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Abstract
The present investigation was conducted to evaluate the performance of twelve single-cut oat (Avena sativa L.) genotypes for yield, quality, and associated traits and to identify key selection criteria for fodder improvement. The experiment was carried out during the Rabi season (2022-23) at the Forage Research Area, CCS Haryana Agricultural University, Hisar. Significant variability was observed among genotypes for green fodder yield, dry matter yield, and quality traits, with green fodder yield ranging from 443.29 to 836.56 q ha⁻¹, dry matter yield from 84.22 to 200.08 q ha⁻¹, and crude protein content from 7.91 to 10.36%. Phenotypic coefficients of variation were higher than genotypic coefficients for all traits, indicating environmental influence on trait expression. High heritability was recorded for crude protein content, number of tillers per meter row length, and days to 50 % flowering, while leaf–stem ratio and dry matter yield exhibited high genetic advance as percent of mean, suggesting the predominance of additive gene action. Correlation and path coefficient analyses revealed that dry matter yield, per day dry matter yield, flowering duration, and leaf biomass were central to fodder productivity, with days to 50 % flowering, leaf weight, and per day dry matter yield exerting strong positive direct effects on green fodder yield. Principal component analysis further confirmed that biomass accumulation, flowering duration, daily productivity, and leafiness were the major contributors to variability. Overall, the integrated multivariate approach identified key traits and genotypes that can be effectively utilized in breeding programmes aimed at improving fodder yield and nutritional quality in oats.
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Introduction 
Oat (Avena sativa L.) is an important winter forage crop widely cultivated for green fodder, hay, and silage because of its high biomass production, rapid growth, and superior nutritional quality. In India, the availability of green fodder during the rabi season is increasingly constrained due to competition for land with food crops such as wheat. Under such conditions, oat plays a vital role in mitigating fodder scarcity and sustaining livestock productivity. Oat fodder is highly palatable, digestible, and rich in crude protein and fibre, making it an essential component of sustainable livestock-based production systems (Suttie and Reynolds, 2004). Improvement of fodder yield and quality in oat is challenging because these traits are quantitatively inherited and governed by multiple interrelated morphological, physiological, and quality attributes. An understanding of the extent of genetic variability present among genotypes is therefore a prerequisite for effective selection and genetic improvement. Estimates of genotypic and phenotypic coefficients of variation, heritability, and genetic advance provide valuable insight into the nature of gene action controlling important traits and help identify characters that can be improved through selection (Burton, 1952; Johnson et al., 1955).
Correlation analysis is commonly used to assess the degree and direction of association between yield and its component traits and assists in identifying characters that may serve as indirect selection criteria (Al-Jibouri et al., 1958). However, correlation coefficients alone do not reveal the cause–and–effect relationship among traits. Path coefficient analysis further partitions these associations into direct and indirect effects, thereby elucidating the real contribution of individual traits to fodder yield (Wright, 1921; Dewey and Lu, 1959). Such analyses are particularly useful in forage crops, where green fodder yield and dry matter yield are the primary determinants of biomass availability and animal performance.  
In addition to these approaches, multivariate statistical techniques such as Principal Component Analysis (PCA) provide a comprehensive understanding of complex relationships among multiple traits simultaneously. PCA reduces dimensionality by transforming correlated variables into a smaller number of independent principal components that explain most of the total variation present in the dataset, thereby facilitating identification of major yield-attributing traits and efficient grouping of genotypes (Pearson, 1901; Hotelling, 1936). This approach has been successfully employed in oat and other forage crops to identify key traits contributing to fodder and seed yield (Vaisi et al., 2013; Krishna et al., 2014).Keeping these considerations in view, the present study was undertaken to (i) estimate the genetic variability for fodder yield, quality, and related morphological traits in single-cut oat genotypes, (ii) assess the nature and magnitude of association among these traits through correlation and path coefficient analysis, and (iii) identify key yield-contributing traits using principal component analysis. The findings of this study are expected to provide a scientific basis for formulating effective selection strategies aimed at improving fodder yield and quality in oats.

