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ABSTRACT

Small breeding programs are limited in achieving
competitive genetic gain and prone to high rates of
inbreeding. Thus, they often import genetic material to
increase genetic gain and to limit the loss of genetic vari-
ability. However, the benefit of import depends on the
strength of genotype-by-environment interaction. Im-
port also diminishes the relevance of domestic selection
and the use of domestic breeding animals. Introduction
of genomic selection has potentially exacerbated this is-
sue, but is also opening the potential for smaller breed-
ing programs. The aim of this paper was to determine
when and to what extent small breeding programs ben-
efit from importing genetic material by quantifying the
genetic gain as well as the sources of genetic gain. We
simulated 2 cattle breeding programs of the same breed
that represented a large foreign and a small domestic
breeding program. The programs differed in selection
parameters of sire selection, and in the initial genetic
mean and annual genetic gain. We evaluated a control
scenario without the use of foreign sires in the domestic
breeding program and 24 scenarios that varied the per-
centage of domestic dams mated with foreign sires, the
genetic correlation between the breeding programs (0.8
or 0.9), and the time of implementing genomic selection
in the domestic compared with the foreign breeding
program (concurrently or with a 10-yr delay). We com-
pared the scenarios based on the genetic gain and genic
standard deviation. Finally, we partitioned breeding
values and genetic trends of the scenarios to quantify
the contribution of domestic selection and import to
the domestic genetic gain. The simulation revealed that
when both breeding programs implemented genomic se-
lection simultaneously, the use of foreign sires increased
domestic genetic gain only when genetic correlation
was 0.9 (10%—18% increase). In contrast, when the do-
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mestic breeding program implemented genomic selec-
tion with a 10-yr delay, import increased genetic gain
at both tested correlations, 0.8 (5%-23% increase) and
0.9 (15%-53% increase). The increase was significant
when we mated at least 10% or 25% domestic females
with foreign sires and increased with the increasing
use of foreign sires, but with a diminishing return. The
partitioning analysis revealed that the contribution of
import expectedly increased with the increased use of
foreign sires. However, the increase did not depend on
the genetic correlation and was not proportional to the
increase in domestic genetic gain. This represents a
peril for small breeding programs because they could
be overly relying on import with diminishing returns
for the genetic gain, marginal benefit for the genetic
variability, and large loss of the domestic germplasm.
The benefit and peril of import depends on an interplay
of genetic correlation, extent of using foreign sires, and
a breeding scheme. It is therefore crucial that small
breeding programs assess the possible benefits of im-
port beyond domestic selection. The benefit of import
should be weighed against the perils of decreased use of
domestic sires and decreased contribution and value of
domestic selection.

