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Multivariate Analysis of Production and Udder Morphometric Traits in Kankrej Cows Using Canonical Correlation Analysis


Abstract
Understanding the relationship between morphological and production traits is essential for improving dairy performance through genetic selection. The present study explores the multivariate relationships between udder morphometric characteristics and milk production traits in Kankrej cattle using Canonical correlation analysis (CCA). A total of 305 lactating Kankrej cows were evaluated for six production traits viz; test day milk yield (TDMY), fat percentage, solids-not-fat (SNF), protein, lactose and total solids (TS) alongside eleven udder morphometric measurements, including udder length (UL), udder width (UW), udder depth (UD) and teat dimensions across all four quarters. Descriptive statistics and pearson correlation coefficients were computed within and between the two trait sets. CCA revealed that the first canonical correlation coefficient was 0.603 (p < 0.01), indicating a significant multivariate association between udder morphology and production traits. The first pair of canonical variates explained 36.4% of the shared variance. Within the production trait set, TDMY (-0.981) was the dominant contributor, followed by lactose (-0.255) and SNF (-0.185). In the udder trait set, UL (-0.892), UW (-0.818) and UD (-0.668) were the most influential contributors. The results emphasize that udder morphometric traits such as UL, UW and UD significantly impact milk yield and composition, making them valuable indicators for selection. This study contributes to the limited literature on multivariate trait interrelationships in indigenous cattle and provides a foundation for incorporating udder morphology into breeding programs. Improving dairy productivity in Kankrej cattle through selection based on morphometric-functional relationships is both feasible and practical under field conditions.
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Introduction
Milk production in dairy cows is a multifactorial trait governed by genetic potential, physiological status, environmental conditions and morphological characteristics of the mammary gland. Among these factors, udder morphometric traits are of particular importance because they directly influence milk synthesis, storage capacity, milk ejection efficiency and udder health. Consequently, understanding the relationship between production traits and udder morphometry is essential for improving dairy performance and sustainability. Udder morphometric traits including udder depth, udder length, udder width, teat length, teat diameter and teat placement reported to significantly affect milk yield and milk ability, as well as the incidence of mastitis (Rogers et al., 1991; Zwertvaegher et al., 2011). Cows with well attached, moderately deep udders and properly placed teats exhibit better milking efficiency and longer productive life.
The association between production traits and udder morphometric traits is inherently multivariate, as multiple traits interact simultaneously rather than independently. Selection for milk yield alone may lead to undesirable changes in udder conformation, increasing susceptibility to udder injuries and health problems (Ali and Schaeffer, 1987). Multivariate technique as canonical correlation analysis enables the simultaneous assessment of complex associations among multiple production and morphometric traits (Mrode, 2014). Significant genetic and phenotypic correlations between milk production traits and udder conformation traits have been reported, emphasizing the need to incorporate udder morphology into breeding programs (Berry et al., 2004; DeGroot et al., 2002). The aim of this study was to determine the relationship between some production and morphometric traits of Kankrej cows by canonical correlation analysis. 
Materials and methods
Animals and data collection
The data on the present study were collected from the Livestock research station, Kamdhenu university, Sardarkrushinagar. A total of 305 lactating Kankrej cows were assessed for six production traits: test day milk yield (TDMY), fat percentage (FAT), solids not fat (SNF), protein percentage (PROTEIN), lactose percentage (LACTOSE) and total solids (TS). Eleven udder morphometric traits were measured: udder length (UL), udder width (UW), udder depth (UD), teat length left front (TLLF), teat length left rear (TLLR), teat length right front (TLRF), teat length right rear (TLRR), teat diameter left front (TDLF), teat diameter left rear (TDLR), teat diameter right front (TDRF) and teat diameter right rear (TDRR).
Experimental animals management
The lactating Kankrej cows were milked twice daily, in the morning and evening, using machine milking systems. Animals were maintained under a semi intensive management system. A concentrate ration of 2 kg per animal per day was provided to meet maintenance requirements, with additional concentrate supplied at 40% of daily milk yield to fulfill production related energy demands. Nutrient requirements were met through a balanced combination of concentrate, dry fodder and green fodder in accordance with ICAR (2013) feeding standards. Additionally, mineral supplementation was provided at the rate of 30 g per animal per day mixed with the concentrate.
Statistical analysis
Descriptive statistics and pearson correlations were calculated. Canonical correlation analysis was performed to evaluate the multivariate relationships between the two sets of traits using statistical package YACCA available on R software version 4.4.2(R project, 2025). It was used to extract canonical variates (linear combinations) from each set of variables. The canonical correlations between these pairs were computed and the significance was tested using Wilks' Lambda statistics. The structure coefficients and canonical loadings were interpreted to understand the contribution of each variable to the canonical function. Variables with high co linearity were considered for exclusion. Canonical loadings greater than |0.30| were considered meaningful for interpretation.
Results and discussion
1. Production performance and udder morphometry of Kankrej cows
The descriptive statistics revealed considerable variability across all production and morphometric traits in the present study on Kankrej cows (Table 1). The mean TDMY was found as 8.53 kg whereas fat, solid not fat (SNF), protein, lactose and total solids (TS) percentage as 3.96, 8.77, 3.24 and 4.84, respectively in Kankrej cows. Mean udder length, width and depth were recorded as 56.71 cm, 70.19 cm and 29.60 cm, respectively. Mean teat lengths of fore teats recorded consistently higher (9.09 and 9.1 cm) than those of mean rear teats (7.99 and 7.94 cm) cm. Similarly, teat diameters were greater in fore teats (28.65 and 27.62 mm) compared to rear teats (24.82 mm), indicating anatomical differentiation between fore and rear quarters.

