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Abstract 

 
The Nordic Red dairy cattle random regression test-day model (RRM) has been updated to reflect 

increased genetic similarity among the original country subpopulations (Finland, Sweden and Denmark) 

and changes in data structure over the past two decades. Data prior to 2005 were excluded, and 

previously country-specific models were harmonized into a simplified nine-trait multi-trait single-step 

RRM using a metafounder approach. The objective of this study was to describe the implementation of 

the updated model. This included re-estimation of variance components for parameter-reduced 

covariance functions for random effects identified as optimal in a previous study, accounting for 

heterogeneous measurement error (co)variances across eight milk recording schemes, and evaluation of 

genomic estimated breeding value reliability using forward cross-validation. Variance components were 

estimated from a harmonized subset of data sampled across Finland, Sweden and Denmark, applying 

the updated model. Compared with previously used variance components derived from Finnish-only 

data, heritability estimates for 305-day yields increased by 8 to 46% across all traits. Substantial 

differences in measurement error variances and residual correlations among daily milk, protein, and fat 

yields were observed across the eight milk recording schemes, reflecting heterogeneous milking systems 

and historical protocol changes in automated milking systems in Finland. For Finland, four residual 

covariance matrices were required to model measurements from conventional milking systems and three 

automated milking system protocols. In contrast, two residual classes (automated and conventional 

milking systems) were sufficient for Denmark and Sweden. The selected covariance functions enabled 

a substantial reduction in variance component parameters while maintaining model stability and 

predictive ability. The model was solved using a fully component-wise ssGTBLUP approach with 

metafounders. The updated model provides a computationally efficient basis for routine genetic 

evaluation of Nordic Red dairy cattle. 
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Introduction 

 

In 2006, the Nordic countries, Finland (FIN), 

Denmark (DNK), and Sweden (SWE), 

introduced across-country genetic yield 

evaluations for their dairy cattle populations 

(Lidauer et al. 2015). 

Revising the random regression test-day 

model (RRM) for Red dairy cattle (RDC) 

evaluation was considered necessary as the 

genetic similarity among the original country 

subpopulations has increased and changes in 

data structure over the past two decades have 

made the original model outdated.  
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The objective of this study was to describe 

the implementation of the updated Nordic RDC 

yield evaluation model. This included re-

estimation of variance components, deriving 

parameter-reduced covariance functions for 

random effects (Pitkänen et al. 2026), 

accounting for heterogeneous measurement 

error (co)variances across eight milk recording 

schemes, updating pedigree and including 

metafounders. Finally, the impact of the new 

variance components on genetic parameters are 

validated.  

 

Materials and Methods 

 

Data 

The model update started with the data and 

pedigree modifications (Table 1). We decided 

to truncate the test-day (TD) data from year 

2005 as older data had much more variation in 

the countries. From Finnish data, also Holstein 

records were removed, as well as later lactation 

(3+) records. This simplifies the model. 

Including Holstein and later lactation data were 

important in the past to increase contemporary 

group sizes for Finnish herds. As herd sizes 

have increased, this is not needed anymore. 

Automated milking system recording 

protocols have changed historically in Finland 

but remained stable in Denmark and Sweden 

(Pitkänen et al. 2024). In Finland, three AMS 

recording protocols were used: 1) the daily 

average of a month’s milkings, 2) a 24-h 

method based on two successive milkings 

(Peeters and Galesloot, 2002), and 3) a 96-h 

method (Lazenby et al., 2002). The first 

protocol was used until 2015, and the second 

from January 2015 to June 2022. However, 

from January 2017 onwards, AMS herds 

gradually moved to the 96-h method which is 

the current method for AMS records. 

Information on the milking system used for test-

day recording was corrected for a small 

proportion of records because of database issues 

in Finland and Sweden. 

Finally, unknown parent groups were 

redefined to support the metafounder approach. 

The revised grouping structure was designed to 

better reflect the historical relationships among 

the Nordic RDC subpopulations and provide a 

more realistic representation of the genetic base 

population. 

 

Model  

The new updated multiple-trait RRM describes 

TD milk, protein, and fat yields for the first 

three lactations using nine model traits instead 

of 27 in the previous model. Each trait has a 

random regression function for additive genetic 

and permanent environmental effects. The 

model includes fixed effects nested within 

countries, heterosis and recombination loss 

adjustments, and correction for heterogeneous 

variance (HV). Due to rank reduction, 16 cow-

specific coefficients define all nine breeding 

value curves (Pitkänen et al. 2026).  

First steps in the model revision were to 

recalculate heterosis and recombination effects 

(Pitkänen et al. 2025) and correct the calving 

age effects and new herd-year season effects. 

Because of moving from 27 country specific 

traits to nine traits, country interactions were 

included in some fixed effects.   

