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ABSTRACT
A field experiment was conducted during Kharif 2023–24 at AICRP on Dryland Agriculture, Dr. PDKV, Akola, to assess the growth, biomass accumulation, and productivity of soybean intercropped with minor millets (foxtail, finger, and barnyard). The study was conducted in Randomized Block Design with ten treatments and replicated thrice Among intercropping systems, soybean + foxtail millet (2:2) produced higher seed yield (1222 kg ha⁻¹), while soybean + finger millet (2:2) had greater straw (1646 kg ha⁻¹) and biological yield (2756 kg ha⁻¹). The intercropping Soybean + foxtail millet (4:4) exhibited higher land equivalent ration (1.25), relative crowding coefficient (2.94) and balance aggressivity (0.52, 0.48) highlighting it as the most productive and efficient combination under dryland conditions.
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1. INTRODUCTION
For the region like Vidarbha in Maharashtra State of India, where precipitation is very uncertain and nearly 89% of the cultivated area is under rainfed farming there is necessity for crop planning and development of sustainable agriculture practice being operational on catchment basis (Dongardive et al., 2018). Vidarbha region is imperious for the developmental strategies of integrated crop planning and management. The success of dryland farming mainly depends on the evenly distributed rainfall during crop growing period (Nagdeve et al., 2016). The root zone soil moisture is utilized for transpiration, when the rainfall becomes insufficient to meet the potential needs of transpiration. This causes depletion in soil moisture storage and a situation which may be designated as agricultural drought (Reddy and patode, 2013). Soybean and minor millets are important crops for sustaining productivity in water-limited environments. Intercropping these crops in strip systems provides opportunities to utilize resources efficiently and enhance overall performance. Studying growth dynamics along with yield indices helps in understanding the compatibility and stability of such systems. Under dryland conditions, this evaluation becomes particularly relevant for ensuring sustainable crop production.
Intercropping is a sustainable agricultural practice in which many crops are grown together in the same field. This system improves land productivity, nutritional security, and ecological resilience in rainfed systems (Maitra et al., 2021; Hussen, 2021). Since the 1980s, the area under soybean cultivation has expanded rapidly (Khobarkar et al., 2015). The rise is due to high profit and demand for deoiled cake (DOC) in the European livestock industry, as the crop grown in India is non-genetically modified. Soybean has now established itself as a major rainy-season crop in the rainfed agroecosystems of central and peninsular India. Despite strong growth in area and production, average productivity remains about 1 t/ha under rainfed conditions, though yield potential can reach up to 4 t/ha. Low and static productivity is mainly due to erratic, uneven, and inadequate rainfall, with frequent droughts being major abiotic factors limiting soybean output (Tiwari, 2014; Dupare et al., 2021; Praharaj et al., 2018). 
The main goal of intercropping is to raise land productivity per unit area by using growth resources more effectively. These resources otherwise would not be used by a single crop (Willey, 1979). It is one of the most efficient land-use systems in tropical regions, where farmers have limited access to agricultural inputs (Bedoussac et al., 2015). Millets are valued for their climate resilience and nutritional quality and are gaining importance in India and other semiarid regions. These areas face water scarcity and declining soil fertility, which threaten food security (Yadav et al., 2024). Studies of soybean and foxtail millet strip intercropping systems show that they can be sustainable and profitable options for enhancing the productivity and income of dryland farmers. These crops are essential for their use as human food, their high nutritional value, resilience, growth on marginal land, and suitability as livestock feed (Nutan et al., 2021; Ram et al., 2025). In this context, research has assessed the yield and yield indices in soybean-millet strip intercropping to understand crop interactions, evaluate system efficiency, and ensure sustainability in dryland agriculture.
2. MATERIAL AND METHODS
A field experiment was set up at AICRP for Dryland Agriculture, Dr. PDKV, Akola, during kharif season of 2023–24.  During the Kharif season of 2023-24.  The soil was medium Clayey, slightly alkaline in reaction (pH 7.9), with low nitrogen (170.45 kg ha-1), medium phosphorus (16.40 kg ha-1), and high potassium (285.90 kg ha-1) content and organic carbon was moderate (0.58 g/kg). The experiment was laid out in Randomized Block Design, (RBD) ten treatments with three replications and treatments consist of T1-Sole soybean, T2 - Sole foxtail millet, T3 - Sole finger millet, T4-Sole barnyard millet, T5 – Soybean + foxtail millet ( 2:2), T6-Soybean + foxtail millet (4:4), T7 -Soybean + finger millet in (2:2), T8 - Soybean + finger millet in (4:4), T9-Soybean + Barnyard millet in (2:2), and T10-Soybean + Barnyard millet in (4:4). The varieties were used AMS-1001, Suryanandi, Vakula and VL-207 of soybean, foxtail millet, finger millet and barnyard millet respectively. Sowing was done at a spacing of 45 × 5 cm using a seed rate of 65 kg ha-1 for soybean and 8–10 kg ha-1 for millets. The gross plot size was 7.2 × 4.5 m2, and the net plot size was 6.3 × 4.2 m2. Fertilizer was applied as per the recommended dose: 30:60:30 NPK kg ha-1 for soybean and 40:20:20 NPK kg ha-1 for millets. Standard agronomic practices were followed throughout the cropping period. 
 Net plot rows were harvested treatment-wise, sun-dried completely and the biological yield was recorded. Then they were threshed and the grain weight was recorded. After threshing, the straw yield was obtained by subtracting the grain weight from the biological weight. The grain and straw yield of net plot area was converted to hectare basis and expressed in terms of kg ha-1 (Manjunath et al., 2018). 
Competitive Indices:
 To evaluate the performance and competitive ability of soybean (S) and millet (M) in strip intercropping, the following yield indices were calculated.
Land equivalent ratio (LER): Land equivalent ratio (LER) is a common index used to measure the land productivity of intercropping systems. LER > 1 indicates the effective utilization of land in any intercropping system because of efficient utilization of resources by intercrops (Willey & Osiru, 1972). The following formula is used to assess the performance of intercropped crops relative to that of the corresponding sole crops in systems (Li et al., 1999):

