs 67.3, 76.7, and 90.8 (mol H2O m−2 s−1), Tr 1.9, 2.3, and 2.8 (mmol H2O m−2 s−1), and Ci 268.2, 303.7, and 353.8 (μmol CO2 m−2 s−1) at V5, R2, and R4 was determined under treatment ST3, respectively, whereas average lowest Pn, Gs, Tr, and Ci at V5, R2, and R4 was measured in ST1, respectively in both years. Interactive effect of phosphorus levels and sowing times at R4 for Pn and Ci was found significant in 2016 and non-significant in 2017, while it was found non-significant for Tr and significant for Gs in both study years (Table 3). Additionally, under MSICS, the Pn of soybean leaves was significantly increased with the decrease in the co-growth period (from ST1 to ST3). On average, ST3 in MSICS increased the Pn at V5, R2, and R4 by 8.7%, 6.3%, and 7.6%, respectively as compared to ST1, indicating that Pn was closely associated with the changes in co-growth period (shading duration and PAR transmittance) and LAI.




3.4. Dry Matter and Seed Yield


The P application substantially increased the TDM of soybean at all sowing times, applying P at the rate of 60 kg P ha−1 (P60) increased the TDM by 13.5% at R6 stage as compared with P0 (Figure 2). Among sowing times, the first sowing time (ST1) significantly reduced the TDM 59.1 g plant−1, while the third sowing time (ST3) produced the maximum TDM 76.1 g plant−1 at R6 stage. P60 increased TDM at R6 stage by 15.6% in 2016 and 11.8% in 2017, in comparison with P0, respectively (Figure 2). The interactive effect of phosphorus fertilizer rates and sowing times for TDM was found non-significant at V5 in both years, while it was found significant in 2016 and non-significant in 2017 at R2, R4, and R6, respectively.



In this study, the sowing time and P levels changed the allocation pattern of dry matter between vegetative and reproductive parts of soybean under MSICS (Table 4). At all sampling stages (V5, R2, R4, and R6) of soybean, the highest allocation of dry matter was noted in leaves followed by the stem, seeds, and pods. The higher partitioning of dry matter in pods and seeds (reproductive organs) was observed at R4 and R6 stage. The average maximum dry matter allocation in pods (6.9 and 8.5 g plant−1) and seed (9.7 and 16.9 g plant−1) were noticed in ST3 at R4 and R6, respectively. The P levels also increased the dry matter allocation to pods and seed, and the mean highest dry matter partitioning to pods (5.9 and 7.7 g plant−1) and seed (8.4 and 16.1 g plant−1) was found at R4 and R6, respectively, with P60 respectively. Importantly, sowing time had more prominent and significant effect on dry matter accumulation and partitioning to reproductive parts, and ST3 (50 days of co-growth between maize and soybean) with 60 kg P ha−1 in MSICS was the better time of soybean sowing. Overall, at R6, reproductive dry matter (pods + seed) increased by 31.6% in ST3 than ST1. The interactive effect of phosphorus fertilizer rates and sowing times at R6 for stem and seed dry matter was found non-significant, while it was found significant in first year and non-significant in the second year of experiment for leaves and pods (Table 4). In this field experiment, sowing times and P levels significantly affected the soybean seed yield under MSICS (Figure 3), the seed yield under different sowing times revealed that it remained highest for ST3 (1766.0 kg ha−1 in 2016 and 1893.5 kg ha−1 in 2017) followed by ST2 and ST1 for both years. Fertilizer management as P levels exhibited that average seed yield remained highest in P60 1697.5 kg ha−1, while average lowest seed yield was recorded under P0 1503.8 kg ha−1 in both experimental years. Among sowing times, relative to ST1, soybean plants under ST3 treatment produced 35.4% in 2016 and 30.5% in 2017 higher seed yield. Furthermore, the interactive effect of phosphorus fertilizer rates and sowing times for seed yield of soybean plants was found non-significant for both years. These results are suggesting that phosphorus application @ 60 kg P ha−1, improved PAR transmittance and shorter co-growth period have a positive impact on leaf area index and photosynthetic rate which in turn increased the seed yield of soybean, while longer co-growth period under MSICS has adverse effect for seed yield in both years.




