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Abstract: 
Soybean is a predominant kharif season crop in Telangana, recognized for its high yield potential and economic importance as a major oilseed. With the expansion of irrigation infrastructure in the region, there is growing potential to cultivate soybean during the rabi season as well. However, the adoption of rabi soybean cultivation remains limited, primarily due to the absence of climate-resilient and photoperiod-insensitive varieties suitable for short-day winter conditions. The present study aimed to identify soybean genotypes with stable performance across both seasons by evaluating 50 genotypes, including advanced breeding lines and released varieties, during the 2021–2022 cropping. Field trials were conducted under optimal (kharif, Yp) and stress (rabi, Ys) environments. Seven widely used stress tolerance indices, Stress Susceptibility Index (SSI), Mean Productivity (MP), Geometric Mean Productivity (GMP), Tolerance (TOL), Stress Tolerance Index (STI), Harmonic Mean Productivity (HM), Yield Index (YI), and Yield Stability Index (YSI) were employed to assess genotype resilience based on grain yield performance. The indices STI, GMP, MP, and YI showed strong associations with both Yp and Ys, underlining their reliability in screening genotypes for seasonal adaptability. Genotypes were ranked using an average sum score derived from all eight indices. Based on this integrated evaluation, genotypes G50, G5, G15, G38, and G21 were identified as highly resilient and suitable for dual-season cultivation. These findings offer valuable insights for breeding programs aimed at developing soybean cultivars adapted to changing climatic conditions and expanding the sowing window beyond traditional kharif periods.
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Introduction: 
Soybean (Glycine max L. Merr.) (2n=40) is a photothermo-sensitive crop of major significance to the food and feed industries. During the 2024–25 season, it was cultivated across 126.9 lakh hectares in India, producing 151.3 lakh tonnes. In Telangana, soybean is primarily grown during the kharif season, covering 1.62 lakh hectares with a production of 2.8 lakh tonnes and an average productivity of 1502 kg/ha (Department of Agriculture, India, 2024). With improved irrigation infrastructure, there is growing potential to extend cultivation into the rabi season. However, the lack of genotypes suited to rabi conditions has limited its adoption. Expanding rabi soybean cultivation could enhance cropping diversity and seed quality in the region. Nationally, limited research has focused on identifying genotypes suited for both kharif and rabi seasons. Spoorthi et al. (2024) reported significant genotypic variation in yield and quality traits across kharif, rabi, and summer seasons, with rabi yields generally lower due to photoperiod sensitivity and genotype-by-environment interactions. Selection strategies often rely on mean and relative yield performance under both optimal and stress conditions, with higher relative yield indicating better adaptability (Bahrami et al., 2021). Combining yield stability (via stress indices) with high relative yield has proven effective for identifying resilient genotypes (Chugh et al., 2022). Stress indices such as SSI, MP, TOL, STI, HM, YI, and YSI are widely used across crops to evaluate genotype performance under adverse conditions (Pandey et al., 2015; Kumar et al., 2020; Bahrami et al., 2021; Abou-Elwafa and Shehzad, 2021; Banerjee et al., 2020). Fischer and Maurer (1978) proposed SSI, based on relative yield reductions, while Rosielle and Hamblin (1981) introduced TOL and MP. Fernandez (1992) suggested GMP and STI for identifying stable, high-yielding genotypes under both conditions. Gavuzzi et al. (1997) and Bouslama and Schapaugh (1984) introduced YI and YSI, respectively, for assessing yield stability. Genotypes are commonly classified into four categories viz., group-I with high yield in both environments, group-II with high yield under optimal conditions, group III with high yield under stress and group-IV with low yield in both the environments. 
However, limited information is available on the utilization of these stress indices for evaluating soybean genotypes under off-season conditions. Therefore, the present study aimed to identify the most relevant stress indices correlated with yield, with a focus on selecting high-yielding and stable genotypes suitable for both seasons