Where, 
LA and LB are the LER for the individual crops
YA and YB are the individual crop yields (A and B) in the intercropping system
SA and SB are the sole crop yields of A and B.
Aggressivity: This was proposed by Mc-Gilichrist (1960) and was determined according to the following formula: 
    
Where:
KA and KB are the Relative Crowding Coefficients (RCC) for Soybean and Millet, respectively.
AA and BB are the Aggressivity values for Soybean and Millet.
Relative crowding coefficient (RCC): De Wit (1960) introduced the relative crowding coefficient (RCC or K) in plant competition theory. The K allowed evaluating and comparing the competitive ability of one species to the other in a mixture (Zhang et al. 2011). T
he K was calculated as , 
The RCC is calculated as 
Where,
Yab​ are Yield of intercrop 'a' (soybean) associated with intercrop 'b' (minor millet)
Yaa​ are Yield of sole crop 'a' (soybean)
Zab are Proportion of crop 'a' sown in intercropping
Yba are Yield of intercrop 'b' (minor millet) associated with intercrop 'a' (soybean)
Ybb​ are Yield of sole crop 'b' (minor millet)
Zba​ are Proportion of crop 'b' sown in intercropping
Ka​ are Relative crowding coefficient of crop 'a'
Kb are Relative crowding coefficient of crop 'b'

3. RESULTS AND DISCUSSION
3.1 Yield studies (kg ha-1)
3.1.1 Seed yield (kg ha-1) of soybean and minor millets
The data presented in Table 1 show that sole soybean and minor millets recorded higher seed yield whereas soybean-based millet intercropping systems showed comparatively lower yields. Sole soybean recorded a higher seed yield (1881.69 kg ha⁻¹) compared to intercropping treatments. Among the intercropping systems, soybean + foxtail millet (2:2) obtained relatively higher seed yield (1222 kg ha⁻¹), followed by soybean + foxtail millet (4:4) (1174 kg ha⁻¹), and lowest yield was found in soybean + barnyard millet (995 kg ha⁻¹) (4:4). For sole cropping of millet, foxtail millet produced (1677 kg ha⁻¹), finger millet (1508 kg ha⁻¹), and barnyard millet (1493 kg ha⁻¹) with their intercropping systems. The mean of seed yield in soybean across different systems was (1224.28 kg ha⁻¹). Similar results were also reported by Darshan et al. (2023) and Ananthi et al. (2024).
3.1.2 Straw yield (kg ha-1) of soybean and minor millets
Sole soybean and minor millets recorded the higher straw yield. Whereas intercropping systems showed comparatively lower yields. The results are presented in Table1 Sole soybean registered a higher straw yield (2099 kg ha⁻¹) compared to intercropping treatments. In intercropping systems, soybean + finger millet (2:2) recorded comparatively higher straw yield (1646 kg ha⁻¹), followed by soybean + foxtail millet (2:2) 1506 kg ha⁻¹, and the rest of the intercrops. The lower straw yield (1324 kg ha⁻¹) was obtained in soybean + barnyard millet (4:4). 
In case of minor millets, higher straw yield was recorded under the sole cropping system, foxtail millet recorded (2934 kg ha⁻¹), finger millet (3033 kg ha⁻¹), and barnyard millet (2914 kg ha⁻¹). In intercropping system, soybean + foxtail millet (2:2) produced 1412 kg ha⁻¹, soybean + foxtail millet (4:4) 1506 kg ha⁻¹, soybean +finger millet (2:2) 1227 kg ha⁻¹, soybean + finger millet (4:4) 1277 kg ha⁻¹, soybean + barnyard millet (2:2) 1342 kg ha⁻¹, and soybean + barnyard millet (4:4) 1401 kg ha⁻¹. The reduction in seed and straw yield under intercropping could be attributed to lower plant population and the greater competition among component crops for essential resources such as nutrients, soil moisture, and solar radiation.  Similar results were also reported Biradar et al. (2020), Ananthi et al. (2024).