Key words: cattle breeding, import, genetic gain,
partition analysis

INTRODUCTION

Cattle breeding programs import genetic material
to increase genetic gain and genetic diversity. Small
breeding programs depend more on import, because
they usually have lower rates of genetic gain due to
lower intensity and accuracy of selection, and slower
technological and methodological development. They
might also have higher rates of inbreeding due to a
smaller genetic pool. The benefit of import depends
on the difference in genetic means, difference in breed-
ing objectives, and the presence of the genotype-by-
environment (GxE) interaction between the foreign
and domestic populations. The GxE interaction can
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reduce the benefit of the import and domestic selection
of imported germplasm due to different genetic value
of the germplasm in different environments (Falconer
and Mackay, 1996; Hayes et al., 2016). We often mea-
sure GxE with genetic correlation of a trait in different
environments. The correlation of less than 1 implies the
presence of GXE, which can cause a re-ranking of geno-
types in different environments. If environments differ
sufficiently, import may not be beneficial. To maximize
the short-term genetic gain with import in breeding
programs of equal size with conventional selection, the
correlation between environments needs to be at least
0.7-0.8 (Robertson, 1959; Banos and Smith, 1991), and
more than 0.9 to allow for a long-term cooperation
between breeding programs (Mulder and Bijma, 2006;
Cao et al., 2020). This means that if the correlation is
less than 0.9, populations should stop importing after
a couple of generations and rely entirely on their own
genetic improvement. Recent introduction of genomic
selection enabled the long-term cooperation at slightly
lower correlations, between 0.85 and 0.875 for popula-
tions of equal size (Cao et al., 2020). When cooperating
populations are of unequal size, the smaller population
with a lower genetic mean benefits more from the ex-
change of genetic material than the larger population
(Smith and Banos, 1991; Mulder and Bijma, 2006),
particularly with genomic selection (Cao et al., 2020).
The import benefits the genetic gain and genetic di-
versity of small breeding programs, but also diminishes
the importance of domestic breeding activities, if not
even whole breeding programs. The benefits of import
therefore need to be weighed against the eventual loss
of the domestic breeding programs, which are difficult
to quantify. Gorjanc et al. (2011, 2012) analyzed the
contribution of different countries to international and
national genetic trends in Brown Swiss and Holstein
breeds. They showed a major contribution of breeding
activities originating in the United States, despite a
multitude of national breeding programs, each run-
ning its own domestic selection in addition to import.
The missed opportunity of domestic selection was also
shown in Fetherstone et al. (2021). They inspected the
genetic and economic benefit of foreign sires to the
domestic sheep industry with the gene-flow method.
They showed that using foreign genetics resulted in
a lower benefit than increasing the use of progressive
domestic selection. However, genomic selection offered
new opportunities for cooperation between popula-
tions in 2 ways. First, shorter generation intervals with
genomic selection allow for a faster dissemination of
imported genetic material in breeding and commercial
parts of the domestic population. And second, breeding
programs can exchange summary statistics obtained
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from genomic studies, which can be used to increase
accuracy of selection (Vandenplas et al., 2018), and to
potentially more accurately predict breeding values in
different environments and with this manage GxE in-
teraction (Mulder, 2016). Such an exchange of informa-
tion alone can increase genetic gain even when genetic
correlation is as low as 0.4 (Slagboom et al., 2019).

The aim of this paper was to determine when and
to what extent small breeding programs benefit from
importing genetic material by quantifying the genetic
gain as well as dissecting the sources of genetic gain. To
this end this paper: (i) tests the effect of increased use
of foreign sires on genetic gain and genetic variability in
the domestic population at different genetic correlation
between populations; and (ii) partitions genetic trends
of the tested scenarios to quantify the contributions
of domestic and foreign populations to the domestic
genetic gain.

MATERIALS AND METHODS

No human or animal subjects were used, so this
analysis did not require approval by an Institutional
Animal Care and Use Committee or Institutional Re-
view Board.

The study aimed to quantify the effect of varying
use of foreign sires on genetic gain and genetic vari-
ability in a small cattle breeding program. To this end,
we simulated 2 breeding programs of the same breed,
to mimic the existence of a large foreign and a small
domestic breeding program. The programs differed in
selection intensity and accuracy of sire selection, and
consequently in the initial genetic mean and annual
genetic gain. We evaluated 24 scenarios in which the
domestic breeding program used foreign sires. The sce-
narios differed in (i) the percentage of domestic females
mated with foreign sires, (ii) the genetic correlation be-
tween the domestic and foreign breeding program, and
(iii) the delay in implementing genomic selection in the
domestic compared with the foreign breeding program.
We compared the scenarios in terms of genetic gain and
genetic variability in the domestic population. Finally,
we partitioned the genetic trends of the tested scenarios
to quantify the contributions of domestic and foreign
selection.

Simulation of the Base Population
and Historical Breeding

We simulated 2 populations of the same breed with
overlapping generations that mimicked a domestic and
a foreign breeding program. The programs differed in
selection intensity and accuracy of sire selection. We
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simulated a purely additive polygenic trait controlled
by 10,000 causal loci with heritability of 0.25. The
simulation included the generation of genomes, genetic
values, and phenotypes, and a whole cattle breeding
program as described previously (Obsteter et al.,
2019). In short, both breeding programs started from
the same base population. For computational simplic-
ity, each breeding program included ~22,500 active
animals, but differed in the selection parameters to
reflect their size and resources. The simulated trait
represented a polygenic net merit encompassing many
traits (Obsteter et al., 2019). To generate genetic dif-
ference between the 2 breeding programs, which is due
to genetic drift and selection, we ran 20 yr of random
mating followed by a 10 yr burn-in period with con-
ventional selection with progeny testing in each popu-
lation. We simulated populations with overlapping
generations. In both populations, we generated 4,320
female calves every year, culled 11.2% due to problems
at birth, culled 20% of cows after each lactation, and
culled all the remaining cows after the forth lactation.
In the domestic breeding program, we yearly selected
139 bull dams out of cows in the second, third, and
fourth lactation. We then generated 45 male calves
from matings of bull dams and progeny tested sires
(elite matings). Out of these, we chose 8 for progeny
testing, of which 4 were eventually selected as sires
for widespread insemination of cows. In the foreign
population, we implemented a higher intensity and ac-
curacy of sire selection to achieve a difference of 1.5
genetic standard deviation in the initial genetic means
between the 2 populations. To this end, we yearly se-
lected 855 bull dams to produce 300 offspring of elite
matings, of which we selected 150 for progeny testing,
and 20 as elite sires. All elite sires in the domestic and
foreign population were kept in use for 5 yr. In the
period of historical breeding, all selections in the do-
mestic breeding program were done on pedigree-based
estimates of breeding values, and all selections in the
foreign breeding program were done on true breeding
values.

