Assessment of Correlation and Path Analysis for Early Seedling Vigour Traits in Rice (Oryza sativa L.) under Laboratory Conditions



ABSTRACT 
		Early seedling vigour (ESV) is a critical trait for successful crop establishment in direct-seeded rice systems, where rapid germination and uniform seedling growth provide a competitive advantage against weeds, ensure better stand establishment, and ultimately contribute to higher yield. The present study evaluated 180 rice genotypes under laboratory conditions to assess genetic variability and trait contributions to ESV through correlation and path coefficient analysis of seedling traits and vigour indices. The path coefficient analysis identified critical factors influencing the vigour indices root length was the primary driver of Seedling Vigour Index I (SVI I) in laboratory conditions, while shoot elongation traits dominated under dry direct-seeded rice environments. Seedling dry weight was the main direct contributor to Seedling Vigour Index II (SVI II) across both environments. Strong positive correlations were found among key traits especially between total seedling length and SVI I and between dry weight and SVI II. Overall seedling dry weight, shoot length, root length  and total seedling length emerged as reliable selection indices for improving ESV. The findings underscore the critical role of multi-environment phenotyping in prioritizing traits for breeding rice adapted to direct-seeded systems. By identifying key contributors to early seedling vigour, this study provides valuable selection indices to enhance crop establishment and productivity in resource-efficient rice cultivation.This integrated phenotyping approach revealed substantial genetic variation for early seedling vigour, supporting the selection of genotypes with rapid early growth and biomass accumulation, essential for improving establishment and performance in DSR systems. 
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Introduction
Rice cultivation is undergoing a major transformation with a noticable shift from traditional transplanted rice (TPR) systems to direct-seeded rice (DSR)  driven by increasing concerns over water scarcity, labour shortages, rising production costs, greenhouse gas emissions and declining soil health (Farooq et al., 2010; Jagdeep & Singh, 2024; Dey et al., 2025). DSR has emerged as a sustainable alternative, eliminating the need for puddling and manual transplanting. It offers significant reductions in water and labour requirements lowering production costs and conserves resources. Moreover, DSR reduces methane emissions due to the absence of prolonged anaerobic soil conditions and enables mechanized and timely sowing (Sandhu et al., 2021; Kumar et al., 2024). Additionally, DSR allows earlier crop maturity, providing flexibility in crop rotation and improving land use efficiency (Jat et al., 2022).
Despite these advantages, the adoption of DSR is limited by challenges such as poor seedling establishment, low germination rates, intense weed pressure, nematode infestation, lodging  and inconsistent emergence under suboptimal conditions (Negi et al., 2024; Singh et al., 2024). Among these, inadequate seedling establishment and weed competition are critical constraints, directly affecting crop success and yield stability. Therefore, the success of DSR largely depends on the development of rice genotypes with high early seedling vigour (ESV) and effective weed management strategies (Singh et al., 2017; Suroora et al., 2023).
Early seedling vigour (ESV) refers to the rapid and uniform germination, elongation and biomass accumulation during early seedling growth. It is a key trait for competitive ability, resource use efficiency and stress tolerance in DSR systems (Mahender et al., 2015). Genotypes with high ESV can outcompete weeds, establish rapidly and perform better under variable field conditions making ESV a critical breeding target (Anandan et al., 2020; Dayala et al., 2025; Sagar et al., 2025). Despite its importance, ESV expression varies widely among rice genotypes and across environments. Limited information is available on the genetic variability and interrelationships of ESV traits under both laboratory and field conditions. Understanding this variability is essential to identify superior genotypes that can be used in breeding programs or directly adopted for DSR cultivation.
This study aimed to assess early seedling vigour in a diverse set of rice genotypes under both laboratory conditions, with the objective of identifying high-vigour genotypes suitable for improving crop establishment and performance in DSR systems.
Materials and Methods
Plant Material and Experimental Setup
A total of 180 rice genotypes, recommended for irrigated ecosystems, were obtained from the ICAR-Indian Institute of Rice Research, Rajendranagar, Hyderabad. These genotypes were evaluated for early seedling vigour-related traits under laboratory conditions. The experiments were conducted at the Department of Molecular Biology and Biotechnology, S.V. Agricultural College, ANGRAU, Tirupati.
Seed Preparation and Surface Sterilization
To overcome seed dormancy, all seeds were subjected to dry heat treatment at 50°C for 48 hours. Following this, seeds were thoroughly rinsed with sterile distilled water. Surface sterilization was performed by immersing the seeds in a 1% sodium hypochlorite solution for 15 minutes, followed by three successive washes with sterile distilled water to ensure aseptic conditions for subsequent analyses.
Experimental conditions: 
Experiment 1: Laboratory Evaluation Using Paper Towel Method
The laboratory experiment was conducted using the paper towel method in a completely randomized design (CRD) with three replications. Autoclaved brown paper towels measuring 30 × 20 cm were moistened with sterile distilled water and twenty-five surface-sterilized seeds were evenly spaced on each towel. To maintain adequate moisture and prevent contamination, the towels were covered with sterile polythene sheets, folded inward from both ends and secured with rubber bands. Each experimental unit was properly labeled and placed in a water container in a slanting position to ensure uniform moisture distribution during germination. Observations were recorded on the 14th day after sowing, using ten randomly selected seedlings per replication for trait measurements.
Trait Measurement
Data on germination percentage(%), shoot length (cm), root length (cm), root-to-shoot length ratio, total seedling length (cm), seedling dry weight (mg), Seedling Vigour Index I (SVI-I), and Seedling Vigour Index II (SVI-II) were recorded at 14 DAS. Seedling vigour indices were calculated according to Abdul-Baki and Anderson (1973):
SVI-I = Germination percentage(%) × total seedling length(cm)
SVI-II = Germination percentage(%) × seedling dry weight (mg)
Statistical analysis 
Correlation and Path coefficient analysis was carried out using GRAPES software (https://www.kaugrapes.com/)  to determine the direct and indirect effects of seedling vigour traits on overall early seedling vigour  performance
Results 

