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Changes in Nutrient Accumulation and Transportation of Waxy Sorghum in Waxy Sorghum-Soybean Intercropping Systems Under Different Row Ratio Configurations
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To determine the optimal row ratio configuration of waxy sorghum-soybean intercropping systems, a field experiment with seven treatments, including sole waxy sorghum (SW), sole soybean (SS), two rows of waxy sorghum alternated with one row of soybean (2W1S), two rows of waxy sorghum alternated with two rows of soybean (2W2S), three rows of waxy sorghum alternated with one row of soybean (3W1S), three rows of waxy sorghum alternated with two rows of soybean (3W2S), and three rows of waxy sorghum alternated with three rows of soybean (3W3S), was conducted during 2019 and 2020 in Guiyang, China. Accumulation and transportation of nitrogen (N), phosphorus (P), and potassium (K) in waxy sorghum were investigated. The results showed that the row ratio configurations had significant effects on the N, P, and K accumulation and transportation of waxy sorghum. On the one hand, compared to SW treatment, intercropping treatments showed higher N, P, and K contents and accumulation amounts, N, P, and K transportation amounts before anthesis, N, P, and K transportation rates before anthesis, and contribution rates of N, P, and K transportation before anthesis to the grain of each organ in waxy sorghum. Similarly, the waxy sorghum-soybean intercropping system increased the yield components (including spike length, grain number per spike, and 1,000-grain weight) of waxy sorghum. In addition, the yields of waxy sorghum and soybean among all treatments were in the sequence of SW (SS) > 2W1S > 3W1S > 3W2S > 3W3S > 2W2S. Besides, the 2W1S treatment showed the highest land equivalent ratio and economic benefit. On the whole, the waxy sorghum-soybean intercropping system can increase the N, P, and K absorption among organs and promote the N, P, and K transportation from vegetative organs to grain in waxy sorghum so as to promote the growth and development of spike in waxy sorghum to obtain higher land equivalent ratio and economic benefits. The 2W1S treatment was recommended as the optimal row ratio configuration of the waxy sorghum-soybean system to achieve the maximum utilization of nutrient resources.
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INTRODUCTION

Waxy sorghum [Sorghum bicolor (L.) Moench], a cereal grain crop, is planted mainly as a main raw material for brewing Moutai-flavor liquor in Southwest China, especially in Guizhou province (Wang et al., 2017; Zhou et al., 2020). For the past few years, with the demand for poverty alleviation and the adjustment of agricultural structure in Guizhou, the planting area of waxy sorghum is increasing year by year. However, due to the limited cultivated land in karst mountainous areas, waxy sorghum continuous cropping has become an important factor restricting the sustainable production of waxy sorghum (Fan et al., 2015, 2016). Therefore, finding a reasonable and sustainable planting pattern to break the continuous cropping obstacle is essential for the development of waxy sorghum production.

Intercropping is a method of planting two or more crops in the same field to realize the intensification of time and space (van Oort et al., 2020), which is a profitable way of producing more yields on the same piece of land by the most efficient utilization of resources in both temporal and spatial arrangements (Rusinamhodzi et al., 2012; Tetteh et al., 2019). Reasonable intercropping can not only make effective use of natural resources such as light, temperature, water, heat, and gas but also fully exploit the potential of soil and promote the absorption and utilization of nutrients by plants so as to improve the yield and quality, which is of great significance for alleviating the contradiction between increasing population and decreasing land area and promoting the sustainable development of land resources (Nelson et al., 2018; Bukovsky-Reyes et al., 2019). Row ratio configuration may be a more important agronomic measure in the management of intercropping systems because it can alter the field microclimate of intercrops, affect the competition relationship between intercropped species, and thus determine the crop yields (Tan et al., 2020). Cereal and legume intercropping is widely recognized as a sustainable agricultural production system that can increase crop yield and reduce chemical fertilizer input by promoting the symbiotic nitrogen fixation capacity of legumes (Liu et al., 2015; Gong et al., 2020). Sorghum is a gramineous and C4 crop with high photosynthetic capacity (Baena et al., 2017). Soybean is a C3 legume with high symbiotic nitrogen fixation ability, which can reduce the carbon footprint of cropping systems (Li et al., 2019b). Thus, exploring the appropriate row ratio configuration of the waxy sorghum-soybean intercropping system is an important step to improve the yield and quality of waxy sorghum.

At present, there are many reports on the intercropping planting mode of sorghum and legume crops. For example, Gebremichael et al. (2019) showed that sorghum intercropped with pigeon pea and cowpea increased the land productivity as its land equivalent ratio was >1, which indicated that legume crops contributed to the yield of sorghum either intercropped with legume or grown using the residual contribution of legumes after a year. Arshad et al. (2020) indicated that the grain yield of sweet sorghum was significantly reduced in intercropping with mungbean but remained on par between sole cropping and intercropping with soybean. Wang et al. (2021a) reported that row ratio configurations in waxy sorghum-soybean intercropping affected the land equivalent ratio by altering photosynthetically active radiation and the leaf area index to regulate leaf photosynthetic characteristics, dry matter formation, and the spike structure of waxy sorghum. Liang et al. (2021) showed that sorghum and soybean intercropping had higher land productivity, and water, and nitrogen utilization advantages. Wang et al. (2021b) indicated that sorghum intercropped with peanut and soybean promoted the accumulation of sorghum biomass and increased the comprehensive economic yield of the intercropping system. Nitrogen (N), phosphorus (P), and potassium (K) are the essential mineral nutrients for crop growth and development (Rosen et al., 2014; Chen et al., 2015; Tsialtas et al., 2016). Some researchers documented that intercropping promoted the absorption and accumulation of N, P, and K in crops compared to sole cropping (Li et al., 2013; Raza et al., 2019; Fan et al., 2020). However, no study has been carried out to understand the nutrient accumulation and transportation of waxy sorghum in the waxy sorghum-soybean intercropping systems under different row ratio configurations. Thereby, the objectives of this study were to (1) evaluate the yield performance of waxy sorghum under different row ratio configurations in the waxy sorghum-soybean intercropping system and (2) investigate the effects of different row ratio configurations on nutrient (N, P, and K) accumulations and transportations of waxy sorghum in the waxy sorghum-soybean intercropping systems.



MATERIALS AND METHODS


Experimental Site

The field experiments were conducted in 2019 and 2020 at the Experimental Farm of Guizhou Academy of Agricultural Sciences (26°32′N, 106°48′E), Guiyang, China at an elevation of 1,139 m above sea level. The site has a plateau monsoon climate with an annual mean temperature of 15.6°C, annual precipitation of 1,450.8 mm, and annual sunshine duration of 1,287.4 h. The mean air temperature and precipitation during the experiment period are shown in Figure 1. The soil is sandy loam with a pH of 7.52, organic matter of 15.81 g kg−1, total N of 1.62 g kg−1, total P of 1.05 g kg−1, total K of 23.22 g kg−1, available N of 133.05 mg kg−1, available P of 22.14 mg kg−1, and available K of 400.18 mg kg−1 in the 0–100 mm soil layer at the start of this experiment in 2019.
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FIGURE 1. The mean air temperature and precipitation during the experiment period.