Material and Methods
The field experiment was conducted during the Rabi (winter) season of 2022–23 at the Forage Research Area, Chaudhary Charan Singh Haryana Agricultural University (CCSHAU), Hisar, India, under semi-arid subtropical conditions. A total of twelve single-cut oat (Avena sativa L.) genotypes were evaluated in a Randomized Block Design (RBD) with three replications, using a plot size of 3 m × 4 m (12 m²), and all recommended agronomic practices were uniformly followed. Observations were recorded for eleven traits, including days to 50% flowering, plant height (cm), number of tillers per meter row length, green fodder yield (q ha⁻¹), dry matter yield (q ha⁻¹), per day green fodder yield (q ha⁻¹ day⁻¹), per day dry matter yield (q ha⁻¹ day⁻¹), leaf length (cm), leaf width (cm), leaf–stem ratio, and crude protein content (%). Analysis of variance was performed to test the significance of genotypic differences, and genotypic and phenotypic correlation coefficients were computed following Al-Jibouri et al. (1958). Path coefficient analysis was carried out according to Wright (1921) as elaborated by Dewey and Lu (1959) to estimate direct and indirect effects of component traits on fodder yield. Principal Component Analysis (PCA) based on the correlation matrix was employed to identify major yield-attributing traits, considering principal components with eigenvalues greater than unity. All statistical analyses were performed using OPSTAT and INDOSTAT software.
Results and Discussion 
The performance of twelve single-cut oat genotypes for quality, yield, and attributing traits was evaluated during the Rabi season (2022–23) at the Forage Research Area, CCSHAU, Hisar. Green fodder yield varied from 443.29 to 836.56 q ha⁻¹, while dry matter yield ranged from 84.22 to 200.08 q ha⁻¹. Crude protein content ranged from 7.91 to 10.36%, indicating substantial variability among genotypes. The genotypic coefficient of variation was lower than the corresponding phenotypic coefficient of variation for all eleven traits, suggesting considerable environmental influence on trait expression. High heritability was recorded for crude protein content, number of tillers per meter row length, and days to 50% flowering, whereas leaf–stem ratio and dry matter yield exhibited high genetic advance as percentage of mean, indicating the predominance of additive gene action. 
Correlation analysis is a fundamental approach in plant breeding to elucidate the nature and magnitude of relationships among yield, its component traits, and quality attributes, thereby facilitating efficient selection strategies (Micke, 1979; Poonia and Phogat, 2018). In the present investigation, both phenotypic and genotypic correlation coefficients revealed several meaningful associations among agronomic, fodder yield, and quality traits in oats, highlighting their importance for fodder-oriented improvement programmes.
Plant height (PH) exhibited a significant positive phenotypic correlation with crude protein content (r = 0.354)**, while genotypic correlations revealed strong positive associations with days to 50% flowering (r = 0.444) and leaf weight (r = 0.364)**. These associations suggest that genetically taller and relatively late-flowering genotypes tend to accumulate greater vegetative biomass and improved fodder quality, a trend also reported earlier in oats and other cereals (Ziya et al., 2001; Kumar et al., 2004; Lorencetti et al., 2006; Ahmed et al., 2013).
Tillers per meter row length (TMRL) showed a highly significant negative phenotypic correlation with days to 50% flowering (r = –0.665) and dry matter yield (r = –0.487**), along with a significant negative association with per day dry matter yield (r = –0.348*). Similar negative relationships at the genotypic level (r = –0.694 with DFF and r = –0.667 with DMY**) indicate a genetic trade-off between excessive tillering and biomass accumulation. Comparable observations highlighting the adverse effect of high tiller density on biomass partitioning have been documented earlier in oats (Iannucci et al., 2011; Dumlupinar et al., 2012).
Days to 50% flowering (DFF) was positively correlated with dry matter yield at the phenotypic level (r = 0.496)** and showed strong genotypic associations with plant height (r = 0.444**), dry matter yield (r = 0.657**), and leaf weight (r = 0.454**). This indicates that a longer vegetative phase favours biomass and leaf development, supporting earlier findings that extended growth duration enhances fodder yield potential (Kumar et al., 2016; Surje and De, 2014).