Path Coefficient Analysis
Path coefficient analysis was undertaken to partition the genotypic correlations of seedling traits into direct and indirect effects, thereby identifying the most influential traits contributing to seedling vigour. In this study, Seedling Vigour Index I (SVI I) and Seedling Vigour Index II (SVI II) were considered as dependent variables, while early seedling traits (SL, RL, TSL, RN, SFW, RFW, TFW, SDW, RDW, TDW, GP-3rd day, GP-21st day, ROG, SVI I and SVI II) were used as independent  variables. 

Seedling vigour index II(SVI  II)
When SVI II was the dependent variable results exhibited clear environmental differences. Under laboratory conditions, rate of germination (0.801) exerted the strongest direct influence, followed by germination percentage-3rd day (0.467), germination percentage-21st day (0.379), seed vigour index I (0.244) total fresh weight (0.211) and root fresh weight (0.081). Indirect contributions were prominent, particularly via Shoot Length(SL), Root Length(RL), Total Shoot Length(TSL), Root Number(RN), Shoot Fresh Weight(SFW), Shoot Dry Weight (SDW) and Total Dry Weight(TDW).  (Tables 1; Fig. 1) 
Seedling vigour index I(SVI I)
For SVI I, a consistent pattern was observed where seed vigour index II (1.812) recorded the highest, followed by shoot dry weight (0.451), shoot length (0.338), total shoot length (0.271), total dry weight(0.229), root length (0.181) and root number (0.033.)  Negative effects were recorded for Shoot Fresh Weight (SFW), Root Fresh Weight (RFW), Total Fresh Weight (TFW), Root Dry Weight (RDW), Germination percentage - 3rd day, Germination percentage - 21st day and Rate of Germination (ROG)  (Tables 2; Fig. 1) The low residual effects in all path analyses indicate that the majority of variation in vigour indices was explained by the included traits, underscoring their reliability as selection criteria
Overall, the analysis indicate Rate of Germination(ROG) and Germination Percentage (GP) acts  as  fundamental drivers of SVI II  under laboratory conditions. In contrast, SVI I  was driven primarily by Seed Vigour Index I(SVI II)  and Shot Dry Weight(SDW). 

