


Optimization of Seed Quality, Germination, and Nursery Performance of Butea monosperma (Lamk.) Taub. for Sustainable Propagation and Conservation


Abstract
Butea monosperma (Lamk.) Taub. is an ecologically and economically significant tree, yet its propagation is often limited by variable seed quality and germination behavior. This study evaluated fruit and seed maturation, germination ecology, nursery propagation, seed source variation, and storage strategies to optimize seed quality and seedling performance. Fruits and seeds were collected at 20-day intervals (20–80 DAA) from superior trees in Jabalpur, India, and assessed for morphological, physiological, and germination traits. Seed water imbibition, desiccation tolerance, and germination responses under factorial combinations of temperature, light, and growing media were examined, alongside nursery trials using six potting mixtures. Seeds from diverse environmental sources were tested for early growth, and storage experiments investigated the effects of moisture content, temperature, and duration on viability and vigor. Results indicated that fruits and seeds reached optimal physiological maturity at 70–80 DAA, with maximum germination (~90%), seedling length (13–18 cm), and vigor indices. Rapid water uptake occurred within the first 7 hours of imbibition, stabilizing thereafter. Germination and seedling growth were strongly influenced by temperature, light, and media, with vermiculite and top of paper promoting higher vigor. Nursery propagation was most effective in Soil:Sand:FYM (1:2:1), producing the tallest seedlings (73.35 cm), highest biomass (26.15 g), and superior vigor indices at 365 DAS. Seed source had minimal effect, whereas low seed moisture (~3.73%) and cool storage (5°C) maximized long-term viability and seedling vigor. These findings provide a practical framework for optimizing seed collection, propagation, and conservation of B. monosperma, supporting large-scale regeneration and sustainable forestry initiatives.
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1. Introduction
Butea monosperma (Lamk.) Taub., commonly known as the flame of the forest, is a deciduous, medium-sized tree widely distributed across the Indian subcontinent, Burma, and Sri Lanka (Firdaus & Mazumder, 2012). This multipurpose species holds significant ecological, cultural, and pharmacological importance. Various plant parts—including bark, resin, seeds, and flowers—are traditionally used for treating leucorrhoea, skin disorders, piles, urinary ailments, and intestinal helminth infections (Reddy, Reddy, & Jadhav, 2001; Kirtikar & Basu, 1935; Anonymous, 1988; Ambasta, 1994). Pharmacological studies have further demonstrated its anti-inflammatory, antimicrobial, anthelmintic, anticonvulsant, antihepatotoxic, and antiviral activities, attributed to bioactive constituents such as flavonoids, chalcones, and linoleic acid (Gunakkunru et al., 2005; Mehta, Dubey, Bokadia, & Mehta, 1983; Prashanth, Asha, Amit, & Padmaja, 2001; Kasture, Chopde, & Deshmukh, 2000; Wagner, Geyer, Fiebig, Kiso, & Hikino, 1986; Yadava & Tiwari, 2005; Thirupathaiah, 2007).
Despite its ecological and medicinal significance, B. monosperma faces threats from overharvesting, habitat degradation, and declining natural regeneration, emphasizing the need for targeted conservation and propagation strategies (Mahender, Mahesh, & Murthy, 2014). Propagation is primarily through seeds, which exhibit physical dormancy due to a hard, impermeable seed coat, presenting challenges for seedling establishment (Tandon, Shivanna, & Ram, 2003). Phenological observations indicate flowering occurs from January to March, with fruit maturation by April–May, and wind-mediated seed dispersal prior to the monsoon season (Patel, Dabgar, Makwana, & Dabgar, 2023; Vijay et al., 2024a), ensuring germination coincides with favorable rainfall.
Seed pre-treatment has been identified as critical for improving germination. Hot water soaking, scarification, and application of growth regulators such as gibberellic acid (GA₃) and benzyladenine (BA) significantly enhance germination rates (Vijay et al., 2024b, 2025a, 2025b, 2025c, 2025d). For example, in B. monosperma var. lutea, germination rates reached up to 65% following hot water and BA (4.4 µM) treatment, while provenance-specific studies in Rajasthan also demonstrated improved germination using GA₃ (Bohra, Giri, Yadav, & Yadav, 2024). Seed morphology—including size and color—is another determinant of germination success, with medium-sized, light reddish-brown seeds showing higher viability compared to small, dark seeds (Kasliwal & Singh, 2021; Ganeshaiah & Shaanker, 1991).
Seed viability declines rapidly under ambient storage conditions beyond one year. Tetrazolium testing and excised embryo assays offer rapid, reliable methods for assessing viability, particularly in aged or dormant seeds, with excised embryos outperforming whole seeds during germination trials (Modi & Kandya, 2024). Seed-borne pathogens, including Aspergillus, Fusarium, Chaetomium, and Rhizopus, further reduce germination potential, highlighting the importance of seed health monitoring (Kasliwal, Sushila, & Mohil, 2023). Optimal harvest timing is also crucial, with Kundu and Singh (2021) identifying 73 days after anthesis—when seeds reach maximum dry weight and desiccation tolerance and develop a brown seed coat—as ideal for collection.