3.5. Phosphorus Uptake and Distribution


The phosphorus application substantially increased the total phosphorus uptake (TPU) and exhibited significant differences among sowing times (Figure 4). The highest TPU was attained at R6 in both years, while average highest TPU 28.4 kg ha−1 at R6 was recorded in ST3. Differences among sowing times revealed that soybean plants at R6 under P60 had accumulated 19.9% more phosphorus than P0. Moreover, the interactive effect of phosphorus fertilizer rates and sowing times for TPU at R6 was found non-significant for both years. Significant variations were also measured for P content in vegetative and reproductive organs at all growth stages (Table 5). At V5 and R2 stages highest P distribution was noted in leaves and stem, while at R4 and R6 stage, decline was measured in P content of leaves and stem while P accumulation increased in reproductive parts among sowing times. The mean highest P content in stem (5.7 and 3.9 kg ha−1), leaves (8.0 and 4.6 kg ha−1), pods (3.4 and 3.9 kg ha−1), and seed (4.9 and 15.9 kg ha−1) was determined at R4 and R6 under ST3. Phosphorus fertilizer rate P60 considerably increased the stem, leaf, pods and seed P content, and the average highest P content in stem (5.2 and 3.7 kg ha−1), leaves (7.5 and 4.3 kg ha−1), pods (2.9 and 3.5 kg ha−1), and seed (4.2 and 15.1 kg ha−1) were measured at R4 and R6, respectively. The interactive effect of phosphorus fertilizer rates and sowing times at R6 for P content in vegetative and reproductive organs was found non-significant in both years (Table 5). Overall, at R6, P60 increased the P content in reproductive parts by 19.7% as compared to P0. In addition, the extra P accumulation in soybean plants under ST3 suggesting that these are the optimum time for soybean sowing to achieve higher dry matter accumulation and seed yield under MSICS.





4. Discussion


4.1. Sowing Time and PAR Transmittance


One of the major differences of soybean growth and development between relay intercropping and sole cropping was that of growing conditions, normally soybean seedlings under MSICS experience shading conditions at initial growth which negatively affect the soybean yield and yield components. This might because of retarded crop growth and less production of photo-assimilates due to shading effect or capturing of reduced sunlight [29]. Received PAR transmittance for soybean crop significantly affected with sowing times, and it decreased, while shade intensity increased with an increase in the co-growth period. This decrease in PAR transmittance might be due to increased shading intensity [20]. In this experiment, soybean plants under ST3 treatment (shorter co-growth period) received maximum PAR transmittance at the start of flowering stage (flowering started from 52 DAS in 2016 to 51 DAS in 2017), whereas plants in longer co-growth period treatment (ST1) obtained minimum PAR transmittance before and during the flowering period. Therefore, in MSICS, under co-growth of 50 DAS, crop attained flowering stage just after harvesting of maize crop which considerably improved the number of flowers (data not shown) in ST3 that might be due to the enhanced PAR transmittance because of no shading effect as well as utilization of soil resources (nutrients and water), which helped in extra production of carbohydrate at flowering stage.




4.2. Sowing Time and Leaf Area Index


Our findings reported that different sowing times exhibited a significant effect on the values of LAI that might be due to higher PAR transmittance and good thermal conditions. This impact was more prominent on soybean plants under ST3 in both years than ST1 and ST2 (Table 2) because the co-growth period in ST3 (50 days) was shorter on comparing ST1 (90 days) and ST2 (70 days). Shading environment inhibits the leaf growth and enlargement by controlling the cell proliferation in soybean [21] and sowing time ST3 considerably reduced the shading period for soybean under MSICS. Furthermore, higher LAI resulted from ST3 treatment in MSICS indicates optimum leaf expansion, which helped in better interception and utilization of sunlight, after that LAI of soybean plants gradually decreased in all treatments (Figure 1). This pattern might be because of the reduction in crop canopy and senescence of older leaves [30]. We noted that soybean plants with phosphorus level P60 attained higher LAI under MSICS as compared to P0 (Figure 1), which might be due to longer duration of green leaf area and delayed leaf senescence [31]. It has been described that leaf expansion decreased in phosphorus stress due to the reduction in cell divisions, which suggest that cell division and development are controlled by a common regulatory factor [32]. Overall, the shift of soybean sowing time from ST1 to ST3, stress conditions (90 days of co-growth period; longer shading duration) to the favorable environment (50 days of co-growth period; longer shading duration), LAI values increased significantly (Figure 1).