Table-1 Descriptive statistics for production performance and udder traits (n=305) 
	Traits
	Mean
	SE
	Minimum
	Maximum

	Production performance traits (Set I)

	TDMY
	8.53
	0.18
	0.53
	16.77

	FAT
	3.87
	0.07
	1.30
	6.90

	SNF
	8.85
	0.04
	5.40
	9.90

	PROTEIN
	3.24
	0.02
	2.00
	5.20

	LACTOSE
	4.84
	0.02
	3.00
	5.80

	TS
	12.71
	0.08
	8.00
	16.10

	Udder morphometric traits (Set II)

	UL
	56.71
	0.57
	23.00
	81.40

	UW
	70.19
	0.61
	42.60
	99.00

	UD
	29.60
	0.37
	14.20
	47.70

	TLLF
	9.09
	0.13
	4.00
	17.00

	TLLR
	7.99
	0.11
	4.00
	16.00

	TLRF
	9.11
	0.15
	3.40
	17.50

	TLRR
	7.94
	0.12
	3.00
	16.20

	TDLF
	28.65
	0.47
	6.56
	55.04

	TDLR
	24.82
	0.40
	5.78
	54.58

	TDRF
	27.62
	0.48
	5.02
	55.06

	TDRR
	24.39
	0.41
	4.63
	47.31


(UL=udder length, UW=udder width, UD=udder depth, TLLF=teat length left fore, TLLR=teat length left rear, TLRF=teat length right fore, TLRR=teat length right rear, TDLF=teat diameter left fore, TDLR=teat diameter left rear, TDRF=teat diameter right fore, TDRR=teat diameter right rear)

2. Pearsons’ correlation coefficient of production and udder morphometric traits of Kankrej cows
Based on the results of Pearsons’ correlation coefficient for production performance traits (Table 2), TDMY was positively correlated with SNF (0.164**), PROTEIN (0.163**) and LACTOSE (0.152**) and negatively with FAT (-0.132*). Highest correlation observed between milk fat and total solids (TS). Furthermore, SNF, protein, lactose and TS were positively and highly significantly interrelated, reflecting a coordinated pattern of variation among milk composition traits. Similar findings were reported by Shribhu et al. (2019) and Dora (2017).
Table- 2 Correlations between first set of variable (Production performance traits) 
	Traits
	TDMY
	FAT
	SNF
	PROTEIN
	LACTOSE
	TS

	TDMY
	1
	-0.132*
	0.164**
	0.163**
	0.152**
	-0.053

	FAT
	
	1
	-0.084
	-0.034
	0.008
	0.885**

	SNF
	
	
	1
	0.720**
	0.800**
	0.375**

	PROTEIN
	
	
	
	1
	0.652**
	0.293**

	LACTOSE
	
	
	
	
	1
	0.369**

	TS
	
	
	
	
	
	1



Based on the results of Pearsons’ correlation coefficient for udder morphometric traits (Table 3), udder length, width and depth were positively and significantly correlated with the diameters of all fore and rear teats, suggesting that increased udder size is accompanied by larger teats, which may facilitate improved milk flow. The significant positive correlations were observed, especially between TLLF and TLRF (0.783**) and TLRF and TLRR (0.688**).Significant and positive relationship found between udder dimensions and all teat diameters, suggesting that increased udder size is associated with greater teat thickness, supporting improved milk flow, in agreement with Prasad et al. (2010).
Table-3 Correlations between second set of variable
	Traits
	UL
	UW
	UD
	TLLF
	TLLR
	TLRF
	TLRR
	TDLF
	TDLR
	TDRF
	TDRR

