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Introduction 
Resilience is defined as an animal’s ability to be minimally affected by disturbances or to 

rapidly return to performance after a perturbation (Colditz and Hine, 2016). Increasing climate 

variability and management challenges highlight the need to identify and select animals that 

maintain production under unpredictable conditions. Because resilience is a complex, 

multifaceted trait, as a starting point, we first evaluated lactation consistency, defined as the 

ability of a cow to perform as expected throughout lactation. We then evaluated resilience, 

which requires prior detection of a perturbation, using Δ milk yield (ΔMY) as phenotype. ΔMY 

measures the change in a cow's mean daily milk production relative to her mean expected daily 

milk yield during an identified perturbation period. Perturbations were identified at the pen 

level and stratified by duration and severity, yielding 40 combinations used to assess genetic 

differences in cows’ responses and recovery. For a subset of perturbations, alternative 

resilience phenotypes were also explored. Overall, we propose multiple resilience traits and 

demonstrate their practical application using high-frequency data in the form of daily milk 

weights from U.S. dairy herds.  

 

Materials & Methods 
Data. Data were provided by Dairy Records Management Systems (Raleigh, NC, USA) and 

were extracted from on farm management software. Our entire dataset contained 62,580,945 

daily milk weights and pen locations of 227,633 Holstein cows in parity 1, 2, or 3 across 204 

herds in 30 U.S. states. Predicted lactation curves were modelled using quantile regression (0.5 

quantile) with a fourth order polynomial, and individual lactation curves were fitted per cow 

per lactation (for more details, see Guinan et al., 2024).  

 

Lactation Consistency. Variance components for lactation consistency were estimated using 

a single-trait model. The first step included calculating the residuals using the following 

formula, daily deviationijk =[yieldijk − yield̂ijk], and then calculate the phenotype for lactation 

consistency as TempVarij = log{Var[daily deviationijk]} where i is the individual cow, j 

indicates parity, and k represents DIM between 5 and 305. Thus, a consistent cow is defined 

by low temporal variation in actual versus predicted daily milk production throughout the 

lactation, and an inconsistent cow is defined by high temporal variation in actual versus 

predicted daily milk yield throughout the lactation (see Fig. 1). TempVar phenotypes for first 

parity cows were analyzed using the following model, yijkl = AFCi + HYSj + ak + eijkl, where yijkl 

is the TempVar phenotype, AFCi is the fixed effect of age at first calving with (6 levels; < = 22, 

23–24, 25–26, 27–28, 29–30, 30+), HYSj is the fixed effect of herd-year-season of calving with 

2,347 levels, ak is the cow effect with 102,216 levels distributed as a ~ N (0, Aσa
2), and eijk is 

the residual effect distributed as e ~ N (0, Iσe
2). All variance components and genetic parameter 

estimates were obtained using the AIREMLF90 software (Aguilar et al., 2018). Approximate 

genetic correlations between TempVar and other economically relevant traits were estimated 
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using Calo’s method (Calo et al., 1973) based on sires with ≥10 daughters with TempVar 

phenotypes (n = 2,572). Predicted Transmitting Abilities (PTA) were obtained from the April 

2023 Council on Dairy Cattle Breeding genetic evaluation (Bowie, MD, USA). 

 

Figure 1. Example of 2 primiparous cows with similar milk production levels from the same 

herd that are consistent (low temporal variance of daily milk yield) and inconsistent (high 

temporal variance of daily milk yield) using a LnVar_qr05 (polynomial quantile regression 

with a 0.5 quantile) green fitted curve to measure expected milk production. 

 

Perturbation detection and delta milk yield. Resilience was defined as the cow’s response 

following a perturbation. Perturbations were first identified using a “runs of poor performance 

approach” at the pen level based on daily milk weights (Fig. 2). Mean expected and observed 

pen-level daily milk yields were calculated, and their difference was used to detect consecutive 

days of poor performance. Forty combinations of perturbation severity and duration were 

evaluated including severity levels from ≥3% to ≥7% milk yield loss and durations ranging 

from ≥3 to ≥10 d. Variance components were estimated for the resilience indicator, (ΔMY) 

during perturbations. The following repeatability animal model used was to evaluate ΔMY, 

yijklmnop = CAi + DIMj  + Parityk + HYSl + eventm +  an + peo + eijklmnop,  

where yijklmnop is the ΔMY phenotype (%), CAi is the fixed effect of calving age with 18 

levels, DIMj is the days in milk per cow on the first day of the perturbation period with 10 

levels, Parityk is the fixed effect of lactation with 3 levels, HYSl is the fixed effect of herd year 

season, eventm is the random effect of perturbation period, an is the random effect of cow 

modeled using pedigree data, where the number of levels depends on severity and duration of 

runs of poor performance distributed as a ~ N (0, Aσa
2), peo is the permanent environmental 

effect capturing both the within and between parity repeatability and distributed 

as pe ~ N (0, Iσpe
2), and eijklmnop is the random residual effect distributed as e ~ N (0, Iσe

2).  

