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Introduction 

Bovine respiratory disease (BRD) and neonatal calf diarrhea (NCD) are major calf health 

disorders with substantial welfare and economic impacts. Pre-weaning illness can also depress 

later growth and increase culling risk (Dubrovsky et al., 2020). Dairy farms are increasingly 

adopting calf group housing with automated milk feeders (AMF), which can reduce human 

labor, improve calf welfare, and generate detailed longitudinal records of milk intake and 

feeding behavior. However, group housing may also elevate pathogen exposure, underscoring 

the need for approaches that combine monitoring and genetic improvement to enhance calf 

resilience (Graham et al., 2024). Resilience can be defined as the ability to maintain 

performance through short-term perturbations or rapidly return to an expected trajectory 

(Colditz and Hine, 2016). Calf resilience indicators can be derived based on variability in daily 

milk consumption (DMC) and drinking speed (DS) recorded by AMF. Therefore, the objectives 

of this study were to (1) derive deviation-based calf resilience indicators from DMC and DS 

recorded by AMF systems, including a scale-adjusted formulation when deviation variance 

depended on intake level, and (2) estimate variance components and genetic parameters for 

these calf resilience indicators, BRD, and NCD traits based on Single-step Genomic REML. 

We hypothesized that calves with genetically more stable feeding trajectories would show lower 

disease susceptibility. 

 

Materials & Methods 

Data and Data Editing. Data from 20,241 U.S. Holstein calves born between 2015 and 2024 

were collected using Förster-Technik AMF. Calves were group-housed until weaning (≈60 d) 

on pens with 40.69±12.3 calves and AMF systems. The datasets included DMC, DS, milk 

entitlement, pen assignment, and health treatment records. Feeders were programmed with calf-

specific milk entitlements and per-visit/per-day thresholds and implemented a step-down 

weaning program (milk gradually reduced from ~d32 to d60). The pedigree file included 32,536 

calves and 15,946 calves were genotyped for 56,985 genomic markers after quality control, as 

described in Graham et al. (2024). Finally, calves with more than six missing feeding days in 

total or more than six consecutive missing days were removed from the dataset, yielding 14,957 

calves with complete phenotypes. 
 

Trait Development. For each calf and trait (DMC and DS), an expected daily trajectory was 

estimated using a centered 5-day moving median (Poppe et al., 2020), with moving window 

size, w=3 and w=7 assessed for sensitivity. Daily deviations were computed as: 𝑑𝑡 = 𝑥𝑡 − 𝑥𝑡̂, 

where 𝑥𝑡 is the observed daily value and 𝑥𝑡̂ is the moving-median expectation for day t. These 

deviations were summarized as the natural logarithm of the variance of deviations: 𝐿𝑁 =
 𝑙𝑛{𝑉𝑎𝑟(𝑑𝑡)}. Asymmetry of deviations was summarized as skewness of deviations (SK), 

where negative values indicate a heavier left tail (more extreme negative deviations) and 
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positive values indicate a heavier right tail (more extreme positive deviations) (Poppe et al., 

2020). Because absolute deviations can be level-dependent (i.e., calves with higher expected 

levels may show larger absolute deviations), we evaluated level dependence by correlating the 

LN traits (LNMC and LNDS) with each calf’s mean expected trajectory level, 𝑥̅̂. For DS, LNDS 

showed minimal association with 𝑥̅̂ (Pearson correlation ≈ 0.13). For DMC, LNMC showed 

substantial level-dependence (Pearson correlation ≈ 0.58). Therefore, we additionally computed 

a scale-adjusted DMC variability indicator based on relative deviations: 𝐿𝑅 =  𝑙𝑛{𝑉𝑎𝑟(𝑟𝑡)},  
where,  𝑟𝑡  =  (𝑥𝑡  −  𝑥̂𝑡)/𝑥̂𝑡. This relative-deviation formulation reduced the linear association 

between variability and intake level (Pearson correlation ≈ −0.01 between LRMC and 𝑥̅̂), 

improving interpretation of this variation as proportional perturbation response rather than a 

mixture of perturbation response and intake level (Keßler et al., 2024).  

Four health traits were also analyzed: BRD incidence (INBR; 0/1), number of BRD treatments 

(NBRD), number of NCD treatments (NNCD), and age at first BRD treatment (AFBR, days; 

set to 60 for calves without pre-weaning BRD records). Health traits, especially NNCD, were 

highly zero-inflated (2,498 treated calves), which can reduce the accuracy of covariance 

components with other traits. Birth weight (BW) was included to evaluate genetic relationships 

with resilience and health traits. 

 

Estimation of genetic parameters. For all traits, except BW, models included contemporary 

group (barn–year–season of birth) and dam parity as categorical fixed effects, with mean daily 

milk entitlement, mean pen density, and number of feeding days per calf fitted as covariates to 

account for systematic management and exposure differences affecting feeding and disease 

traits. For BW, only CG and parity were fitted as fixed effects.  

