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Introduction 
Body weight (BW) is a fundamental biological and economically important trait in dairy cattle, 

reflecting growth, maintenance requirements, and overall production efficiency. However, 

routine BW recording is rarely feasible in smallholder production systems due to logistical and 

cost constraints, and consequently the genetic architecture of BW in smallholder crossbred 

populations remains poorly characterised. Body linear measurements, such as chest girth and 

body length, provide a low-cost alternative for approximating BW, but their suitability for 

genetic evaluation under smallholder conditions has not been well established. The objective of 

this study was to evaluate the feasibility of using body linear measurements for genetic 

evaluation of BW in smallholder crossbred dairy cows, and to quantify the relative contributions 

of additive genetic effects, breed composition, and production environment to variation in BW. 

 

Materials & Methods 
Body weight measurements. BW in crossbred and indigenous cows was derived from chest 

girth and body length measurements (in inches) recorded using measuring tapes, within the 

BAIF cattle development program across 13 states in India. Data originated from smallholder 

production systems with an average herd size of approximately 2.8 cows. A comprehensive 

quality control (QC) pipeline, comprising 80 sequential steps, was applied to address recording 

inconsistencies, unit errors, and biologically implausible measurements. BW was calculated 

using the standard formula:  
𝑔𝑖𝑟𝑡ℎ×𝑔𝑖𝑟𝑡ℎ×𝑙𝑒𝑛𝑔𝑡ℎ

660
. Following QC, approximately one third of the 

original BW records were excluded, leaving 189,762 measurements from 29,993 crossbred 

cows for subsequent analyses. 

 

Genotypes. Cows were genotyped using several SNP arrays of varying density, including 

Illumina GGP50K, 50K and high-density (HD), and Affymetrix 50K. Allele orientation 

between Illumina and Affymetrix platforms was confirmed using 96 animals genotyped on both 

platforms. SNPs with a call rate < 0.90 and a minor allele count < 25 were excluded, and 

samples with a call rate < 0.90 were removed. Duplicate samples were identified based on 

genotype correlations > 0.95 and were excluded from further analyses. Following genotype QC, 

animals genotyped on 50K arrays were imputed to HD using Minimac3 (Das et al., 2016), with 

a reference panel comprising 1,470 BAIF animals genotyped with the HD array, together with 

878 pure Holstein and 150 pure Jersey samples from the publicly available version (run 8) of 

the 1000 Bull Genomes Project (Hayes & Daetwyler, 2019). 

 

Genomic evaluation. The genomic evaluation used 88,097 BW records from 9,462 crossbred 

cows that passed both phenotype and genotype QC. In addition, 40,952 BW records from 6,768 
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crossbred cows that passed phenotype QC but were not genotyped were included, as these cows 

belonged to the same herds as the genotyped cows. Including non-genotyped cows substantially 

improved herd size for the analysis, particularly in herds with a single cow, increasing the 

average herd size from 2.1 to 3.5 cows per herd. The fitted model was as follows using Wombat 

(Meyer 2007): 

y = Xb + Z1a + Z2h + Z3sc + Z4pe + e      (1) 

where y is a vector of BW records, X is a design matrix linking the fixed effects to the BW 

records, and b is a vector of fixed effects.  Z1, Z2, Z3, and Z4 are design matrices linking BW 

records to additive genetic, herd, season-by-CDC (Cattle Development Centre) and permanent 

environmental (pe) random effects, respectively; a is a vector of random additive genetic effects 

assumed to be distributed as ~𝑁(0, 𝑮𝜎𝑎
2), where 𝑮 is a genomic relationship matrix constructed 

using the first method of VanRaden. Non-genotyped cows were assumed to be unrelated to each 

other and to genotyped cows, with diagonal elements of 1 in 𝑮. Investigation of genomic 

relationships among animals within herds, where more than one cow was genotyped, showed 

this was a reasonable assumption. 𝜎𝑎
2 is the additive genetic variance; h is a vector of random 

herd effects assumed to be distributed as ~𝑁(0, 𝑰𝜎ℎ
2), where 𝑰 is an identity matrix and 𝜎ℎ

2 is 

the herd variance; sc is a vector of random season-by-CDC effects assumed to be distributed as 

~𝑁(0, 𝑰𝜎𝑠𝑐
2 ), where 𝜎𝑠𝑐

2  is the season-by-CDC variance; pe is a vector of random permanent 

environmental effects assumed to be distributed as ~𝑁(0, 𝑰𝜎𝑝𝑒
2 ), where 𝜎𝑝𝑒

2  is the permanent 

environmental variance. Finally, e is a vector of residuals assumed to be distributed as 

~𝑁(0, 𝑰𝜎𝑒
2), where 𝜎𝑒

2 is the residual variance. Heritability was calculated as  

𝜎𝑎
2 (𝜎𝑎

2 + 𝜎𝑝𝑒
2 + 𝜎𝑒

2)⁄ .  

Fixed effects included the interaction between breed composition class (BC) by production 

environment (ENV), parity, and ENV modelled by a cubic polynomial. Breed proportions of 

indigenous, Holstein Friesian (HF) and Jersey (JR) ancestry were estimated for genotyped cows 

based on SNP genotypes using ADMIXTURE (Alexander et al., 2009). Earlier work by 

Strucken et al. (2021) had found that it was not possible to differentiate different indigenous 

breeds in crossbred ancestry, using the SNP data available.  