We simulated a genetic correlation between the 2
breeding programs to be either 0.8 or 0.9. We simulated
the genetic correlation as 2 genetically correlated traits
that represented the net merit trait expressed in the
domestic (domesticTrait) and foreign (foreignTrait)
breeding program. AlphaSimR simulates the genetic
correlation by correlating the QTL effects for the traits.
We selected animals in the domestic breeding programs
based on the trait expressed in the domestic environ-
ment, and animals in the foreign breeding programs
based on the genetically correlated trait expressed in
the foreign environment.
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We next simulated an additional 20 yr, in which we
evaluated 24 different scenarios of importing foreign
sires into the domestic breeding program, including a
control scenario without import. The scenarios differed
in 3 ways. First, they varied the genetic correlation as
explained above (r, of 0.8 and 0.9) between the net
merit trait expressed in the 2 breeding programs. Sec-
ond, the scenarios varied the use of foreign sires in the
domestic breeding program. We mated 0%, 10%, 25%,
50%, or 100% of the domestic females with foreign sires
(from here on we use the term % foreign sires). We
additionally created a scenario that mated only elite
bull dams with foreign sires. Third, the scenarios varied
in introducing genomic selection. We ran a set of sce-
narios where (i) both breeding programs implemented
genomic selection simultaneously in yr 30; and (ii) the
foreign breeding program implemented genomic selec-
tion in yr 30, whereas the domestic breeding program
implemented it with a 10 yr delay, in yr 40. The latter
mimicked a situation where small breeding programs
adopt a new technology with a delay due to the lack
of resources, technical support, and skepticism. With
genomic selection in the domestic breeding program,
we genotyped all offspring of elite matings (45) and
selected the top 6 as elite sires. In the foreign breeding
program, we increased the number of offspring from
elite matings to 400, genotyped them all, and selected
the top 15 as elite sires. This scheme mimicked the
fact that large breeding programs usually take a better
advantage of the decreased cost of genomic compared
with conventional testing, and increase the intensity
of sire selection in genomic selection (Wiggans et al.,
2017). We replicated the simulation of base population
followed by historical breeding and each scenario 10
times. Construction of training populations and genetic
evaluation with genomic data are described in the fol-
lowing. All selections were done on either pedigree- or
genomics-based estimates of breeding values for the net
merit for the corresponding trait.

Estimation of Breeding Values

We estimated breeding values either with the pedi-
gree or genomic single-step genetic evaluation. Breeding
values were estimated within each breeding program
without sharing of the data, using all available pedigree
and phenotypic data, and a collection of genomic data.
We used blupf90 (Misztal et al., 2018) with variance
components used for the simulation of the traits and
default settings for the estimation of breeding values in
each generation of selection. Initial set of genomic data
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consisted of genotypes from all active cows (~10,000 in
each population) and all elite sires (80 in the small and
200 in the large population). We updated the genomic
data every year by removing genotypes from the oldest
generation of cows, and replacing them with genotypes
from the new first lactation cows. We also added geno-
types from every new generation of male candidates.