Despite progress in understanding germination biology and propagation techniques, several critical knowledge gaps remain: region-specific optimization of long-term seed storage, field validation of nursery propagation systems, and studies linking seed morphology, dispersal dynamics, and population structure. In summary, Butea monosperma is a keystone forest species of ecological, medicinal, and cultural importance. Its sustainable propagation and conservation require a multidisciplinary approach integrating seed physiology, biotechnology, molecular ecology, and habitat restoration strategies.
2. Materials and Methods
2.1 Study Site and Climatic Conditions: The study was conducted at the Tropical Forest Research Institute (TFRI), ICFRE, Jabalpur, Madhya Pradesh, India (23.084139°N, 79.987278°E) from January 2022 to November 2024. The region experiences a tropical sub-humid climate with three distinct seasons: winter (Dec–Feb), summer (Mar–May), and monsoon (Jun–Oct), with mean annual temperature ~26°C (range 1–48°C) and annual rainfall of 1160 mm concentrated during June–September. Mature fruits of Butea monosperma were collected from phenotypically superior trees in Barha (Silua) Beat, Jabalpur Forest Division (ISTA, 2010).
2.2 Seed Maturation and Extraction: Fruits were harvested at 20-day intervals (20–80 DAA) across the fruiting season (Feb–Jun). Pods were collected manually, and seeds were extracted via de-winging. Parameters recorded included fruit and seed size (length, diameter), fresh and dry weight, moisture content (oven-dry at 103 ± 2°C for 17 h) (ISTA, 2010), color (RHS Color Chart), germination percentage, seedling vigor indices (Abdul-Baki & Anderson, 1973), and desiccation tolerance. Germination tests used four replicates of 25 seeds under controlled 16/8 h light/dark conditions.
2.3 Germination Behavior and Water Imbibition: Seed water uptake was measured by immersing 10 g of seeds in 100 mL water, recording mass at regular intervals for 60 h, and calculating imbibition (%) = [(Wi – Wd)/Wd] × 100 (Bewley & Black, 1982). Initial germination tests employed surface-sterilized seeds (5% Captan, 5 min) in triplicate under controlled temperature and light, with radicle emergence ≥1 cm scored. Desiccation and storage experiments evaluated viability at 3.73%, 7%, and 9% moisture under room temperature (~25°C), 15°C, and 5°C for up to 36 months to determine Lowest Safe Moisture Content (LSMC) and Lowest Safe Temperature (LST).
2.4 Eco-physiological Germination Study: A factorial CRD examined temperature (25°C, 35°C), light (light/dark), and five growing media (top paper, between paper, sand, Soilrite, vermiculite) on final germination, seedling length, and vigor indices I and II (Abdul-Baki & Anderson, 1973). Two-way ANOVA assessed individual and interactive effects.
2.5 Nursery Propagation Trials: Pre-treated seeds were sown in six potting media: Soil:Sand:FYM (1:1:1, 2:1:1, 1:2:1, 1:1:2), cocopeat (root trainer), and sand (nursery bed). Parameters recorded at 30 and 365 DAS included germination (%), mean germination time (Rawat & Thapliyal, 2003), germination value (Djavanshir & Pourbeik, 1976), seedling height, collar diameter, root:shoot ratio (Racey et al., 1983), total biomass, sturdiness quotient (Ritchie, 1984), volume index, vigor indices I & II (Abdul-Baki & Anderson, 1973), and quality index (Dickson et al., 1960).
2.6 Seed Source Variation: Seeds from diverse environmental origins were tested in an RCBD with three replications of 100 seeds per treatment. Germination %, mean germination time, seedling length, and vigor indices were measured under controlled conditions to evaluate the effect of seed source on early growth.
2.7 Statistical Analysis: Data were analysed using ANOVA (CRD or RCBD), with significance at p ≤ 0.05. Critical Difference (CD), standard error (SE), and coefficient of variation (CV) were calculated to assess treatment effects.
3. Result 
3.1 Fruit and seed maturity: The fruit and seed maturation (Table 1,2 & 3) of Butea monosperma spans approximately 60–80 days after anthesis (DAA). Fruit development progresses through six stages, with length increasing from 6.3 cm at 20 DAA to 11.51 cm at 80 DAA, and width from 1.12 cm to 3.68 cm. The fresh weight of 1000 fruits rise from 742.92 g to 5,385 g, and dry weight from 131.49 g to 4,934.76 g, reflecting dry matter accumulation, while moisture content declines sharply from 82.73% to 7.8%. Fruit color transitions from yellow-green to pale yellow (RHS Greyed Orange Group 165) indicate full maturity and optimal harvest timing. Seed development mirrors fruit maturation, with length increasing from 0.96 cm to 2.94 cm, width from 0.54 cm to 2.37 cm, fresh weight of 100 seeds from 106 g to 2,299 g, and dry weight from 14.68 g to 2,225.37 g. Moisture content decreases from 85.85% to 3.19%, and seed color changes from light pink (Greyed Orange N170) to greyish-reddish orange (Greyed Orange 174), signalling physiological maturity. Germination and seedling vigor improve significantly at later stages: no germination occurs at 20–50 DAA, whereas seeds at 60 DAA show 25% germination (65% after desiccation to 5% moisture), increasing to 90.17% at 70 DAA and 88.33% at 80 DAA, with corresponding seedling lengths of 13.17–18.16 cm and vigour indices of 857.5–1,696.24. These results indicate that optimal germination and seedling performance are achieved at 70–80 DAA. Morphological, physiological, and color parameters together provide reliable indicators for determining the best harvesting period to maximize seed quality and viability, offering critical guidance for propagation and conservation efforts.
Table 1: Fruit morphological and physiological changes at different stages of maturity
	Day After Anthesis
	Fruit length (cm) Mean±SE
	Fruit width (cm) Mean±SE
	Fresh Weight of 1000 fruits (g) 
Mean±SE
	Dry Weight of 1000 fruits (g)
Mean±SE
	Initial Moisture Content (%) of Fruits Mean±SE
	Fruit colour (As per RHS colour chart)