Experimental Design

The waxy sorghum cultivar “Qiangao 7” and soybean cultivar “Qiandou 7” currently used in local production were used in the experiment. Field experiments were conducted using a randomized complete block design with seven treatments and three replicates. The treatments were sole waxy sorghum (SW), sole soybean (SS), two rows of waxy sorghum alternated with one row of soybean (2W1S), two rows of waxy sorghum alternated with two rows of soybean (2W2S), three rows of waxy sorghum alternated with one row of soybean (3W1S), three rows of way sorghum alternated with two rows of soybean (3W2S), and three rows of way sorghum alternated with three rows of soybean (3W3S). For all treatments, the row spacing between waxy sorghum and soybean rows was 60 cm, the distance between adjacent waxy sorghum and soybean rows was 60 cm, the distance between two adjacent waxy sorghum holes and two adjacent soybean holes in a row was 25 cm, and the length of each experimental plot was 5 m. Both SW and SS treatments were four rows per plot with a plot size of 12 m2. Intercropping treatments included three strips and the plot sizes of 2W1S, 2W2S, 3W1S, 3W2S, and 3W3S were 30, 39, 42, 51, and 60 m2, respectively. Waxy sorghum and soybean in all treatments were sown and harvested at the same time. Sowing was performed on 8 April 2019 and 10 April 2020, and final singling was performed at the five-leaf stage to a uniform specification of two plants per hole. Harvesting was performed on 20 August 2019 and 24 August 2020. A compound fertilizer (contained 14% N, 16% P2O5, and 15% K2O) was used as a basal fertilizer at a dose of 450 kg ha−1 at sowing time, and urea (containing 46.4% N) was used as additional fertilizer at a dose of 300 kg ha−1 at the jointing stage of waxy sorghum. The previous crop in the first experimental year was oilseed rape and other farming measures were used according to the farmer's practices.



Measurements of Nutrients (N, P, and K)

Six waxy sorghum plants in three holes were selected randomly from a middle strip of each plot at the jointing stage, the anthesis stage, and the maturity stage of waxy sorghum. The selected plants were uprooted with a small hole, and the roots of waxy sorghum were washed up with running tap water. Then, the root, stem (containing sheath), leaf, and spike of each sampled plant were collected and placed in an oven for 30 min at 105°C to kill the fresh tissues and then dried to a constant weight at 80°C. The dry matter weight (DW) of each sample was measured with an electronic balance (Heeyii JE-301, Hangzhou, China), and the data were reported in our previous studies (Wang et al., 2021a). Next, each dried sample was powdered using a powder machine (Kefeng FW-100, Zhengzhou, China) by passing through a 60-mesh sieve, and 0.2 g of powder sample was digested in 70% concentrated H2SO4 and 30% H2O2. The N content was measured using the Kjeldahl method (Hibbard, 1910), the P content was measured using the vanadium-molybdenum yellow colorimetry (Zhou et al., 2006), and the K content was measured using the flame photometry (Yildiz et al., 2010). The nutrient accumulation amount (NA), the nutrient transportation amount before anthesis (NTA), the nutrient transportation rate before anthesis (NTR), and the contribution rate of nutrient transportation before anthesis to grain (GCRNT) were calculated using the following formulas described by Hu et al., 2018:
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where NC is the nutrient content of each organ, NAA is the nutrient accumulation amount of the vegetative organ at the anthesis stage, NAM is the nutrient accumulation amount of the vegetative organ at the maturity stage, and GNA is the nutrient accumulation amount of the grain at the maturity stage.



Measurements of Yield and Economic Benefits

At the maturity stage, six waxy sorghum plants were selected randomly from a middle strip of each plot to measure yield components. Spike length was measured as the distance from the base of the spike to the top of the spike. Grain number per spike and 1,000-grain weight were measured with an automatic seed analysis system (Wanshen SC-G, Hangzhou, China). All waxy sorghum and soybean plants were hand harvested to determine yields, and the economic benefit was converted by 10 CNY kg−1 of waxy sorghum and 6 CNY kg−1 of soybean. The land equivalent ratio (LER) was calculated using the following formula:
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where Yiw and Yis are the yields of intercropped waxy sorghum and soybean, respectively, and Ysw and Yss are the yields of sole waxy sorghum and soybean, respectively.



Data Analysis

The analysis of variance was performed with SPSS 19 software (SPSS Institute Inc., Illinois, USA), and data from each sampling data were analyzed separately. Means were tested by the least significant difference at the P < 0.05 level (LSD0.05). Figures were drawn by SigmaPlot 10 software (Aspire Software Intl., Ashburn, USA).




RESULTS


N Accumulation and Transportation of Waxy Sorghum
 
N Content

The N contents of waxy sorghum vegetative organs (including root, culm, and leaf) decreased from the jointing stage to the maturity stage in all treatments (Table 1). In each treatment, the order of N content among organs was leaf > culm > root at the jointing stage, spike > leaf > culm > root at the anthesis stage, and grain > leaf > culm > root at the maturity stage, respectively. In each growth stage, the N content of each organ among treatments was in the sequence of 2W1S > 3W1S > 3W2S > 3W3S > 2W2S > SW, and the 2W1S treatment significantly increased the mean N content in 2 years by 44.49% for roots, 50.4% for culms, and 40% for leaves at the jointing stage; 94.44% for roots, 109.98% for culms, 89.44% for leaves, 80.31% for spikes at the anthesis stage; and 87.69% for roots, 64.26% for culms, 59.12% for leaves, and 58.77% for grains at the maturity stage compared with the SW treatment.


Table 1. Effects of different row ratio configurations on N content (g kg−1) of waxy sorghum in the waxy sorghum-soybean intercropping system.
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N Accumulation

The N accumulation amounts of waxy sorghum vegetative organs (including root, culm, and leaf) increased from the jointing stage to the anthesis stage but decreased from the anthesis stage to the maturity stage in all treatments (Figure 2). Across years and treatments, the order of N accumulation amount among organs was leaf > culm > root at the jointing stage (Figures 2A,B), spike > leaf > culm > root at the anthesis stage (Figures 2C,D), and grain > leaf > culm > root at the maturity stage (Figures 2E,F), respectively. In each growth stage, the N accumulation amount of each organ under intercropping treatments was higher than that of SW treatment, and the maximum value appeared in the 2W1S treatment. In particular, the N accumulation amount (mean of 2 years) in the 2W1S treatment was higher by 3.83 times for roots, 3.59 times for culms, and 2.43 times for leaves at the jointing stage, 3.95 times for roots, 4.01 times for culms, 3.32 times for leaves, and 3.05 times for spikes at the anthesis stage, and 3.32 times for roots, 3.12 times for culms, 2.5 times for leaves, and 2.64 times for grains at the maturity stage than that of SW treatment.
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FIGURE 2. Effects of different row ratio configurations on N accumulation amount of waxy sorghum at the jointing (A,B), anthesis (C,D), and maturity (E,F) stage in the waxy sorghum-soybean intercropping system. Data are expressed as the mean of three replicates and bars represent standard errors (n = 3). Different letters within a growth stage and an organ indicate significantly differences among treatments (P < 0.05). SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum alternated with one row of soybean; 2W2S, two rows of waxy sorghum alternated with two rows of soybean; 3W1S, three rows of waxy sorghum alternated with one row of soybean; 3W2S, three rows of way sorghum alternated with two rows of soybean; 3W3S, three rows of way sorghum alternated with three rows of soybean.