Material and Methods: 
The experimental trial was conducted at the Regional Sugarcane and Rice Research Station, PJTSAU, Rudrur with 50 soybean genotypes sown during the first fortnight of November during rabi, 2021–2022 and kharif, 2023 in alpha lattice design with two replications. The 50 genotypes were randomized in 10 incomplete blocks, consisting of 5 genotypes per block per replication. Each plot consisted of two rows with a row length of 2 meters, spaced 45 cm apart between rows and 5 cm within rows, resulting in a plot size of 1.8 m². All recommended agronomic practices were followed as per the PJTSAU Diksuchi guidelines to raise a healthy and uniform crop. Seed yield was recorded on a plot basis and later converted to yield per hectare using the formula: Plot yield (kg) × (10,000 m² / 1.8 m²)
The stress indices, Ys, Yp, Ȳs, and Ȳp represent the yield of a genotype under rabi (stress) and kharif (optimal) conditions, mean yield under rabi and kharif conditions, respectively. An online tool, iPASTIC (Pour-Aboughadareh et al., 2019), was used to compute the stress susceptibility and tolerance indices. Formulae for estimation of stress indices along with selection pattern of soybean genotypes evaluated under kharif (optimal) and rabi (Off season) conditions as given below. 
List 1: Formulae for estimation of stress indices and selection pattern of soybean genotypes 
	Index
	Formula
	Selection Criterion
	Reference

	Tolerance index (TOL)
	TOL = Yp - Ys
	Minimum value
	Rosielle and Hamblin (1981)

	Mean productivity (MP)
	MP = (Yp + Ys) / 2
	Maximum value
	Rosielle and Hamblin (1981)

	Geometric mean productivity (GMP)
	GMP = √(Ys × Yp)
	Maximum value
	Fernandez (1992)

	Harmonic mean productivity (HM)
	HM = 2 (Ys × Yp) / (Ys + Yp)
	Maximum value
	Bidinger et al. (1987)

	Stress susceptibility index (SSI)
	SSI = [1 - (Ys/Yp)] / [1 - (Ȳs/Ȳp)]
	Minimum value
	Fischer and Maurer (1978)

	Stress tolerance index (STI)
	STI = (Ys × Yp) / (Ȳp)2
	Maximum value
	Fernandez (1992)

	Yield index (YI)
	YI = Ys / Ȳs
	Maximum value
	Gavuzzi et al. (1997)

	Yield stability index (YSI)
	YSI = Ys / Yp
	Maximum value
	Bouslama and Schapaugh (1984)



The principal component analysis (PCA) was performed to identify the key indices contributing maximum variations and also plot the genotypes to four quadrants (Anderson, 1972)