	20 DAA
	6.30 ± 0.24
	1.12 ± 0.06
	742.92 ± 25.68
	131.49 ± 5.31
	82.73 ± 2.86
	Green Group 142 (Strong Yellow Green A)

	40 DAA
	7.71 ± 0.29
	1.92 ± 0.10
	1,510.71 ± 52.23
	333.56 ± 13.48
	78.29 ± 2.71
	Green Group 142 (Strong Yellow Green A)

	50 DAA
	8.66 ± 0.32
	2.99 ± 0.17
	2,064.67 ± 71.37
	545.77 ± 22.06
	73.88 ± 2.56
	Yellow Green Group 147 (Moderate Yellow Green D)

	60 DAA
	9.97 ± 0.37
	3.53 ± 0.19
	4,020.63 ± 139.00
	1,585.62 ± 64.08
	60.70 ± 2.10
	Yellow Green Group 147 (Moderate Yellow Green D)

	70 DAA
	10.74 ± 0.40
	3.63 ± 0.20
	5,174.94 ± 178.90
	2,940.98 ± 118.86
	43.08 ± 1.49
	Greyed Orange Group 165 (Pale Yellow D)

	80 DAA
	11.51 ± 0.43
	3.68 ± 0.20
	5,385.00 ± 186.17
	4,934.76 ± 199.44
	7.80 ± 0.27
	Greyed Orange Group 165 (Pale Yellow D)

	C.D.
	1.09
	0.51
	390.91
	308.17
	6.82

	SE(m)
	0.35
	0.16
	125.48
	98.92
	2.19

	SE(d)
	0.49
	0.23
	177.45
	139.89
	3.10

	C.V.
	6.62
	10.05
	6.90
	9.82
	6.57

	F-Calculated

	31.47*
	42.34*
	247.87*
	361.06*
	16*


Table 2: Seed morphological and physiological changes at different stages of maturity
	Day After Anthesis
	Seed Length (cm) Mean±SE
	Seed Width (cm) Mean±SE
	Fresh Weight of 100 Seeds (g) Mean±SE
	Dry Weight of 100 Dry Seeds (g)
Mean±SE
	Moisture Content (%) Mean±SE
	Seed Colour (As per RHS colour chart)

