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Introduction

Udder morphology and functionality are central determinants of both productive efficiency and
animal welfare in dairy systems, as they influence milking performance, susceptibility to
mastitis, longevity, and ease of herd management. The wide adoption of automatic milking
systems (AMS) in dairy herds has advanced high-throughput phenotyping by enabling the
continuous, objective collection of longitudinal records linked to udder morphology and
milking performance (Poppe et al., 2019). For instance, AMS routinely capture Cartesian teat
coordinates at each milking, from which udder conformation traits can be derived (Medeiros
et al., 2024). As udder conformation is not static across lactation and reflects biological and
mechanical changes over time, random regression models (RRM) provide a suitable analytical
framework to accommodate such dynamics by modeling additive genetic and permanent
environmental trajectories as continuous functions of days in milk (DIM), commonly using
Legendre orthogonal polynomials (LEG) (Oliveira et al., 2019). Hence, the main objective of
this study was to estimate genetic parameters for AMS-derived udder conformation traits and
daily milk yield (DMY) in American Holstein cows using genomic RRM.

Materials & Methods

Phenotypic and genomic data. Data were obtained from a commercial Holstein herd in
Indiana, USA, using 36 AMS units that recorded per-visit milking data from 2017 to 2024.
Initially, 12,868,983 milking events from 8,061 cows in lactations 1, 2, and 3+ were available.
Quality control was performed to remove records with missing teat-coordinate data, teat cup
attachment errors (Medeiros ef al., 2024), missing lactation information, and observations
outside 5-305 DIM. After editing, 10,422,361 milking events from 7,546 cows remained. Per-
visit observations were then aggregated into daily averages for udder conformation traits and
daily totals for DMY, yielding 3,804,166 daily records across lactations. A total of 26,345
Holstein cattle were genotyped using SNP panels of multiple densities. After removing non-
autosomal or ambiguously mapped markers and excluding animals with call rates <90%, all
panels were merged and missing genotypes were imputed with Flmpute (Sargolzaei et al.,
2014), yielding 76,863 autosomal SNPs across all individuals. Post-imputation quality control
filtered out animals or SNPs with call rate < 0.90, MAF < 0.05, or extreme deviations from
Hardy—Weinberg equilibrium (P < 1x107®). The final genomic dataset used for the analyses
comprised 60,499 SNPs from 6,378 cows with phenotypic records.

Trait definitions. The udder conformation traits derived were udder depth (UD), front teat
distance (FTD), rear teat distance (RTD), distance front—rear (DFR), and udder balance (UB).
Records exceeding +3.5 standard deviations from their contemporary group mean (CG, defined


https://doi.org/10.31274/wcgalp.24063
https://creativecommons.org/licenses/by/4.0/
mailto:gdiasrod@purdue.edu

by calving year, season, and lactation number) were excluded prior to fitting the RRM. The
descriptive statistics are shown in Table 1.

Table 1. Descriptive statistics of udder conformation traits and daily milk yield in American
Holstein cattle'

Trait Ncows Nrecords Mean SD Mill MaX CV(OA))

UD (mm) 7,545 3,800,671 616.10 63.62 37550  816.62 10.33
FTD (mm) 7,543 3,799,315 156.93  34.09 25.75 314.66 21.72
RTD (mm) 7,540 3,791,273 69.70 24.68 7.67 193.50 35.41
DFR (mm) 7,546 3,800,515 13936  30.68 30.17 265.33 22.01
UB (mm) 7,545 3,800,553 21.06 16.88  -54.50 89.00 80.13
DMY (kg) 7,536 3,798,625 40.37 9.89 0.82 83.60 24.49

'UD = udder depth; FTD = front teat distance; RTD = rear teat distance; DFR = distance front-rear; UB = udder
balance; DMY = daily milk yield; N¢ows = number of cows with phenotypic records. Nyecords = number of daily
records.