RESULTS AND DISCUSSION: 
Eight stress indices; Stress Susceptibility Index (SSI), Mean Productivity (MP), Tolerance index (TOL), Stress Tolerance Index (STI), Harmonic Mean Productivity (HM), Geometric Mean Productivity (GMP), Yield Index (YI), and Yield Stability Index (YSI) were used to screen soybean genotypes for high and stable yields across kharif (optimal) and rabi (stress) seasons. To identify the most appropriate indices, correlation analysis was conducted to evaluate the relationship among indices and with yield under both environments. According to Farshadfar et al. (2001), the most suitable indices for selecting stresstolerant cultivars are those showing strong correlations with yield in both stress and non-stress environments. In the present study, a significant and positive correlation (r = 0.3*) was observed between yield under stress (Ys) and optimal conditions (Yp), indicating that high-yielding genotypes under optimal conditions may also perform well under stress (Figure 1). This finding aligns with the observations of Jaishreepriyanka et al. (2024). SSI exhibited a negative correlation with Ys and a positive correlation with Yp, consistent with the findings of Rad and Abbasian (2011) in winter rapeseed. All indices, except SSI and TOL, showed significant positive correlations with yield under stress. Similarly, all indices except SSI and YSI were positively correlated with yield under optimal conditions. Overall STI, GMP, MP, and YI emerged as the most reliable indicators due to their strong and significant associations with both Yp and Ys, making them suitable for identifying resilient soybean genotypes. Similar results have been reported in wheat (Poudel et al., 2021; Devi et al., 2021) and Brassica species (Sharma et al., 2022; Chugh et al., 2022).
The performance of genotypes across the various stress indices is presented in Table 1. A lower value of Tolerance (TOL) indicates a genotype’s superior stress tolerance, as it reflects minimal yield reduction under stress. Similarly, a lower Stress Susceptibility Index (SSI) suggests reduced sensitivity to adverse environments, indicating better stability. Both TOL and SSI are useful in identifying drought-tolerant genotypes. According to Fernandez (1992), selection based on the Stress Tolerance Index (STI) enables identification of genotypes with high yield potential under both stress and non-stress conditions. Yield under stress (Ys) ranged from 683 kg/ha (G25) to 2472 kg/ha (G50), with a mean of 1649 kg/ha. Under optimal conditions, yield ranged from 1515 kg/ha (G25) to 3234 kg/ha (G30), with a mean of 2719 kg/ha. Table 2 shows the best five climate resilient soybean genotypes selected from each tolerance indices. Based on the average sum rank (ASR) across all eight indices, genotypes G50 (42), G5 (57), G15 (62), G38 (65), and G21 (77) were identified as high-yielding and stable across both seasons (Table 1).
Principal component analysis (PCA) was conducted to understand the association among indices and yield traits. Of the five extracted components, the first two were significant, explaining 99.7% of the total variation (Figure 2). PC1 accounted for 76.4% of the variation and was strongly associated with Ys, STI, GMP, MP, and YI. PC2 contributed 23.1% of the variation, mainly associated with Yp and TOL. These findings are consistent with Jaishreepriyanka et al. (2024) and Chugh et al. (2022), who reported that the first two PCs sufficiently explained more than 95% of total variation.
Based on PCA, genotypes were classified into four groups:
· Group I (High PC1 & High PC2): Genotypes with high yield potential and tolerance across environments
· Group II (Low PC1 & High PC2): Genotypes with poor performance under stress
· Group III (Low PC1 & Low PC2): Genotypes with low yield under both conditions
· Group IV (High PC1 & Low PC2): Genotypes with superior performance under stress conditions
According to Thiry et al. (2016), genotypes in Groups I and IV are most suitable for dual-season cultivation. Kaya et al. (2002) further emphasized that genotypes with high PC1 and low PC2 scores are stable and high yielding, while those with low PC1 and high PC2 are unstable and low yielding. Genotypes with PC1 scores near zero are considered stable across environments. The results of the PCA biplot were consistent with stress index analysis, reinforcing the reliability of using combined indices and PCA for screening high-performing, stress-resilient soybean genotypes.
Conclusion: 
Overall, the findings of the present investigation facilitated the identification of soybean genotypes exhibiting superior performance under both timely sown (kharif) and off-season (rabi) conditions. Among the stress tolerance indices evaluated, Stress Tolerance Index (STI), Geometric Mean Productivity (GMP), Mean Productivity (MP), and Yield Index (YI) demonstrated strong associations with yield under both environments, making them reliable indicators for genotype evaluation under seasonal stress. Based on the average sum rank (ASR) derived from all eight stress indices, genotypes G50, G5, G15, G38, and G21 consistently exhibited high yield and stability across both seasons. These genotypes are therefore promising candidates for cultivation under variable seasonal conditions due to their yield resilience and adaptability.

Figure 1: . Correlations between yield and stress indices
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Stress susceptibility index (SSI), mean productivity (MP), tolerance (TOL), stress tolerance index (STI), Harmonic mean productivity (HM), Geometric mean productivity (GMP), Yield index (YI) and Yield stability index (YSI); Ys: genotype yield under Rabi conditions, Yp: represent genotype yield under optimal conditions; X in the figure denotes significant below p = 0.05.
Table 1. Mean yield and estimates of stress indices for the fifty soybean genotypes.
	Genotype Code
	Yp
	Ys
	RC
	TOL
	MP
	GMP
	HM
	SSI
	STI
	YI
	YSI
	ASR