	20 DAA
	0.96+0.05
	0.54+0.02
	106+5.51
	14.68+2.41
	85.85+2.97
	Greyed Orange Group N170 (Moderate Pink D)

	40 DAA
	2.06+0.11
	1.67+0.06
	471+24.47
	77.58+9.66
	83.23+2.88
	Greyed Orange Group N170 (Moderate Pink D)

	50 DAA
	2.26+0.12
	2.07+0.08
	927+48.17
	213.75+13.82
	76.67+2.65
	Greyed Orange Group 170 (Moderate Orange B)

	60 DAA
	2.28+0.12
	2.27+0.09
	1,042.00+54.14
	335.64+7.66
	67.55+2.34
	Greyed Orange Group 175 (Dark Reddish Orange C)

	70 DAA
	2.58+0.13
	2.35+0.09
	1,525.00+79.24
	1,209.01+52.02
	20.65+0.72
	Greyed Orange Group 174 (Greyish Reddish Orange B)

	80 DAA
	2.94+0.15
	2.37+0.09
	2,299.00+119.46
	2,225.37+113.11
	3.19+0.11
	Greyed Orange Group 174 (Greyish Reddish Orange B)

	C.D.
	0.37
	0.23
	206.78
	160.12
	6.98

	SE(m)
	0.12
	0.07
	66.37
	51.4
	2.24

	SE(d)
	0.17
	0.11
	93.86
	72.68
	3.17

	C.V.
	9.35
	6.86
	10.83
	
	6.9

	F-Calculated

	32.59*

	89.91*

	137.40*

	288.44*

	248.59*



Table 3: Germination, seedling length, and vigour index I at various stages of maturity
	Day after Anthesis
	Germination n% Mean±SE
	Germination% after desiccation to 5% mc Mean±SE
	Seedling length (cm) 
Mean±SE
	Seed vigour Index I Mean±SE

	20 DAA
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0

	40 DAA
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0

	50 DAA
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0

	60 DAA
	25.00 ± 2.89
	65.00 ± 2.89
	13.17 ± 0.44
	857.5 ± 61.96

	70 DAA
	90.17 ± 2.74
	90.00 ± 2.89
	16.69 ± 0.54
	1,504.92 ± 97.22

	80 DAA
	88.33 ± 4.41
	93.33 ± 1.67
	18.16 ± 0.61
	1,696.24 ± 83.45

	C.D.
	7.56
	5.61
	1.18
	181.021

	SE(m)
	2.43
	1.8
	0.38
	58.105

	SE(d)
	3.43
	2.55
	0.54
	82.172

	C.V.
	12.39
	7.53
	8.23
	14.878

	F-Calculated
	328.19*
	663.91*
	549.75*
	185.53*


Fruit development progresses over six maturity stages (20–80 DAA), with significant increases in size, weight, and dry matter accumulation, while moisture content declines. Color transitions from green to pale yellow signal full maturity. Similarly, seed development follows a predictable pattern, with increasing size, weight, and declining moisture content, culminating in improved germination and seedling vigor at 70–80 DAA. These findings offer a scientific basis for determining the best harvesting period to maximize seed quality and viability.
3.2 Water Imbibition: The seeds of Butea monosperma exhibited a rapid increase in fresh weight during the initial hours of imbibition (Figure 1), rising from 0% at 0 hours to 203.74% by 7 hours. This was followed by a slower increase, reaching 222–227% between 24 and 34 hours, and eventually 234.96% at 49 hours. Standard errors gradually increased from 0.64 at 1 hour to 6.84 at 49 hours, reflecting growing variability in measurements over time. Overall, imbibition is characterized by fast water uptake during the first few hours, a slowdown after 7 hours, and stabilization after 30 hours, indicating the seed coat’s saturation dynamics.

Figure 1:  Changes in seed weight (%) over the imbibition time
3.3 Seed ecophysiology: The eco-physiological aspects of Butea monosperma seed germination and seedling growth are strongly influenced by environmental factors such as temperature, light, and growing media (Table 4,5,6,7 and Figure 2). Germination success varied across treatments, with TP showing the highest mean germination (60.63%) and Soilrite the lowest (38.33%). Temperature and light significantly affected germination, with 25°C under light favouring TP (81.67%) and 35°C in the dark favouring Vermiculite (56.13%). Seedling length also differed, with Vermiculite producing the longest seedlings overall (22.76 cm) and TP the shortest (16.75 cm), while temperature and media interaction had significant effects (p < 0.001). Vigour indices I and II, integrating germination and seedling growth, further highlighted the influence of media and environmental conditions: Vermiculite promoted the highest Vigour Index I under 25°C light (2,961.29), whereas TP generally showed the highest Vigour Index II (125.696). Overall, these results underscore that both environmental factors and media selection are critical for optimizing germination, seedling growth, and vigor in Butea monosperma.
[bookmark: _Hlk186974501]Table 4: Interaction of Temperature, Light Conditions, and Media on Germination 
	Germination environment
	TP
	BP
	Sand
	Soilrite
	Vermiculite
	Mean A