 

Table 1: Main changes implemented in the updated 

Nordic RDC yield evaluation model. 
Area Main update 

Data TD data truncated from 2005, 

Finnish HOL and lactations 3+ 

removed 

Pedigree Metafounder approach 

implemented 

Traits 27 traits reduced to 9 traits 

Fixed effects Updated heterosis, 

recombination, calving age and 

herd-year-season effects 

Recording 

schemes 

AMS/CMS classes revised 

Variance 

components 

Nordic RDC specific variance 

components and parameter-

reduced covariance functions 

Evaluation ssGTBLUP with metafounders 

 

Revising the variance components 

Variance component estimation was based on a 

representative sample of Nordic Red dairy 

cattle from Finland, Denmark, and Sweden, 



INTERBULL BULLETIN NO. 62. 31 May – 1 June 2026, Verona, Italy 
 

 
 

3 

including TD records from both conventional 

milking systems (CMS) and automated milking 

systems (AMS). 

Animals were selected according to strict 

criteria. All records had to originate from a 

single herd, and complete lactation sequences 

were required. Cows could contribute data from 

only the first lactation, first and second 

lactations, or the first three lactations, with no 

missing lactations before the final observed 

lactation. Herds were required to have at least 

eight but fewer than 100 suitable first-lactation 

cows per year on average and at least 12 years 

of data beginning in 2010. 

The final sample size was approximately 

100,000 animals. Herds were sampled 

independently within each country × milking-

system class, with allocations proportional to 

the number of first-lactation cows in each class.  

Variance components were estimated using a 

pedigree-based random regression TD model 

implemented in MiX99 (Gao et al., 2026). The 

statistical model for VCE was defined as: 

 

y = Xb + Zₕh + Zcc + Zₚp + Zₐa + e, 

 

The model included fixed effects of heterosis, 

recombination, herd-year-season, year-month × 

milking system × country, days carried calf, and 

a linear herd effect. The random effects 

included herd-test-day (HTD), herd-lactation 

curve (HC), permanent environmental (PE), 

additive genetic (A), and residual effects. The 

HTD effect was fitted as an intercept effect. The 

HC effect was modeled using a second-order 

Legendre polynomial without intercept but 

combined with a Wilmink function exponential 

term, with common regression coefficients for 

the second and third lactations. Both additive 

genetic and permanent environmental effects 

were modeled using third-order Legendre 

polynomials combined with a Wilmink function 

exponential term. Residual variances were 

assumed to be heterogeneous across 12 

lactation intervals. 

To account for differences in recording 

protocols among countries and milking 

systems, residual covariance matrices were 

estimated separately for each country × 

milking-system class. In total, eight residual 

classes were defined, including one CMS and 

three AMS classes in Finland corresponding to 

different recording protocols, and one AMS and 

one CMS class in both Denmark and Sweden. 

This structure allowed heterogeneous 

measurement error variances and residual 

correlations to be modelled consistently across 

recording environments. 

 

Parameter reduction of covariance functions 

The estimated variance components were 

subsequently reduced for implementation in 

routine single-step genetic evaluations. 

Covariance functions were fitted to the variance 

components. The genetic covariance function 

was reduced from a full rank of 36 to rank 16 

while retaining approximately 99% of the 

original genetic variation. Similarly, the 

permanent environmental covariance function 

was reduced from rank 36 to rank 21. The 

permanent environmental covariance function 

was designed to absorb variation associated 

with permanent environmental effects, herd-

lactation curve effects, and within-lactation 

residual variation. For more details, see 

Pitkänen et al. (2026). The parameter-reduced 

covariance functions were used in the updated 

Nordic RDC evaluation model. 

 

Validation 

The impact of the updated variance components 

was assessed with TD data from May 2026. The 

data included approximately 34.7 million 

records from 1.78 million animals, and a 

pedigree with 3.1 million animals. Genotype 

data for RDC included 315 448 animals. The 

single-step RRM was solved by preconditioned 

conjugate gradient iteration on data (Strandén 

and Lidauer, 1999) implemented in MiX99. The 

model was solved using a fully component-wise 

formulation of ssGTBLUP (Mäntysaari et al., 

2017) combined with metafounders. 

Metafounders were used to account for genetic 
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differences among base populations and to 

model relationships among founder groups.  

Validation was based on a four-year data 

truncation. The linear regression (LR) method 

(Legarra and Reverter, 2018) was used for 

validation. Validation statistics included 

prediction bias, regression coefficients (b1), and 

coefficients of determination (R²) for milk, 

protein, and fat yield traits. 

Validation bulls were required to have at 

least 20 daughters in the complete dataset and 

no daughters in the reduced dataset. For cows, 

the validation set included animals with at least 

five TD records in the full data and no records 

in the reduced data. 

 

Results 

 

The updated variance components resulted in 

clearly higher heritability estimates compared 

with the previous model (Table 2). For milk 

yield, heritability increased from 0.39 to 0.44 in 

first lactation, from 0.28 to 0.35 in second 

lactation, and from 0.25 to 0.31 in third 

lactation. Similar increases were observed for 

protein and fat yield traits.  