Table 1. Path coefficient analysis showing direct, indirect  and genotypic correlation effects of early seedling vigour  traits on Seedling vigour index II in rice genotypes under laboratory conditions

	TRAIT 
	SL
	RL
	TSL
	RN
	SFW
	RFW
	TFW
	SDW
	RDW
	TDW
	GP-3RD DAY
	GP-21ST
DAY
	ROG
	SVI I
	Genotypic correlation with SVI II

	SL
	-0.201
	-0.417
	-0.639
	-0.148
	-0.015
	0.142
	0.241
	-0.354
	0.151
	-0.125
	0.809
	0.641
	0.516
	0.156
	0.757

	RL
	-0.792
	-0.106
	-0.718
	-0.164
	-0.015
	0.178
	0.284
	-0.394
	0.158
	-0.137
	1.016
	0.75
	0.563
	0.15
	0.771

	TSL
	-0.799
	-0.472
	-0.161
	-0.162
	-0.016
	0.161
	0.268
	-0.387
	0.162
	-0.136
	0.916
	0.711
	0.562
	0.164
	0.811

	RN
	-1.255
	-0.733
	-1.098
	-0.024
	-0.03
	0.322
	0.56
	-0.704
	0.319
	-0.253
	1.655
	1.189
	1.169
	0.39
	1.508

	SFW
	-0.506
	-0.265
	-0.431
	-0.116
	-0.006
	0.177
	0.507
	-0.344
	0.145
	-0.121
	0.479
	0.487
	0.225
	0.112
	0.342

	RFW
	-0.353
	-0.232
	-0.319
	-0.094
	-0.013
	0.081
	0.414
	-0.298
	0.154
	-0.112
	0.333
	0.382
	0.136
	0.074
	0.154

	TFW
	-0.231
	-0.143
	-0.205
	-0.063
	-0.015
	0.16
	0.211
	-0.206
	0.095
	-0.074
	0.223
	0.233
	0.099
	0.069
	0.152

	SDW
	-0.353
	-0.207
	-0.309
	-0.083
	-0.01
	0.12
	0.215
	-0.202
	0.209
	-0.132
	0.385
	0.308
	0.269
	0.163
	0.372

	RDW
	-1.018
	-0.56
	-0.878
	-0.254
	-0.03
	0.421
	0.668
	-1.415
	0.03
	-0.448
	1.733
	1.256
	1.023
	0.474
	1.001

	TDW
	-0.331
	-0.191
	-0.289
	-0.079
	-0.01
	0.12
	0.206
	-0.351
	0.176
	-0.076
	0.417
	0.322
	0.275
	0.153
	0.343

	GP-3RD DAY
	-0.349
	-0.23
	-0.316
	-0.084
	-0.006
	0.058
	0.1
	-0.166
	0.111
	-0.068
	0.467
	0.395
	0.788
	0.22
	0.919

	GP-21STDAY
	-0.34
	-0.209
	-0.302
	-0.074
	-0.008
	0.082
	0.129
	-0.164
	0.099
	-0.064
	0.487
	0.379
	-0.173
	-0.057
	-0.217

	ROG
	-0.13
	-0.075
	-0.113
	-0.035
	-0.002
	0.014
	0.026
	-0.068
	0.038
	-0.026
	0.459
	-0.082
	0.801
	0.25
	1.059

	SVI I
	-0.128
	-0.065
	-0.108
	-0.038
	-0.003
	0.025
	0.06
	-0.135
	0.058
	-0.048
	0.42
	-0.089
	0.82
	0.244
	1.013


SL: Shoot Length (cm), RL: Root Length (cm); TSL: Total Shoot Length (cm); RN: Root Number; SFW: Shoot Fresh Weight (mg); RFW: Root Fresh Weight (mg); TFW: Total Fresh Weight (mg); SDW: Shoot Dry Weight (mg); RDW: Root Dry Weight (mg); TDW: Total Dry Weight (mg); GP-3rd Day: Germination percentage(%); GP-21st Day: Germination percentage(%); ROG: Rate of Germination (%);  SVI I: Seedling Vigour Index I ; SVI II: Seedling Vigour Index II; Residual effect: -0.098

Table 2. Path coefficient analysis showing direct, indirect  and genotypic correlation effects of early seedling vigour  traits on Seedling vigour index I in rice genotypes under laboratory conditions

	TRAIT 
	SL
	RL
	TSL
	RN
	SFW
	RFW
	TFW
	SDW
	RDW
	TDW
	GP-3RD DAY
	GP-21ST
DAY
	ROG
	SVI II
	Genotypic correlation with SVI I