Table No. 1. Seed yield (kg ha-1), straw yield (kg ha-1) and Soybean seed equivalent yield (kg ha-1) of soybean and minor millet as influenced by Soybean + minor millet strip intercropping systems
	Treatments
	Seed yield (kg ha-1)
	Straw yield (kg ha -1)
	SEY (kg ha -1)

	
	Main crop
	Intercrops
	Main crop
	Intercrops
	

	
	Soybean
	FM
	FgM
	BM
	Soybean
	FM
	FgM
	BM
	

	T1 - Sole Soybean
	1882
	-
	-
	-
	2099
	-
	-
	-
	1882

	T2 - Sole FM
	-
	1677
	-
	-
	-
	2934
	-
	-
	1402

	T3 - Sole FgM
	-
	-
	1508
	-
	-
	-
	3033
	-
	1261

	T4 - Sole BM
	-
	-
	-
	1493
	-
	-
	-
	2914
	1248

	T5 - Soy + FM (2:2)
	1222
	980
	-
	-
	1506
	1412
	-
	-
	2042

	T6 - Soy + FM (4:4)
	1174
	1044
	-
	-
	1459
	1506
	-
	-
	2047

	T7 - Soy + FgM (2:2)
	1110
	-
	877
	-
	1646
	-
	1227
	-
	1843

	T8 - Soy + FgM (4:4)
	1116
	-
	913
	-
	1358
	-
	1277
	-
	1880

	T9 - Soy + BM (2:2)
	1071
	-
	-
	838
	1370
	-
	-
	1342
	1771

	T10 - Soy + BM (4:4)
	995
	-
	-
	873
	1324
	-
	-
	1401
	1725

	SE(m) ±
	-
	-
	-
	-
	-
	-
	-
	-
	87.97

	CD at 5%
	-
	-
	-
	-
	-
	-
	-
	-
	261.4

	GM
	1224
	1234
	1099
	1068
	1537
	1951
	1846
	1886
	1710



3.2.1 Soybean seed equivalent yield (kg ha-1)
Soybean Seed Equivalent Yield (kg ha⁻¹) under different intercropping systems is presented in Table 1 and graphically depicted in figure 1. Significantly higher soybean seed equivalent yield was recorded in soybean + foxtail millet in 4:4 row ratio (2047 kg ha⁻¹) and at par with soybean + foxtail millet in 2:2 row ratio (2042 kg ha⁻¹), sole soybean (1882), soybean + finger millet in 4:4 row ratio (1880 kg ha⁻¹), soybean + finger millet in 2:2 row ratio (1843 kg ha⁻¹). The lowest soybean seed equivalent yield was recorded in sole barnyard millet (1248 kg ha⁻¹). Keerthanapriya et al. (2019) and Sai et al. (2020) supported the similar finding. 



Competitive Indices 
The data on land equivalent ratio (LER), relative crowding coefficient (RCC), and aggressivity of soybean and minor millets under strip intercropping systems are presented in Table 2. 
3.2.1 Land Equivalent Ratio (LER)
The maximum LER (1.25) was observed in soybean + foxtail millet in 4:4 row ratio, followed by soybean + foxtail millet in 2:2 row ratio (1.23), soybean + finger millet in 4:4 row ratio (1.20), and soybean + finger millet in 2:2 row ratio (1.17). Sole minor millets recorded the lowest LER among the treatments. Similar result observed by Rajani et al. (2022), Victor et al. (2023). 
3.2.2 Relative crowding coefficient (RCC) 
The RCC values of sole crops were 1.00, while intercropped treatments recorded values greater than one. The higher RCC was noted in soybean + foxtail millet (4:4) (2.94), followed by soybean + foxtail millet (2:2) (2.61). The lowest RCC (1.61) was found in soybean + barnyard millet (4:4). This further supports the efficient and complementary interaction between soybean and foxtail millet compared to finger millet and barnyard millet. Similar results were also noted by Billore et al. (2011), Layek et al. (2018).
3.2.3 Aggressivity 
Aggressivity values indicated the relative competitive ability of the component crops. In most treatments, soybeans showed slightly higher or equal aggressivity compared to minor millets, suggesting their dominance in intercropping systems. However, in soybean + barnyard millet (4:4), barnyard millet (0.55) was more aggressive than soybean (0.45), indicating stronger competitiveness of barnyard millet under wider row arrangements. Similar findings recorded by Ghosh et al. (2006), Billore et al. (2011), Layek et al. (2018).
	Table No. 2 Land Equivalent Ratio, Relative crowding coefficient, and Aggressivity of Soybean and minor millet as influenced by soybean + minor millet strip intercropping system

