
ABSTRACT

This study demonstrated the feasibility of a genomic 
evaluation for the dairy cattle population for which the 
small national training population can be complement-
ed with foreign information from international evalua-
tions. National test-day milk yield data records for the 
Slovenian Brown Swiss cattle population were analyzed. 
Genomic evaluation was carried out using the single-
step genomic best linear unbiased prediction method 
(ssGBLUP), resulting in genomic estimated breeding 
values (GEBV). The predominantly female group of 
genotyped animals, representing the national training 
population in the single-step genomic evaluation, was 
further augmented with 7,024 genotypes of foreign 
progeny-tested sires from an international Brown Swiss 
InterGenomics genomic evaluation (https: / / interbull 
.org/ ib/ whole _cop). Additionally, the estimated 
breeding values for the altogether 7,246 genotyped 
domestic and foreign sires from the 2019 sire multiple 
across-country evaluation (MACE), were added to the 
ssGBLUP as external pseudophenotypic information. 
The ssGBLUP method, with integration of MACE 
information by avoiding double counting, was then 
performed, resulting in MACE-enhanced GEBV (GE-
BVM). The methods were empirically validated with 
forward prediction. The validation group consisted of 
315 domestic males and 1,041 domestic females born af-
ter 2012. Increase, inflation, and bias of the GEBV(M) 
reliability (REL) were assessed for the validation group 
with a focus on females. All individuals in the valida-
tion benefited from genomic evaluations using both 
methods, but the GEBV(M) REL increased most for 
the youngest selection candidates. Up to 35 points of 
GEBV REL could be assigned to national genomic in-
formation, and up to 17 points of GEBVM REL could 

additionally be attributed to the integration of foreign 
sire genomic and MACE information. Results indicated 
that the combined foreign progeny-tested sire genomic 
and external MACE information can be used in the 
single-step genomic evaluation as an equivalent replace-
ment for domestic phenotypic information. Thus, an 
equal or slightly higher genomic breeding value REL 
was obtained sooner than the pedigree-based breeding 
value REL for the female selection candidates. When 
the abundant foreign progeny-tested sire genomic and 
MACE information was used to complement available 
national genomic and phenotypic information in single-
step genomic evaluation, the genomic breeding value 
REL for young-female selection candidates increased 
approximately 10 points. Use of international informa-
tion provides the possibility to upgrade small national 
training populations and obtain satisfying reliability of 
genomic breeding values even for the youngest female 
selection candidates, which will help to increase selec-
tion efficiency in the future.
Key words: genomic selection, single-step evaluation, 
forward prediction, genotyped cows, external 
information

INTRODUCTION

Adequate size and appropriate genetic structure of 
a training population containing individuals with ge-
nomic markers and phenotype information are required 
to accurately predict genomic estimated breeding 
values (GEBV) in the process of genomic selection 
(Meuwissen et al., 2001; Metta et al., 2004; Boichard 
et al., 2016). Use of genomic selection in dairy cattle 
breeding programs has spread in recent years, but for 
countries with small national cattle populations, op-
tions for genomic evaluation are limited. Establishment 
of a large enough training population to accurately esti-
mate genomic marker (SNP) effects is the most limiting 
factor. Many countries have found an effective solution 
in international collaboration, forming joint genomic 
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evaluations (Lund et al., 2016). Some countries have 
established bilateral and multilateral genomic evalua-
tions, for example, the German-Austrian evaluation for 
the Simmental population (Edel et al., 2011), and oth-
ers have formed international consortia. This is the case 
for Brown Swiss (BSW) cattle populations, connecting 
France, Germany and Austria, Italy, Slovenia, Swit-
zerland, and the United States into the InterGenomics 
consortium operated by the Interbull Centre (Jorjani et 
al., 2010; Zumbach et al., 2010).

InterGenomics for BSW is a multistep genomic 
evaluation that involves only males and results in 
InterGenomics GEBV. Some of the involved bulls are 
progeny-tested, but the majority of them are not. All 
the bulls are genotyped, and their genomic information 
is available to all participating countries. The evalua-
tion is carried out using deregressed estimated breeding 
values (EBVM) from progeny-tested sires that are 
calculated within the Interbull’s sire multiple across-
country evaluation (MACE; Schaeffer, 1994), together 
with genomic information and international pedigree 
(Jorjani et al., 2012). On the other hand, MACE evalu-
ation involves only progeny-tested sires and is based on 
their national pedigree-based EBV.

The most important factors affecting GEBV accu-
racy are the proportion of genetic variance explained 
by SNPs, heritability of the trait, and the accuracy of 
estimated SNP effects (Goddard et al., 2016; Zhang et 
al., 2019). The latter is directly associated with the size 
and structure of the training population, as well as the 
range, quality, and quantity of phenotypic and genomic 
information of individuals in the training population. 
Another factor is the genetic relationship between 
genotyped individuals in the evaluation, where the rela-
tionship between individuals in the training population 
should be minimal, and the relationship between the 
training and prediction populations should be maximal 
(Pszczola et al., 2012). Currently, training populations 
are also complemented with carefully selected females 
to enlarge the population, to improve its structure and 
relationship to the prediction population, and to reduce 
selection bias (Pszczola et al., 2012; Plieschke et al., 
2016; Jenko et al., 2017). Unlike the InterGenomics 
evaluation that uses deregressed EBVM for bulls as 
pseudophenotypic information, national genomic evalu-
ations would include real national phenotypic informa-
tion and both female and male genotypes.

Vandenplas et al. (2014, 2017) developed a modi-
fication of a single-step genomic best linear unbiased 
prediction method (ssGBLUP; Aguilar et al., 2010) 
that simultaneously analyses phenotypic, genomic, and 
pedigree information of genotyped and nongenotyped 
animals, which enables integration of external informa-

tion. This approach is especially convenient when using 
foreign sire genetic material, and thus including their 
information in the evaluation. Participating in both 
MACE and InterGenomics Interbull evaluations with 
BSW bulls thereby gives a country access to multina-
tional genomic information as well as MACE informa-
tion (EBVM with reliabilities; REL) on its own scale 
for all of the involved bulls. Integrating external MACE 
information with the ssGBLUP complements national 
sire information and provides pseudophenotypic infor-
mation for foreign sires without (or with few) progenies 
in the national population. As the ssGBLUP also results 
in a genomic breeding value for females, the method is 
particularly useful for females with only parent average 
(PA) information. Because single-step genomic evalua-
tion already combines all national information (Legarra 
et al., 2014), the modification also considers potential 
double counting of the same information (Vandenplas 
et al., 2017). This ensures a more accurate estimation 
of genomic breeding values and especially their REL.

The aim of this study was to develop and assess the 
accuracy, bias, and inflation of genomic breeding values 
and associated REL for Slovenian BSW cattle with 
national data using the ssGBLUP method with and 
without integration of external genomic and MACE 
information. The focus was on the genomic breeding 
values and REL of the validation group that included 
young and mostly female domestic genotyped selection 
candidates. A special emphasis was placed on the fe-
male portion of the validation group.

MATERIALS AND METHODS

Data Sets

Data that included national phenotypic and external 
MACE information, pedigree, and genomic informa-
tion were established as a full and a reduced data set. 
Within the reduced data set, the recent phenotypic in-
formation was omitted. External MACE information in 
the reduced data set was selected from the past MACE 
evaluation to fit the phenotype reduction criteria de-
scribed below. Pedigree and genomic information data 
were not reduced (Table 1).