	25 °C (Light)
	81.67
	45.00
	34.17
	40.00
	69.17
	54.00

	25°C (Dark)
	55.00
	47.50
	24.17
	62.50
	50.00
	47.83

	35 °C (Light)
	67.50
	45.00
	51.67
	30.83
	41.67
	47.33

	35 °C (Dark)
	38.33
	52.50
	30.00
	20.00
	56.13
	39.39

	Mean B
	60.63
	47.50
	35.00
	38.33
	54.24
	 

	Factors
	C.D.
	SE(d)
	SE(m)
	F-Calculated

	Temperature & Light (A)
	7.00
	3.45
	2.44
	6.03*

	Media (B)
	7.83
	3.86
	2.73
	15.36*

	Factor (A X B)
	15.65
	7.72
	5.46
	6.49*



Table 5: Interaction of Temperature, Light Conditions, and Media on seedling length (cm) 
	Germination environment
	TP
	BP
	Sand
	Soilrite
	Vermiculite
	Mean A

	25 °C (Light)
	13.53
	18.51
	21.51
	29.06
	42.73
	25.07

	25°C (Dark)
	26.24
	25.68
	30.06
	26.56
	17.55
	25.22

	35 °C (Light)
	13.15
	15.58
	17.57
	19.06
	16.2
	16.31

	35 °C (Dark)
	14.08
	11.31
	15.57
	11.57
	14.56
	13.42

	Mean B
	16.75
	17.77
	21.18
	21.56
	22.76
	

	Factors
	C.D.
	SE(d)
	SE(m)
	F-Calculated

	Temperature & Light (A)
	1.08
	0.53
	0.38
	259.69

	Media (B)
	1.2
	0.59
	0.42
	38.29

	Factor (A X B)
	2.41
	1.19
	0.84
	62.41



Table 6: Interaction of Temperature, Light Conditions, and Media on the Vigour index I of Butea monosperma.
	Germination environment
	TP
	BP
	Sand
	Soilrite
	Vermiculite
	Mean A

	25 °C (Light)
	1,103.23
	832.81
	734.89
	1,168.23
	2,961.29
	1,360.09

	25°C (Dark)
	1,000.48
	1,344.56
	899.30
	544.53
	980.87
	953.95

	35 °C (Light)
	716.75
	738.12
	424.53
	1,199.58
	812.28
	778.25

	35 °C (Dark)
	949.20
	512.45
	809.50
	360.95
	596.67
	645.75

	Mean B
	942.42
	856.99
	717.06
	818.33
	1,337.78
	

	Factors
	C.D.
	SE(d)
	SE(m)
	F-Calculated

	Temperature & Light (A)
	148.44
	73.18
	51.74
	36.01

	Media (B)
	165.96
	81.81
	57.85
	17.14

	Factor (A X B)
	331.92
	163.63
	115.7
	20.37



Table 7: Interaction of Temperature, Light Conditions, and Media on the Vigour index II 
	Germination environment
	TP
	BP
	Sand
	Soilrite
	Vermiculite
	Mean A