N Transportation

There had been significant effects on the NTA, NTR, and GCRNT of waxy sorghum by row ratio configurations in the waxy sorghum-soybean intercropping system (Table 2). In each treatment, the NTA, NTR, and GCRNT among organs were in the sequence of leaf > culm > root, root > culm > leaf, and leaf > culm > root, respectively. In both years, the NTA, NTR, and GCRNT of each organ among treatments were in the sequence of 2W1S > 3W1S > 3W2S > 3W3S > 2W2S > SW. Compared with the SW treatment, the 2W1S treatment significantly increased the mean NTA, NTR, and GCRNT of 2 years by respectively 341.02, 12.17, and 64.95% for roots, 389.6, 24.11, and 82.02% for culms, and 249.70, 23.99, and 33.64% for leaves.


Table 2. Effects of different row ratio configurations on the N transportation amount before anthesis (NTA), the N transportation rate before anthesis (NTR), and the contribution rate of N transportation before anthesis to grain (GCRNT) of waxy sorghum in the waxy sorghum-soybean intercropping system.
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P Accumulation and Transportation of Waxy Sorghum
 
P Content

The P contents of waxy sorghum vegetative organs (including root, culm, and leaf) decreased from the jointing stage to the maturity stage in all treatments (Table 3). Across years and treatments, the P content among organs was in the sequence of leaf > culm > root at the jointing stage, spike > leaf > culm > root at the anthesis stage, grain > leaf > culm > root at the maturity stage. In each growth stage, the P content of each organ under intercropping treatments was higher than that of SW treatment, and the maximum value appeared in the 2W1S treatment. For the mean of 2 years, the P content in 2W1S treatment was higher by 1.93 times for roots, 1.65 times for culms, and 1.65 times for leaves at the jointing stage, 2.17 times for roots, 2.35 times for culms, 2.33 times for leaves, and 2.02 times for spikes at the anthesis stage, and 2.04 times for roots, 2.12 times for culms, 2.03 times for leaves, and 1.73 times for grains at the maturity stage than that of SW treatment.


Table 3. Effects of different row ratio configurations on P content (g kg−1) of waxy sorghum in the waxy sorghum-soybean intercropping system.
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P Accumulation

The P accumulation amounts of waxy sorghum vegetative organs (including root, culm, and leaf) increased to their maximum at the anthesis stage and subsequently decreased at the maturity stage in all treatments (Figure 3). In each treatment, the order of P accumulation amount among organs was leaf > culm > root at the jointing stage (Figures 3A,B), spike > leaf > culm > root at the anthesis stage (Figures 3C,D), and grain > leaf > culm > root at the maturity stage (Figures 3E,F). In each growth stage, the P accumulation amount of each organ among treatments was in the sequence of 2W1S > 3W1S > 3W2S > 3W3S > 2W2S > SW, and the 2W1S treatment significantly increased the P accumulation amount (mean of 2 years) by 410.64% for roots, 266.8% for culms, and 195.30% for leaves at the jointing stage, 339.58% for roots, 341.63% for culms, 255.59% for leaves, and 261.36% for spikes at the anthesis stage, and 262.92% for roots, 187.76% for culms, 118.39% for leaves, and 171.02% for grains at the maturity stage compared with the SW treatment.
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FIGURE 3. Effects of different row ratio configurations on P accumulation amount of waxy sorghum at the jointing (A,B), anthesis (C,D), and maturity (E,F) stage in the waxy sorghum-soybean intercropping system. Data are expressed as the mean of three replicates and bars represent standard errors (n = 3). Different letters within a growth stage and an organ indicate significantly differences among treatments (P < 0.05). SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum alternated with one row of soybean; 2W2S, two rows of waxy sorghum alternated with two rows of soybean; 3W1S, three rows of waxy sorghum alternated with one row of soybean; 3W2S, three rows of way sorghum alternated with two rows of soybean; 3W3S, three rows of way sorghum alternated with three rows of soybean.




P Transportation

There had significant effects on the PTA, PTR, and GCRPT of waxy sorghum by row ratio configurations in the waxy sorghum-soybean intercropping system (Table 4). Across years and treatments, the PTA, PTR, and GCRPT among organs were in the sequence of culm > leaf > root, root > culm > leaf, and culm > leaf > root, respectively. In both years, the PTA, PTR, and GCRPT of each organ under intercropping treatments were higher than those of SW treatment, and the maximum values appeared in the 2W1S treatment. In particular, compared with the SW treatment, the 2W1S treatment significantly increased the mean PTA, PTR, and GCRPT of 2 years by 428.98, 21.24, and 109.37% for roots, 487.54, 38.3, and 132.72% for culms, and 405.53, 52.08, and 101.93% for leaves, respectively.


Table 4. Effects of different row ratio configurations on the P transportation amount before anthesis (PTA), the P transportation rate before anthesis (PTR), and the contribution rate of P transportation before anthesis to grain (GCRPT) of waxy sorghum in the waxy sorghum-soybean intercropping system.
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K Accumulation and Transportation of Waxy Sorghum
 
K Content

The K contents of waxy sorghum vegetative organs (including root, culm, and leaf) decreased from the jointing stage to the maturity stage in all treatments (Table 5). In both years, the order of N content in each treatment among organs was respectively leaf > culm > root at the jointing stage, spike > leaf > culm > root at the anthesis stage, and grain > leaf > culm > root at the maturity stage. In each growth stage, the K content of each organ among treatments was in the sequence of 2W1S > 3W1S > 3W2S > 3W3S > 2W2S > SW, and the 2W1S treatment significantly increased the mean K content of 2 years by 20.58% for roots, 41.03% for culms, and 46.51% for leaves at the jointing stage, 28.78% for roots, 61.37% for culms. 68.15% for leaves, 63.16% for spikes at the anthesis stage, 21.10% for roots, 52.09% for culms, 55.09% for leaves, and 52.64% for grains at the maturity stage compared with the SW treatment.


Table 5. Effects of different row ratio configurations on K content (g kg−1) of waxy sorghum in the waxy sorghum-soybean intercropping system.
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K Accumulation

The K accumulation amounts of waxy sorghum vegetative organs (including root, culm, and leaf) increased from the jointing stage to the anthesis stage but decreased from the anthesis stage to the maturity stage in all treatments (Figure 4). Across years and treatments, the order of K accumulation amount among organs was leaf > culm > root at the jointing stage (Figures 4A,B), spike > leaf > culm > root at the anthesis stage (Figures 4C,D), and grain > leaf > culm > root at the maturity stage (Figures 4E,F). In each growth stage, the K accumulation amount of each organ under intercropping treatments was higher than that of SW treatment, and the maximum value appeared in the 2W1S treatment. In particular, the K accumulation amount (mean of 2 years) in the 2W1S treatment was higher by 3.19 times for roots, 3.61 times for culms, and 2.95 times for leaves at the jointing stage, 2.63 times for roots, 3.97 times for culms, 3.79 times for leaves, and 3.12 times for spikes at the anthesis stage, and 2.16 times for roots, 3.15 times for culms, 2.65 times for leaves, and 2.58 times for grains at the maturity stage than that of SW treatment, respectively.
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FIGURE 4. Effects of different row ratio configurations on K accumulation amount of waxy sorghum at the jointing (A,B), anthesis (C,D), and maturity (E,F) stage in the waxy sorghum-soybean intercropping system. Data are expressed as the mean of three replicates and bars represent standard errors (n = 3). Different letters within a growth stage and an organ indicate significantly differences among treatments (P < 0.05). SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum alternated with one row of soybean; 2W2S, two rows of waxy sorghum alternated with two rows of soybean; 3W1S, three rows of waxy sorghum alternated with one row of soybean; 3W2S, three rows of way sorghum alternated with two rows of soybean; 3W3S, three rows of way sorghum alternated with three rows of soybean.