Scenarios

Evaluations and validation were performed in 3 sce-
narios (Table 1; Figure 1). All evaluations within all 
scenarios were carried out using the same prediction 
model, national phenotypic information, and extended 
national pedigree. Pedigree-based evaluation scenario 
(S0) resulted in EBV with REL. Single-step genomic 
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evaluation scenarios (S1 and S2), however, were carried 
out using different genomic and MACE information. 
Scenario S1 contained only national genomic informa-
tion and MACE information from sires that had daugh-
ters in the national population. Scenario S2 contained 
genomic and MACE information from S1, as well as 
foreign sire genomic information from the InterGenom-
ics evaluation and their MACE information. Scenario 
S1 was designed to test single-step genomic evaluation 
with the limited size of a national training population, 
and S2 served to investigate the effect of the augmented 
national training population. Both genomic single-step 
evaluation scenarios resulted in GEBV with REL, and 
MACE-enhanced GEBV (GEBVM) with REL (Fig-
ure 1).

Evaluations and Validation

To validate genomic evaluations and estimate valida-
tion accuracy, evaluations within all 3 scenarios were 
performed using the full and reduced data sets (Figure 
1). Evaluations with different data sets within each sce-
nario are hereinafter referred to as “full evaluation” and 
“reduced evaluation.” Full evaluations represent the 
situation where phenotypic information was available 
for most individuals. Reduced evaluations represent the 
situation where only pedigree and genomic information 
was available for young individuals. Validation of the 
single-step genomic evaluation was performed using 
the set of domestic genotyped individuals (S1), and 

validation of the single-step genomic evaluation with 
integrated MACE information was carried out using 
the set of combined national and foreign genotyped 
individuals (S2).

Data

Phenotypic Information. National phenotypic 
records for test-day milk yield (kg) recorded between 
2004 and 2019 were used for the full evaluation. Data 
were obtained from the routine November 2019 national 
pedigree-based evaluation for the Slovenian BSW cattle 
population. Cows in milk recording were born between 
1994 and 2017. On average, they were in second lacta-
tion (overall in first through fifth lactations) and had 
18.7 kg of milk per test day, on average.

Validation Group. The validation group—the 
focus population of selection candidates in this study—
consisted of 1,356 domestic genotyped (mostly female) 
individuals born from January 1, 2013, to September 1, 
2019 (Table 2). Phenotypic information in the reduced 
evaluation was determined by discarding all phenotype 
records of individuals born or recorded after December 
31, 2012. Altogether, 35.3% (407,576) of the phenotypic 
records from the full data set, recorded between 2013 
and 2019, were omitted from the reduced evaluation 
(Table 1). Of these omitted records, 3% (12,133), ob-
tained between 2015 and 2019, represented all own or 
daughter phenotypic information for individuals in the 
validation group. Specifically, these records belonged 
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Table 1. Data used in the full and reduced evaluations within scenarios S0, S1, and S21

Information  Number2

Scenario / Evaluation (Data set)

S0

 

S1

 

S2

Full Reduced Full Reduced Full Reduced

Phenotype3 Females 52,188 37,412
Records 1,155,043 747,467

MACE Sires — — 222 174 7,246 5,462
EDC >0 — — 222 174 346 254
EDC = 0 — — — — 6,900 5,208

Genotype Animals — — 2,166 2,166 9,190 9,190
Pedigree4 Animals 97,989

Females 87,058
Males 10,931  

1S0 = national pedigree-based evaluation; S1 = national genomic evaluation with domestic genomic and external multiple across-country evalu-
ation (EBV and associated reliability from Interbull MACE evaluation; MACE) information; S2 = national genomic evaluation with domestic 
and foreign genomic and external MACE information; full = evaluation or data set that included phenotypic and MACE information, pedigree, 
and genomic information; reduced = full evaluation or data set with omitted phenotypic information and MACE information from the past 
MACE evaluation. 
2Females = number of females with phenotypic records; records = number of phenotypic records; sires = number of sires with included MACE 
information in genomic evaluation; EDC = effective daughter contribution; “EDC >0” = number of sires with national EDC >0 in genomic 
evaluation; “EDC = 0” = number of foreign sires with national EDC = 0 in genomic evaluation; — = information not used in evaluation.
3Common to all scenarios.
4Common to all scenarios and evaluations.
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to 653 of 1,041 validation cows that were born between 
2013 and 2017. On average, these cows were in first 
lactation and had an average of 22.4 kg of milk per 
test day. The remaining validation cows had no own 
phenotypic information. As for males from the valida-
tion group, only 24 of them (that were born between 
2013 and 2015) had daughter phenotypic information. 
All of that daughter information was omitted from the 
reduced evaluation. There were 28 of 653 validation 

cows altogether with omitted phenotypic information 
among their daughters.

The MACE Information. International EBVM 
and associated REL, representing external information, 
were obtained from MACE evaluation (Interbull). Sire 
information was determined by the national effective 
daughter contribution (EDC) estimated by the Inter-
bull Centre. National EDC information was obtained 
from the routine December 2019 MACE evaluation. 
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Figure 1. Evaluation scheme. S0 = national pedigree-based evaluation; S1 = national genomic evaluation with domestic genomic and exter-
nal multiple across-country evaluation (MACE) information; S2 = national genomic evaluation with domestic and foreign genomic and external 
MACE information; full evaluation = data set that included phenotypic and MACE information, pedigree, and genomic information; reduced 
evaluation = full data set with omitted phenotypic information and MACE information from the past MACE evaluation; EBVM = MACE 
estimated breeding values; 2012 or 2019 = the year of routine December MACE evaluation; EBVf = pedigree-based estimated breeding value 
from full evaluation; EBVr = pedigree-based estimated breeding value from reduced evaluation; GEBVf = genomic breeding value from full 
evaluation; GEBVr = genomic breeding value from reduced evaluation; GEBVMf = MACE-enhanced GEBV from full evaluation; GEBVMr = 
MACE-enhanced GEBV from reduced evaluation.

Table 2. Number (N) of genotyped individuals in the validation group by sex and birth year, and number of 
validation females within their birth year by the status of the domestic sire

Birth year

Genotyped individuals 
in the validation group

 

Females with domestic sire1

Females Males N Young bull PT sire N

2013 233 21 254 2 151 153
2014 201 35 236 10 137 147
2015 138 52 190 8 74 82
2016 108 46 154 11 50 61
2017 173 53 226 33 101 134
2018 163 72 235 84 36 120
2019 25 36 61 2 0 2
Total 1,041 315 1,356 150 549 699
1Young bull = sire is not progeny-tested; that is, does not have multiple across-country evaluation (MACE) 
information in the evaluation; PT = sire is progeny-tested; that is, has MACE information in the evaluation.
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Integrated EBVM and associated REL represented ex-
ternal information for genotyped domestic and foreign 
sires that contributed with national information into 
MACE evaluation (EDC >0), and for other foreign-
genotyped sires (EDC = 0). The national information 
for sires that contributed to MACE was considered to 
avoid double counting. Information from the routine 
December 2019 MACE evaluation was used in the full 
evaluation along with genetic parameters from the cor-
responding routine national pedigree-based evaluation. 
Information from the routine December 2012 MACE 
evaluation, together with genetic parameters from the 
corresponding national routine evaluation, was used in 
the reduced evaluation. The double counting in the re-
duced evaluation was considered in the same way as in 
the full evaluation, but with the time difference of 7 yr.

Pedigree. To build the pedigree that was used in 
all evaluations within all 3 scenarios (Table 1; Figure 
1), ancestors of a combined set of genotyped individu-
als from S2 (9,190) and domestic cows with phenotype 
records from the full evaluation (52,188) were extracted 
up to 5 generations back.