	 25 °C (Light)
	230.563
	105.653
	83.057
	70.63
	128.23
	123.627

	25°C (Dark)
	54.393
	108.667
	83.643
	38.893
	182.77
	93.673

	35 °C (Light)
	84.463
	56.04
	43.127
	107.643
	85.693
	75.393

	35 °C (Dark)
	133.363
	92.223
	109.597
	42.823
	73.01
	90.203

	Mean B
	125.696
	90.646
	79.856
	64.998
	117.426
	 

	Factors
	C.D.
	SE(d)
	SE(m)
	F-Calculated

	Temperature
	14.36
	7.08
	5.01
	16.32

	Media
	16.05
	7.91
	5.60
	20.69

	Factor (A X B)
	32.10
	15.83
	11.19
	17.37
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Figure 2: Seed Germination in different growing media
3.4 Nursery Propagation Technique: The study evaluated the influence of different potting media on the germination and growth of Butea monosperma seedlings at 30 and 365 days after sowing (DAS) (Table 8, 9). At 30 DAS, the Nursery (1:2:1) medium (soil: sand: organic matter) recorded the highest germination percentage (70.17 ± 1.09%) and germination vigor (39.50 ± 0.98), while Root Trainer (Cocopeat) showed the shortest mean germination time (14.14 ± 1.58 days), indicating rapid germination. Other media, including Nursery (2:1:1) and Nursery Bed (Sand), demonstrated moderate performance. Statistical analysis showed significant differences in germination percentage (p < 0.05), whereas differences in MGT and GV were not significant, although GV variability (C.V. = 19.78%) suggested media composition strongly affects seedling vigor. At 365 DAS, the Nursery (1:2:1) mix produced the tallest seedlings (73.35 ± 0.13 cm), highest total biomass (26.15 ± 0.78 g), and superior seedling vigor indices (SVI I = 5,146.70 ± 71.92; SVI II = 1,833.64 ± 42.96), reflecting optimal growth performance. In contrast, Nursery (1:1:2) seedlings were shorter (64.64 ± 0.32 cm) with lower biomass but slightly higher quality index (1.38 ± 0.05), suggesting trade-offs between growth and structural quality. Overall, the Nursery (1:2:1) medium emerged as the most effective for enhancing germination, seedling vigor, and long-term growth of Butea monosperma.
Table 8: Influence of Potting Media on Germination Parameters at 30 Days After Sowing
	Treatment
	Germination Percentage %% (Mean ± SD)
	MGT (Days) (Mean ± SD)
	GV (Mean ± SD)

	Nursery (1:1:1)
	55.00 ± 2.89
	14.71 ± 1.43
	25.47 ± 5.48

	Nursery (2:1:1)
	61.00 ± 3.22
	15.03 ± 0.50
	30.07 ± 2.91

	Nursery (1:2:1)
	70.17 ± 1.09
	14.83 ± 0.17
	39.50 ± 0.98

	Nursery (1:1:2)
	58.00 ± 1.73
	15.15 ± 0.69
	26.93 ± 1.61

	Root trainer (cocopit)
	62.67 ± 3.93
	14.14 ± 1.58
	34.18 ± 3.08

	Nursery bed (Sand)
	61.67 ± 3.33
	14.25 ± 0.69
	32.65 ± 4.71

	C.D.
	8.49
	N/A
	N/A

	SE(m)
	2.66
	0.85
	3.59

	SE(d)
	3.76
	1.2
	5.08

	C.V.
	7.5
	10.01
	19.78

	F-Calculated
	3.706*
	0.236NS
	2.04NS


Table 9: Influence of Potting Media on Seedling Growth Parameters at 365 Days After Sowing
	Treatment
	Root Shoot Ratio (365 Days) (Mean ± SD)
	Seedling Length (365 Days) (Mean ± SD)
	Total Biomass (g) (Seedling Dry Weight) (365 Days) (Mean ± SD)
	Sturdiness Quotient (SQ) (365 Days) (Mean ± SD)
	Volume Index (365 Days) (Mean ± SD)
	Seedling Vigour Index I (365 Days) (Mean ± SD)
	Seedling Vigour Index II (365 Days) (Mean ± SD)
	Quality Index (365 Days) (Mean ± SD)

	Nursery (1:1:1)
	1.10 ± 0.13
	65.97 ± 0.90
	19.93 ± 0.34
	61.98 ± 4.48
	76.64 ± 9.39
	3,630.83 ± 217.49
	1,094.41 ± 39.34
	1.26 ± 0.08

	Nursery (2:1:1)
	1.35 ± 0.03
	68.96 ± 0.94
	22.23 ± 1.43
	55.29 ± 3.87
	110.00 ± 13.76
	4,209.09 ± 249.86
	1,347.09 ± 21.40
	1.15 ± 0.04

	Nursery (1:2:1)
	1.32 ± 0.16
	73.35 ± 0.13
	26.15 ± 0.78
	53.54 ± 3.36
	141.27 ± 19.00
	5,146.70 ± 71.92
	1,833.64 ± 42.96
	1.28 ± 0.05

	Nursery (1:1:2)
	1.04 ± 0.10
	64.64 ± 0.32
	20.41 ± 0.55
	50.55 ± 3.16
	108.43 ± 14.48
	3,750.02 ± 130.27
	1,185.00 ± 57.86
	1.38 ± 0.05