K Transportation

The row ratio configurations had significant effects on the KTA, KTR, and GCRKT of waxy sorghum in the waxy sorghum-soybean intercropping system (Table 6). In each treatment, the KTA, KTR, and GCRKT among organs were in the sequence of culm > leaf > root, root > leaf > culm, and culm > leaf > root, respectively. In both years, the KTA, KTR, and GCRKT of each organ among treatments were in the sequence of 2W1S > 3W1S > 3W2S > 3W3S > 2W2S > SW. In particular, the KTA, KTR, and GCRKT (mean of 2 years) in the 2W1S treatment were higher, respectively, by 3.61, 1.34, and 1.44 times for roots, 5.57, 1.64, and 2.26 times for culms, and 4.50, 1.57, and 1.84 times for leaves than that of SW treatment.


Table 6. Effects of different row ratio configurations on the K transportation amount before anthesis (KTA), the K transportation rate before anthesis (KTR), and the contribution rate of K transportation before anthesis to grain (GCRKT) of waxy sorghum in the waxy sorghum-soybean intercropping system.
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Yield and Economic Benefits

There had significant effects on the yield and yield components of waxy sorghum by row ratio configurations in the waxy sorghum-soybean system (Table 7). In both years, intercropping increased the spike length, the grain number per spike, and the 1,000-grain weight of waxy sorghum while decreasing the yields of waxy sorghum and soybean. The spike length, the grain number per spike, and the 1,000-grain weight of waxy sorghum among treatments were in the sequence of 2W1S > 3W1S > 3W2S > 3W3S > 2W2S > SW, while the yields of waxy sorghum and soybean among treatments were in the sequence of SW (SS) > 2W1S > 3W2S > 3W1S > 2W2S > 3W3S. Besides, the maximum land equivalent ratio (Figures 5A,B) and economic benefit (Figures 5C,D) appeared in the 2W1S treatment, and the mean of 2 years was 1.64 and 5.52 × 104 CNY ha−1, respectively.


Table 7. Effects of different row ratio configurations on yields of waxy sorghum and soybean in the waxy sorghum-soybean intercropping system.
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FIGURE 5. Effects of different row ratio configurations on the land equivalent ratio (A,B) and economic benefits (C,D) in the waxy sorghum-soybean intercropping system. Data are expressed as the mean of three replicates and bars represent standard errors (n = 3). Different letters indicate significantly differences among treatments (P < 0.05). SS, sole soybean; SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum alternated with one row of soybean; 2W2S, two rows of waxy sorghum alternated with two rows of soybean; 3W1S, three rows of waxy sorghum alternated with one row of soybean; 3W2S, three rows of way sorghum alternated with two rows of soybean; 3W3S, three rows of way sorghum alternated with three rows of soybean.





DISCUSSION

Nitrogen uptake and utilization by crops is a key process of the N cycle in agricultural ecosystems and an important basis for crop yield formation (Wu et al., 2015a). Intercropping, especially gramineas and legume intercropping systems play an important role in improving N uptake and utilization of gramineas crops (Yang et al., 2015; Liang et al., 2020). For instance, Gooding et al. (2007) reported that wheat-faba bean and wheat-pea intercropping systems increased the N concentration of wheat grain. Chen et al. (2017) found that the maize-soybean intercropping system improved N concentrations and accumulation amounts of straws and grains in maize. In the present study, the N contents and accumulation amounts of each organ under intercropping treatments were higher than those of SW treatment, suggesting that the waxy sorghum-soybean intercropping system can increase the N absorption among organs in waxy sorghum. These increments in N contents and accumulation amounts may be attributed to the following two possibilities. On the one hand, this might be attributed to the waxy sorghum-soybean intercropping system improving the light environment of the waxy sorghum canopy and promoting the N synthetic of each organ in waxy sorghum (Wang et al., 2021a). On the other hand, another possible explanation might be related to the transfer of N fixation from soybean to waxy sorghum, which is consistent with a previous study on the oat-mung bean intercropping system (Yang et al., 2015). Our results showed that the N accumulation amounts of waxy sorghum vegetative organs (including root, culm, and leaf) increased from the jointing stage to the anthesis stage but decreased from the anthesis stage to the maturity stage in all treatments, indicating that the key period of N accumulation in waxy sorghum is from the anthesis to maturity stages, and the similar result was showed in proso millet under the proso millet-mung bean intercropping system (Dang et al., 2019). Furthermore, we also observed that the NTA, the NTR, and the GCRNT of waxy sorghum among treatments were in the sequence of 2W1S > 3W1S > 3W2S > 3W3S > 2W2S > SW, implying that the waxy sorghum-soybean intercropping system can promote the N transportation from vegetative organs to grains in waxy sorghum, which is an agreement with the previous finding on wheat-peanut (Liu et al., 2019) and maize-pea (Zhao et al., 2019) intercropping systems. These results indicate that the waxy sorghum-soybean intercropping system can increase the N absorption among organs and promote the N transportation from vegetative organs to grains in waxy sorghum.

In this study, the P accumulation amounts of waxy sorghum vegetative organs (including root, culm, and leaf) increased to their maximum at the anthesis stage and subsequently decreased at the maturity stage in all treatments. This result is similar to our previous study on dry matter accumulation (Wang et al., 2021a), and suggests that the key period of P accumulation in waxy sorghum is from the anthesis stage to the maturity stage. Additionally, we found that the N contents and accumulation amounts of roots, culms, leaves, spikes, and grains in waxy sorghum under intercropping treatments were higher as compared to those organs under SW treatment, indicating that the waxy sorghum-soybean intercropping system can increase the P absorption among organs in waxy sorghum. Similar to our results, Ndayisaba et al. (2021) reported an increase of available P in maize under the maize-desmodium intercropping system than in the sole cropping system. Likely, there were three possible processes that might have influenced the P absorption in waxy sorghum as its content and accumulation amount increased under the waxy sorghum-soybean intercropping system. The first was soybean roots could secrete carboxylates, protons, phosphatase, and phytase to increase the P availability in the rhizosphere of waxy sorghum, and thus promoted the P acquisition of waxy sorghum plants (Zhou et al., 2019). The first was soybean roots could secrete carboxylates, protons, phosphatase, and phytase to increase the P availability in the rhizosphere of waxy sorghum, and thus promoted the P acquisition of waxy sorghum plants (Wang et al., 2020b; Bai et al., 2021). The third was reduced number of waxy sorghum plants under intercropping treatments that would increase the P reallocation, improving P content and accumulation amount of different organs in waxy sorghum (Raza et al., 2019). In the present study, the PTA, the PTR, and the GCRPT of each organ under intercropping treatments were higher than those of SW treatment in both years, suggesting that the waxy sorghum-soybean intercropping system can promote the P transportation from vegetative organs to grains in waxy sorghum. Consequently, the waxy sorghum-soybean intercropping system can increase the P absorption among organs and promote the P transportation from vegetative organs to grains in waxy sorghum.