Per day green fodder yield (PDGFY) exhibited a highly significant positive phenotypic correlation with dry matter yield (r = 0.518)** and per day dry matter yield (r = 0.604**), emphasizing the contribution of sustained daily biomass accumulation to total fodder productivity. However, its negative genotypic association with plant height (r = –1.773) and days to 50% flowering (r = –0.668)** suggests that genetically shorter and early-flowering genotypes may express higher daily fodder productivity. Such contrasting associations between total biomass and daily productivity have also been reported in fodder cereals (Ahmed et al., 2013; Krishna et al., 2014).
Dry matter yield (DMY) showed a very strong positive phenotypic correlation with per day dry matter yield (r = 0.964), confirming that selection for higher daily dry matter accumulation would effectively enhance total biomass yield. Additionally, per day dry matter yield exhibited a *significant positive association with crude protein content (r = 0.347), indicating that improvement in fodder yield can be achieved without compromising nutritional quality. Leaf weight (LW) showed a strong positive genotypic correlation with leaf–stem ratio (r = 0.983)**, underscoring the importance of leafiness as a major determinant of forage quality, as also emphasized by earlier workers (Lorencetti et al., 2006; Kumar et al., 2016).
Path coefficient analysis was employed to partition correlation coefficients into direct and indirect effects of component traits on green fodder yield, thereby elucidating true cause–and–effect relationships and providing reliable criteria for selection in oats (Dewey and Lu, 1959; Micke, 1979). The analysis revealed considerable variation in the magnitude and direction of direct and indirect effects of different traits on green fodder yield (Table 3).
Among the traits studied, days to 50% flowering (DFF) exerted the highest positive direct effect on green fodder yield (1.417), indicating that flowering duration plays a decisive role in fodder productivity. The strong direct contribution of DFF was further supported by positive indirect effects via leaf weight (0.317) and per day dry matter yield (0.154), suggesting that prolonged vegetative growth enhances biomass accumulation and ultimately fodder yield. Similar associations between flowering duration and fodder yield have been reported earlier in oats (Ahmed et al. 2013; Kumar et al. 2016).
Leaf weight (LW) recorded a substantial positive direct effect (0.699) on green fodder yield, highlighting the importance of leaf biomass as a primary yield component. Although LW showed negative indirect effects through leaf–stem ratio (–0.940), its strong direct influence suggests that increased leaf production, when maintained at an optimum proportion, can significantly enhance fodder yield. The role of leafiness in improving forage yield and quality has also been emphasized by Lorencetti et al. (2006).
Per day dry matter yield (PDDMY) exhibited a moderate positive direct effect (0.389) and favourable indirect effects via DFF (0.561), indicating that sustained daily biomass accumulation contributes effectively to final fodder yield. In contrast, dry matter yield (DMY) showed a negative direct effect (–0.566) but exerted positive indirect effects through DFF (0.930) and PDDMY (0.370), suggesting that its influence on green fodder yield is largely mediated through associated growth traits rather than direct contribution. Similar compensatory effects among biomass-related traits have been reported in fodder oats and other cereals (Iannucci et al. 2011; Dumlupinar et al. 2012).
Plant height (PH) exhibited a small negative direct effect (–0.073), but its indirect positive effects via DFF (0.630) and LW (0.255) partially offset this influence, indicating that plant height alone is not a dependable selection criterion unless combined with favourable phenology and leaf biomass. Traits such as tillers per meter row length (TPMRL) and per day green fodder yield (PDGFY) showed low to moderate direct effects (0.020 and 0.253, respectively), with their overall contribution largely governed by indirect effects through flowering and dry matter-related traits. Crude protein content (CP) had a small positive direct effect (0.089), suggesting that improvement in fodder yield can be achieved without adversely affecting nutritional quality.