	Treatment
	LER
	RCC
	Aggressivity

	
	
	
	Soybean
	Millet

	T1 Sole Soybean
	1.00
	1.00
	1.00
	1.00

	T2 Sole FM
	1.00
	1.00
	1.00
	1.00

	T3 Sole FgM
	1.00
	1.00
	1.00
	1.00

	T4 Sole BM
	1.00
	1.00
	1.00
	1.00

	T5 Soy + FM (2:2)
	1.23
	2.61
	0.57
	0.43

	T6 Soy + FM (4:4)
	1.25
	2.94
	0.50
	0.50

	T7 Soy + FgM (2:2)
	1.17
	2.25
	0.51
	0.49

	T8 Soy + FgM (4:4)
	1.20
	2.52
	0.49
	0.51

	T9 Soy + BM (2:2)
	1.14
	2.07
	0.52
	0.48

	T10 Soy + BM (4:4)
	1.12
	1.61
	0.45
	0.55

	GM
	1.11
	1.80
	0.70
	0.70




4.  CONCLUSION
The study revealed that soybean + millet strip intercropping particularly in wider row proportions are feasible under broad base furrow to gain productivity of system and yield indices and resource-efficient combination for sustainable dryland agriculture. Among intercropping systems, soybean + foxtail millet (2:2) produced higher seed yield (1222 kg ha⁻¹), while soybean + finger millet (2:2) had greater straw (1646 kg ha⁻¹) and biological yield (2756 kg ha⁻¹). The intercropping Soybean + foxtail millet (4:4) exhibited higher Soybean equivalent yield (2047 kg ha⁻¹), land equivalent ration (1.25), relative crowding coefficient (2.94) and balance aggressivity (0.52, 0.48). 
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Figure 1: Soybean seed equivalent yield (kg ha-1) of soybean and minor millet as influenced by Soybean + minor millet strip intercropping systems

SEY (kg ha -1)	T1 - Sole Soybean	T2 - Sole FM	T3 - Sole FgM	T4 - Sole BM	T5 - Soy + FM (2:2)	T6 - Soy + FM (4:4)	T7 - Soy + FgM (2:2)	T8 - Soy + FgM (4:4)	T9 - Soy + BM (2:2)	T10 - Soy + BM (4:4)	1882	1402	1261	1248	2042	2047	1843	1880	1771	1725	Cropping system 
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FIgure 2: Land Equivalent Ratio, Relative crowding coefficient, and Aggressivity of Soybean and minor millet as influenced by soybean + minor millet strip intercropping system

Aggressivity	Soybean	T1 Sole Soybean	T2 Sole FM	T3 Sole FgM	T4 Sole BM	T5 Soy + FM (2:2)	T6 Soy + FM (4:4)	T7 Soy + FgM (2:2)	T8 Soy + FgM (4:4)	T9 Soy + BM (2:2)	T10 Soy + BM (4:4)	1	1	1	1	0.56999999999999995	0.5	0.51	0.49	0.52	0.45	Aggressivity	Millet	T1 Sole Soybean	T2 Sole FM	T3 Sole FgM	T4 Sole BM	T5 Soy + FM (2:2)	T6 Soy + FM (4:4)	T7 Soy + FgM (2:2)	T8 Soy + FgM (4:4)	T9 Soy + BM (2:2)	T10 Soy + BM (4:4)	1	1	1	1	0.43	0.5	0.49	0.51	0.48	0.55000000000000004	LER	T1 Sole Soybean	T2 Sole FM	T3 Sole FgM	T4 Sole BM	T5 Soy + FM (2:2)	T6 Soy + FM (4:4)	T7 Soy + FgM (2:2)	T8 Soy + FgM (4:4)	T9 Soy + BM (2:2)	T10 Soy + BM (4:4)	1	1	1	1	1.23	1.25	1.17	1.2	1.1399999999999999	1.1200000000000001	RCC	T1 Sole Soybean	T2 Sole FM	T3 Sole FgM	T4 Sole BM	T5 Soy + FM (2:2)	T6 Soy + FM (4:4)	T7 Soy + FgM (2:2)	T8 Soy + FgM (4:4)	T9 Soy + BM (2:2)	T10 Soy + BM (4:4)	1	1	1	1	2.61	2.94	2.25	2.52	2.0699999999999998	1.61	