At present, there are few reports on K uptake, accumulation, and transportation of crops in intercropping systems. In this study, we measured the differences in K uptake, accumulation, and transportation of different organs in waxy sorghum under the waxy sorghum-soybean system. Similar to N and P, the K contents and accumulation amounts of each organ under intercropping treatments were higher than those of SW treatment. These increments in K contents and accumulation amounts might be due to the intercropping system promoting K absorption by the charge compensation mechanism while promoting the N absorption of waxy sorghum (Han et al., 2021; Yin et al., 2021). The results of the present study indicate that the waxy sorghum-soybean intercropping system can increase the K absorption among organs in waxy sorghum. Contrary to our findings, Raza et al. (2019) reported that lower K uptake in intercropped maize has appeared in the maize-soybean intercropping system. This inconsistency requires further study. In the same way, we observed that the KTA, the KTR, and the GCRKT of each organ under intercropping treatments were higher than those of SW treatment in both years, suggesting that the waxy sorghum-soybean intercropping system can promote the K transportation from vegetative organs to grain in waxy sorghum. It is worth mentioning that the GCRNT, GCRPT, and GCRKT among organs in waxy sorghum were in the sequence of leaf > culm > root, culm > leaf > root, and culm > leaf > root, respectively. These results indicate that the leaf is the most important N supply source for waxy sorghum grain and the culm is the most important P and K supply source for waxy sorghum grain.

In our study, the waxy sorghum-soybean intercropping system decreased the yield of waxy sorghum; this is because the waxy sorghum in intercropping treatments had a lower number of effective spikes as compared to SW treatment. Similar, intercropping treatments reduced the soybean yield as compared to SS treatment; this may be due to the shading of waxy sorghum to soybean and a decrease in the effective plants' number of soybean (Wu et al., 2015b; Li et al., 2019a). However, the waxy sorghum-soybean intercropping system increased the spike length, the grain number per spike, and the 1,000-grain weight of waxy sorghum, implying that the waxy sorghum-soybean intercropping system can promote the growth and development of spikes in waxy sorghum. Row ratio configuration is an important agronomic measure in intercropping systems, and a reasonable row ratio configuration can construct a suitable field microclimate environment to promote the effective utilization of resources by crops (Okonji et al., 2020; Wang et al., 2020a). In this study, the 2W1S treatment presented the lowest yield, decreasing the amplitude and highest N content and accumulation amount, P content and accumulation amount, K content and accumulation amount, NTA, NTR, GCRNT, PTA, PTR, GCRPT, KTA, KTR, GCRKT, and yield components of waxy sorghum. These changes may be due to the following three reasons. The first was that the 2W1S treatment created a more suitable light environment, increased the photosynthetic active radiation and the leaf area index of the waxy sorghum canopy, and improved the photosynthetic performance of sorghum leaves (Wang et al., 2021a). The second was that the proportion of waxy sorghum plants was more suitable, and its competitiveness was higher than that of soybean, which was conducive to giving full play to the resource utilization advantage of waxy sorghum (Feng et al., 2022). The third was that the 2W1S treatment could give full play to the nitrogen fixation effect of soybean and promote the nutrient transfer from soybean to waxy sorghum (Raza et al., 2019). Overall, the 2W1S treatment showed the highest land equivalent ratio and economic benefit so as to suggest that the 2W1S was the optimal row ratio configuration of the waxy sorghum-soybean system.



CONCLUSION

Row ratio configurations had significant effects on nutrient (N, P, and K) accumulation and the transportation of waxy sorghum in the waxy sorghum-soybean intercropping system. The waxy sorghum-soybean intercropping system can increase the N, P, and K absorption among organs and promote the N, P, and K transportation from vegetative organs to grains in waxy sorghum so as to promote the growth and development of spikes in waxy sorghum to obtain higher land equivalent ratio and economic benefits. The 2W1S should be used as the optimal row ratio configuration of the waxy sorghum-soybean system to attain the maximum utilization of nutrient resources.
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Year Treatment

2019 SW(sS)
2wis
2w2s
3wis
3w2s
3w3s

2020 SW(SS)
2wis
2w2s
3wis
awzs
3w3s

Spike length (cm)

31.76 £ 0.57 b
33.91+0.23a
3231 +0.25ab
33.43 +£0.10ab
32.70 +£2.46 ab
32.38 +£0.43 ab
31.06 +£0.19d
33.88 + 0.20a
32.05 £0.08cd
33.44 +0.35 ab
32.41£0.15bc
3218 + 1.47cd

Yield components of waxy sorghum

Grain number per spike

284595 £ 36.24 b
3769.96 + 68.34a
3037.19£264.71b
3466.85 + 161.65a
3108.82 + 46.00 b
3066.61 49492 b
2804.79 £ 5222 d
877121 £70.13a
3003.59 + 24.70cd
841429 + 186.91 b
3108.24 £ 75.15¢
3042.66 + 44.38cd

1,000-grain weight (g)

17.80+0.36 b
20.83+0.69a
1831 +£1.09ab
20.77 + 1.43a
1876+ 1.04 ab
18.40 £ 0.42 ab
18.02+0.32d
2104 +0.20a
18.42 £ 0.56¢cd
2096+ 0.10a
1934+ 061b
18.76 £ 0.23 be

Yield (kg ha~')
Waxy sorghum

568261 & 49.25a
5225.85+79.31 b
4263.68 £ 53.55 e
5006.54 + 110.65 be
4794.50 + 156.63cd
4479.16 + 104.60 de
5465.79 + 124.66a
5149.75 + 112.48 ab
4048.28 + 81.14 e
4913.62 + 106.43 be
4531.64 £ 227.95cd
4241.08 + 106.83cd

Soybean

2430.18 £69.70 a
1718.71 £ 67.73b
1023.37 +66.45 d
1348.06 + 2398 ¢
1264.22 + 64.23¢
1241.78 + 4757 ¢
243733 +£211.05a
1641.85+21.92b
949.68 £9.36 d
1361.24 + 10.02 be
1243.76 & 39.64 cd
1228.39 =+ 40.40 cd

Data are expressed as the mean of three replicates = standard error (n = 3). Different letters within a column and an organ indicate significant differences among treatments (P < 0.05).
SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum alternated with one row of soybean; 2W2S, two rows of waxy sorghum alternated with two rows of soybean; 3W/1S, three
rows of waxy sorghum alterated with one row of soybean; 3W2S, three rows of way sorghum alternated with two rows of soybean; 3W3S, three rows of way sorghum altemated with

three rows of soybean.
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Root sw

2wis

3wis

Culm sw

Leaf sw

4768 +590d
18399 £ 15.11a
61.79+327d
12023 £ 15.69b
106.88 + 20.10 be
81.56 + 6.06 cd
170.64 £17.12¢
924.23 £ 41.10a
262.89 + 32.80¢
606.54 + 25.34 ab
427.62 + 32.68 bc
317.45 + 39.88 be
4998 +10.26d
224.66 £ 14.94a
72.74 £+ 7.19¢cd
160.46 + 11.18 ab
130.78 £ 4.84 bc
103.92 % 9.1 bed

2020

49.19+4.41d
166.08 £7.70a
67.07 £ 5.10cd
126.94 + 14.05 ab
11151 £ 1043 be
57.41 £ 4.49 bed
163.98 +34.89¢
884.17 £ 24.43a
243.40 + 23.80 de
629.67 £ 12.94b
41789+ 2091¢c
302.49 £ 36.24 d
50.34 + 11.26¢
226.30 £ 25.85a
70.55 £ 8.72 bc
143.93 + 29.61 ab
116.37 + 5.88 be
87.44 + 19.57 be