Random regression analyses. Random regression analyses were performed separately for
lactations 1, 2, and 3+. For each dataset, trajectories across DIM were modeled as continuous
functions using LEG of increasing order (linear to quartic). Fixed effects included the CG and
a fixed regression describing the average population trajectory across DIM, whereas random
effects included additive genetic, permanent environmental, and residual effects. The same
polynomial order was applied to both additive genetic and permanent environmental effects (k,
= k,) to maintain parsimony. Residual variance was modeled as either homogeneous (r = 1) or
heterogeneous (r = 10) across 10 DIM classes (535, 36—65, and so forth). Model comparison
was based on the Bayesian Information Criterion (BIC), and the best-fitting model was selected
as the one with the lowest BIC. Variance components and genetic parameters across DIM were
estimated using the best-fitting model for each trait within each lactation by the AIREML
algorithm under a GBLUP framework using the blupf90+ software (Misztal ef al., 2014).

Results

The best-fitting RRM for each trait ranged from third- to fifth-order LEG, and models assuming
heterogeneous residual variances provided a superior fit compared to those assuming
homogeneous residual variances. The RRM captured changes in the magnitude of additive
genetic variance (6%), with higher 6% observed in later parities. The UD trait exhibited the
highest h? (0.33 to 0.71), followed by DFR (0.40 to 0.64), FTD (0.36 to 0.63), RTD (0.10 to
0.47), UB (0.15 to 0.44), and DMY (0.13 to 0.33) (Table 2).

Within-trait genetic correlations (rg) between DIM were very close to 1.0 for most DIM
combinations, indicating that the same set of genes largely influence each trait throughout
lactation. However, 1 between extreme time points (e.g., DIM 5 vs. 305) were lower, although
they remained higher than 0.75 for udder conformation traits, whereas for DMY they were
reduced but still higher than 0.30. The UD trait exhibited moderate negative rg with FTD, RTD,
and DFR, with the lowest rg reaching —0.39, whereas FTD and RTD were strongly and
positively correlated (rg up to 0.85). The rg estimates between udder conformation traits with
DMY were weak to moderate at most DIM time points, suggesting that largely distinct sets of
genes influence DMY and udder conformation traits across lactation (Table 3).

Discussion

The higher 6%, observed in later parities likely reflect a clearer expression of genetic differences
in udder conformation once cows reach full physical and mammary maturity, coupled with the
cumulative effects of herd-level selection and culling. The h? estimates also showed temporal
patterns, with moderate to strong genetic control for udder conformation traits and low-to-
moderate h? for DMY. Some traits displayed wider h? ranges across DIM, indicating greater
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sensitivity of genetic expression to lactation stage. Notably, h? tended to peak during mid-
lactation, consistent with more stable phenotypic expression after early-lactation stress and
before late-lactation involution-related changes.

Table 2. Ranges (minimum to maximum values) of variance component and heritability (h?)
estimates from random regression models for udder conformation traits across lactations in
American Holsteins milked by automatic milking systems'.

Trait Lact WA age o2 h?
1 878.8 - 1,668.2 533.6 - 646.5 20.6 - 59.9 0.58-0.71
UD 2 1,093.3-1,209.2 664.0 -2,168.4 14.8 -34.2 0.33-0.64
3+ 1,510.2 - 1,754.8 803.5-1,350.5 123.1 - 181.3 0.51-0.65
1 444.9 - 693.4 258.7 -490.3 20.1 - 65.8 0.53-0.63
FTD 605.9 - 711.9 523.8-1,238.3 20.6 - 50.8 0.36-0.53
3+ 674.1-779.4 711.2 -984.2 90.7-171.4 0.41-0.48
1 143.2-178.9 166.6 - 1,024.6 19.4-110.9 0.12-0.47
RTD 205.3-261.3 3349-2,159.9 13.9-379 0.10-0.41
3+ 291.5-377.7 488.2 -721.2 49.1-954 0.28 -0.38
1 241.2 - 343.2 128.3-265.4 14.39 -38.4 0.55-0.64
DFR 361.7 -401.6 215.5-538.8 16.14 - 28.3 0.40-0.62
3+ 442.8 - 493.3 277.9 -427.1 46.04 - 63.1 0.49 - 0.59
1 66.6 - 81.6 75.3-211.2 587-134 0.26-0.44
UB 93.1-107.0 143.9 - 547.8 8.26 -19.5 0.15-0.41
3+ 140.1 - 173.1 189.4 - 3814 27.9-32.5 0.25-0.44
1 6.7-19.8 18.9-64.9 4.77 - 8.13 0.18-0.33
DMY 2 10.6 - 32.5 35.1-210.7 6.31-15.5 0.13-0.21
3+ 169 -379 48.4 - 152.6 199-323 0.15-0.21

''UD = udder depth; FTD = front teat distance; RTD = rear teat distance; DFR = distance front-rear; UB = udder
balance; DMY = daily milk yield; Lact = lactation; o; = additive genetic variance; Gf,e = permanent environment
variance; 62 = residual variance; hyerage = represents the average of the h? estimates obtained across all DIM.