Genomic Information

Genotyped Individuals. Each single-step genomic 
evaluation scenario comprised different numbers of 
genotyped individuals in the single-step genomic evalu-
ations: scenario S1 included 2,166 domestic genotyped, 
mostly female, individuals that were further comple-
mented with 7,024 foreign-genotyped progeny-tested 
sires from the InterGenomics consortium for scenario 
S2. These sires represented about one-third of the cur-
rent InterGenomics bull population, as the rest of the 
InterGenomics population were young bulls. They were 
selected from the InterGenomics genotype pool based 
on the presence of MACE information for test-day milk 
yield in the routine December 2019 MACE evaluation. 
Selected genotyped sires originated from 10 countries, 

mostly from Germany (30.2%), Switzerland (26.1%), 
and Italy (19%). Together with domestic individuals, 
they formed a set of 9,190 genotyped individuals for 
scenario S2 (Table 3). Individuals with genomic infor-
mation were born between 1981 and 2019.

Genotypes. All 9,190 genotypes were obtained from 
the December 2019 InterGenomics evaluation. They 
originally consisted of 55,172 SNPs selected within the 
Interbull set of SNP markers. Female genotypes were 
processed as part of this routine. Genomic information 
quality control, on the individual and marker levels, 
was performed by the PreGSF90 program (Misztal, 
2013). Quality control criteria for marker and indi-
vidual exclusion were as follows: call rate <0.90, minor 
allele frequency <0.05, monomorphic SNPs when minor 
allele frequency was not equal 0, parent-progeny Men-
delian conflicts, and genotype duplicate >0.95 identical 
marker genotypes.

Prediction Model

(Co)variance components (Table 4) used in all evalu-
ations within all scenarios were estimated by the VCE 
program (Groeneveld et al., 2010) based on a pedigree 
BLUP within the national routine November 2019 
evaluation, using the REML method. The routine 
national pedigree-based univariate multiple-lactation 
repeatability evaluation model for milk production was 
used to estimate (co)variance components and breeding 
values within the pedigree-based (S0) and ssGBLUP 
genomic evaluations (S1, S2) as follows:

 yi = Xb + Zaa + Zhh + Zpp + e,  

where yi represented the vector of observations for test-
day milk yield (kg) of individual i; X, Za, Zh, and Zp 
were the design matrices for fixed and random effects, 
respectively; b was the vector of fixed effects [year and 
month of calving interaction, lactation stage (days) 
formed using the Ali-Schaeffer curve (Ali and Schaeffer, 
1987) nested within parity]; a A~ ,  MVN a0 2σ( )  in the 

pedigree-based evaluation, and a H~ ,  MVN a0 2σ( )  in 

the single-step genomic evaluations, were vectors of ad-
ditive genetic effect where σa

2  represented the additive 
genetic variance, H represented the combined pedigree-
based additive (A) and genomic (G) relationship ma-
trices (Aguilar et al., 2010; Christensen and Lund, 
2010), and MVN represented multivariate normal dis-
tribution; h I~ ,MVN h0 2σ( ) was the vector of random 

herd-year effect where I represented an identity matrix 
and σh

2  represented the variance of herd-year effect; 
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Table 3. Number of genotyped individuals by sex and origin

Origin  
Country  
of origin Females Males

National Slovenia 1,589 577
Foreign Germany  2,119
 Switzerland  1,832
 Italy  1,336
 United States  937
 Austria  579
 France  189
 Canada  27
 Other  5
Total  1,589 9,190



Journal of Dairy Science Vol. 104 No. 5, 2021

p I~ ,MVN p0 2σ( )  was the vector of random permanent 

environment effect where σp
2  represented the variance 

of permanent environment effect; and e I~ ,MVN e0 2σ( ) 
was the vector of random residual effects where σe

2  
represented the residual variance.

The inverse of the H matrix was computed as follows:

 H A
G A

− −
− −= +
−( )

















1 1
1

22
1

0 0

0
,  

where A−1 represented the inverse of the additive pedi-
gree relationship matrix, A22

1−  represented the inverse 
of the additive pedigree relationship submatrix for 
genotyped individuals A22, and G−1 represented the 
inverse of the genomic relationship (co)variance matrix 
G. The G matrix was equal to blended 
G G A= +0 85 0 15 22. . ,*  where 0.15 was the proportion 
of the total genetic variance explained by residual poly-
genic effects as in Vandenplas et al. (2017). The raw G* 
matrix was created by the first method of VanRaden 
(2008), as described in Aguilar et al. (2011), and the 
allele frequencies calculated from the observed geno-
types of individuals within specific single-step genomic 
evaluation scenario (Table 1; Figure 1) were used to 
center the genotype matrix (W) as follows:

 G
WW* =

'
,

k
 

where W M 1p= − ′2 ,  where M was the matrix of SNP 
marker genotypes for each individual, 1 was a vector of 
ones and p was the vector of observed allele frequen-
cies, and k = −( )′2 p 1 p  (VanRaden, 2008). Dividing 
WW′ by k scaled G* to become analogous to the ped-
igree-based additive relationship submatrix A22.

Breeding value and associated prediction error vari-
ance (PEV) computations were carried out with the 

BLUP, ssGBLUP, and the modified ssGBLUP method 
that integrates external information (Vandenplas et al., 
2014) using the BLUPF90 program (Misztal, 2013).

The approach that enables integration of MACE 
information into a national single-step genomic evalu-
ation is described in Vandenplas et al. (2014, 2017) 
and Colinet et al. (2018). It uses national phenotypic 
information (yi) in ssGBLUP and integrates MACE 
information for domestic and foreign-genotyped sires. 
It propagates foreign information to domestic animals 
that did not participate in the MACE evaluation. The 
approach corrects the dependency of MACE informa-
tion on national information for each genotyped sire. It 
avoids double counting of information from own phe-
notypic records by accounting for nonzero sire EDC, 
and double counting of information from relatives by 
estimating the effective number of records using the 
2-step TSA algorithm described by Vandenplas and 
Gengler (2012).

Precision of pedigree-based and genomic breeding 
values was determined by the theoretical prediction 
reliability that was calculated using the formula 

REL
PEV

i
i

ai

= −











1

2σ
,  where PEVi was the PEV for indi-

vidual i obtained from the direct inverse of the left-
hand-side of the mixed model equations system, and 
σai

2  represented the diagonal element times the additive 
genetic variance for individual i in the pedigree (A) or 
combined pedigree and genomic (H) (co)variance ma-
trix. Data and results were prepared and analyzed by 
the SAS/STAT statistical package (version 9.4, SAS 
Institute Inc.).

Analyses

Principal component analysis was carried out using 
PLINK v1.9 (Purcell et al., 2007) to estimate the ge-
netic relationship among the genotyped individuals, and 
GENESIS (Buchmann and Hazelhurst, 2014) was used 
to display the first 2 principal components graphically. 
Results of single-step genomic evaluations (GEBV with 
REL from S1 and GEBVM with REL from S2) and 
validation were analyzed in depth for validation group 
(Table 2) along with the results from pedigree-based 
evaluations (EBV with REL from S0). Full evaluation 
results are marked with the subscript “f,” and subscript 
“r” marks the results from the reduced evaluations. 
Pearson correlation coefficients were estimated between 
breeding values and between REL obtained from differ-
ent single-step genomic evaluation scenarios for male 
and female validation individuals to determine the ef-
fect of foreign genomic and MACE information.
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Table 4. Estimated (co)variance components from the national 
routine November 2019 evaluation

Parameter1 (Co)variance component estimates

h2 0.331
c2 0.152
p2 0.155
e2 0.362
1h2 = heritability; c2 = herd-year; p2 = permanent environment; e2 = 
random residual.
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Changes in breeding value reliabilities from the full 
pedigree-based evaluation and the reduced single-step 
genomic evaluation with and without MACE informa-
tion were assessed as the difference between mean reli-
ability values within each birth year by sex of valida-
tion individuals. The same analysis was performed for 
breeding value reliabilities from the full pedigree-based 
evaluation and the full single-step genomic evalua-
tions. The difference in the mean reliability from full 
pedigree-based and full genomic evaluations, expressed 
as a reliability change, was also calculated by sex of 
validation individuals. Reliability change was further 
assessed as the difference between mean reliability 
values from full and reduced single-step genomic evalu-
ations within each birth year for female individuals by 
status (progeny-tested with MACE information or not) 
of their sire.