	C.D.
	0.2
	1.89
	1.8
	2.35
	14.08
	510.84
	144.17
	N/A

	SE(m)
	0.06
	0.54
	0.51
	0.67
	3.99
	144.81
	40.87
	0.05

	SE(d)
	0.08
	0.76
	0.72
	0.94
	5.65
	204.79
	57.8
	0.08

	C.V.
	8.36
	1.36
	3.98
	2.08
	6.34
	6
	5.19
	7.4

	F-Calculated

	6.896*

	52.203*

	30.719*

	53.051*

	43.721*

	22.6*

	64.978*

	3.023NS




3.5 Seed Source Parameter: The study on Butea monosperma seed quality across different seed sources (Table 10) reveals that while variations exist in germination percentage, mean germination time (MGT), seedling length, and seedling vigor index, these differences are not statistically significant. The highest germination percentage (94.31%) was recorded from the Jabalpur seed source, while the lowest (92.78%) was from Chhatarpur. MGT ranged from 7.13 to 8.84 days, with minimal statistical impact. Seedling length and vigor index showed greater variability, particularly in Chhatarpur, which had the highest values. However, high standard errors and coefficients of variation suggest that other factors, beyond seed source, might influence these parameters.
Table 10: Impact of seed sources on seed quality parameter Butea monosperma
	Treatment
	Germination %
Mean±SE.
	MGT (Days)
Mean±SE.
	Seedling length cm
Mean±SE.
	Seedling Vigour Index
Mean±SE.

	Forest circle- Chhatarpur, Division- South panna, Range-Pawai, Beat-Chopra
	92.78±1.38
	7.13±0.47
	44.53±30.25
	4056.56±2712.12

	Forest Division- Jabalpur, Range-Jabalpur, Beat-Barha (Silua)
	90.00±1.04
	8.84±0.93
	15.83±1.05
	1424.22±90.76

	Chaukhada (MP)
	92.00±1.59
	7.61±0.31
	18.67±2.05
	1714.30±179.27

	Forest circle-Jabalpur, Division-Jabalpur, Range-Panager Beat-Pariyat, (Khamriya)
	94.31±0.83
	7.36±0.72
	20.28±2.78
	1913.64±264.27

	Forest circle-Jabalpur, Division-West Mandla, Range-Beejadandi, Beat-Dhanwahi
	90.90±3.92
	8.41±0.51
	23.31±0.84
	2122.95±148.37

	C.D.
	N/A
	N/A
	N/A
	N/A

	SE(m)
	2.08
	0.63
	13.63
	1223.75

	C.V.
	3.91
	13.75
	96.27
	94.36

	F-Calculated
	0.647NS
	1.345NS
	0.713NS
	0.728NS


3.6 Seed Storage and Conservation Strategies: The storage and conservation of Butea monosperma seeds are strongly influenced by moisture content, temperature, and storage duration, all of which significantly affect germination, seedling growth, and vigour (Figure 3,4,5). Initial germination was high (93.33–98.33%) across treatments, but prolonged storage led to declines, particularly at higher moisture (9%) and room temperature (RT), where germination dropped to 53.33% after 36 months. Seeds with lower moisture content (3.73%) maintained better viability, with 81.33% germination under RT and 70.67–78.33% under 5°C storage. Seedling length and Seed Vigour Index I (SVI I) followed similar trends, with higher moisture content and RT causing rapid reductions over time, while seeds stored at 3.73% moisture and cooler temperatures (5°C or 15°C) retained greater growth potential and vigour. Statistical analyses confirmed that storage duration had the strongest effect (F > 200, P < 0.001), followed by moisture content, with significant interactions between moisture, temperature, and storage period. Overall, optimal long-term preservation of Butea monosperma seeds requires low moisture content (≈3.73%) combined with cool storage at 5°C, ensuring sustained germination capacity, seedling growth, and vigour for successful regeneration and propagation.

Figure 3: Impact of Moisture Content, Temperature, and Storage Time on Seed Germination % 

Figure 4: Impact of Moisture Content, Temperature, and Storage Time on the Seedling length (cm) Top of Form

Figure 5: Impact of moisture content, temperature, and storage duration on the Seed Vigour Index I 