The genetic analyses were performed using a Single-step genomic BLUP (ssGBLUP) animal 

model, y = Xb + Za + e, where y is the vector of phenotypic records; b is the vector of fixed 

effects; a is the vector of random additive genetic effects; X and Z are the incidence matrices 

relating records to fixed and random effects; and e is the vector of residuals. Additive genetic 

effects were assumed a ~ N(0, Hσ²ₐ), where σ²ₐ is the additive genetic variance and H is the 

combined pedigree and genomic relationship matrix. Residuals were assumed e ~ N(0, Iσ²ₑ), 

where σ²ₑ is the residual variance and I is an identity matrix. Variance components and genetic 

parameters were estimated by fitting single and two-trait animal models with the Average 

Information Restricted Maximum Likelihood (AIREML) method and the BLUPF90 software 

suite (Misztal et al., 2014). 
 

Results & Discussion 
Descriptive statistics and genetic parameters for resilience, health, and BW traits are 

summarized in Tables 1 and 2, respectively. Heritability estimates ranged from low (0.01-0.02) 

for DS-based indicators to moderate (0.09-0.25) for DMC-based indicators and were highest 

for BW (0.34). Genetic and phenotypic correlations among the calf resilience indicators and 

health traits are presented to evaluate whether deviation-based feeding metrics capture genetic 

susceptibility to disease. LNMC was moderately heritable (0.25), whereas DS-based indicators 

were lowly heritable (h2 ≤ 0.02). LRMC showed positive genetic correlations with INBR and 

NBRD (~0.22–0.23). 

Among the resilience indicators, the DMC-based traits, especially LNMC, showed clearly more 

additive genetic variance than the DS-based indicators (LNDS and SKDS). This pattern is 

biologically plausible: DMC reflects the appetite-driven intake response, whereas daily DS can 

be more sensitive to day-specific conditions that alter total drinking time (e.g., group-housing 

feeder access and within-day feeding pattern). In addition, DS overlaps with the BRD screening 

protocol because an 80% day-to-day reduction in DS was used as one criterion for identifying 

suspected BRD cases (Graham et al., 2024). These sources of day-level time variation can 
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increase within-calf day-to-day noise in DS and thereby reduce the stable between-calf 

component that can be attributed to additive genetic variance.  

 

Table 1. Heritability estimates (h2) of the traits with additive genetic (σ²ₐ) and residual variance 

(σ²ₑ) (SE in parenthesis) 

Trait 
Number of 

animals 

Mean 

(SD) 

Additive genetic 

variance (SE) 

Residual 

variance (SE) 

Heritability 

(SE) 

LNDS 14,957 -4.91 (0.63) 0.01 (0.002) 0.29 (0.004) 0.02 (0.006) 

LNMC 14,957 0.91 (0.54) 0.04 (0.003) 0.13 (0.002) 0.25 (0.015) 

LRMC 14,957 -3.43 (0.47) 0.01 (0.002) 0.15 (0.002) 0.09 (0.009) 

SKDS 14,957 -1.19 (1.27) 0.01 (0.006) 1.31 (0.016) 0.01 (0.004) 

NBRD 14,957 0.81 (0.78) 0.04 (0.005) 0.44 (0.006) 0.09 (0.009) 

NNCD 14,957 0.10 (0.31) 0.00 (0.001) 0.06 (0.001) 0.05 (0.009) 

INBR 14,957 0.60 (0.49) 0.01 (0.001) 0.18 (0.002) 0.06 (0.008) 

AFBR 14,957 35.97 (22.57) 22.69 (2.943) 343.83 (4.465) 0.06 (0.008) 

BW 9,133 89.99 (10.54) 37.34 (2.434) 73.72 (1.539) 0.34 (0.018) 

 

 

Table 2. Genetic (above diagonal) and phenotypic (below diagonal) correlations (with SE in 

parentheses) between the traits. 

Trait LNMC LNDS LRMC SKDS NBRD NNCD INBR AFBR BW 

LNMC 1 
0.10 

(0.103) 

0.59 

(0.039) 

-0.43 

(0.156) 

-0.05 

(0.063) 

-0.34 

(0.077) 

-0.02 

(0.070) 

-0.01 

(0.071) 

0.33 

(0.047) 

LNDS 
0.01 

(0.008) 
1 

0.27 

(0.117) 

0.12 

(0.373) 

0.09 

(0.119) 

-0.02 

(0.150) 

0.11 

(0.128) 

-0.21 

(0.132) 

-0.10 

(0.098) 

LRMC 
0.10 

(0.011) 

0.01 

(0.006) 
1 

0.15 

(0.195) 

0.23 

(0.077) 

0.13 

(0.099) 

0.22 

(0.085) 