	SL
	0.338
	0.713
	1.078
	0.207
	-0.054
	-0.175
	-0.462
	0.791
	-0.137
	0.377
	-1.492
	-1.323
	-0.596
	1.372
	0.637

	RL
	1.33
	0.181
	1.21
	0.23
	-0.053
	-0.218
	-0.544
	0.882
	-0.143
	0.413
	-1.872
	-1.548
	-0.65
	1.397
	0.615

	TSL
	1.342
	0.808
	0.271
	0.227
	-0.057
	-0.197
	-0.513
	0.866
	-0.148
	0.411
	-1.688
	-1.468
	-0.649
	1.469
	0.673

	RN
	2.107
	1.255
	1.852
	0.033
	-0.104
	-0.395
	-1.072
	1.573
	-0.29
	0.764
	-3.052
	-2.456
	-1.349
	2.733
	1.598

	SFW
	0.849
	0.453
	0.726
	0.162
	-0.021
	-0.217
	-0.971
	0.77
	-0.132
	0.366
	-0.883
	-1.005
	-0.259
	0.62
	0.458

	RFW
	0.592
	0.396
	0.537
	0.132
	-0.046
	-0.1
	-0.793
	0.667
	-0.14
	0.338
	-0.613
	-0.789
	-0.157
	0.278
	0.302

	TFW
	0.387
	0.245
	0.346
	0.088
	-0.051
	-0.196
	-0.403
	0.46
	-0.086
	0.225
	-0.411
	-0.481
	-0.114
	0.276
	0.284

	SDW
	0.593
	0.355
	0.521
	0.116
	-0.036
	-0.148
	-0.412
	0.451
	-0.19
	0.4
	-0.709
	-0.636
	-0.31
	0.674
	0.668

	RDW
	1.71
	0.958
	1.479
	0.356
	-0.104
	-0.517
	-1.279
	3.163
	-0.027
	1.355
	-3.195
	-2.593
	-1.181
	1.815
	1.941

	TDW
	0.556
	0.327
	0.487
	0.111
	-0.034
	-0.147
	-0.395
	0.786
	-0.16
	0.229
	-0.769
	-0.666
	-0.317
	0.621
	0.628

	GP-3RD DAY
	0.586
	0.394
	0.532
	0.118
	-0.022
	-0.071
	-0.192
	0.371
	-0.101
	0.205
	-0.861
	-0.816
	-0.909
	1.666
	0.9

	GP-21STDAY
	0.571
	0.358
	0.509
	0.104
	-0.027
	-0.101
	-0.248
	0.366
	-0.09
	0.195
	-0.898
	-0.783
	0.2
	-0.393
	-0.235

	ROG
	0.218
	0.127
	0.191
	0.048
	-0.006
	-0.017
	-0.05
	0.151
	-0.035
	0.079
	-0.847
	0.169
	-0.924
	1.918
	1.024

	SVI II
	0.256
	0.14
	0.22
	0.05
	-0.007
	-0.015
	-0.061
	0.168
	-0.027
	0.079
	-0.792
	0.17
	-0.979
	1.812
	1.013



SL: Shoot Length (cm), RL: Root Length (cm); TSL: Total Shoot Length (cm); RN: Root Number; SFW: Shoot Fresh Weight (mg); RFW: Root Fresh Weight (mg); TFW: Total Fresh Weight (mg); SDW: Shoot Dry Weight (mg); RDW: Root Dry Weight (mg); TDW: Total Dry Weight (mg); GP-3rd Day: Germination percentage(%); GP-21st Day: Germination percentage(%); ROG: Rate of Germination (%);  SVI I: Seedling Vigour Index I ; SVI II: Seedling Vigour Index II; Residual effect: -0.01
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Fig.1. Path diagrams depicting direct effects of rice seedling traits on seedling vigour indices under laboratory conditions
															













Correlation Among Seedling Vigour Traits
Correlation analysis among seedling vigour-related traits is essential for understanding the relationships among traits and for identifying key selection criteria that can simultaneously enhance multiple components of seedling vigour. In this study, Pearson’s correlation coefficients were computed under laboratory conditions. The resulting correlograms and correlation matrices, illustrating the direction, strength, and statistical significance of inter-trait associations are presented in Fig. 2 and Fig. 3.