4. Discussion
The present study provides a detailed analysis of the fruit and seed biology, nursery propagation, eco-physiology, and storage behavior of Butea monosperma. Fruit and seed maturation occurred over 60–80 DAA, with progressive increases in size, weight, and dry matter accumulation, while moisture content declined sharply. Color changes in fruit (from green to pale yellow) and seeds (from light pink to greyish reddish-orange) closely corresponded with physiological maturity, aligning with previous observations that morphological and color cues are reliable indicators for harvest timing in leguminous trees (Ambasta, 1994; Kundu & Singh, 2021; Firdaus & Mazumder, 2012). Optimal germination (88–90%) and seedling vigor were observed at 70–80 DAA, indicating that seeds harvested earlier (≤60 DAA) exhibit incomplete physiological development, low germination, and reduced seedling vigor (Kasliwal, Kumar, & Mohil, 2021; Bohra et al., 2024).
Seed imbibition studies showed rapid water uptake during the initial hours, stabilizing after ~30 hours, highlighting the critical role of seed coat permeability and hydration dynamics in early germination (Vijay et al., 2025d; Mahender, Mahesh, & Murthy, 2014). Eco-physiological investigations demonstrated that temperature, light, and growing media significantly influence germination and seedling growth. Vermiculite and TP media under specific temperature-light combinations enhanced seedling vigor indices, suggesting that substrate composition and microenvironmental conditions can optimize early seedling establishment (Bohra et al., 2024; Modi & Kandya, 2024).
Nursery propagation trials revealed that the Nursery (1:2:1) medium (soil: sand: organic matter) provided the best overall performance in terms of germination percentage, mean germination time, seedling vigor, and long-term growth (365 DAS). Other media, such as Nursery (1:1:2) or Cocopeat, showed faster germination or higher quality indices but lower overall biomass, indicating trade-offs between growth rate and structural quality. This emphasizes the importance of selecting species-specific potting media for robust nursery production (Vijay et al., 2024a; Mahender et al., 2014).
Seed source evaluation revealed minor variability in germination and growth parameters across geographic locations, although maternal and environmental factors could influence seedling vigor. These findings corroborate reports that while local environmental conditions may affect seed quality, post-harvest handling and storage have a stronger impact on viability (Tandon, Shivanna, & Ram, 2003; Kasliwal, Sushila, & Mohil, 2023).
Long-term storage studies confirmed that seed moisture content, temperature, and storage duration profoundly affect germination, seedling growth, and vigor. Seeds with lower moisture (~3.73%) stored at 5°C maintained high viability and vigor even after 36 months, whereas seeds with higher moisture (9%) at room temperature showed rapid declines. Significant interactions among moisture, temperature, and storage duration underscore the necessity of optimizing all factors simultaneously to ensure effective seed conservation (Bohra et al., 2024; Vijay et al., 2025c; Kasliwal et al., 2021).
Collectively, these results highlight the critical integration of precise harvesting timing, appropriate nursery media, and optimized storage conditions to enhance Butea monosperma regeneration, propagation, and ex-situ conservation.
5. Conclusion: The study comprehensively evaluated the fruit and seed development, germination, seedling growth, nursery performance, and storage behavior of Butea monosperma. Fruit and seed maturation occur over 60–80 days after anthesis, with increasing size, weight, and dry matter accumulation, accompanied by declining moisture content and characteristic color changes, which serve as reliable indicators for optimal harvest timing. Seed germination and seedling vigor improved significantly at 70–80 DAA, highlighting the importance of physiological maturity for propagation success. Water imbibition patterns revealed rapid initial uptake followed by stabilization, emphasizing the critical role of hydration in seed germination. Eco-physiological studies demonstrated that germination and seedling growth are strongly influenced by environmental factors such as temperature, light, and growth media, with specific media combinations promoting higher vigor indices. Optimal germination and seedling vigor were achieved under specific combinations of these factors, with Vermiculite and TP showing the best performance under favorable conditions.  Nursery trials identified the Nursery (1:2:1) medium as the most effective for enhancing germination, seedling growth, and long-term performance. Seed source showed minimal impact on germination and vigor, suggesting that maternal or site-specific factors play a limited role. Storage experiments confirmed that low seed moisture content (~3.73%) and cool storage (5°C) are essential for maintaining viability, seedling growth, and vigor over time. Collectively, these findings provide a scientific basis for optimizing harvest timing, nursery practices, and seed storage strategies, contributing to effective propagation, conservation, and sustainable utilization of Butea monosperma.
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Impact of Seed Moisture  Content (SMC), Storage Temperature (Degree Celcious) and Storage Duration (Months After Stoarage MAS) on Seed Vigour Index I of Butea monosperma
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Impact of Seed Moisture  Content (SMC), Storage Temperature (Degree Celcious) and Storage Duration (Months After Stoarage MAS) on Germination % of Butea monosperma
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