The largest relative increase was observed 

for third-lactation fat yield, where heritability 

increased by approximately 46%. For the other 

traits, increases ranged from 12% to 26%. 

 

 

Table 2:  Old and new 305d heritability estimates for 

milk, protein and fat in lactation 1-3, and change in 

heritability as %. 

Trait  New Old Change % 

Lactation1 

Milk 0.44 0.39 13 

Protein 0.37 0.33 12 

Fat 0.38 0.34 12 

Lactation 2 

Milk 0.35 0.28 26 

Protein 0.32 0.27 19 

Fat 0.30 0.25 20 

Lactation 3 

Milk 0.31 0.25 24 

Protein 0.29 0.24 21 

Fat 0.29 0.20 46 

 

Substantial differences in residual variances 

were observed among milking-system classes 

(Figure 1). In Finland, the residual variance for 

milk yield differed markedly between CMS and 

the three AMS recording protocols. The highest 

residual variances were generally observed for 

the 24-h AMS protocol, whereas the monthly 

average showed reduced residual variation. In 

Denmark and Sweden, residual variance 

profiles were more stable because recording 

protocols remained unchanged throughout the 

study period. 

These results indicate that a single residual 

covariance structure is insufficient for 

describing the heterogeneous recording 

environments present in the Nordic RDC 

population. Accounting for country-specific 

AMS and CMS recording schemes improved 

the biological interpretation of residual 

variation and provided a more realistic 

description of measurement error in the updated 

evaluation model. 

 

 
Figure 1. Residual variances for first-lactation milk 

yield across country × milking-system classes. 

Finnish AMS observations were divided according 

to recording protocol (week average, 24-h equivalent 

and 96-h average).  
 

Validation results showed comparable 

performance between the old and new variance 

components (Table 3). The old variance 

components resulted in slightly better 

regression coefficients for all traits, differences 

were small. Also, coefficients of determination 

were nearly same for the old and the new 

variance components, and overall, predictive 

ability remained at a similar level for both 

models. 
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The updated variance components resulted 

in slightly higher genetic trends and larger 

genetic standard deviations for both bulls and 

cows (Figure 2). Consequently, greater 

differentiation among animals was observed, 

leading to some re-ranking of breeding 

candidates compared with evaluations based on 

the previous variance components. 

 

Table 3: Linear regression (LR) validation in bulls 

and cows with new (NewVCE) or old (OldVCE) 

variance components. The values in the table are: 

bias(kg) = mean (GEBVFull – GEBVReduced) ±SD, b1 

regression coefficient and R2 coefficient of 

determination for milk, protein and fat, respectively. 

 Model bias (kg) b1 R2 

B
u

ll
s 

OldVCE -267.21 ±377.8 1.06 0.75 

NewVCE -296.67 ±397.7 1.02 0.73 

OldVCE -9.48 ±13.4 0.99 0.64 

NewVCE -11.00 ±13.9 0.96 0.63 

OldVCE -11.12 ±15.8 0.97 0.67 

NewVCE -13.60 ±16.8 0.97 0.68 

C
o

w
s 

Model bias(kg) b1 R2 

OldVCE -120.82 ±279.1 1.03 0.83 

NewVCE -147.94 ±303.6 1.01 0.81 

OldVCE -3.75 ±9.8 0.98 0.78 

NewVCE -4.92 ±10.1 0.96 0.77 

OldVCE -3.84 ±11.8 0.97 0.79 

NewVCE -5.69 ±12.5 0.97 0.80 

 

 

Discussion and conclusions 

 

The updated Nordic RDC evaluation model 

includes several important improvements in 

data structure, pedigree handling, trait 

definitions, and variance component estimation. 

The use of newly estimated Nordic-specific 

variance components provides a more realistic 

representation of the current Nordic RDC 

population and production environment. In 

addition to updated variance components, the 

implementation of metafounders provides a 

more appropriate framework for modelling the 

increasingly connected Nordic RDC 

population. 

Higher heritability estimates suggest that the 

previous model underestimated the proportion 

of genetic variation, particularly in later 

lactations. The estimation of separate residual 

covariance matrices for different country × 

milking-system classes revealed substantial 

heterogeneity in measurement error structures. 

This was particularly evident in Finland, where 

changes in AMS recording protocols over time 

resulted in distinct residual variance patterns. 

These findings support the use of multiple 

residual covariance structures in Nordic 

evaluations and suggest that part of the residual 

variation previously attributed to unexplained 

environmental effects was related to differences 

in recording procedures. 

 

a)  

b)  

 

Figure 2. Genetic trends for protein a) bulls and b) 

cows by birth year.  The model ssGTBLUP with MF 

using old (OldVCE) or new variance components 

(NewVCE). 

 

Parameter reduction successfully simplified 

the covariance functions while preserving 

nearly all biologically relevant variation. This 

reduction is important for maintaining 

computational efficiency in routine single-step 

evaluations involving large datasets and 

genomic information. 
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