Analysis of Scenarios

We compared the scenarios based on genetic gain,
loss of genetic variability, and contribution of domestic
selection and import to genetic gain. We computed the
genetic gain in each breeding program by averaging
true breeding values by the birth year, and standard-
ized it to have the mean of 0 and standard deviation of
1 in the domestic breeding program in the first year of
comparison (yr 30). We standardized the genetic gain
in the foreign breeding program with the values from
the domestic breeding program to facilitate compari-
son. We expressed annual genetic gain by regressing the
average true breeding value onto the birth year of ani-
mals. We computed genic variance as a measure of ge-
netic variability as 22;11 (piqiaf), where n is the num-
ber of causal loc, p and ¢ are the allele frequencies, and
« is the allele substitution effect at the causal loci. We
standardized the genic variance to have the value of 1
in the domestic breeding program in the first year of
comparison. We computed the effective population size
(Ne) based on either genic variance or average observed
heterozygosity. For the genic variance based Ne, we
computed the rate of coancestry (AC) per year as one
minus the exponent of the slope of regressing the genic
variance on the year with log-link gamma regression
(Gorjanc et al., 2018). For the heterozygosity based Ne,
we computed AC as one minus the exponent of the
slope of regressing the logarithm of (1 — average homo-
zygosity), where homozygosity is (1 — heterozygosity),
onto the year of birth. The average heterozygosity was
calculated across all the markers of genotyped individu-
als born in given year. The AC was then multiplied by
the generation interval, averaged across all 4 paths of
selection, to obtain AC per generation (ACg). Finally,
the Ne was computed as 1/(2 x ACg). We used Alp-
haPart R-package (Obsteter et al., 2021) to partition
the trend in genetic gain of the domestic breeding pro-
gram into the contribution of domestic selection and
import from the foreign breeding program. We parti-
tioned the true breeding values, and hence the true
genetic trend, to evaluate the effect of import without
the uncertainty and any bias in estimated breeding
values. To obtain genetic contributions (i.e., proportion
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of domestic and foreign genes) to the domestic popula-
tion, we partitioned a vector of ones.

RESULTS

When both populations implemented genomic selec-
tion simultaneously, using foreign sires significantly
increased domestic genetic gain in yr 50 only when
genetic correlation between populations was 0.9. When
the domestic population implemented genomic selec-
tion 10 yr after the foreign population, using foreign
sires significantly benefited the domestic genetic gain
at both tested genetic correlations when we mated at
least 10% or 25% of domestic females with foreign sires.
The domestic genetic gain increased with increasing
use of foreign sires, but with a diminishing return. The
increase in domestic genetic gain with import in yr 50
was between 5% and 23% when genetic correlation was
0.8, and between 15% and 53% when genetic correla-
tion was 0.9. The use of foreign sires also marginally
alleviated the loss of genic variance in the domestic
population at both tested genetic correlations. The
partitioning analysis revealed that the contribution of
foreign population to domestic genetic gain increased
with increasing use of foreign sires. However, the in-
crease in foreign contribution was not proportional to
the increase in genetic gain.

We first compare the scenarios in terms of the genetic
gain and genic standard deviation in the last year of
simulation, yr 50, as well as the annual genetic gain
when appropriate. For scenarios that changed the do-
mestic breeding scheme in yr 40, we also report the re-
sults for yr 40. We next compare the scenarios in terms
of partitioned trend in genetic gains. The Supplemental
Material is available at https://doi.org/10.6084/m9
figshare.22032479.v4 (Obsteter et al., 2023).

Genetic Gain and Genetic Variability

Stmultaneous Implementation of Genomic Se-
lection in Both Populations. Import has increased
the domestic genetic gain when genetic correlation
with the foreign population was 0.9 (Figure 1). When
genetic correlation was 0.8, import did not significantly
increase domestic genetic gain compared with only
using domestic genomic selection. When genetic cor-
relation was 0.9, the domestic genetic gain increased
with increasing import, but with diminishing returns
(Figure 1 and Supplemental Table S1, https://doi
.org/10.6084/m9.figshare.22032479.v4, Obsteter et al.,
2023). Compared with only domestic selection, genetic
gain significantly increased by 10% (measured at yr 50)
when we mated 25% dams with foreign sires. Increasing
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Figure 1. Genetic gain by scenario, genetic correlation (cor) between populations, and the time of implementing genomic selection. The
lines represent the average breeding value by the year of birth and the ribbon the corresponding standard deviation across 10 replicates. The
lines named Domestic show the domestic genetic gain with varying percentage of domestic females mated with foreign sires (0, 10, 25, 50, 100).
Scenario 100BD mated only the elite bull dams with foreign sires. The lines named Foreign show the genetic gain of the foreign population for the
trait expressed on the scale of the domestic (domesticTrait) and the foreign (foreignTrait) breeding program. Scenarios marked with No_delay
implemented genomic selection in both populations simultaneously (in yr 30). Scenarios marked with 10y_delay implemented genomic selection

in the domestic population 10 yr after the foreign population (in yr 40).