4.3. Sowing Time and Photosynthetic Characteristics


Soybean is a C3 plant that features lower photosynthetic activity than C4 crops. Increased photosynthetic rate of soybean plants especially under MSICS was observed in our study which might be due to higher PAR transmittance and increased radiation use efficiency [4]. The photosynthetic rate (Pn) is affected by P application and its deficiency significantly decreases the Pn in soybean plants [32]. In the present field study, sowing time considerably changed the Pn of soybean plants, plants in ST3 under MSICS demonstrated higher Pn at V5, R2, and R4 stages (Table 3). This improvement in Pn of soybean plants might be due to the optimum temperature and precipitation during the critical growth stages of the crop (Table 1). Importantly, sowing time effect on Pn of soybean plants was evident, and maximum Pn was measured in treatment ST3 which was closely linked with the availability of higher PAR transmittance at early growth stages which helped the soybean plants to increase their leaf area and capture more sunlight. This might be due to favorable weather conditions and increased PAR transmittance, higher chlorophyll contents [9], LAI [33], and photosynthetic rate [34] of soybean plants under MSICS. Moreover, phosphorus application at 60 kg ha−1 considerably increased the Pn of soybean plants under MSICS in ST3 (Table 3) because the selection of optimum sowing time (ST3) significantly improved the leaf area index and phosphorus uptake of soybean plants under MSICS. While, decrease in Pn of soybean at 0 kg P ha−1 was attributed to reduced leaf area and phosphorus uptake [32].




4.4. Sowing Time and Dry Matter Accumulation


Our field study provides the important data on TDM (Figure 2). The increased Pn is one of the main factors for TDM production in crops [35]. Our findings showed that at initial application of 60 kg P ha−1 (P60), soybean plants adequately uptake and stored phosphorus for their growth and development and attained highest TDM production. In previous studies, it has been observed that phosphorus deficiency at initial growth stages of soybean inhibited the crop growth and caused considerable reduction in TDM production [36], while phosphorus fertilization significantly increased the soybean dry matter under intercropping [15]. In addition, crop TDM is closely related to the growing period. Temperature and shading effect are the dominant factors influencing soybean growth [4]. The flowering time has a direct impact on pod formation and soybean productivity. In this study, different sowing time treatments significantly affected the TDM production of soybean under MSICS in both years. Treatment ST3 in MSICS accelerated the dry matter accumulation in soybean at V5, R2, R4, and R6 stages, this increase in TDM may be linked with the improved light absorption and reduced shade duration (50 days of co-growth period) as prolonged shading conditions considerably decreased the TDM of soybean under MSICS [20]. We also investigated the dry matter distribution in vegetative and reproductive parts of soybean plants in response to sowing times and P applications (Table 4). The dry matter distribution among different plant parts altered significantly at V5, R2, R4 and R6 stages in soybean plants. At V5 and R2, the highest allocation of dry matter was recorded in leaves followed by the stem. After that, at R4 and R6 stages the pattern of dry matter distribution translocated and a major part of the dry matter allocated to reproductive parts (i.e., pods and seed). Decreased translocation of photosynthates to stem and leaves, while increased dry matter partitioning to seed was observed under ST3 with 60 kg P ha−1, which might be due to increased translocation of assimilates to reproductive organs at maturity. It is possible that optimum weather conditions and higher phosphorus accumulation initiated the photosynthetic activity of pods and accelerated the translocation of assimilates from the stem to seed part for seed growth. Higher temperature and decreased light interception under MSICS, respectively led to earlier crop maturity and reduced TDM production. Overall, the adverse effect of prolonged co-growth period (shading conditions) on dry matter production in the present findings confirms the importance of adjustment of sowing time selection.