KTR (%)

2019

31.69+558d
4317 £267a
34.66 + 2.74cd
41.46 £ 0.66 ab
37.78 £ 0.45 abc
35.96 + 3.38 bed
23.23+2.29¢
39.00 +£0.20a
27.94+1.25b
36.27 £2.24a
30.43+4.08b
2823 +355b
2526+ 1.06e
39.72 £ 0.432a
28.14 £2.07 de
36.70 + 2.86 ab
34.80 + 3.79 bc
31.00 + 3.88cd

2020

33.44£0.50b
44068 £0.51a
37.85 +2.85ab
4191 £1.40 ab
41.76 £ 6.14ab
39.06 + 3.58 ab
23.83+2.02¢
3839+ 1.12a
26.16 4 3.00 be
35.93 + 3.46 ab
31.62 +3.24 abc
28.01 £3.00 be
2506+ 1.37¢
39.22 + 1.74a
2652 +£0.53¢
3649+ 120b
33.65£0.13b
28.07 +1.22¢

GCRKT (%)

2019

9.52+0.18¢
14.04 + 1.85a
10.35 +0.79 bc
13.80 +£0.22 ab
13.35 + 1.08 ab
11.53 &+ 1.22 abc
3485+5.41¢c
7151 £230a
41.90 + 0.99 be
63.67 £+ 1.33a
48813410
4777 £190b
9.87 £0.18¢c
17.32+£0.86a
12.24 +1.07 bc
17.06 £ 1.15ab
15.82 + 1.93 ab
16.32 + 2.44 ab

2020

9.93+0.19b
1392 +£052a
10.74 £ 0.41 ab
1349+ 055a
1334+ 1482
1154 +£0.04a
30.33+1.09d
7552+127a
4169+3.22¢
66.95 + 1.38 b
4816+ 155¢
45.77 £2.73 ¢
10.14 £ 0.89b
1952+191a
11.08+£095b
16.28 + 1.49 ab
1354 £0.31 ab
1203+ 389b

Data are expressed as the mean of three replicates + standard error (n = 3). Different letters within a column and an organ indicate significant differences among treatments (P < 0.05).
SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum alterated with one row of soybean; 2W2S, two rows of waxy sorghum altemated with two rows of soybean; 3W1S, three
rows of waxy sorghum altemated with one row of soybean; 3W2S, three rows of way sorghum altemated with two rows of soybean; W3S, three rows of way sorghum altemated with

three rows of soybean.
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Organ Treatment

Root sw
2W1s
2was
3w1s
3was
3w3s

Culm sw
2wW1s
2w2s
3w1is
3w2s
3wss

Leaf sw
2wW1s
2was
3wis
3was
3wss

Spike (Grain)  SW
2wW1s
2w2s
3wis
3wzs
3wss

2019

Jointing stage

21.90 £ 0.63¢c
26.11 +£0.68a
2246 £0.19¢
25.80 + 0.65a
24.38+0.77b
23.85+0.18b
2069 +0.60 e
3366+ 0.71a
22,62 +1.07 de
80.70 + 2.60 ab
26.79 + 0.64 bc
23.73+3.71cd
1891+ 057¢c
30.11+ 1.33a
25.78 £ 0.74 bc
2872+ 1.73a
27.36 £2.92ab
26.76 % 1.00 abc

Anthesis stage

15.66 £0.52d
2050 +3.81a
16.87 + 1.26¢cd
19.77 £3.02 ab
18.82 + 2,63 abc
17.31+ 1.1 bed
1388 +£0.45d
26.31 £0.54a
16.34 = 0.60cd
2325 +1.77 ab
2048+ 1.66b
19.64 +0.25 be
11.60+0.89e
2150 + 1.09a
14.68 £ 0.45d
1934 £1.42ab
17.37 £1.74 bc
16.06 + 1.40cd
8.94+021d
1252 £ 0.82a
952+081cd
1124 £0.63b
10.46 + 0.66 be
10.11 £0.33¢

Maturity stage

1247 £071¢
1448+ 0.41a
12.77 £ 0.80 be
1433+ 051a
1421 £0.30a
13.50 & 0.63 ab
1217 £058d
2141+ 1.09a
1421 £055cd
19.10 £ 0.80 ab
17.38 £ 0.71 be
16.82 + 1.78 be
968+082d
16.68 + 0.79a
1209+ 0.92¢
14.68 + 1.94 ab
13.26 £ 2.39 be
12.46 +2.24 be
1021 +£034e
16.45 £ 0.18a
11.58 & 1.60 de
1383+0.17b
13.29 + 0.66 be
12.28 £0.52cd

2020

Jointing stage

2120+ 1.11e

26.85+1.20a

2221 +£0.32 de
25.01 +0.98 ab
2420 £0.79 bc
2363+ 0.71cd
2048 £0.78 e

3320 + 1.04a

2251 +2.76de
29.35+2.52b

26.41+1.13¢

23.13+1.68d

1866 + 1.66¢

20.54 +0.63a

2565+ 042b
2833+ 1.17 ab
27.11£0.79ab
2606+ 1.92b

Anthesis stage

1555+ 1.87¢
19.70 + 1.65a
1754 £1.66b
19.30 + 2.03a
18.52 £ 0.42 ab
1760+ 0.75b
1226+ 1.45e
2604 +1.77a
16.97 +£1.78d
23.10£2.79 ab
19.83 + 1.66 bc
18.47 £ 1.08cd
1144 £051d
2113+ 1.33a
1297 £0.14d
18.16 £0.37 b
16.82 £ 0.30 be
15.40 £ 0.22¢
878£095b
12.38 £0.47a
9.47 £0.18b
10.92 £ 0.96 ab
1029 £ 1.84ab
971£049b

Maturity stage

11.69+1.02¢
1442+ 060 a
12.56 £ 0.08 be
1416 £ 067 a
13.38 + 1.23 ab
13.17 £ 0.68 ab
1096+ 0.33 e
21.16+£0.75a
1395+ 0.74d
18.73 £ 1.00b
16.97 £ 0.36 be
1624 £ 0.56 ¢
9.51+0.15d
16.49+ 0.50 a
10.74 £ 0.37 cd
1412 +£2.02 ab
13.08 + 0.52 abc
12.41 £ 0.33 be
10.14£0.32¢
1399+ 0.38a
11.25 £0.72 bc
13.69 £ 067 a
1365+ 1.182a
1207 £0.14b

Data are expressed as the mean of three replicates  standard error (n = 3). Different letters within a column and an organ indicate significant differences among treatments (P < 0.05).
SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum altemated with one row of soybean; 2W2S, two rows of waxy sorghum altemated with two rows of soybean; 3W1S, three
rows of waxy sorghum altemated with one row of soybeen; 3W2S, three rows of way sorghum altemated with two rows of soybean; W3S, three rows of way sorghum alterated with

three rows of soybean.
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Organ

Root

Culm

Leaf

Spike
(Grain)

Treatment

sw

2wW1s
2wW2s
3wis
3wzs
3wW3s
SwW

2w1s
2w2s
3wis
3w2s
3wW3s
sw

2w1s
2wW2s
3wis
3wzs
3wss
sw

2wWis
2wW2s
3wis
3wzs
3wW3s

2019
Jointing stage

11.64 + 0.43¢
16.63 + 0.46a
12,68 + 0.98¢
16.21 + 0.10a
1623 £0.73 ab
13.562 + 0.70 be
1754 £1.71d
2766 £0.77a
19.26 + 1.49¢cd
2378+ 1.20b
2337 +0.76 b
21.51 4+ 0.58 be
29.11+0.66d
37.70 + 1.04a
31.09 £ 1.29¢cd
3666+ 0.51a
35.53 + 5.25 ab
33.36 % 1.63 be