Pearson correlation coefficients were estimated be-
tween breeding values obtained from the full and re-
duced pedigree-based and single-step genomic evalua-
tions for male and female validation individuals to de-
termine the extent of an increase of the breeding value 
accuracy. Standard errors for correlation coefficients 
were calculated using the formula 

SE corr corr n�( ) = −( ) −( )1 22 ,  where corr is the cor-

relation coefficient and n is number of observations 
(Whitlock and Schluter, 2009).

Inflation and deflation of breeding values were mea-
sured for females as a linear regression of values from 
the full evaluation on the values from the reduced or 
full evaluation. Specifically, values from the full pedi-
gree-based evaluation were regressed on the values from 

the reduced pedigree-based evaluation, as well as on 
the values from the reduced single-step genomic evalu-
ations with and without MACE information. Values 
from full genomic evaluations were regressed on the 
values from the reduced genomic evaluations within the 
single-step genomic evaluation without MACE infor-
mation and the single-step genomic evaluation with 
MACE information. Values from full genomic evalua-
tions were also regressed on the values from the full 
pedigree-based evaluation. Values from the full single-
step genomic evaluation with MACE information were 
further regressed on the values from the full single-step 
genomic evaluation without MACE information. Using 
listed combinations of variables, the regression model 
was G EBV M b b G EBV M

f f r( )( ) ( ) ( ) ( )= + × +0 1 e,  where 

b0 was the intercept and b1 the coefficient of regression. 
The coefficient of determination (R2), taken from the 
linear regression analysis, was used to assess the valida-
tion reliability of evaluations. Standard errors for R2 
were estimated using the bootstrap approach described 
by Efron and Tibshirani (1986) with 5,000 replications 
of R2, from 5,000 bootstrap samples of the same size as 
the female validation subgroup generated by the PROC 
SURVEYSELECT procedure of SAS/STAT statistical 
package using balanced bootstrap sample selection 
method.

RESULTS AND DISCUSSION

Structure of Genotyped Individuals

Population overlap (Figure 2), demonstrated by prin-
cipal component analysis for all 9,190 genotyped indi-
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Figure 2. First (PCA 1) and second (PCA 2) principal components of the genomic relationship for domestic individuals (SVN) and foreign 
sires with multiple across-country evaluation (MACE) information; PCA = principal component analysis.
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viduals, pointed to the strong interconnectedness of the 
national and foreign populations. Domestic genotyped 
individuals are related to both foreign sire subpopula-
tions due to the exchange of genetic material between 
participating countries. The first principal component 
explained 13.1%, and the second principal component 
explained 9.5% of the genotype variability.

To accurately estimate genomic breeding values, a 
training population traditionally consists of a mini-
mum of 1,000 individuals with genomic and reliable 
phenotypic information (Calus, 2010) in the form of 
own phenotypic records, information from progeny 
performance (Thomasen et al., 2014), or (deregressed) 
EBV (VanRaden et al., 2009; Jenko et al., 2017). For 
this reason, the progeny-tested sires are a crucial com-
ponent of the training population, but their number in 
small cattle populations is generally low. This is also 
the case in the Slovenian BSW population. The popula-
tion counts less than 15,000 active cows, and only a 
small portion of the population is genotyped, including 
all domestic progeny-tested sires. A convenient alterna-
tive to increase the national training population is the 
use of genotypes and the available external information 
of foreign progeny-tested bulls that are genetically con-
nected to the national population.

Correlation Between Genomic Evaluation Scenarios

The GEBVf REL for validation females and males 
did not differ among scenarios S1 and S2 as indicated 
by 0.99 Pearson correlation coefficients. These results 
suggested that there was no important effect on GEBVf 
REL for validation animals from full evaluations when 
genomic information for 7,024 foreign sires without 
their MACE information was added to domestic infor-
mation in the evaluations within scenario S2. Foreign 
genomic information slightly affected GEBVf breeding 
values of validation males (females were less affected), 
as indicated by correlation of 0.97 (0.99 for females) 
between genomic scenarios.

Additionally, no differences were found between GE-
BVMf REL from scenario S1 and GEBVf REL from 
scenarios S1 and S2, as suggested by correlations of 
0.99 for both sexes in the validation group. The cor-
relations between these genomic breeding values were 
also high: 0.97 to 0.99 (0.99) for the males (females). 
These values suggested that MACE information (or the 
extent of it) included in the S1 genomic evaluations 
had no considerable effect on the REL or breeding 
values. These correlations also indicated the similarly 
minor effect of foreign genotypes itself without MACE 
information and confirmed the finding of the previous 
paragraph.

Correlations between GEBVMf REL from S2 and GE-
BVf REL from S1 were 0.91 (0.99) for validation males 
(females), whereas the breeding value correlations were 
0.83 (0.95) for males (females). Similar correlations 
were estimated between GEBVMf from S2 and GEBVf 
from S2. Reliability correlations were 0.90 (0.99) for 
males (females), and breeding value correlations were 
0.85 (0.95) for males (females). These correlations sug-
gested that the combined foreign genomic and MACE 
information in the evaluation affected validation males 
more than females, and their breeding values more than 
the reliabilities. Based on the findings in this section, 
the following results present GEBVf(r) and associated 
REL from scenario S1, and GEBVMf(r) with associated 
REL from scenario S2.

Reliability Changes by Sex

The importance of the relationship proximity to the 
(ancestral) individuals with phenotypic information, 
as mentioned by Lund et al. (2016), was indicated 
by the decrease of all mean EBVf and GEBV(M)r 
REL by birth year for both sexes (Figure 3). Figure 
3 shows that a greater birth year distance from the 
phenotype cutoff point in the year 2013, and thus from 
the ancestors with phenotypic information, yielded a 
lower REL. This trend was particularly apparent in 
the reduced genomic evaluations, where the phenotype 
cutoff point was the same for all validation individu-
als. The decrease was, however, less extreme in the 
genomic breeding value REL compared with the EBVf 
REL, where natural absence of phenotypic information 
occurs. Because the test-day milk yield can be recorded 
after a cow’s first calving (at approximately 2 yr of 
age) and after the first daughter’s calving for bulls at 
3 to 4 yr of age, validation females born in late 2017 
and later had no own phenotypic information in this 
study, and validation males born in late 2015 and later 
had no daughter phenotypic information available. As 
the relationship distance increased, mean EBVf REL 
decreased from 0.81 (0.59) for females (males) born in 
2013 to 0.29 (0.28) for females (males) born in 2019. 
Only 9 out of 21 validation males born in 2013 (Table 
2) had daughters with phenotypic information in the 
full evaluations, and consequently these males had 
lower average (EBVf) REL compared with validation 
females born in the same year. The mean GEBVr REL 
of females (males) born in 2013 decreased from 0.35 
(0.29) to 0.15 (0.16) for individuals born in 2019. The 
mean GEBVMr REL decrease was the mildest and 
almost identical for both sexes, dropping from 0.45 for 
the individuals born in 2013 to 0.32 for individuals 
born in 2019.
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Regardless of sex, the GEBVf of a young individual 
without phenotypic information in this study, estimat-
ed by using small national training population in the 
single-step genomic evaluation, was, on average, almost 
10 points higher than predictions based on EBV (Fig-
ure 4). In contrast to the report on milk yield by Lee 
et al. (2020), who estimated 0.47 to 0.52 GEBV REL 
for females with phenotype, and 0.68 to 0.75 GEBV 
REL for sires with progeny, we estimated higher mean 
GEBVf REL for females with phenotypic information 
(0.68–0.83). Our estimated mean GEBVf REL for 
males with daughter phenotype was somewhat lower, 
presumably due to the smaller amount of daughter 
information (0.58–0.65; Figure 4). However, for both 
young females and young males without phenotypic 
information, our mean GEBVf REL, between the range 
of 0.43 and 0.5 (0.42–0.51) for females (males; Figure 
4), were higher than those for young females without 
phenotypic information (0.34–0.38) and males without 
progeny (0.35–0.39) reported by Lee et al. (2020). Their 
heritability for milk yield, ranging between 0.16 and 
0.28 for different parities, was lower than ours (0.33); 
that may explain lower REL values for the younger 
animals in their study.