4.5. Sowing Time and Seed Yield


In the present experiment, variations in seed yield under ST3 conditions compared to ST1 showed that seed yield was considerably affected by sowing time and P application (Figure 3). Unfavorable growing conditions and intensive shading negatively affected the soybean seed yield under MSICS [6], while appropriate sowing time and nutrient level significantly increased the seed yield of crops [9,27]. The increase in seed yield of soybean under ST3 in MSICS might be attributed to higher LAI (Figure 1), Pn (Table 3), and TDM production (Figure 2). The TPU by soybean plants in MSICS was increased by applying P at the rate of 60 kg ha−1 (P60). It was observed that P accumulation in soybean plants was increased with increased application of P, and soybean crop has shown to accumulate phosphorus up to 40 kg ha−1 under intercropping conditions [7]. The highest TPU noted in this experiment is attributable to both improved light interception and adequate availability of P during the early growth stages of the crop which in turn increased the total biomass production and seed yield of soybean. Therefore, we concluded that in P deficient field areas, application of P can promote the vegetative and reproductive growth of soybean plants under MSICS. The P distribution in different plant organs significantly changed in soybean plants under MSICS. The P content in stems, leaves, pods, and seeds under ST3 as recorded considerably higher than ST1 as a result of higher TDM and partitioning in reproductive parts (Table 4). Results of the present study revealed that it is important to select appropriate sowing time and P level which are ST3 and 60 kg P ha−1 under MSICS to minimize the extreme effects of shading, climate and nutrient deficiency on soybean yield and productivity.





5. Conclusions


The high seed yield of soybean under treatment ST3 in MSICS was a result of higher PAR transmittance at flowering stage. In MSICS, 50 days of co-growth period for growing soybean is the best approach to minimize the shading effect of maize on soybean at critical stage, i.e., flowering stage. Moreover, by the selection of optimum sowing time and nutrient (P) level, we can achieve higher soybean seed yield under relay intercropping systems. To the best of our knowledge, this study is the first experiment to report the effects of different sowing times on PAR transmittance, photosynthesis, dry matter accumulation, and partitioning, phosphorus uptake, and distribution in soybean plants at different growth stages under maize soybean relay intercropping system.
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Figure 1. Leaf area index of relay intercrop soybean as affected by three different sowing times at two rates of phosphorus fertilizer (P0; A and C, and P60; B and D) during the cropping seasons of 2016 and 2017. ST1, ST2, and ST3 represents the sowing times 15–20 May (90 days of co-growth period in maize soybean relay intercropping system (MSICS)), 5–10 June (70 days of co-growth period in maize soybean relay intercropping system (MSICS)), and 25–30 June, (50 days of co-growth period in maize soybean relay intercropping system (MSICS)), respectively. V5, R2, R4, and R6 refer to five trifoliate, full flowering, full pod, and full seed phenological stages of soybean. The P0 and P60 refer to 0 and 60 kg phosphorus ha−1, respectively. Means are averaged over three replicates. Bars indicate ± standard errors, (n = 3). Between bars in groups, different lowercase letters indicate a significant difference (p < 0.05) between treatments. 
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Figure 2. Total above-ground dry matter of relay intercrop soybean as affected by three different sowing times at two rates of phosphorus fertilizer (P0; A and C, and P60; B and D) during the cropping seasons of 2016 and 2017. ST1, ST2, and ST3 represents the sowing times 15–20 May (90 days of co-growth period in maize soybean relay intercropping system (MSICS)), 5–10 June (70 days of co-growth period in maize soybean relay intercropping system (MSICS)), and 25–30 June, (50 days of co-growth period in maize soybean relay intercropping system (MSICS)), respectively. V5, R2, R4, and R6, refer to five trifoliate, full flowering, full pod, and full seed phenological stages of soybean. The P0 and P60 refer to 0 and 60 kg phosphorus ha−1, respectively. Means are averaged over three replicates. Bars indicate ± standard errors, (n = 3). Between bars in groups, different lowercase letters indicate a significant difference (p < 0.05) between treatments. 
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Figure 3. Seed yield of relay intercrop soybean as affected by three different sowing times at two rates of phosphorus fertilizer (P0; A and P60; B) during the cropping seasons of 2016 and 2017. ST1, ST2, and ST3 represents the sowing times 15–20 May (90 days of co-growth period in maize soybean relay intercropping system (MSICS)), 5–10 June (70 days of co-growth period in maize soybean relay intercropping system (MSICS)), and 25–30 June, (50 days of co-growth period in maize soybean relay intercropping system (MSICS)), respectively. The P0 and P60 refer to 0 and 60 kg phosphorus ha−1, respectively. Means are averaged over three replicates. Bars indicate ± standard errors, (n = 3). Between bars in groups, different lowercase letters indicate a significant difference (p < 0.05) between sowing times in each of the two years and at each of the phosphorus fertilization levels. 
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Figure 4. Total phosphorus uptake of relay intercrop soybean in maize as affected by three different sowing times at two rates of phosphorus fertilizer (P0; A and C, and P60; B and D) during the cropping seasons of 2016 and 2017. ST1, ST2, and ST3 represents the sowing times 15–20 May (90 days of co-growth period in maize soybean relay intercropping system (MSICS)), 5–10 June (70 days of co-growth period in maize soybean relay intercropping system (MSICS)), and 25–30 June, (50 days of co-growth period in maize soybean relay intercropping system (MSICS)), respectively. V5, R2, R4, and R6 refer to five trifoliate, full flowering, full pod, and full seed phenological stages of soybean. The P0 and P60 refer to 0 and 60 kg phosphorus ha−1, respectively. Means are averaged over three replicates. Bars indicate ± standard errors, (n = 3). Between bars in groups, different lowercase letters indicate a significant difference (p < 0.05) between treatments. 