Table 3. Ranges (minimum to maximum values) of genetic correlations estimates between
udder conformation traits and daily milk yield using random regression models across
lactations in American Holsteins milked by automatic milking systems'

Genetic correlation

Lactation 1

Lactation 2

Lactation 3+

UD x FTD -0.39 to 0.37 -0.10 to 0.05 -0.30 to -0.20
UD x RTD -0.23 t0 0.44 - -0.31t0 -0.21
UD x DFR -0.27 to -0.07 -0.23 t0 -0.09 -

UD x UB - -0.04 to 0.06 0.19t0 0.27
FTD x RTD 0.12 t0 0.85 - 0.50 to 0.65
FTD x DFR -0.07 to 0.45 0.10 to 0.27 0.26 to 0.38

FTD x UB -0.29 t0 0.02 -0.28 to -0.18 -0.37t0 -0.21
RTD x DFR -0.09 to 0.26 - 0.151t00.27

RTD x UB -0.23 to0 0.44 -0.25 t0 0.00 -

DFR x UB 0.08 to 0.27 0.00 to 0.16 -0.17 to0 -0.03
UD x DMY -0.38 t0 0.51 - 0.01 to 0.43
FTD x DMY 0.26 t0 0.43 -0.01 to 0.31 -0.13 t0 0.30
RTD x DMY -0.11 t0 0.19 -0.58 t0 0.15 -0.30 to 0.04
DFR x DMY 0.13 t0 0.37 0.24 to 0.57 -0.14 t0 0.26
UB x DMY -0.18t0 0.13 -0.08 to 0.23 0.03 to 0.25

''UD = udder depth; FTD = front teat distance; RTD = rear teat distance; DFR = distance front-rear; UB = udder
balance; DMY = daily milk yield. Genetic correlations with “-” did not converge.
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The rg between different DIM time-points within the same trait and lactation were consistently
strong and positive for udder conformation traits, indicating minimal re-ranking of animals
over time for each trait and suggesting that genetic expression is largely stable across the
lactation. Lower ry were primarily observed between extreme time points (e.g., DIM 5 vs. DIM
305), which may reflect physiological and metabolic changes associated with early and late
lactation and further suggests that mid-lactation records may be more informative for
characterizing udder conformation. This degree of genetic stability implies that dense daily
phenotyping may not be necessary to capture most of the additive genetic signal, with practical
implications for optimizing data collection strategies in AMS. From a breeding-program
perspective, these results support prioritizing a limited set of strategically chosen DIM to
estimate genomic estimated breeding values for udder conformation while reducing data
volume and computational demands in AMS-based evaluations.

The strong and positive rg between FTD and RTD, whereas negative and moderate r; between
UD and teat spacing traits suggested a potential trade-off between vertical udder positioning
and teat geometry, reinforcing the need for balanced selection objectives. In contrast, 1
between udder conformation traits and DMY were weak in most time-point combinations,
implying limited overlap in additive genetic control and indicating that selection to improve
udder structure can be implemented with low risk of unfavorable correlated responses in DMY.

Conclusions

Udder conformation traits derived from AMS are under moderate to strong genetic control,
supporting their inclusion as selection objectives. The strong within-trait genetic continuity
across DIM implies limited animal re-ranking over time and suggests that dense daily recording
may be unnecessary to capture most of the additive genetic signal. The r, among udder
conformation traits underscore the importance of multi-trait selection strategies to balance
correlated responses in udder structural integrity and teat geometry. Moreover, the weak rg
between udder conformation traits and DMY indicate that improving udder structure can likely
be achieved with low risks of unfavorable correlated responses in milk production.
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