Under laboratory conditions, Rate of Germination(ROG) showed a very strong positive correlation with Seed Vigour Index I(SVI I) (r = 0.973), indicating that variation in Rate of Germination(ROG) is a major contributor to overall seedling growth. Shoot Dry weight (SDW) was also highly correlated with Total Dry weight (TDW) (r = 0.958), highlighting biomass accumulation as a key determinant of vigour. In addition, Rate of Germination(ROG) was strongly correlated with Seed Vigour Index I(SVI I) (r = 0.856) reaffirming the dependence of vigour index on seedling elongation traits.
In addition to that,  Rate of Germination(ROG) showed a negative correlation with Root Fresh Weight(RFW) (r = -0.057) and also with Shoot Fresh Weight(SFW) (r = -0.021), Total Fresh Weight(TFW) (r = -0.057) and Root Length(RL) (r = -0.044).
Germination percentage - 3rd day also showed negative correlation with shoot length, shoot dry weight and total dry weight.

The correlation between SVI-I and SVI-II was high under laboratory conditions (r = 0.834), suggesting complete dependence between seedling elongation (SVI-I) and biomass accumulation (SVI-II), particularly in controlled environments.

These findings underscore the importance of considering both elongation and biomass traits in selection strategies and support the integration of complementary evaluation methods to capture the full spectrum of seedling vigour expression across diverse growing conditions.
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Fig. 2: a) Correlogram   showing  Pairwise Relationships among Seedling Vigour Traits iunder laboratory condition SL: Shoot Length (cm), RL: Root Length (cm); TSL: Total Shoot Length (cm); RN: Root Number; SFW: Shoot Fresh Weight (mg); RFW: Root Fresh Weight (mg); TFW: Total Fresh Weight (mg); SDW: Shoot Dry Weight (mg); RDW: Root Dry Weight (mg); TDW: Total Dry Weight (mg); GP-3rd Day: Germination percentage(%); GP-21st Day: Germination percentage(%); ROG: Rate of Germination (%);  SVI I: Seedling Vigour Index I ; SVI II: Seedling Vigour Index II
































	Table 3. Correlation Matrix showing  Pairwise Relationships among Seedling Vigour Traits under laboratory condition 


	SL
	RL
	TSL
	RN
	SFW
	RFW
	TFW
	SDW
	RDW
	TDW
	GP-3RD DAY
	GP-21ST
DAY
	ROG
	SVI II
	 SVI I

	SL
	
1
	0.373***
	0.921***
	0.425***
	0.246***
	0.097
	0.24***
	0.147**
	0.01
	0.128*
	-0.01
	-0.018
	0.031
	0.072
	0.209***

	RL
	0.373***
	1
	0.705***
	0.25***
	0.273***
	0.188***
	0.223***
	0.111*
	0.01
	0.098
	0.031
	0.059
	-0.044
	-0.016
	0.08

	TSL
	0.921***
	0.705***
	1
	0.43***
	0.303***
	0.153**
	0.277***
	0.159**
	0.012
	0.139*
	0.005
	0.011
	0.005
	0.048
	0.193***

	RN
	0.425***
	0.25***
	0.43***
	1
	0.409***
	0.296***
	0.38***
	0.228***
	0.091
	0.222***
	0.045
	-0.001
	0.05
	0.135*
	0.117*

	SFW
	0.246***
	0.273***
	0.303***
	0.409***
	1
	0.762***
	0.834***
	0.311***
	0.253***
	0.342***
	-0.021
	0.046
	-0.021
	0.163**
	0.027

	RFW
	0.097
	0.188***
	0.153**
	0.296***
	0.762***
	1
	0.761***
	0.198***
	0.285***
	0.256***
	-0.04
	0.048
	-0.057
	0.089
	-0.03

	TFW
	0.24***
	0.223***
	0.277***
	0.38***
	0.834***
	0.761***
	1
	0.288***
	0.249***
	0.321***
	-0.05
	0.039
	-0.045
	0.133*
	-0.001

	SDW
	0.147**
	0.111*
	0.159**
	0.228***
	0.311***
	0.198***
	0.288***
	1
	0.352***
	0.958***
	-0.037
	-0.004
	0.01
	0.423***
	0.032

	RDW
	0.01
	0.01
	0.012
	0.091
	0.253***
	0.285***
	0.249***
	0.352***
	1
	0.606***
	-0.026
	-0.017
	0.007
	0.338***
	0.007

	TDW
	0.128*
	0.098
	0.139*
	0.222***
	0.342***
	0.256***
	0.321***
	0.958***
	0.606***
	1
	-0.039
	-0.009
	0.011
	0.464***
	0.029

	GP-3RD DAY
	-0.01
	0.031
	0.005
	0.045
	-0.021
	-0.04
	-0.05
	-0.037
	-0.026
	-0.039
	1
	0.385***
	0.467***
	0.358***
	0.445***