Anthesis stage

4.67 £0.30e
9.18 +£ 0.34a
6.00+£0.33d
8.23 4+ 0.56 ab
7.56 £ 0.33 bc
6.91 +£0.05¢cd
438+041e
9.32 £ 0.28a
4.81£0.18 de
7840450
6.61+0.49¢
554+028d
1839+ 1.94d
32.88 £2.32a
2001 +125d
2726+ 1.64b
2428 £2.88¢c
22,97 +2.72¢
1283+0.76d
20.66 + 1.72a
16.50 + 0.58 bed
18.18 £1.22ab
16.56 + 0.13 bc.
16.32 £ 0.51cd

Maturity stage

223+026d
4.18 +£0.08a
282 +0.32cd
3.78 £0.28 ab
3.68 +0.25 ab
3.36+0.24 bc
226+040e
446 £0.11a
267 £0.27 de
3.78+0.15b
322 £0.29¢
372+058d
958+0.17d
1374 £1.00a
10.36 + 1.55¢cd
12.76 + 0.69 ab
11.97 £ 0.87 be
11.44 £ 0.88 be
1439+ 061d
2317 +£0.45a
15.21+£094d
20.30+0.89 b
18.96 + 0.75 be.
18.36 + 1.62¢

2020
Jointing stage

1131+ 040d
16.52 + 0.60a
12.46 = 1.26cd
1611+ 1.19ab
15.12 + 1.16 abc
13.39 + 1.43 bed
17.42 £ 1.63¢
2627 £0.46a
18.26 £2.98¢
2352+ 1.76 ab
23.02 +3.28 ab
20.85 + 2.75 be
20.04+033e
37.69 +0.68a
3053+ 1.39d
36.58 +0.16 ab
3544 +£0.48 b
3252+ 1.17¢

Anthesis stage

465+035¢
8.93 +0.40a
5.89+038d
7.78+£0.42b
6.96 £0.13 bc
6.31 £0.25¢d
366+0.17e
879+ 052a
414 £0.30 de
7254+054b
542 +0.26¢
471+022d
15.87 £ 0.34d
28.48+£0.77a
17.85 +£2.46cd
2522+092b
2357 £295b
20204 087¢
12.68 £ 0.50d
20.45+051a
14.58 £ 0.42¢cd
17.91£021b
16.42 + 0.59 bc
1530 £ 1.12¢

Maturity stage

218+0.24d
410£0.192
269+023cd
3.69+0.31 ab
3.24 £0.08 bc
296+0.10¢c
219+048d
444 £023a
253+041cd
3.80 +0.39ab
3.18 £0.38 bc
2.80+022cd
9.47 £099e
13.49 +£0.17a
10.04 + 0.97 de
12,58 + 1.01 ab
12.05 + 1.09 be.
10.97 + 0.47 cd
1426 £1.07d
2220+ 1.18a
1516 £0.31d
19.97 £1.40b
18.44 +£1.20¢
17.32+0.95¢

Data are expressed as the mean of three replicates  standard error (n = 3). Different letters within a column and an organ indicate significant differences among treatments (P < 0.05).
SW; sole waxy sorghum; 2W1S, two rows of waxy sorghum altemated with one row of soybean; 2W2S, two rows of waxy sorghum alterated with two rows of soybean; 3W1S, three
rows of waxy sorghum altemated with one row of soybean; 3W2S, three rows of way sorghum alterated with two rows of soybean; 3W3S, three rows of way sorghum altemated with
three rows of soybean.
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Organ Treatment

Root sw
2w1s
2w2s
3wis
3wzs
3W3s

Culm sw
2wW1s
2w2s
3wis
3wzs
3W3s

Leaf sw
2wW1s
2w2s
3wis
3wzs
3W3s

PTA (mg plant=')

2019

598+063e
30.14 £3.65a
7.59 £0.34 de
21.77+£ 098 b
16.16 £ 1.20¢
11.21 £ 3.49¢cd
31.02+797d
182.12 £27.02a
47.88 + 7.64cd
11982 £9.76 b
91.30+ 7.87 be
64.49 £ 9.24cd
1297 +4.01d
78.67 £5.86a
20.01+0.83cd
58.06 + 12.09b
34.77 + 1.04¢c
28.51+7.88cd

2020

496+ 068d
27.68 % 1.30a
6.76+1.40d
19.76 £ 0.81b
1318 £257¢
8.86+0.82d
2620+ 6.74e
154.06 + 10.92a
5252 +7.32d
112.65 £ 6.40b
88.39 + 5.76 be
69.22 + 6.86cd
1614+ 6.78d
63.43 £0.35a
1939+ 3.44d
46.28 +6.03b
34.30+ 5.76 bc
2482 +£291cd

PTR (%)

2019

46.90 +2.03¢
5680+ 0.97a
47.29 £ 1.06 be
53.81+£301ab
53.48 +3.99b
50356 £7.00b
34.85 + 1.56¢
53.84 +£0.83a
4362 +4.90b
51.98 +0.88a
50.67 £ 0.50 ab
47.67 £1.75ab
31.94+237b
5296 +4.14a
4275 £0.52 ab
49.38 + 6.51a
46.32 + 1.68a
43.85 +5.35a

2020

44.78 +1.28¢
56.35 +£3.32a
48.65 + 2.49 be
52.86 + 1.91 ab
51.02+253b
49.88 £5.79b
42.03+265b
52.48 + 2.58a
4569+ 3.71 ab
51.07 + 1.25a
50.68 + 0.84a
4841+ 1.01ab
34.85+352b
48,61 +0.89a
3528+ 1.44b
43.92 + 4.62 ab
4291 £0.81ab
39.214£2.79b

GCRPT (%)

2019

2.79+0.30¢c
575+£0.71a
3.18+031¢c
511+£027ab
4.36 + 0.67 abc
3.69+ 1.18 bc
14.51 £3.78¢c
33.64 +5.16a
19.56 + 1.89 be
27.96 £ 0.86 ab
23.80 +0.29 abc
21.18 £6.55 abc
6.03+0.17b
14.58 £ 1.40a
834 £056b
13.96 + 3.48a
934£122ab
9.22+239ab

2020

234+025d
5.16£0.19a
2.89+0.60cd
469+ 035ab
3.60 £ 0.82 bc
294+021cd
1231+031¢
2878 +232a
2231+2567b
26.89 +0.08 ab
23.45 +£0.32ab
2294+ 181b
706+0.79b
1183£0.142
8.44£187ab
1090+ 1.22a
8.96£0.84ab
835+ 126ab

Data are expressed as the mean of three replicates + standard error (n = 3). Different leters within a column and an organ indicate significant differences among treatments (P < 0.05).
SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum altemated with one row of soybean; 2W2S, two rows of waxy sorghum altemated with two rows of soybean; 3W1S, three
rows of waxy sorghum altemated with one row of soybean; 3W2S, three rows of way sorghum altemated with two rows of soybean; W3S, three rows of way sorghum alternated with

three rows of soybean.
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Organ  Treatment