The combination of genomic and MACE information 
can equivalently replace domestic phenotypic informa-
tion and provide equal or even slightly higher genomic 
breeding value (GEBVMr) REL for young-female selec-
tion candidates much sooner than the pedigree-based 
evaluation would (Figure 3). The GEBVr REL trend 

suggests that 15 to 35 points of GEBV REL can be 
assigned to national genomic information, where the 
value depends on the distance from relatives’ pheno-
typic information. The GEBVMr REL trend suggests 
that an additional 11 to 17 points can be assigned to 
the combination of added sire genomic and MACE 
information (Figure 3). From the latter, females ob-
tained, on average, 13 points, and males 16 points of 
GEBVMr REL. As the GEBV(M)r REL includes only 
ancestral phenotypic information, these results can be 
considered a reliability increase caused by genomic and 
MACE information. Similarly, the GEBV REL increase 
can also be estimated by comparison with PA REL. 
For example, Boison et al. (2017) estimated between 
a 22.9- and 26.4-point PA to GEBV REL increase for 
milk yield in Gyr cattle (with heritability 0.28), having 
~150 males in the validation group using GBLUP with 
genotyping panels of diverse density. This outcome is in 
satisfactory agreement with our GEBVr REL results, 
especially because the study of Boison et al. (2017) had 
a similarly structured and sized training population. 
Our results are also in line with the report of Hayes et 
al. (2009), who reviewed the PA-GEBV REL increase 
for different traits from several countries. The PA to 
GEBV REL increase for young dairy bulls with no 
daughter information in New Zealand was between 16 
and 33 points, including milk production; the average 
increase for US and Canadian young Holstein bulls was 
23 points, and between 9 and 33 points for Dutch dairy 
bulls.
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Figure 3. Trend for mean breeding value reliability (REL) from 
the full pedigree-based evaluation, and for mean genomic breeding 
value REL from the reduced genomic evaluations for the validation 
group (Table 2) by sex (EBV = pedigree-based estimated breeding 
value; GEBV = genomic breeding value; GEBVM = MACE-enhanced 
GEBV; MACE = multiple across-country evaluation; F = females; M 
= males).

Figure 4. Trend for mean breeding value reliability (REL) from 
the full pedigree-based evaluation, and for mean genomic breed-
ing value RELs from the full genomic evaluations for the validation 
group (Table 2) by sex (EBV = pedigree-based estimated breeding 
value; GEBV = genomic breeding value; GEBVM = MACE-enhanced 
GEBV; MACE = multiple across-country evaluation; F = females; M 
= males).
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Difference in Mean Reliability by Sex

When MACE information was included for progeny-
tested genotyped sires, a positive deviation of GEBVMf 
REL from GEBVf REL was observed (Figure 4; Table 
5). Integration of MACE information into genomic 
evaluation for a total of 7,246 foreign and domestic 
sires, avoiding double counting of the same informa-
tion, brought the highest REL increase for the entire 
validation group. Reliability increase was especially 
high for the youngest individuals, as the MACE inte-
gration compensated for their lack of phenotypic in-
formation. The GEBVf REL value diminished by each 
year similarly to EBVf REL, which was anticipated 
after only a small number of genotypes linked to the 
domestic phenotypic information was included in the 
evaluations, whereas GEBVMf REL retained a steadier 
decline (Figure 4).

The main aim of genomic selection is to predict suffi-
ciently reliable estimated breeding values for young se-
lection candidates without own phenotypic information 
(Meuwissen et al., 2001; Schaeffer, 2006). Reliability of 
genomic breeding values of the young-genotyped selec-
tion candidates without own phenotypic information 
strongly depends on the number of individuals with 
genomic information in the training population (Calus, 
2010). Reliability of estimated breeding values for such 
individuals was improved in this study by including 
combined foreign genomic and external MACE infor-
mation.

A small training population can negatively affect 
GEBV REL (e.g., Lund et al., 2011), but that was not 
the case in the present study. However, the importance 
of combining national and available foreign information 
in genomic evaluation has been shown in several pub-
lications (Vandenplas et al., 2015; Vandenplas et al., 
2017; Andonov et al., 2017; Colinet et al., 2018; Guarini 
et al., 2019). Combining multiple information sources 
is especially relevant for small cattle populations with 
limited national information where all additional infor-
mation in evaluation is useful.

The largest REL increase was indicated by the differ-
ence between EBVf and GEBVMf REL in both sexes. 
As mentioned above, the correlation between GEBVf 
and associated REL from S1 and S2 was 0.99; therefore, 
the EBVf to GEBVMf REL increase can be assigned 
directly to the extensive MACE information that aug-
mented contribution of the genomic relationship matrix 
(Misztal et al., 2013; Figure 4; Table 5). The GEBVMf 
REL increase was more prominent for males.

Lee et al. (2020) obtained an average of 9 points of 
GEBV REL increase compared with EBV for milk pro-
duction traits estimated using the ssGBLUP method 
with ~2,000 genotyped Holstein individuals of both 
sexes, which corresponded to the difference between 
EBVf and GEBVf REL for males in this study (Table 
5). They noted lower REL increase for progeny-tested 
bulls (4 points) and females with phenotype information 
(7 points), and higher REL increase for heifers without 
own and bulls without progeny phenotypic information 
(13 and 17 points, respectively). Our prediction group 
consisted of females with and without phenotypic 
information, and young males with mainly limited or 
no phenotypic information available within the full 
evaluations. The structure of our prediction group may 
explain the somewhat lower mean GEBVf REL increase 
compared with EBVf REL in the present study. Un-
like other authors, Vandenplas et al. (2017) integrated 
the GEBV and genomic information for ~6,000 BSW 
bulls from InterGenomics evaluation into the ssGBLUP 
evaluation for milk yield. Only 277 of ~6,000 bulls con-
tributed national information to the MACE evaluation, 
of which results were integrated into the InterGenomics 
evaluation. Their genomic REL increased by 10 points 
(0.97) compared with EBV REL (0.87) for 319 domes-
tic and foreign bulls with phenotyped daughters in the 
national evaluation. The genomic REL increased by 8 
points, on average, for individuals with low amounts 
of phenotypic information and low EBV REL (<0.25) 
after the GEBV integration. The same effect was ob-
served in the present study, with a GEBVMf REL in-
crease by up to 33 points compared with EBVf REL for 
animals with low amounts of phenotypic information 
(Figure 4).