Principal component analysis (PCA) was carried out to identify the major sources of variation among yield, yield-attributing, and quality traits and to reduce the dimensionality of the dataset for effective interpretation. The scree plot and eigenvalue distribution revealed that the first four principal components (PCs) with eigenvalues greater than unity collectively explained 90.51% of the total variability, indicating that most of the variation present among the genotypes could be effectively captured by a limited number of components, in accordance with the Kaiser criterion (Kaiser 1958; Jolliffe 2002). Among these, PC1 contributed 33.78% of the total variance, followed by PC2 (27.30%), PC3 (16.11%), and PC4 (13.32%), whereas the remaining PCs explained comparatively minor proportions of variability and were considered less important for selection.
The loading pattern of variables indicated that PC1 was predominantly associated with biomass accumulation and phenological traits, with high loadings for green fodder yield, dry matter yield, per day dry matter yield, and days to 50% flowering, suggesting that fodder productivity in oats is largely governed by growth duration and total biomass production. PC2 represented biomass partitioning and plant structural traits, as reflected by strong positive loadings for stem weight and per day dry matter yield and negative loadings for leaf weight and leaf–stem ratio, indicating differential allocation of assimilates among genotypes. The third principal component (PC3) was mainly influenced by per day green fodder yield, highlighting the importance of daily biomass productivity, while PC4 showed high association with crude protein content and tillering traits, suggesting that nutritional quality and plant architecture also contribute substantially to overall variability.
The PCA biplot constructed using PC1 and PC2, which together explained 61.08% of the total variance, provided a clear visualization of trait interrelationships. Traits such as green fodder yield, dry matter yield, per day dry matter yield, and days to 50% flowering were closely clustered with small inter-vector angles, indicating strong positive associations among these characters. In contrast, tillers per meter row length was oriented in the opposite direction, suggesting a negative association with biomass-related traits. The relatively longer vectors of dry matter yield, green fodder yield, days to 50% flowering, seed yield, and plant height indicated that these traits contributed substantially to the observed genetic variability among genotypes. Similar patterns of trait association and contribution revealed through PCA and biplot analysis have been reported earlier in oats and other forage cereals (Kumar et al. 2006; Ahmed et al. 2011; Poonia et al. 2017; Singh et al. 2018).
Conclusion 
The present study revealed substantial genetic variability among single-cut oat genotypes for fodder yield, dry matter yield, and quality traits, indicating good scope for genetic improvement. High heritability coupled with high genetic advance for traits such as leaf–stem ratio and dry matter yield suggests that these traits are governed mainly by additive gene action and can be effectively improved through direct selection. Correlation and path coefficient analyses established that dry matter yield, per day dry matter yield, days to 50% flowering, and leaf biomass are the most influential traits governing green fodder yield. The strong positive direct effects of flowering duration, leaf weight, and daily dry matter accumulation further emphasize their importance as reliable selection criteria. Principal component analysis and biplot interpretation corroborated these findings by identifying biomass accumulation, flowering duration, daily productivity, and leafiness as the principal determinants of genetic variability. Therefore, simultaneous selection for moderate tillering ability, optimal flowering duration, enhanced leaf biomass, and sustained daily dry matter production would be the most effective breeding strategy for developing high-yielding and nutritionally superior oat cultivars. Genotypes exhibiting favourable performance for these traits can be effectively utilized as parents in hybridization programmes to exploit genetic diversity and heterosis for fodder improvement.