this percentage to 50% and 100% respectively increased
genetic gain to 16% and 18%. Mating only bull dams
with foreign sires gave a domestic genetic gain similar
to when mating 50% dams with foreign sires. Although
the differences were small, results suggest that using
a mix of foreign and domestic sires could alleviate the
loss of genic standard deviation in the domestic popu-
lation (Figure 2 and Supplemental Table S2; https:/
/doi.org/10.6084/m9.figshare.22032479.v4, Obsteter et
al., 2023). At both genetic correlations, we observed
the largest loss of genic standard deviation by yr 50 in
the scenario that did not import foreign sires (3%4%),
and the smallest loss in the scenarios that mated bull
dams exclusively with foreign sires (1%-2%). The latter
scenario also resulted in the highest domestic Ne, which
was up to 140% (based on genic variance) and up to
330% (based on heterozygosity) higher than in the sce-
nario with no import (Supplemental Figure S1; https:
//doi.org/10.6084 /m9.figshare.22032479.v4, Obsteter
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et al., 2023). Also, when genetic correlation was 0.8,
using foreign sires resulted in up to 11% or 78% larger
domestic Ne, respectively based on genic variance and
heterozygosity, compared with when genetic correlation
was 0.9. This was true for the majority of the scenarios.
The 2 types of Ne show the same trend between the
scenarios, but Ne based on the trait genic variance was
up to double that of the Ne based on heterozygosity,
which indicates a difference between the rate of change
in genetic variation with respect to the trait or underly-
ing alleles in the genome.

Ten-Year Delay in the Implementation of
Domestic Genomic Selection. When the domestic
population implemented genomic selection 10 yr after
the foreign population, using foreign sires increased the
domestic genetic gain at both tested genetic correla-
tions (Figure 1 and Supplemental Table S3, https://
doi.org/10.6084/m9.figshare.22032479.v4, Obsteter et
al., 2023). The increase was however larger when the
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Figure 2. Genic standard deviation by scenario, genetic correlation (cor) between populations, and the time of implementing genomic selec-
tion. The lines represent the average genic standard deviation by the year of birth and the ribbon the corresponding standard deviation across
10 replicates. The lines named Domestic show the domestic genic standard deviation with varying percentage of domestic females mated with
foreign sires (0, 10, 25, 50, 100). Scenario 100BD mated only the elite bull dams with foreign sires. The lines named Foreign show the genic
standard deviation of the foreign population for the trait expressed on the scale of the domestic (domesticTrait) and the foreign (foreignTrait)
breeding program. Scenarios marked with No_delay implemented genomic selection in both populations simultaneously (in yr 30). Scenarios
marked with 10y_delay implemented genomic selection in the domestic population 10 yr after the foreign population (in yr 40).

genetic correlation with the foreign population was 0.9.
The domestic genetic gain increased with increasing the
use of the foreign sires.

Implementing domestic genomic selection changed
the effect of using foreign sires. Hence, we compare the
scenarios based on the genetic gain in yr 40 and 50 for
the period prior and after the implementation, respec-
tively (Figure 1 and Supplemental Table S3). By yr
40, import changed the domestic genetic gain between
—12% and 62% when genetic correlation was 0.8, and
between —8% and 114% when genetic correlation was
0.9, compared with the scenario without the import.
Between yr 40 and 50, the difference between the
scenarios remained more constant due to less variable
annual genetic gains (Supplemental Figure S2, https:
//doi.org/10.6084 /m9.figshare.22032479.v4, Obsteter
et al., 2023). By yr 50, import increased the domestic
genetic gain between 5% and 23% when genetic correla-
tion was 0.8, and between 15% and 53% when genetic
correlation was 0.9, compared with the scenario without

Journal of Dairy Science Vol. 106 No. 8, 2023

the import. The increase was significant when we used
at least 10% or 25% of foreign sires respectively with
genetic correlation 0.8 and 0.9 (Figure 1, Supplemental
Table S3). Mating only bull dams with foreign sires
resulted in the genetic gain comparable to when we
used 25% of foreign sires.