Studies with integration of external information 
are mostly conducted using Holstein cattle data. For 
example, Colinet et al. (2013, 2018) carried out ssGB-
LUP genomic evaluation with MACE integration from 
2013 and 2015 evaluations for the Walloon Holstein 
cattle population with features similar to the Slovenian 
BSW population (small size, small training population 
size, and common use of foreign genetic material). In 
their studies, they integrated the MACE information 
of ~1,980 and almost 4,000 bulls, of which ~400–700 
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Table 5. Average reliability increase (points) between breeding 
values from the full (f) pedigree-based and genomic evaluations for 
the validation group by sex (increase for females in the upper matrix 
diagonal, increase for males in the lower matrix diagonal)

Item1 EBVf GEBVf GEBVMf

EBVf  5 12
GEBVf 10  7
GEBVMf 25 15  
1EBV = pedigree-based estimated breeding value; GEBV = genom-
ic breeding value; GEBVM = multiple across-country evaluation 
(MACE)-enhanced GEBV.
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contributed to the integrated MACE evaluation. They 
included 2,000 and 5,000 genotyped individuals, respec-
tively. Both studies confirmed the highest GEBV(M) 
REL increase for the genotyped individuals with the 
lowest EBV REL. Their milk yield (heritability 0.38 in 
both studies) GEBV REL increase was 7 points lower 
than the EBV for young bulls when a smaller amount of 
domestic data were included in the evaluation (Colinet 
et al., 2013). Nevertheless, even with a smaller amount 
of domestic data, a higher number of bulls with EDC 
>0 and integrated MACE information in the evaluation 
resulted in a larger increase of GEBVM REL compared 
with the EBV REL (10 points more), and compared 
with GEBV REL (17 points more) for young bulls than 
in the most recent study.

Our average GEBVf to GEBVMf REL increase for 
the youngest individuals was closer to the increase from 
the recent study (Colinet et al., 2018; 19 points) where 
they included a greater amount of genomic and MACE 
information. Guarini et al. (2019) also used Holstein 
data with genotype information for 33,000 bulls and 
obtained higher reliabilities integrating MACE in-
formation into ssGBLUP than in multiple-step GB-
LUP evaluation for milking temperament and speed. 
Similar to Colinet et al. (2013), they integrated April 
2013 MACE information into genomic evaluations for 
around 1,800 genotyped sires, of which ~100 contrib-
uted to integrated MACE evaluation. They obtained 
9.6-point and 19.3-point EBV to GEBV REL increases 
with domestic ssGBLUP evaluation for their 2 traits, 
which is in agreement with Colinet et al. (2013) for 
bulls with low EBV REL, and with our results for 
validation males. Guarini et al. (2019) obtained addi-
tional 0.2-point and 1.4-point GEBV to GEBVM REL 
increases, respectively, when they integrated MACE in-
formation, which is lower than the rest of the presented 
and reviewed results in the present study.

Reliability Changes for Females by the Sire Status

The majority of validation females had a domestic 
sire, and most of them were MACE-evaluated progeny-
tested sires (Table 2). The rest of the sires were not 
progeny-tested and were considered young bulls. The 
number of progeny-tested sire daughters within each 
birth year was higher than the number of domestic 
young bulls’ daughters, with the exception of the years 
2018 and 2019. There were no daughters of domestic 
progeny-tested sires born in 2019.

In general, the REL for females from all single-step 
genomic evaluations was higher when their sire was 
progeny-tested (Figure 5; Y). These differences can be 
explained by the different number of sires and their 
MACE information in the evaluations. The difference 

in REL from full evaluations between the daughters of 
domestic progeny-tested and young bull sires became 
larger for those born after 2016 when the availability 
of the phenotypic information naturally reduced. The 
GEBV(M)f REL for the domestic progeny-tested sire 
daughters born in 2018 reached 0.52 (GEBVf) and 0.64 
(GEBVMf), whereas the REL for the young bull sire 
daughters born in 2018 and 2019 reached 0.43 (GEBVf) 
and 0.58 (GEBVMf), respectively.

The most considerable difference on account of the 
sire status in mean GEBVf REL (10 points) and mean 
GEBVMf REL (7 points) was for females born in 2017. 
For the domestic progeny-tested sire daughters born 
after 2016, the difference between mean GEBVr and 
GEBVMr REL was 12 points. The full evaluation dif-
ference stayed in a similar range between 10 and 12 
points (Figure 5). For daughters of young domestic bull 
sires born in the same years, the difference between 
mean GEBVr and GEBVMr REL ranged between 14 
and 17 points, and in the full evaluation, the difference 
was 13 to 15 points. Colinet et al. (2013, 2018) obtained 
a 9- to 30-point GEBV REL increase compared with 
EBV REL, an 11- to 41-point EBV to GEBVM REL 
increase, and a 1- to 14-point GEBV to GEBVM REL 
increase for their genotyped individuals of both sexes 
sired by progeny-tested MACE-evaluated sires. The 
higher GEBVM REL increase obtained in their 2013 
study confirms the critical role of the sires with EDC 
>0 in the single-step genomic evaluation. Findings 
from our study for individuals of both sexes without 
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Figure 5. Trend for mean reliability (REL) of genomic breeding 
values (GEBV, GEBVM) from full and reduced genomic evaluations 
for females in the validation group (Table 2) by sire progeny-tested 
status (GEBV = genomic breeding value; GEBVM = multiple across-
country evaluation (MACE)-enhanced GEBV; Y = sire is progeny-
tested; that is, has MACE information in the evaluation; N = sire is 
not progeny-tested; that is, does not have MACE information in the 
evaluation).
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accounting for sire status agree with these values; how-
ever, the young bull daughters in our study obtained up 
to a 3-point-higher GEBV to GEBVM REL increase.

These results suggest that regardless of the availabil-
ity of the recent phenotypic information and domestic 
sire status, the inclusion of combined abundant foreign 
sire genomic and MACE information increases the reli-
ability of genomic breeding values for young females by 
around 10 points. The increase is slightly higher if the 
sire is a young domestic bull. Domestic and especially 
progeny-tested sires have more relatives in the domes-
tic population, and thus a stronger association with 
phenotypic information, which comes to the fore when 
selection candidates have no own or progeny pheno-
typic information. Younger bulls have fewer progenies 
in the population, and thus a weaker link to the pheno-
typic information. Therefore, their daughters are more 
affected by the additional MACE information in the 
evaluation.

Correlation Between Breeding Values

Each correlation presents the effect of a different 
piece of information on breeding value accuracy. The 
correlation between breeding values from the full and 
reduced evaluations is also known as a direct estimate 
of an increase of the population breeding value accu-
racy and can be used as information on the ratio of ac-
curacies (Legarra and Reverter, 2018). The correlation 
between EBVf and EBVr showed the effect of recent 

own or progeny phenotypic information on the accu-
racy obtained from the pedigree-based evaluation. The 
correlation between GEBVf and GEBVr showed the 
effect of recent own or progeny phenotypic information 
in the presence of genomic information in the single-
step genomic evaluation compared with the correlation 
between pedigree-based evaluations. The correlation 
between GEBVMf and GEBVMr further described 
the additional effect of the combined recent external 
MACE information and foreign genomic information 
included in the single-step genomic evaluation.

Results suggest (Table 6) that available (ancestral) 
phenotypic information affected the accuracy for the 
youngest selection candidates to a similar degree that 
it affected the older individuals in the pedigree-based 
evaluation, as well as in the single-step genomic evalua-
tion. Overall, the correlations within sex differed among 
the birth years, but they were not always statistically 
significant (P < 0.0001) for males. The correlations 
between EBVf and EBVr and between GEBVf and GE-
BVr were up to 0.37 for the youngest individuals (Table 
6). Decreased correlation between GEBVf and GEBVr, 
compared with EBVf and EBVr, indicated extra accu-
racy on account of national genomic information for 
individuals born in 2015, 2016, 2018, and 2019. The 
decrease can be explained by the introduction of the 
national genomic information in the evaluation.