	UL
	1
	0.547**
	0.423**
	0.073
	0.064
	0.055
	0.045
	0.227**
	0.172**
	0.201**
	0.213**

	UW
	
	1
	0.689**
	0.106
	0.049
	0.026
	0.106
	0.192**
	0.142*
	0.175**
	0.204**

	UD
	
	
	1
	0.118*
	0.032
	0.013
	0.1
	0.238**
	0.120*
	0.118*
	0.155**

	TLLF
	
	
	
	1
	0.711**
	0.783**
	0.649**
	0.684**
	0.483**
	0.591**
	0.504**

	TLLR
	
	
	
	
	1
	0.695**
	0.750**
	0.502**
	0.611**
	0.493**
	0.532**

	TLRF
	
	
	
	
	
	1
	0.688**
	0.539**
	0.460**
	0.707**
	0.502**

	TLRR
	
	
	
	
	
	
	1
	0.488**
	0.511**
	0.474**
	0.692**

	TDLF
	
	
	
	
	
	
	
	1
	0.707**
	0.740**
	0.695**

	TDLR
	
	
	
	
	
	
	
	
	1
	0.652**
	0.739**

	TDRF
	
	
	
	
	
	
	
	
	
	1
	0	.668**

	TDRR
	
	
	
	
	
	
	
	
	
	
	1



The Pearsons’ correlation coefficient analysis between milk composition traits (first set of variables: TDMY, FAT, PROTEIN, LACTOSE, TS) and Udder morphometric traits (second set of variables: UL, UW, UD, TLLF, TLLR, TLRF, TLRR, TDLF, TDLR, TDRF, TDRR) provides simple relationships between these two sets of variables. Moderate to strong positive correlations were observed between TDMY and UL (0.527**), UW (0.484**) and UD (0.399**), suggesting that larger udders support higher milk yield (Table- 4). Comparable results were reported by Saiyed (1987) in Jersey × Kankrej crossbreds. These findings were further supported by Kshatriya et al. (2009) and Prajapati et al. (1998) in Kankrej cows. Fat showed a weak negative association, while SNF and lactose were positively correlated with udder traits; protein and total solids showed non-significant relationships. Similar observations reported by Saiyed (1987) and Waghmare and Siddiqui (2000).

Table-4 Correlations between two sets of variable (Production & Udder morphometric traits)
	Traits
	TDMY
	FAT
	SNF
	PROTEIN
	LACTOSE
	TS

	UL
	0.527**
	-0.114*
	0.088
	0.101
	0.130*
	-0.074

	UW
	0.484**
	-0.112*
	0.112*
	0.106
	0.137*
	-0.062

	UD
	0.399**
	-0.023
	0.126*
	0.074
	0.148**
	0.031

	TLLF
	0.05
	-0.004
	-0.017
	0.046
	-0.017
	-0.029

	TLLR
	0.058
	0.036
	-0.077
	-0.008
	-0.056
	-0.002

	TLRF
	0.004
	-0.055
	0.029
	0.036
	0.027
	-0.052

	TLRR
	0.035
	0.003
	-0.019
	-0.031
	0.007
	-0.017

	TDLF
	0.206**
	-0.07
	0.015
	0.015
	-0.004
	-0.074

	TDLR
	0.174**
	-0.024
	0.016
	-0.021
	-0.047
	-0.009

	TDRF
	0.143*
	-0.06
	0.017
	-0.003
	0.011
	-0.061

	TDRR
	0.192**
	-0.027
	0.017
	-0.03
	0.042
	-0.024



3. Multivariate Analysis of Production and Udder Morphometric Traits in Kankrej Cows Using Canonical Correlation Analysis
The Canonical Correlation Analysis (CCA) conducted between milk composition traits (first set of variables: TDMY, FAT, SNF, PROTEIN, LACTOSE, TS) and udder, teat morphometric traits (second set of variables: UL, UW, UD, TLLF, TLLR, TLRF, TLRR, TDLF, TDLR, TDRF, TDRR) provides valuable insights into the multivariate relationships between these two sets of variables (Table 5). The first canonical correlation was observed as 0.603 with shared variance of 36.4%, which was statistically significant (χ² = 213.130, p < 0.01) and the highest among all functions. Similarly, the second canonical correlation was 0.332 with a shared variance of 11%, which was also statistically significant (χ² = 79.796, p < 0.01), though lower. Subsequent canonical correlations were lower and statistically non-significant in the present study. 
Table -5 Canonical correlation analysis (CCA) for both the sets of variables
	Canonical variates
	CV 1
	CV 2
	CV 3
	CV 4
	CV 5
	CV 6

	Canonical correlations
	0.603
	0.332
	0.259
	0.229
	0.131
	0.111

	Shared variance
	0.364
	0.110
	0.067
	0.053
	0.017
	0.012

	Bartlett's Chi-Squared test

	Chi-square
	213.130
	79.796
	45.270
	24.719
	8.768
	3.653

	Significance
	**
	**
	NS
	NS
	NS
	NS

	Production traits structural correlations (Loadings)