Table 1 -   Mean, range, phenotypic and genotypic coefficient of variation, heritability, and genetic advance as % of mean for various traits in Oats
	Characters
	Mean
	Range
	GCV
	PCV
	Heritability
	GA as % of mean

	PH
	147.19
	124-170
	4.86
	7.30
	44.35
	6.67

	TILLERSPMRL
	76.92
	65-88
	8.74
	9.21
	90.08
	17.09

	DFF
	105.78
	93-115
	4.83
	5.26
	84.31
	9.13

	PDGFY
	6.52
	4.43-8.07
	11.00
	11.13
	0.81
	20.78

	DMY
	152.00
	84.22-200.08
	13.45
	17.93
	0.19
	56.27

	PDDMY
	1.43
	0.84-1.87
	11.20
	16.31
	47.14
	15.84

	LW
	156.92
	110-210
	12.16
	18.71
	42.24
	16.28

	SW
	348.50
	300-290
	4.13
	7.58
	29.74
	4.64

	LS
	0.46
	0.28-0.67
	16.81
	25.27
	44.27
	23.04

	CP
	8.97
	7.91-10.36
	8.00
	8.21
	95.11
	16.08

	GFY
	689.78
	443.29-836.56
	4.24
	11.85
	12.80
	3.12


[PH: Plant Height (cm), TILLERSPMRL: Tillers per meter row length, DFF:  Days to 50% flowering, PDGFY: Per day Green Fodder Yield (q/ha/day), DMY: Dry Matter Yield (q/ha), PDDMY:  Per day Dry Matter Yield (q/ha/day), LW: Leaf weight (g), SW: Stem weight (g), LS: Leaf Stem Ratio, CP: Crude Protein %, GFY: Green Fodder Yield (q/ha) ]
 















Table 2 - Estimation of Phenotypic Correlation (above diagonal) and genotypic correlation (below diagonal) coefficients for different traits in Oats 
	
	
	PH
	TMRL
	DFF
	PDGFY
	DMY
	PDDMY
	LW
	SW
	LS
	CP

	PH
	1.000
	-0.106NS
	0.286NS
	-0.050NS
	0.201NS
	0.132NS
	0.253NS
	-0.160NS
	0.198NS
	0.354*

	TPMRL
	-0.215NS
	1.000
	-0.665**
	0.140NS
	-0.487**
	-0.348*
	0.134NS
	-0.208NS
	0.172NS
	0.027NS

	DFF
	0.444**
	-0.694**
	1.000
	-0.060NS
	0.496**
	0.253NS
	0.304NS
	-0.122NS
	0.242NS
	0.027NS

	PDGFY
	-1.773**
	0.949**
	-0.668**
	1.000
	0.518**
	0.604**
	0.131NS
	-0.114NS
	0.133NS
	-0.063NS

	DMY
	0.326NS
	-0.667**
	0.657**
	-0.423*
	1.000
	0.964**
	0.174NS
	-0.081NS
	0.137NS
	0.274NS

	PDDMY
	0.237NS
	-0.540**
	0.396*
	-0.145NS
	0.952**
	1.000
	0.087NS
	-0.040NS
	0.064NS
	0.347*

	LW
	0.364*
	0.072NS
	0.454**
	-0.422*
	0.040NS
	-0.170NS
	1.000
	-0.040NS
	0.983**
	-0.080NS

	SW
	-0.056NS
	-0.253NS
	-0.243NS
	1.235**
	0.152NS
	0.331*
	-1.040**
	1.000
	-0.938**
	-0.006NS

	LS
	0.225NS
	0.136NS
	0.365*
	-0.373*
	-0.019NS
	-0.209NS
	0.998**
	-1.027**
	1.000
	-0.070NS

	CP
	0.593**
	0.027NS
	-0.119NS
	-0.313NS
	0.382*
	0.518**
	-0.120NS
	-0.001NS
	-0.106NS
	1.000










Table 3 - Direct (diagonal) and indirect effects of various traits on Green Fodder Yield (q/ha) of Oats 