As in the scenarios that implemented the genomic
selection simultaneously in both populations, the loss
in genic standard deviation was small in all scenarios
(Figure 2 and Supplemental Table S4, https://doi
.org/10.6084/m9.figshare.22032479.v4, Obsteter et al.,
2023). Again, the results suggest that using a mix of
domestic and foreign sires can reduce the loss of genetic
variability. We observed the largest loss by yr 50 (3%)
in the scenarios that either did not use foreign sires
or used exclusively foreign sires. This was observed at
both tested genetic correlations. When we mated only
bull dams with foreign sires, the loss was only 1%. The
trend for domestic Ne was similar to when implement-
ing domestic selection with no delay (Supplemental
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Figure 3. Partitioning of the domestic genetic trend into domestic and foreign contributions in scenarios with simultaneous implementation
of genomic selection in both populations. The scenarios first varied the percentage of domestic females mated with foreign sires (0, 10, 25, 50,
or 100). In the 100BD scenario we mated only bull dams with foreign sires. Second, the scenarios varied genetic correlation (cor) between 2

breeding programs (0.8 or 0.9).

Figure S1). However, for the majority of scenarios,
implementing genomic selection with a delay increased
the domestic Ne up to 62% compared with the no delay
scenario. The exceptions were the scenarios that used
50% or 100% of foreign sires.

Contribution of Domestic and Foreign Selection

The contribution of domestic selection and import
to the domestic genetic trend is shown in Figures 3
and 4. The annual change in contributions is shown in
Supplemental Figures S3 and S4, and the proportion of
domestic and foreign genes in the domestic population
is shown in Supplemental Figures S5 and S6 (https:
//doi.org/10.6084 /m9.figshare.22032479.v4, Obsteter
et al., 2023). The contribution of import to domestic
genetic gain, as well as the proportion of foreign genes,
expectedly increased with increasing import. This was
so regardless of the genetic correlation between the
populations or the breeding scheme.

Simultaneous Implementation of Genomic
Selection in Both Populations. The partitioning
analysis revealed that the contribution of import to the
domestic genetic gain expectedly increased with the in-
creasing import (Figure 3). In contrast to genetic gain,
the contribution of import to domestic genetic gain
increased regardless of the genetic correlation. although
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it was higher and increased faster when genetic correla-
tion was 0.9 (Figure 3 and Supplemental Figure S3).
In yr 50, foreign population contributed between 17%
and 98% to the domestic genetic gain when genetic
correlation was 0.8, and between 26% and 98% when
the genetic correlation was 0.9.

The scenario that used 25% of foreign sires repre-
sented a breaking-point. When we used less than 25%
of foreign sires, the contribution of import increased at
a slower rate than the contribution of domestic selec-
tion (Supplemental Figure S3). When we used 25% or
more foreign sires, the contribution of import started to
increase at a faster rate than the domestic contribution,
which means that it eventually contributed the majority
to the domestic genetic gain. Mating 50% of domestic
females with foreign sires represented a point at which
the domestic contribution was practically constant
throughout the years (Figure 3, Supplemental Figure
S3) and all the gain was contributed by the import.
When we mated all the domestic females with foreign
sires, the domestic contribution decreased, because we
did not use domestic sires for breeding. The scenario
that mated only the bull dams with foreign sires had
comparable foreign contribution as the scenarios that
mated 25% of the domestic females with foreign sires.

Ten-Year Delay in the Implementation of Do-
mestic Genomic Selection. As in the scenarios with
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Figure 4. Partitioning of the domestic genetic trend into domestic and foreign selection in scenarios with a 10-yr delay in the implementation
of genomic selection in the domestic population. The scenarios first varied the percentage of females mated with foreign sires (0, 10, 25, 50, or
100). In 100BD scenario we mated only bull dams with foreign sires. Second, the scenarios varied genetic correlation (cor) between 2 breeding
programs (0.8 and 0.9). Foreign population implemented genomic selection in yr 30 and domestic population in yr 40.

the simultaneous implementation of genomic selection,
increased import expectedly increased the contribution
of foreign population. This was true regardless of the
genetic correlation between the populations (Figure 4
and Supplemental Figure S4). Across scenarios, the
foreign contribution to the domestic genetic gain in yr
50 was between 29% and 97% when genetic correlation
was 0.8, and between 44% and 98% when genetic cor-
relation was 0.9.