	GP-21STDAY
	-0.018
	0.059
	0.011
	-0.001
	0.046
	0.048
	0.039
	-0.004
	-0.017
	-0.009
	0.385***
	1
	-0.431***
	-0.347***
	-0.408***

	ROG
	0.031
	-0.044
	0.005
	0.05
	-0.021
	-0.057
	-0.045
	0.01
	0.007
	0.011
	0.467***
	-0.431***
	1
	0.856***
	0.973***

	SVI II
	0.072
	-0.016
	0.048
	0.135*
	0.163**
	0.089
	0.133*
	0.423***
	0.338***
	0.464***
	0.358***
	-0.347***
	0.856***
	1
	0.834***

	SVI I
	0.209***
	0.08
	0.193***
	0.117*
	0.027
	-0.03
	-0.001
	0.032
	0.007
	0.029
	0.445***
	-0.408***
	0.973***
	0.834***
	1




*** Correlation is significant at 0.001 level  ,** Correlation is significant at 0.01 level, * Correlation is significant at 0.05 level (two tailed) 



















Discussion
Significant genotypic variation was observed for early seedling vigour (ESV) traits under laboratory conditions. In particular, superior performance under laboratory-based ESV evaluations can be attributed to the optimal and stress-free conditions of the germination paper method which promote rapid and uniform germination. These conditions tend to enhance elongation-related traits such as shoot length, root length and total seedling length, ultimately leading to higher values for indices like Seedling Vigour Index I (SVI-I), which is primarily based on seedling length.
Our findings align with earlier studies by Abdul-Baki and Anderson (1973), Wang et al. (2011), and Sagar et al. (2025), which also demonstrated improved seedling elongation under controlled environments. The uniformity and rapidity of germination in such settings enable efficient assessment of seedling length-based indices, making them reliable indicators of early seedling vigour under laboratory conditions.
Mahender et al. (2015) defined ESV as a combination of rapid, uniform germination and early biomass accumulation traits essential for robust establishment under DDSR. While Padmashree (2022) and Singh et al. (2017) emphasized the value of SVI-I for assessing seedling elongation, Subramanian et al. (2025) and Sanghmitra et al. (2021) demonstrated the importance of early dry matter accumulation in enhancing seedling vigour. Barik et al. (2019) observed that increased dry weight by the 15th day after sowing is indicative of efficient resource partitioning, while Addanki et al. (2018) reported that high-vigour seedlings with greater SVI-I and SVI-II develop into more resilient and productive plants. These findings strongly support to identify genotypes with superior performance under DDSR conditions.
Correlation analysis revealed strong positive associations among key ESV traits, such as shoot length, total seedling length, SVI-I, dry weight, and SVI-II,  laboratory conditions. These relationships suggest that the traits are governed by shared genetic factors, supporting the potential for simultaneous selection. Notably, the high correlation between SVI-I and SVI-II highlights that while these indices are related, they capture distinct physiological processes—elongation and biomass accumulation, respectively. This distinction reinforces the importance of using both indices for a comprehensive assessment of seedling vigour.
Our results are supported by previous studies (Surrora et al., 2023; Padmashree et al., 2022; Akshitha et al., 2020), which also reported significant positive associations among seedling length, dry weight, and vigour indices. Similarly, Tejaswi (2012), Addanki et al. (2018), Bordoloi and Sarma (2018), Barik et al. (2019), Beerelli et al. (2020), Katiyar et al. (2019), and Bharamappanavara et al. (2023) documented consistent positive correlations among key seedling vigour parameters. 

Conclusion
This study revealed substantial genetic variability among rice genotypes for early seedling vigour (ESV) traits under laboratory conditions. Laboratory-based evaluations effectively captured elongation traits such as shoot length and total seedling length critical for rapid seedling emergence and early weed competitiveness. 
The laboratory approaches provides a holistic strategy for identifying genotypes that combine rapid early growth with resilience to environmental stresses, a key requirement for optimizing performance in DDSR systems. Strong positive correlations among shoot length, total seedling length, seedling dry weight, and vigour indices (SVI-I and SVI-II), along with insights from principal component analysis (PCA), reinforce the value of a multi-trait selection strategy to improve ESV comprehensively.
In summary, laboratory assessment enhances the ability to select rice genotypes with both high early vigour and adaptive potential, thereby accelerating the development of robust varieties suited for sustainable DSR production systems.
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