	
	PH
	TPMRL
	DFF
	PDGFY
	DMY
	PDDMY
	LW
	SW
	LS
	CP

	PH
	-0.073
	-0.004
	0.630
	-0.448
	-0.185
	0.092
	0.255
	0.014
	-0.212
	0.052

	TPMRL
	0.016
	0.020
	-0.983
	0.240
	0.378
	-0.210
	0.050
	0.061
	-0.129
	0.002

	DFF
	-0.033
	-0.014
	1.417
	-0.169
	-0.372
	0.154
	0.317
	0.058
	-0.344
	-0.011

	PDGFY
	0.130
	0.019
	-0.947
	0.253
	0.239
	-0.057
	-0.295
	-0.297
	0.351
	-0.028

	DMY
	-0.024
	-0.013
	0.930
	-0.107
	-0.566
	0.370
	0.028
	-0.037
	0.018
	0.034

	PDDMY
	-0.017
	-0.011
	0.561
	-0.037
	-0.539
	0.389
	-0.119
	-0.080
	0.197
	0.046

	LW
	-0.027
	0.001
	0.643
	-0.107
	-0.022
	-0.066
	0.699
	0.250
	-0.940
	-0.011

	SW
	0.004
	-0.005
	-0.344
	0.312
	-0.086
	0.129
	-0.727
	-0.241
	0.968
	0.000

	LS
	-0.017
	0.003
	0.518
	-0.094
	0.011
	-0.081
	0.698
	0.247
	-0.943
	-0.009

	CP
	-0.044
	0.001
	-0.168
	-0.079
	-0.216
	0.202
	-0.084
	0.000
	0.100
	0.089
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Table 4 – Loading values of each variable

	variables
	PC1
	PC2
	PC3
	PC4
	PC5
	PC6
	PC7
	PC8
	PC9
	PC10
	PC11

	PH
	-0.216
	-0.023
	-0.479
	0.224
	-0.696
	-0.365
	0.067
	0.190
	0.104
	-0.052
	-0.030

	TPMRL
	0.251
	-0.283
	0.243
	0.446
	-0.201
	0.099
	-0.740
	0.034
	0.011
	-0.025
	0.007

	DFF
	-0.392
	0.035
	-0.191
	-0.435
	-0.163
	0.469
	-0.349
	0.027
	-0.149
	-0.406
	0.250

	PDGFY
	-0.182
	0.088
	0.626
	0.262
	-0.238
	-0.027
	0.344
	0.003
	-0.216
	-0.526
	0.027

	DMY
	-0.430
	0.280
	-0.022
	0.083
	0.255
	-0.183
	-0.31
	-0.043
	-0.036
	-0.120
	-0.719

	PDDMY
	-0.359
	0.329
	0.047
	0.251
	0.322
	-0.347
	-0.205
	0.123
	0.081
	0.099
	0.633

	LW
	-0.305
	-0.463
	-0.023
	0.007
	0.016
	-0.189
	0.007
	-0.308
	-0.686
	0.294
	0.058

	SW
	0.217
	0.498
	0.019
	-0.1
	-0.295
	-0.125
	-0.144
	-0.749
	-0.045
	0.046
	0.082

	LS
	-0.278
	-0.482
	0.007
	0.031
	0.121
	-0.073
	0.063
	-0.497
	0.606
	-0.221
	0.052

	CP
	-0.085
	0.143
	-0.361
	0.639
	0.127
	0.568
	0.213
	-0.201
	-0.088
	0.029
	0.012

	GFY
	-0.407
	0.09
	0.387
	-0.064
	-0.323
	0.320
	0.031
	0.044
	0.254
	0.627
	-0.071



Table 5 – Eigenvalue 
	PC
	Eigenvalue
	Percentage of variance
	Cumulative percentage of variance

	PC1
	3.716
	33.781
	33.781

	PC2
	3.003
	27.299
	61.079

	PC3
	1.772
	16.108
	77.187

	PC4
	1.465
	13.321
	90.508

	PC5
	0.658
	5.979
	96.488

	PC6
	0.194
	1.766
	98.254

	PC7
	0.185
	1.683
	99.938

	PC8
	0.005
	0.044
	99.982

	PC9
	0.002
	0.016
	99.998

	PC10
	0.000
	0.001
	99.999

	PC11
	0.000
	0.001
	100.000
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