The dynamics of the domestic and foreign contribu-
tions differed in yr 3040 (domestic conventional selec-
tion) compared with yr 40-50 (domestic genomic selec-
tion). In yr 3040, we had to use 25% of foreign sires
for the foreign contributions to increase faster than the
domestic (Figure 4 and Supplemental Figure S4). In yr
40-50, the foreign contribution increased faster than
domestic already at 10% of foreign sire use. A higher
rate of increase of foreign contribution resulted in the
foreign population eventually contributing the majority
to the domestic genetic gain.

DISCUSSION

Our results show that the benefit of using foreign
sires in small cattle populations depends on the genetic
correlation between the populations, the extent of the
use of foreign sires, and the breeding scheme in each
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of the populations. Small domestic populations can be
limited in achieving genetic gain due to limited inten-
sity and accuracy of selection, and can be also more
prone to high rates of inbreeding. Thus, they often use
import of genetic material to increase genetic gain and
genetic variability. However, import can diminish the
importance of the domestic breeding program. It is
therefore crucial that small populations quantify the
benefit and the realized contribution of import to the
domestic genetic gain. Our results raise 3 discussion
points: (1) how varying the genetic correlation between
populations affects the domestic genetic trend and the
foreign contribution; (2) how varying the use of foreign
sires affects the domestic genetic trend and the foreign
contribution; and (3) how late implementation of ge-
nomic selection in the domestic population affects the
domestic genetic trend and the foreign contribution.

Genetic Correlation

The benefit of using foreign sires to increase the do-
mestic genetic gain increased with increasing genetic
correlation. In some settings with genetic correlation
of 0.8, the use of foreign sires even resulted in zero
benefit. This shows the importance of assessing the
genetic correlation with potential foreign suppliers of
genetic material before import. Slagboom et al. (2019)
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showed that when populations are of different size, hav-
ing a joint breeding program is only beneficial for the
small breeding program when the genetic correlation is
above 0.79. Other studies suggested a lower correlation
is sufficient for populations of unequal size (Robertson,
1959; Mulder and Bijma, 2006; Cao et al., 2020). They
suggested a genetic correlation between 0.6 and 0.7 suf-
fices for short-term cooperation, and between 0.7 and
0.8 for long-term cooperation, which was not confirmed
by our results. Our results agree with Schmidtmann et
al. (2022), who explored the exchange of sires between
Red dairy and dual-purpose breeds. They first showed
that the benefit of cooperation strongly depends on the
trait and weighing of the selection indices. Second, they
showed that unless the correlation is close to unity,
the populations will in long-term rely completely on
their own breeding program, despite initial exchange
and benefit. Vargas and Arendonk (2004) also showed
that when the genetic correlation is 0.75, importing
semen from a larger country with a higher genetic
mean achieves the same genetic response as perform-
ing progeny testing in the domestic population. This
is in line with our results, but the extent of import is
important as discussed below. Many breeding programs
in the Global North have high genetic correlations in
the range between 0.85 and 0.90 (Fikse et al., 2003).
There are some exceptions with correlations below 0.8
(Rekaya et al., 2001; Harris, 2005; Interbull, 2021). The
environment and associated GxE is of particular im-
portance when considering exchange of genetic material
between the Global North and the Global South. For
example, the genetic correlation between Kenya and
UK was found to be only 0.49 (Ojango and Pollott,
2002).

In our study, genetic correlation of 0.8 diminished or
even eliminated the benefit of import for the domestic
genetic gain. However, the partitioning analysis re-
vealed that the foreign contribution to domestic genetic
gain still increased, and so did the percentage of foreign
genes in the domestic population, which puts domestic
germplasm in great peril. This shows that the foreign
sires were selected based on the superiority of their
breeding values for the trait in the foreign population
that did not translate into superiority for the trait in the
domestic population (Supplemental Figure S7, https:/
/doi.org/10.6084/m9.figshare.22032479.v4, Obsteter et
al., 2023). The increase in the foreign contribution was
driven by the import of sires directly, but also by the
domestic sires being offspring of foreign sires. Results
showed that when we imported 50% of foreign sires,
additional ~50% of the domestic sires were offspring of
the foreign sires (same in other scenarios with the cor-
responding percentage). Percentage of domestic sires
sired by foreign sires was slightly higher when genetic
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correlation was 0.9 than when genetic correlation was
0.8. Same was observed at other import percentages.
This has important implications for breeding programs
in small populations, because they could be importing
genetic material and genetically converting the domes-
tic population into the foreign population without ben-
efits for the genetic gain, and marginal benefit for the
genetic variability. Increasing the foreign contribution
to the domestic genetic gain diminishes the importance
of domestic breeding and decreases the adaptation of
the population to the local environmental conditions.
Schmidtmann et al. (2022) also showed that intensive
imports lead to genetic convergence of populations,
which reduces global genetic diversity.