	G1
	3002.80
	1273.60
	57.59
	1729.20
	2138.20
	1955.60
	1788.59
	1.46
	0.52
	0.77
	0.42
	36.36

	G10
	3206.90
	1791.70
	44.13
	1415.20
	2499.30
	2397.04
	2298.96
	1.12
	0.78
	1.09
	0.56
	21.00

	G11
	2708.30
	1116.70
	58.77
	1591.60
	1912.50
	1739.07
	1581.36
	1.49
	0.41
	0.68
	0.41
	43.64

	G12
	2927.80
	1327.80
	54.65
	1600.00
	2127.80
	1971.68
	1827.02
	1.39
	0.53
	0.80
	0.45
	34.91

	G13
	3044.40
	1577.80
	48.17
	1466.60
	2311.10
	2191.68
	2078.43
	1.22
	0.65
	0.96
	0.52
	26.91

	G14
	2427.80
	1490.30
	38.62
	937.50
	1959.05
	1902.14
	1846.89
	0.98
	0.49
	0.90
	0.61
	29.91

	G15
	2827.80
	2308.30
	18.37
	519.50
	2568.05
	2554.88
	2541.78
	0.47
	0.88
	1.40
	0.82
	5.64

	G16
	3095.80
	1119.40
	63.84
	1976.40
	2107.60
	1861.57
	1644.26
	1.62
	0.47
	0.68
	0.36
	40.00

	G17
	2650.00
	1202.80
	54.61
	1447.20
	1926.40
	1785.33
	1654.60
	1.39
	0.43
	0.73
	0.45
	40.36

	G18
	3136.10
	1975.00
	37.02
	1161.10
	2555.55
	2488.73
	2423.67
	0.94
	0.84
	1.20
	0.63
	14.55

	G19
	2369.40
	1272.20
	46.31
	1097.20
	1820.80
	1736.19
	1655.51
	1.18
	0.41
	0.77
	0.54
	39.55

	G2
	2748.60
	1943.10
	29.31
	805.50
	2345.85
	2311.02
	2276.70
	0.75
	0.72
	1.18
	0.71
	16.27

	G20
	2279.20
	2205.60
	3.23
	73.60
	2242.40
	2242.10
	2241.80
	0.08
	0.68
	1.34
	0.97
	12.82

	G21
	2791.70
	2291.70
	17.91
	500.00
	2541.70
	2529.38
	2517.11
	0.46
	0.87
	1.39
	0.82
	7.00

	G22
	2735.60
	1427.80
	47.81
	1307.80
	2081.70
	1976.33
	1876.30
	1.22
	0.53
	0.87
	0.52
	33.73

	G23
	2744.40
	1721.90
	37.26
	1022.50
	2233.15
	2173.84
	2116.11
	0.95
	0.64
	1.04
	0.63
	23.00

	G24
	3108.30
	2115.30
	31.95
	993.00
	2611.80
	2564.17
	2517.42
	0.81
	0.89
	1.28
	0.68
	10.18

	G25
	1515.60
	863.90
	43.00
	651.70
	1189.75
	1144.26
	1100.51
	1.09
	0.18
	0.52
	0.57
	41.36

	G26
	2686.10
	1169.40
	56.46
	1516.70
	1927.75
	1772.32
	1629.43
	1.44
	0.42
	0.71
	0.44
	41.82

	G27
	2866.70
	1200.00
	58.14
	1666.70
	2033.35
	1854.73
	1691.81
	1.48
	0.47
	0.73
	0.42
	39.55

	G28
	2197.20
	1450.00
	34.01
	747.20
	1823.60
	1784.92
	1747.06
	0.86
	0.43
	0.88
	0.66
	31.73

	G29
	2472.20
	1848.60
	25.22
	623.60
	2160.40
	2137.78
	2115.40
	0.64
	0.62
	1.12
	0.75
	19.73

	G3
	2765.30
	927.80
	66.45
	1837.50
	1846.55
	1601.76
	1389.43
	1.69
	0.35
	0.56
	0.34
	45.73

	G30
	3234.70
	1838.90
	43.15
	1395.80
	2536.80
	2438.91
	2344.80
	1.10
	0.80
	1.11
	0.57
	19.36

	G31
	2812.80
	1819.40
	35.32
	993.40
	2316.10
	2262.21
	2209.58
	0.90
	0.69
	1.10
	0.65
	19.09

	G32
	3186.10
	2001.40
	37.18
	1184.70
	2593.75
	2525.21
	2458.47
	0.95
	0.86
	1.21
	0.63
	13.64

	G33
	2663.90
	2023.60
	24.04
	640.30
	2343.75
	2321.78
	2300.02
	0.61
	0.73
	1.23
	0.76
	14.27

	G34
	2976.40
	2147.20
	27.86
	829.20
	2561.80
	2528.03
	2494.70
	0.71
	0.86
	1.30
	0.72
	10.36

	G35
	2800.00
	2266.70
	19.05
	533.30
	2533.35
	2519.28
	2505.28
	0.48
	0.86
	1.37
	0.81
	8.64

	G36
	2792.50
	1647.20
	41.01
	1145.30
	2219.85
	2144.72
	2072.12
	1.04
	0.62
	1.00
	0.59
	24.91

	G37
	2605.60