The breed composition classes were created by grouping the genotyped cows into four breed 

composition classes (C1 = 0–25%, C2= 25–50%, C3= 50–75%, and C4= 75–100%) based on 

their proportion of HF and separately for their proportion of Jersey. Non-genotyped  cows were 

classified as either HF cross (HF×) or JR cross (JR×) based on field observations. These 

groupings resulted in 12 possible combinations of HF and JR proportions. The production 

environment experienced by each cow was defined as the sum of herd and CDC effects derived 

from an analysis of milk yield. These estimates were ranked and grouped into the top, middle, 

and bottom one third, defining ENV with three levels: high, medium and low. The BC × ENV 

interaction was fitted as a fixed effect, yielding 36 levels (12 breed-composition classes × 3 

environment levels). 

 

Results & Discussion 
To our knowledge, this analysis represents one of the first large scale genetic evaluations of 

body weight in smallholder crossbred dairy cows using body linear measurements, conducted 

in the absence of a structured genetic testing program. Despite the constraints inherent to BW 

recording in smallholder production systems, substantial additive genetic variation was 

detected, indicating scope for genetic improvement. The heritability of a single BW record was 

estimated at 0.173 ± 0.021 (Table 1). The asymptotic heritability of average BW, defined as the 

ratio of additive genetic variance to the sum of additive genetic and permanent environmental 

variances, was approximately 0.222, reflecting the increased precision achieved through 

repeated measurements per cow. 
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Table 1. Estimates of additive genetic (𝜎𝑎
2), herd (𝜎ℎ

2), season-by-CDC (𝜎𝑠𝑐
2 ), pe (𝜎𝑝𝑒

2 ), and 

residual (𝜎𝑒
2) variances  

𝝈𝒂
𝟐 𝝈𝒉

𝟐  𝝈𝒔𝒄
𝟐  𝝈𝒑𝒆

𝟐  𝝈𝒆
𝟐 h2 

210.82 

(23.83) 

628.42 

(24.22) 

558.68 

(15.18) 

737.22 

(22.057) 

269.28 

(1.154) 

0.173 

(0.020) 

The standard error of the estimates is given in brackets 

 

Production environment had a strong impact on BW (Fig.1). The estimated average BW within 

each production environment was 398.9 kg in the high, 361.3 kg in the medium, and 310.0 kg 

in the low environment. Within each environment, BW varied only slightly across the lactation 

period (approximately 7 kg in the high and medium environments and 3 kg in the low 

environment). Under typical conditions, lactating cows experience BW loss early in lactation 

due to the high energy demands of milk production, followed by gradual recovery as lactation 

progresses and pregnancy develops. The limited variation observed across the lactation period 

in this study likely reflects that pregnancy affects body mass but does not necessarily influence 

chest girth and body length. Consequently, body linear measurements provide limited 

sensitivity to BW changes associated with pregnancy and short-term nutritional status, rather 

than growth. 

 

 
Figure 1. Body weight curves in high, medium, and low production environments. 

 

The estimated effects of HF and Jersey breed composition classes by environment are shown in 

Fig.2. In the low environment, BW increased with increasing HF proportion, whereas no clear 

trend was evident in the medium or high environments. The population has a lower average 

proportion of Jersey compared to HF with a very small number of cows with high grade Jersey, 

leading to larger SE of the estimates of high-grade Jersey composition classes. A slight 

downward trend for increasing Jersey ancestry was observed in the high environment, although 

this effect was not statistically significant. Differences in breed composition effects across 

environments are consistent with both variation in indigenous breed composition and strong 

direct environmental influences on BW. Within the set of households analysed here, smaller 

indigenous breeds, Red Sindhi and Non-Descript cattle, were predominantly observed in the 

low environment. Even within the same indigenous breed, mean BW differed substantially 

across environments, indicating a strong environmental effect on realised BW. Consequently, 

increasing HF proportion had little effect on BW in high environment, where crossbreeding 

would often involve larger indigenous breeds, but was associated with increased BW in low 

environment, where HF was more frequently crossed with smaller indigenous or non-descript 

cattle. Conversely, Jersey composition tended to be associated with lower BW in high 

environment compared with low environment, reflecting differences in the indigenous breed 

background across production environments.  
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The substantial influence of production environment on BW, as defined by achieved milk yield, 

indicates that environment metric is a measure of long-term herd environment and not just 

environment during lactation. This is consistent with the observation that most differences in 

BW are likely to have arisen during growth, as body linear measurements do not adequately 

reflect BW changes associated with short-term nutritional status, as discussed above. 

Despite the moderate heritability of BW, a large proportion of the phenotypic variation was 

associated with production environment, management, and seasonal effects. These results 

indicate that realised body weight in this smallholder crossbred population is shaped by both 

genetic potential and strong, persistent environmental and management influences. 

 

 
Figure 2. Estimated body weight (kg) of genotyped cows by breed composition classes within 

production environments classified as High, Med, and Low. Breed composition classes were 

defined from the proportion of Holstein-Friesian (HF) and, separately, Jersey (JR) ancestry as 

C1 = 0–25%, C2 = 25–50%, C3 = 50–75%, and C4 = 75–100%. Error bars represent standard 

errors. 

 

Conclusions 
Body weight derived from linear body measurements can be used for genetic evaluation in 

smallholder dairy cattle. Although heritability was moderate, BW was strongly influenced by 

production environment, management, and breed background, highlighting the importance of 

accounting for long-term environmental effects in genetic evaluation. 
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