 

Alternative resilience indicators. Alternative resilience indicators were evaluated to 

characterize biological mechanisms underlying response to and recovery from perturbations. 

Using a subset of events (≥5% deviation for ≥5 consecutive days), seven resilience phenotypes 

were assessed across two groups. The first group included four ΔMY phenotypes relative to 

the pen nadir: (1) ΔMY over the entire event, (2) before the nadir, (3) around the nadir (1 d 

before, at, and 1 d after), and (4) after the nadir. The second group comprised three single-day 

phenotypes: (5) residual on d 1 of the perturbation, (6) residual at the nadir, and (7) residual on 

the last day. Heritabilities were estimated using univariate models, and genetic correlations 
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among resilience phenotypes and with 305-d milk yield were estimated using bivariate models. 

The previously described resilience model (7) was used, with the permanent environmental 

effect excluded. 

 
Figure 2. (a) Pen-level perturbation detected using a runs-of-poor-performance approach. The 

green and orange lines show observed and expected mean pen daily milk weights, respectively; 

dotted lines indicate unsmoothed values and solid lines show LOESS-smoothed values. The 

grey area denotes a perturbation defined as ≥5% deviation between observed and expected milk 

yield for ≥5 consecutive days. (b) Based on their average delta milk yield (ΔMY), the six most 

resilient and six least resilient cows are shown. Blue and red lines represent expected and 

observed milk production, respectively, with LOESS smoothing. 

 

Results & Discussion 
Lactation consistency (TempVar) is moderately heritable (0.23 ± 0.01), and therefore, it is 

possible to select for a cow’s ability to perform consistently throughout lactation. Additionally, 

TempVar is favourably associated with key traits included in the NM$ selection index, the 

primary US dairy genetic index ranking animals by their combined genetic merit for lifetime 

profit.  Daughters of sires with low TempVar PTAs (i.e., more consistent cows) tend to have 

lower PTAs for Somatic Cell Score (0.27 ± 0.01) and higher PTAs for Productive Life (-0.38 

± 0.03), Livability (-0.48 ± 0.03), and Daughter Pregnancy Rate (-0.42 ± 0.03), indicating that 

genetically consistent cows are healthier, have increased fertility, and live longer. For our 

resilience indicator (ΔMY), we observed that both the additive variance and heritability 

increased with greater perturbation severity and duration (Figure 3). As expected, the number 

of records decreased with increasing severity and duration, which contributed to higher 

standard errors in the estimates. This pattern is consistent with findings from heat stress and 

reaction norm models, where more challenging environments reveal the additive genetic 

component of a trait, making genetic differences more pronounced (Tusingwiire et al., 2024). 

Heritabilities of the alternative resilience indicators ranged from 0.004 (0.004) to 0.04 (0.009). 

ΔMY showed the highest heritability (0.04 (0.09)), suggesting that a phenotype capturing both 

response to and recovery from perturbations is most promising for identifying and selecting 

resilient cows. Genetic correlations between alternative resilience phenotypes and 305-d milk 

yield ranged from −0.30 (0.38) to −0.02 (0.45), indicating that despite large standard errors for 

some estimates, selection for ΔMY could improve resilience while maintaining milk 

production. 

 

Conclusions 

This work shows that both lactation consistency and resilience are heritable traits with unique 

biological and genetic underpinnings. Lactation consistency reflects the ability of a cow to 
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maintain production throughout the entire lactation and is favourably correlated with key 

economic traits such as fertility, longevity, and health. Resilience captures an animal’s ability 

to withstand and recover from short-term periods of poor performance. We found that the 

genetic component of resilience increases as perturbations become more severe or prolonged. 

This work lays the foundation for implementing consistency and resilience phenotypes at a 

national scale in the U.S. dairy industry. 

 

 
Figure 3. Heritabilities (SE) for ΔMY across different combinations of perturbation severity 

and duration calculated using a model that includes a single permanent environment effect 

spanning perturbations within and between lactations. 
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