Root swW

2w1is

3wis

Culm sSw

Leaf sw

2677 £3.33e
114.30 + 13.84a
37.83 £ 1.04 de
81.95+11.05b
67.48 % 2.50 be
53.62 +3.77 cd
12164 +£33.30d
537.16 + 26.08a
143.91 + 10.33d
352.88 £ 19.56 b
263.13 + 35.44 be
191.46 + 42.26cd
166.71 £ 17.96d
567.38 +£21.78a
197.97 £20.35d
380.38 + 32.66 b
299.12 £ 61.50 be
248,67 + 30.49¢cd

2020

25.43+4.29e
111.51 £ 7.96a
36.91 £ 3.27 de
76.58 £ 6.68 b
61.88 4 3.97 be
48.86 +2.51cd
86.87 + 1094 e
483.20 +29.10a
11399 + 14.42 de
31069+ 582 b
191.01 £281c
14120 £20.21cd
12852 +509e
465.03 + 20.13a
165.20 £ 24.09 de
338.00+11.82b
27420 £36.73¢
203.51+3.92d

NTR (%)

2019

5756+ 1.36 b
64.06 £ 0.662a
59.563 +2.61ab
62.72 + 1.37 ab
61.47 +0.47 ab
60.20 £2.01 ab
53.06 + 0.52¢
63.92+211a
54.03 + 1.99 bc
62.64 £2.02a
60.57 +3.10 ab
59.26 & 0.67 abc
52.81+5.13b
6220£277a
53.90 +4.63b
60.19 £+ 2.05 ab
57.38 £3.32 ab
56.24 +3.88 ab

2020

57.40+7.94d
64.80£232a
59.81 £3.65d
63.49+£297b
62.44 %+ 1.98 be
61.85 + 1.37cd
4837 £1.61b
61.97 + 1.242a
50.34 +£2.24b
59.79+ 1.41a
53.44 £ 1.49b
5151+ 1.73b
46.67 +1.22d
61.05 + 1.292
49.98 + 3.67 cd
5784+ 1.73ab
53.09 & 2.19 abc
51.40 £ 0.48 bed

GCRNT (%)

2019

3.64+049b
5.86 £ 0.63a
478 £0.22ab
5.84+057a
574 +056a
5.43+0.73a
17.21+£4.79b
27.73+1.92a
1807 £0.11b
25.50 £ 1.99ab
2211+£2.70ab
19.45 + 4.60 ab
23.56+0.71¢c
2023 + 1.28a
2536 £ 1.12bc
27.67 £ 0.64 ab
25.72 = 0.80 abc
265.44 + 2.36 abc

2020

3.69 +£0.47 b
6.07 £0.86a
472 £0.49 ab
5.65+0.69a
541£072a
5.16 £0.06 ab
1233+ 1.16b
26.05+086a
1466 £2.32b
2282+ 101a
1656+ 1.22b
14.87 £1.67b
18.46+£1.36b
2691 £191a
20.86 +£2.41 ab
2481 +120a
23.30 = 1.38 ab
21.68 +£0.76 ab

Data are expressed as the mean of three replicates <+ standrd error (n = 3). Values followed by different letters within a column are significantly different (P < 0.05). SW; sole waxy
sorghum; 2W1S, two rows of waxy sorghum aterated with one row of soybean; 2W2S, two rows of waxy sorghum altemated with two rows of soybean; SWIS, three rows of waxy
sorghum alterated with one row of soybean; 3W2S, three rows of way sorghum alterated with two rows of soybean; W3S, three rows of way sorghum altemated with three rows

of soybean.
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Organ Treatment

Root sw
2wWis
2wa2s
3wis
3wzs
3w3ss

Culm sw
2wW1s
2w2s
3wis
3wzs
3wss

Leaf sw
2w1s
2w2s
3wis
3wzs
3wss

Spike (Grain) sw
2w1s
2wW2s
3wis
3wzs
3wss

2019

Jointing stage

203£0.10e
392+0.11a
229+0.16de
3.30+0.19b
2.87£0.04c
2.62+0.15¢d
3.30+£0.33d
4.95 +0.33a
3.49+0.21cd
4.08+£027b
393+034b
358+ 0.22¢
3.65+0.12d
6.07 £0.13a
424 £0.19d
513+£0.30b
4.85+0.37 bc
4.43 £0.07cd

Anthesis stage

134 £007d
278 £0.04a
1.51+£0.02cd
266+0.11a
205+£0.13b
1.62+0.15¢
1.59£0.05¢e
3.72+032a
1.96 £ 0.12 de
320+£0.15b
2.76 +£0.20c
226+035d
208+037d
565+031a
256 +0.25¢cd
6.01 £094a
363+£043b
321 £0.47 be
3.36+0.09e
5.09+0.13a
3.76£0.11d
452+0.18b
423+007¢
411 £0.15¢

Maturity stage

0.81£0.04c
1.56 £0.03a
0.92 £0.05¢
1.46 £0.02a
117£0.10b
094£0.11c
114£0.16d
225+0.12a
1.33+£004d
1.99 +0.08 ab
1.69 +0.02 bc
1.42£0.11cd
1.47 £0.05¢
3.22 +£0.04a
1.65+0.06e
292+0.14b
226 £0.10¢c
2.04+£005d
436 £007¢
6.47 £0.16a
462 +0.14¢
6.24 £0.22a
6.06 £0.19 ab
561£0.10b

2020

Jointing stage

198 +£0.02e
3.85+0.06a
223+0.10d
298+0.11b
274 £0.06¢c
253+ 0.03¢
326+0.17¢c
4.78 £ 0.06a
3.35+0.09¢
395+ 008b
387+011b
3.35+0.12¢
362+004d
598 +0.13a
4.16 £ 0.09¢
487 +£0.29b
4.72£009b
424 £0.28¢

Anthesis stage

114 £0.06¢
262+0.11a
131£0.17¢
2.42 £0.10a
1.79+£0.10b
1.42 £0.05¢
122£005¢e
331£0.14a
206+008d
3.07 £0.05b
264+021c
246 £0.14¢c
248+0.16e
4.89 +£0.04a
298+005d
452+0.12b
3.84 £0.10¢c
320+0.15d
323+£008d
496 £0.11a
38.70 £ 0.14cd
4.48 £0.44 ab
4.16 £0.22 bc
3.99+0.14bc

Maturity stage

1.71£004c
153+0.12a
0.75 £ 0.06 ¢
145+0.14a
1.09+£0.06 b
0.87 £004 ¢
085+0.15d
2.08+004a
1.35£003¢c
196+0.11a
1.63+£0.08b
157 £0.08b
177 £028d
3.06+0.15a
217 £0.08cd
298+0.11ab
2.55+0.10bc
229+£009¢c
428 £0.13d
6.43+0.11a
452 4£0.20 cd
6.19+£0.22ab
597 £0.21ab
5.52 £0.19 bc

Data are expressed as the mean of three replicates  standard error (n = 3). Different ltters within a column and an organ indicate significant differences among treatments (P < 0.05).
SW, sole waxy sorghum; 2W1S, two rows of waxy sorghum altemated with one row of soybean; 2W2S, two rows of waxy sorghum atemated with two rows of soybean; 3W1S, three
rows of waxy sorghum altemated with one row of soybeen; 3W2S, three rows of way sorghum altemated with two rows of soybean; W3S, three rows of way sorghum alterated with

three rows of soybean.
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