-0.22 

(0.085) 

-0.13 

(0.063) 

SKDS 
-0.02 

(0.007) 

0.00 

(0.004) 

0.00 

(0.005) 
1 

0.26 

(0.212) 

0.31 

(0.220) 

0.25 

(0.221) 

-0.23 

(0.199) 

-0.27 

(0.811) 

NBRD 
-0.01 

(0.009) 

0.00 

(0.005) 

0.02 

(0.007) 

0.01 

(0.005) 
1 

0.24 

(0.095) 

0.99 

(0.009) 

-0.92 

(0.020) 

0.04 

(0.061) 

NNCD 
-0.04 

(0.009) 

0.00 

(0.005) 

0.01 

(0.007) 

0.01 

(0.005) 

0.02 

(0.007) 
1 

0.17 

(0.105) 
NC1 -0.12 

(0.081) 

INBR 
0.00 

(0.009) 

0.00 

(0.005) 

0.02 

(0.006) 

0.01 

(0.004) 

0.08 

(0.008) 

0.01 

(0.006) 
1 

-0.95 

(0.014) 

0.05 

(0.068) 

AFBR 
0.00 

(0.009) 

-0.01 

(0.005) 

-0.02 

(0.006) 

-0.01 

(0.004) 

-0.07 

(0.008) 
NC1 

-0.06 

(0.007) 
1 

-0.04 

(0.068) 

BW 
0.10 

(0.015) 

-0.01 

(0.009) 

-0.02 

(0.011) 

-0.02 

(0.008) 

0.01 

(0.011) 

-0.02 

(0.011) 

0.01 

(0.010) 

-0.01 

(0.010) 
1 

LNMC = log-transformed variance of deviations for milk consumption; LNDS = log-transformed variance of 

deviations for drinking speed; LRMC = log-transformed variance of relative deviations for milk consumption; 

SKDS = skewness of deviations for drinking speed; NBRD = number of BRD treatments; NNCD = number of 

NCD treatments; INBR = incidence of BRD; AFBR = age at first BRD treatment; BW = birth weight; 1NC = not 

converged. 
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INBR and NBRD essentially describe the same underlying liability for BRD, and AFBR was 

strongly (and negatively) related to BRD outcomes (i.e., calves genetically predisposed to 

higher INBR/NBRD tend to have earlier AFBR). This internal consistency is important because 

it indicates that the health phenotypes are capturing a stable biological axis rather than noise or 

model artifact. 

Across calf resilience traits, DMC-based indicators were more genetically correlated to BRD 

than DS-based indicators. In particular, LRMC showed the most accurate relationship with 

BRD: greater relative variability of deviations from the expected milk intake trajectory tended 

to coincide with higher BRD burden (INBR and NBRD) and earlier AFBR. This direction is 

consistent with the deviation-based resilience framework: larger proportional perturbations 

around an expected trajectory reflect reduced resilience (Poppe et al., 2020). By contrast, results 

for DS-based indicators were less informative overall: genetic correlations involving LNDS 

were generally small despite relatively good precision, whereas those involving SKDS were 

less decisive due to substantially larger standard errors, indicating lower accuracy of genetic 

correlation estimation for SKDS. 

Including LRMC alongside LNMC is justified because absolute variability can be partly 

confounded with intake level: calves with higher expected intake can show larger absolute 

deviations even if they are proportionally stable. Using relative deviations can reduce this 

mean–variance scaling and improves interpretability when comparing calves across different 

intake levels (Keßler et al., 2024). The differing relationships of BW with LNMC versus LRMC 

are consistent with this scaling issue, supporting LRMC as a “cleaner” measure of proportional 

perturbation rather than intake scale. 

Genetic parameter estimation accuracy was most limited for NNCD. Because NCD treatments 

were highly zero-inflated, bivariate analyses involving NNCD tended to be less stable and less 

precise, and at least one pairwise model did not converge. This is expected when one trait has 

limited effective information for estimating covariances. Overall, the most relevant calf 

resilience traits in this study are the DMC-based variability measures, particularly LRMC (more 

accurate genetic correlations with INBR, NBRD, and AFBR), whereas LNDS and SKDS 

appear less useful for genetic improvement under the current definitions (Berghof et al., 2019; 

Poppe et al., 2020). 

 

Conclusions 

Automated milk feeder records enabled derivation of deviation-based resilience indicators with 

measurable genetic variation in Holstein calves. Intake variability LNMC was moderately 

heritable, while DS-based indicators were lowly heritable. The scale-adjusted indicator LRMC 

showed the most consistent unfavorable genetic relationships with BRD phenotypes and earlier 

BRD occurrence, supporting its prioritization for future genetic correlation analyses with calf 

health traits. These results support the use of AMF-derived phenotypes as complementary traits 

for breeding programs aimed at improving calf resilience and reducing disease susceptibility. 
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