	TDMY
	-0.981
	0.143
	0.008
	0.091
	0.082
	-0.036

	FAT
	0.204
	0.284
	0.351
	-0.405
	0.496
	-0.587

	SNF
	-0.185
	-0.072
	-0.646
	0.037
	-0.339
	-0.653

	PROTEIN
	-0.176
	-0.137
	0.010
	0.307
	-0.553
	-0.741

	LACTOSE
	-0.255
	-0.227
	-0.317
	-0.428
	-0.536
	-0.559

	TS
	0.120
	0.331
	0.029
	-0.368
	0.250
	-0.823

	Udder morphomerty traits structural correlations (Loadings)

	UL
	-0.892
	-0.024
	0.074
	0.047
	-0.051
	0.025

	UW
	-0.818
	-0.034
	-0.059
	0.070
	-0.056
	-0.103

	UD
	-0.668
	0.080
	-0.185
	-0.227
	0.237
	-0.489

	TLLF
	-0.093
	-0.369
	0.266
	0.298
	0.386
	-0.312

	TLLR
	-0.084
	0.074
	0.420
	0.091
	0.217
	0.071

	TLRF
	-0.033
	-0.419
	-0.066
	0.157
	0.066
	-0.083

	TLRR
	-0.077
	-0.245
	0.032
	-0.156
	0.400
	0.124

	TDLF
	-0.350
	-0.267
	-0.024
	0.296
	0.583
	0.152

	TDLR
	-0.249
	0.348
	-0.183
	0.284
	0.471
	0.213

	TDRF
	-0.252
	-0.258
	-0.099
	0.113
	0.443
	0.206

	TDRR
	-0.333
	-0.067
	-0.109
	-0.231
	0.409
	0.271



The significant canonical correlations indicate a strong association between udder morphology and milk production traits in indigenous Kankrej cows. These findings are in line with Ural and Bairitci (2013) reported the relationship between some udder and body traits in Holstein cows and found the most contributing variables were HW (height at withers) and BL (body length ) from body traits, LRUTP (left rear udder teat perimeter) and RRUTP (right rear udder teat perimeter) from udder traits with first canonical variable as 0.62 (p>0.05). For instance, in Murrah×Jafarabadi crossbred buffaloes; canonical correlation analysis revealed that body morphometric traits such as breast width and body length significantly influence milk production and reproductive traits (Melo et al., 2020). Thomas and Chakravarty (2000) examined the association between breeding efficiency for milk and growth and reproductive traits in female Murrah buffaloes and obtained a positive and significant canonical correlation (r = 0.97) between the two groups of variables, showing a strong dependency. Similarly, studies on Honamli goats showed that udder circumference had significant positive correlations with daily milk yield, highlighting the importance of udder morphology in milk production (Elmaz et al. 2018). In sheep, Çankaya and Kayaalp (2007) reported a significant first canonical function and a canonical correlation of 0.93 between body morphometric traits and body weights. In swine, Barbosa et al. (2016) identified three significant canonical functions (r = 0.41, r = 0.34, r = 0.33) for meat quality and carcass traits.  In quail, Ribeiro et al. (2016) reported a significant canonical function (r = 0.34) for egg production and reproductive traits. These comparisons suggest that udder morphometric traits are reliable indicators of milk production potential across different dairy species. 
The cross-loadings indicate the correlation of each observed variable (dependent or independent) with the opposite canonical variate. In this study, the cross-loadings showed that production traits were correlated with udder and teat morphometry traits, confirming the relationship between both groups. 
Among the production traits, TDMY (–0.981) was the most dominant contributor to the first canonical variate, followed by LACTOSE (–0.255) and SNF (–0.185). Among the udder traits, UL (–0.892), UW (–0.818), and UD (–0.668) showed the highest contributions. In line with this, Melo et al. (2020) found that higher canonical loadings were obtained for LL (lactation length;0.49), FCI (first calving interval;0.46), BW (breast width; –0.71), BL (body length; –0.56), DHI (distance from the head to ischium; –0.34), HEW (height withers; –0.38) and TP (thoracic perimeter; –0.50). These traits played a major role in deriving the canonical variates and had strong canonical correlations between the dependent (LL/FCI) and independent (BW, BL, DHI, HEW, TP) groups. 
Conclusions
The present study on multivariate analysis through canonical correlation analysis confirmed a significant association between production and udder morphometric traits in Kankrej cows. The first canonical variate emphasized the role of udder size (UL, UW, UD) in determining test day milk yield in Kankrej cows. These findings can guide selection and breeding strategies in indigenous breeds to enhance productivity through functional conformation traits.
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