Figure 4. Total phosphorus uptake of relay intercrop soybean in maize as affected by three different sowing times at two rates of phosphorus fertilizer (P0; A and C, and P60; B and D) during the cropping seasons of 2016 and 2017. ST1, ST2, and ST3 represents the sowing times 15–20 May (90 days of co-growth period in maize soybean relay intercropping system (MSICS)), 5–10 June (70 days of co-growth period in maize soybean relay intercropping system (MSICS)), and 25–30 June, (50 days of co-growth period in maize soybean relay intercropping system (MSICS)), respectively. V5, R2, R4, and R6 refer to five trifoliate, full flowering, full pod, and full seed phenological stages of soybean. The P0 and P60 refer to 0 and 60 kg phosphorus ha−1, respectively. Means are averaged over three replicates. Bars indicate ± standard errors, (n = 3). Between bars in groups, different lowercase letters indicate a significant difference (p < 0.05) between treatments.



[image: Agronomy 08 00282 g004]







[image: Table]





Table 1. Monthly rainy days, rainfall, minimum temperature, maximum temperature, and mean temperature from 2016 to 2017.
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Month

	
Years




	
2016

	
2017




	
Rainy Days

	
Rainfall (mm)

	
Minimum T (°C)

	
Maximum T (°C)

	
Mean T (°C)

	
Rainy Days

	
Rainfall (mm)

	
Minimum T (°C)

	
Maximum T (°C)

	
Mean T (°C)






	
January

	
17

	
40.1

	
3.5

	
8.1

	
6.9

	
20

	
21.4

	
4.6

	
10.1

	
6.0




	
February

	
10

	
19.6

	
2.6

	
12.4

	
8.8

	
20

	
27.7

	
4.9

	
11.9

	
7.2




	
March

	
20

	
73.5

	
10.4

	
18.3

	
14.6

	
25

	
65.9

	
8.2

	
15.3

	
11.7




	
April

	
26

	
107.1

	
15.1

	
24.1

	
17.8

	
25

	
115.1

	
15.1

	
20.5

	
18.0




	
May

	
24

	
120.4

	
19.2

	
27.4

	
21.1

	
21

	
103.3

	
19.7

	
25.3

	
21.4




	
June

	
20

	
164.5

	
23.9

	
31.5

	
24.3

	
23

	
103.51

	
21.6

	
27.1

	
22.5




	
July

	
26

	
145.4

	
25.6

	
33.9

	
24.9

	
21

	
96.5

	
24.1

	
35.7

	
24.5




	
August

	
23

	
108.2

	
25.8

	
34.1

	
26.1

	
28

	
152.6

	
23.4

	
33.4

	
25.7




	
September

	
27

	
97.1

	
20.1

	
28.6

	
20.8

	
23

	
297.2

	
17.9

	
26.4

	
20.8




	
October

	
26

	
81.5

	
17.5

	
22.8

	
19.6

	
22

	
185.2

	
11.4

	
19.2

	
17.1




	
November

	
17

	
29.9

	
9.6

	
16.2

	
14.6

	
20

	
41.9

	
7.9

	
16.5

	
11.6




	
December

	
21

	
28.4

	
6.3

	
12.2

	
7.2

	
17

	
16.1

	
1.7

	
12.0

	
6.8
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Table 2. Photosynthetically active radiation (PAR) and PAR transmittance of soybean canopy at three stages of phe