Results also suggest that the combination of genomic 
information and MACE sire information from the past 
MACE evaluation included in the reduced single-step 
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Table 6. Correlations (corr) and SE between estimated breeding values from the full (f) and reduced (r) evaluations for validation group (Table 
2) by sex and birth year

Item1  Statistic

Birth year

All2013 2014 2015 2016 2017 2018–2019

Female
 Number of individuals  233 201 138 108 173 188 1,041
 EBVf – EBVr Corr 0.38 0.46 0.37 0.28 0.46 0.37 0.40

SE 0.06 0.06 0.08 0.09 0.07 0.07 0.03
 GEBVf – GEBVr Corr 0.39 0.50 0.26 0.25 0.50 0.31 0.39

SE 0.06 0.06 0.08 0.09 0.07 0.07 0.03
 GEBVMf – GEBVMr Corr 0.52 0.53 0.50 0.59 0.70 0.66 0.59

SE 0.06 0.06 0.07 0.08 0.05 0.06 0.03
 GEBVMf – EBVf Corr 0.97 0.97 0.94 0.88 0.80 0.74 0.90

SE 0.02 0.02 0.03 0.05 0.05 0.05 0.01
Male
 Number of individuals  21 35 52 46 53 108 315
 EBVf – EBVr Corr NS 0.45 0.33 0.43 NS 0.35 0.29

SE NS 0.16 0.13 0.14 NS 0.09 0.05
 GEBVf – GEBVr Corr NS 0.49 0.29 NS 0.29 0.34 0.27

SE NS 0.15 0.14 NS 0.13 0.09 0.05
 GEBVMf – GEBVMr Corr 0.46 0.73 0.58 0.74 0.65 0.74 0.66

SE 0.20 0.12 0.12 0.10 0.11 0.07 0.04
 GEBVMf – EBVf Corr 0.78 0.55 0.78 0.68 0.61 0.69 0.69

SE 0.14 0.15 0.09 0.11 0.11 0.07 0.04
1EBV = pedigree-based EBV; GEBV = genomic breeding value; GEBVM = multiple across-country evaluation (MACE)-enhanced GEBV.
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genomic evaluation contributed to the accuracy of the 
individuals with the least amount of information in the 
evaluation to a similar degree as did the inclusion of 
recent phenotypic and MACE information in the full 
evaluation. This was shown by the correlation between 
GEBVMf and GEBVMr (Table 6). The combination of 
national and foreign genotypes and external informa-
tion considerably increased the correlation between 
GEBVMf and GEBVMr for all birth years and both 
sexes. The correlation increase was somewhat smaller 
for females than males, pointing to the higher contribu-
tion of the recent combined information for the female 
breeding value accuracy compared with males.

The contribution of all domestic, foreign, and MACE 
information to the breeding value accuracy was minor 
if the females already had sufficient phenotypic infor-
mation. Nevertheless, the accuracy for the younger fe-
males was affected to a higher degree by the additional 
information. This trend was suggested by the highest 
correlation between GEBVMf and EBVf for all females; 
however, the correlation decreased for the females 
born after 2016 (Table 6). The correlation between 
GEBVMf and EBVf for males was lower than for the 
females. Compared with the pedigree-based evaluation, 
genomic and MACE information contributed more to 
the accuracy of genomic breeding values for males than 
it did for females.

Additional breeding value correlations are presented 
in Table 7. The correlations between EBVf and GEBVr 
and between EBVf and GEBVMr demonstrated the ef-
fect of recent phenotypic information (EBVf) on breed-
ing value accuracy compared with the effect of only 
genomic information (GEBVr), or genomic information 
combined with external information (GEBVMr) in the 
evaluation (Table 7). Correlations for males were not 
all statistically significant, and no conclusions could be 
made based on these results.

Presented correlations suggest that for the breeding 
value accuracy of the young female selection candi-
dates, genomic information is similarly important as 
the recent and own or progeny phenotypic information. 
This was indicated by the similar correlations between 
EBVf and GEBVr and between GEBVf - GEBVr for 
females. The correlation between EBVf and GEBVr for 
the youngest males was lower than for the youngest 
females (Table 7).

For females, the combination of national and foreign 
genomic and MACE information contributed somewhat 
less to the accuracy than the national genomic infor-
mation. The correlation between EBVf and GEBVMr 
was generally higher than between EBVf and GEBVr 
for both sexes, which was expected because MACE 
information indirectly includes information that is also 
considered in foreign pedigree-based evaluations (Table 
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Table 7. Additional correlations (corr) and SE between estimated breeding values from the full (f) and reduced (r) evaluations for the validation 
group (Table 2) by sex and birth year

Item1  Statistic

Birth year

All2013 2014 2015 2016 2017 2018–2019

Female
 Number of individuals   233 201 138 108 173 188 1,041
 EBVf – GEBVr 
 

 Corr 0.38 0.51 0.25 0.22 0.41 0.28 0.37
 SE 0.06 0.06 0.08 0.09 0.07 0.07 0.03

 EBVf – GEBVMr 
 

 Corr 0.45 0.47 0.39 0.38 0.43 0.34 0.43
 SE 0.06 0.06 0.08 0.09 0.07 0.07 0.03

 GEBVf – GEBVMr 
 

 Corr 0.47 0.48 0.38 0.45 0.51 0.44 0.47
 SE 0.06 0.06 0.08 0.09 0.07 0.07 0.03

 GEBVMf – EBVr 
 

 Corr 0.34 0.38 0.27 0.21 0.38 0.21 0.31
 SE 0.06 0.07 0.08 0.09 0.07 0.07 0.03

 GEBVMf – GEBVr 
 

 Corr 0.38 0.47 0.24 0.24 0.45 0.29 0.36
 SE 0.06 0.06 0.08 0.09 0.07 0.07 0.03

Male
 Number of individuals   21 35 52 46 53 108 315
 EBVf – GEBVr 
 

 Corr NS NS 0.30 NS NS 0.21 0.20
 SE NS NS 0.13 NS NS 0.09 0.06

 EBVf – GEBVMr 
 

 Corr NS NS 0.36 0.38 NS 0.39 0.31
 SE NS NS 0.13 0.14 NS 0.09 0.05

 GEBVf – GEBVMr 
 

 Corr NS 0.56 0.33 0.43 0.38 0.54 0.44
 SE NS 0.14 0.13 0.14 0.13 0.08 0.05

 GEBVMf – EBVr 
 

 Corr NS NS NS 0.37 NS 0.28 0.16
 SE NS NS NS 0.14 NS 0.09 0.06

 GEBVMf – GEBVr 
 

 Corr NS 0.46 0.32 NS NS 0.27 0.19
 SE NS 0.15 0.13 NS NS 0.09 0.06

1EBV = pedigree-based estimated breeding value; GEBV = genomic breeding value; GEBVM = multiple across-country evaluation (MACE)-
enhanced GEBV.
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7). The correlation between EBVf and GEBVMr for 
males were similar to their correlations between EBVf 
and EBVr, and GEBVf and GEBVr. For females, the 
values were generally closer to the correlations between 
GEBVf and GEBVr. These results also confirmed the 
previous finding that the combination of genomic and 
MACE information can be used as an equivalent sub-
stitute for scarce phenotypic information for males as 
well as females.

The higher correlation between GEBVf and GE-
BVMr, especially for males born in 2018 and 2019, 
suggested that inclusion of foreign genomic informa-
tion and MACE information from past evaluations 
contributed less to the accuracy obtained from the 
single-step genomic evaluation than the recent and 
own or progeny phenotypic information did when do-
mestic genomic information was already included in 
the evaluation (Table 7). For females, the correlation 
between GEBVf and GEBVMr generally resembled the 
correlation between EBVf and GEBVMr, revealing a 
somewhat less significant effect of domestic genomic 
information. The same was true for males born in 2015 
and 2016. The correlation between GEBVf and GEB-
VMr for these males was the same as the correlation 
with EBVf and EBVr, indicating that the contribution 
of foreign genomic information and MACE information 
from past evaluation to the accuracy of the single-step 
genomic evaluation is the same as that of recent own or 
progeny phenotypic information in the pedigree-based 
evaluation.