	1516.70
	41.79
	1088.90
	2061.15
	1987.94
	1917.33
	1.06
	0.53
	0.92
	0.58
	29.82

	G38
	3050.00
	2308.30
	24.32
	741.70
	2679.15
	2653.36
	2627.82
	0.62
	0.95
	1.40
	0.76
	5.91

	G39
	3184.70
	1455.60
	54.29
	1729.10
	2320.15
	2153.06
	1998.00
	1.38
	0.63
	0.88
	0.46
	29.64

	G4
	2836.40
	1669.40
	41.14
	1167.00
	2252.90
	2176.03
	2101.77
	1.05
	0.64
	1.01
	0.59
	23.64

	G40
	2466.70
	1729.20
	29.90
	737.50
	2097.95
	2065.29
	2033.14
	0.76
	0.58
	1.05
	0.70
	23.55

	G41
	2527.80
	911.10
	63.96
	1616.70
	1719.45
	1517.59
	1339.43
	1.63
	0.31
	0.55
	0.36
	47.00

	G42
	2983.30
	1755.60
	41.15
	1227.70
	2369.45
	2288.55
	2210.42
	1.05
	0.71
	1.06
	0.59
	21.45

	G43
	2152.20
	1650.00
	23.33
	502.20
	1901.10
	1884.44
	1867.93
	0.59
	0.48
	1.00
	0.77
	25.36

	G44
	2311.10
	1861.10
	19.47
	450.00
	2086.10
	2073.93
	2061.83
	0.50
	0.58
	1.13
	0.81
	19.27

	G45
	2483.30
	1433.30
	42.28
	1050.00
	1958.30
	1886.61
	1817.55
	1.07
	0.48
	0.87
	0.58
	33.18

	G46
	2588.90
	1286.10
	50.32
	1302.80
	1937.50
	1824.71
	1718.50
	1.28
	0.45
	0.78
	0.50
	38.27

	G47
	2758.30
	2144.40
	22.26
	613.90
	2451.35
	2432.06
	2412.91
	0.57
	0.80
	1.30
	0.78
	11.36

	G48
	2441.70
	1441.70
	40.96
	1000.00
	1941.70
	1876.22
	1812.95
	1.04
	0.48
	0.87
	0.59
	32.09

	G49
	2833.30
	1988.90
	29.80
	844.40
	2411.10
	2373.85
	2337.17
	0.76
	0.76
	1.21
	0.70
	14.64

	G5
	2812.50
	2316.70
	17.63
	495.80
	2564.60
	2552.59
	2540.64
	0.45
	0.88
	1.40
	0.82
	5.18

	G50
	2769.70
	2472.20
	10.74
	297.50
	2620.95
	2616.73
	2612.51
	0.27
	0.93
	1.50
	0.89
	3.82

	G6
	2481.90
	905.60
	63.51
	1576.30
	1693.75
	1499.20
	1327.00
	1.61
	0.30
	0.55
	0.36
	46.91

	G7
	2747.20
	1502.80
	45.30
	1244.40
	2125.00
	2031.87
	1942.82
	1.15
	0.56
	0.91
	0.55
	30.64

	G8
	2168.10
	1277.80
	41.06
	890.30
	1722.95
	1664.45
	1607.94
	1.04
	0.37
	0.77
	0.59
	37.00

	G9
	2980.60
	1487.50
	50.09
	1493.10
	2234.05
	2105.62
	1984.58
	1.27
	0.60
	0.90
	0.50
	30.09


Bold font indicate the most stable and high yielding genotypes under Kharif and Rabi season 
Table 2: Best five genotypes across Individual Selection Indices
	indices 
	Selection pattern
	Top five genotypes

	Tolerance index (TOL)
	minimam value 
	G20
	G50
	G44
	G5
	G21

	Mean productivity (MP)
	Maximum value
	G38
	G50
	G24
	G32
	G15

	Geometric mean productivity (GMP)
	Maximum value
	G38
	G50
	G20
	G15
	G5

	Harmonic mean productivity (HM)
	Maximum value
	G38
	G50
	G15
	G5
	G24

	Stress susceptibility index (SSI)
	minimum value 
	G20
	G50
	G5
	G21
	G15

	Stress tolerance index (STI)
	Maximum value
	G38
	G50
	G24
	G15
	G5

	Yield index (YI)
	Maximum value
	G50
	G50
	G38
	G15
	G21

	Yield stability index (YSI)
	Maximum value
	G50
	G50
	G5
	G21
	G15
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Figure 2: Biplot based on principal component analysis of stress indices and 50 soybean genotypes evaluated in kharif and rabi season (off season)
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