Domestic and foreign genomic information com-
bined with MACE information in the single-step ge-
nomic evaluation contributes more to accuracy than 
recent own or progeny phenotypic information. This 
was suggested by the lower correlation between GE-
BVMf and EBVr compared with EBVf and EBVr for 
both sexes (Table 7).

Recent and own phenotypic information, along 
with additional foreign genomic and MACE informa-

tion, had no major effect on breeding value accuracy 
of the females in the single-step genomic evaluation 
with domestic genomic information. The correla-
tion between GEBVMf and GEBVr for females born 
in 2016 and later was slightly higher than their cor-
relation between EBVf and GEBVr; however, it was 
equal or slightly lower for the older females (Table 
7). This correlation was also slightly lower compared 
with the correlation between GEBVf and GEBVr. For 
males born in 2018 and 2019, the correlation between 
GEBVMf and GEBVr was lower than the correlation 
between GEBVf and GEBVr. It was slightly higher 
than the correlations between GEBVf and GEBVr, and 
EBVf and GEBVr for males born in 2015, and it was 
again slightly lower than the correlation between GE-
BVf and GEBVr for males born in 2014.

Breeding Value Inflation

Results indicated that the inclusion of genomic in-
formation alone, or combined with MACE information, 
increased inflation in the evaluation for validation fe-
males (Table 8). Table 8 shows the over-dispersion of 
breeding values from the reduced evaluation as well 
as from the pedigree-based evaluation. Biased breeding 
values can lead to biased selection decisions, especially 
when selection by truncation on breeding values is the 
primary method of animal selection. Inflation of the 
variance of the estimated breeding values, measured as 
a regression of breeding values from full evaluation on 
breeding values from reduced evaluation, indicates their 
over- as well as under-dispersion. When no inflation is 
present, the expected value of regression coefficient (b) 
is 1 (Mäntysaari et al., 2010; Legarra and Reverter, 
2018). A value of b <1 indicates under-dispersion of 
breeding values from the full evaluation and over-dis-
persion of breeding values from the reduced evaluation, 
and thus points to overestimation of future breeding 
values. By including more information, genomic evalu-
ation can also be considered as a full evaluation and 
pedigree-based evaluation as a reduced evaluation. In 
genomic evaluation, b <1 is commonly observed, and 
it can indicate under-dispersion of genomic breeding 
values along with over-dispersion of pedigree-based 
breeding values (Legarra and Reverter, 2018).

The over-dispersion of the breeding values from re-
duced evaluations was estimated within the pedigree-
based and the single-step genomic evaluations with 
b  to 

GEBV(M)f,r( ) = 0 60 0 69. . ,  on account of the reduction 

of phenotypic information (Table 8). Regression coeffi-
cient was the same for the EBVf,r and the GEBVf,r 
(0.60), indicating similar over-dispersion of breeding 
values from the reduced evaluation in the pedigree-
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Table 8. Dispersion of estimated breeding values from the full (f) and 
reduced (r) evaluation for validation females (n = 1,041)

Item b ± SE R2 ± SE

EBVf,r 0.60 ± 0.04 0.16 ± 0.02
GEBVf,r 0.60 ± 0.04 0.15 ± 0.02
GEBVMf,r 0.69 ± 0.03 0.35 ± 0.03
GEBVMf, EBVf 0.84 ± 0.01 0.81 ± 0.01
EBVf, GEBVr 0.59 ± 0.05 0.14 ± 0.02
EBVf, GEBVMr 0.54 ± 0.04 0.19 ± 0.02
GEBVf, EBVf 0.92 ± 0.01 0.89 ± 0.01
GEBVMf, GEBVf 0.91 ± 0.01 0.90 ± 0.01

EBV = pedigree-based estimated breeding value; GEBV = genomic 
breeding value; GEBVM = MACE-enhanced GEBV; b = regression 
coefficient; R2 = coefficient of determination.
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based as well as in the single-step genomic evaluation. 
The integration of MACE information reduced the 
over-dispersion in single-step genomic evaluation by 9 
points. When all available information was included in 
the full single-step genomic evaluation, the GEBVMf 
became under-dispersed compared with the EBVf, 
which turned out to be over-dispersed 
b(GEBVM ,EBV )f f

=( )0 84. .  Vandenplas et al. (2017) and 

Guarini et al. (2019), in contrast to our results, found 
that integration of MACE information in the single-
step genomic evaluation for milk yield and milking 
traits reduces inflation of genomic breeding values and 
genomic breeding value reliabilities in bulls. However, 
the results are hard to compare as the regression analy-
ses differ among studies.

Coefficient of determination representing validation 
reliability (R2) indicated that phenotypic information 
itself or captured within MACE information explained 
most of the variance in all evaluations. When pheno-
typic information was omitted from the pedigree-based 
and the single-step genomic evaluation, the variance in 
the female pedigree-based breeding value was poorly 
predictable; only between 14 and 19%, as shown in 
the Table 8. When recent phenotypic information was 
included in the single-step genomic evaluation, 81% 
of the variance in GEBV(M)f could be predicted from 
the pedigree-based evaluation (Table 8). The GEBVM 
also indirectly included foreign phenotypic information 
through MACE information that is not captured within 
the pedigree-based evaluation. This foreign information, 
combined with foreign genomic information, accounted 
for 19 percentage points of GEBVMf variance [differ-
ence between 81% (GEBVMf, EBVf) and total EBVf 
variance; Table 8] for validation females not captured 
by the EBVf.

The GEBV(M) from the reduced evaluations were 
more over-dispersed compared with EBVf 
b  to (EBV ,GEBV(M) )f r

=( )0 54 0 59. . .  The GEBVMf re-

mained under-dispersed even when regressed on the 
GEBVf ( b(GEBVM ,GEBV )f f

= 0 91. ; Table 8).

The information from the past MACE evaluation 
only explained an additional 5 percentage points of the 
variance in EBVf. In GEBVMr, the breeding value vali-
dation reliability remained higher even when phenotyp-
ic information was omitted due to MACE information 
(19%), compared with the GEBVr (14%). The greater 
extent of the GEBV variance that was predictable from 
the pedigree-based breeding evaluation suggested that 
national genomic information alone only explained 11 
percentage points of the GEBVf variance for females. 
Foreign information combined with foreign genomic in-

formation explained an additional 10 percentage points 
of the GEBVMf variance for validation females in the 
single-step genomic evaluation (Table 8).

Prospects

Positive REL changes brought by the national ge-
nomic evaluation will likely increase breeders’ interests 
in continuous genotyping. The availability of national 
genomic information is expected to improve in the next 
few years. With a greater amount of genomic data 
over time, even higher reliability increases might be 
reachable. Further use of foreign genetic material and 
integration of increasing international information is 
also expected to additionally affect REL in both sexes 
and to have a significant effect on the youngest animal 
categories.

CONCLUSIONS

We performed a national genomic evaluation with 
and without foreign genomic and external MACE in-
formation. This study showed that combining domestic 
genomic information, foreign progeny-tested sire ge-
nomic information, and MACE information in single-
step genomic evaluation can be used to offset the lack 
of national information. This approach of combining 
information increased the reliability of genomic breed-
ing values for young and old individuals, with a larger 
effect on young females than on young males. In small 
dairy cattle populations with limited national genomic 
information and available international information, 
the single-step genomic evaluation method that com-
bines information appears more suitable for genetic 
evaluation.
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