Important novelty in this study is the analysis of
contribution of different groups (domestic and foreign)
to the genetic gain. Although previous studies did not
perform this analysis, they still analyzed the optimal
percentage of import. Banos and Smith (1991) explored
the use of sires in 2 populations of equal size and initial
genetic mean with selection across populations. They
showed that when the genetic correlation is 0.8, the
populations gradually use more of their own bulls and
rely almost completely on domestic selection by genera-
tion 5. When genetic correlation is 0.9, the switch to
using only domestic bulls is slower and the populations
use about 75% of their own bulls by generation 5. Slag-
boom et al. (2019) showed that with 2 environments
and allowing for selection across them, the environ-
ments only started to select bulls across environments
when genetic correlation was above 0.8. Similarly, in
Slagboom et al. (2021) they showed that when 2 envi-
ronments of equal size account for the GxE and select
each on its own selection index, no bulls are selected
across environments until genetic correlation was 0.7.
Schmidtmann et al. (2022) also showed that only when
the correlation between the population with different
breeding goals is close to unity, they would collaborate
in long-term with 30% import. This is not in concor-
dance with our results showing that the foreign contri-
bution increases regardless of the genetic correlation. In
our case, we considered populations of unequal breeding
nucleus size and different genetic means, which could
increase the benefit of using foreign sires. Although we
did not implement selection across populations, or al-
low for a population to choose or modify the use of
foreign sires, the domestic breeding program was free to
choose the offspring of foreign or domestic sires as the
new generation of selection candidates.

The import also decreased the loss of genetic variabil-
ity, although the loss was small in all tested scenarios.
One reason for the small loss is that we have simulated a
polygenic trait with 10,000 causal loci. Another reason
is that genic variance is equal to »2pq and increases
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when allele frequencies increase from 0.0 to 0.5, and
decreases when allele frequencies increase from 0.5 to
1.0. This means that in some genome regions individual
loci can have large changes in genic variance, possibly
increasing at some and decreasing at other loci, hence
the total change can appear small. However, the genetic
correlation did not significantly affect the loss of genetic
variability in the corresponding scenarios.

Extent of the Foreign Sire Use

Increasing the use of the foreign sires in the domestic
population increased the domestic genetic gain. In most
scenarios, we needed to inseminate at least 25% cows
with foreign sires to significantly increase genetic gain
(Supplemental Table S1). However, increasing the use
of foreign sires beyond 25% or 50% was not beneficial
in most of the scenarios. This is partly in agreement
with Cao et al. (2020) who showed that when genetic
correlation allows for a long-term cooperation between
populations of unequal size, yet equal genetic means, the
optimum use of foreign sires in the smaller population
is between 30% and 70% in conventional selection, and
between 60% and 80% in genomic selection. This means
that the same genetic gain can be achieved with buying
less foreign semen and investing funds into domestic
breeding activities. Similarly, inseminating only bull
dams with foreign sires has achieved the same genetic
gain as mating 25% of all cows with the foreign sires.
In our simulation, the former scenario required buying
foreign semen for only 90 successful pregnancies versus
~2,500 successful pregnancies in the latter scenario.

The partitioning of the genetic trend expectedly
showed that the contribution of import to domestic
genetic gain significantly increases with the increas-
ing use of foreign sires, but the genetic gain does not
increase correspondingly. For example, using 10% of
foreign sires did not significantly increase genetic gain
in most of the settings, but it increased the foreign
contribution to domestic genetic gain between 17% to
44%. The reason for this is that in addition to the 10%
of directly imported sires, up to ~10% of the domestic
candidates were offspring of these imported bulls. For
the same reason, increasing the use of foreign sires from
50% to 100% did not significantly increase genetic gain,
but increased the foreign contribution by additional
20% to 32%. The main peril therefore is that breeding
programs could be importing genetic material without
any benefits, and decreasing the importance of domes-
tic breeding efforts for the local environment as already
discussed above (in Genetic Correlation).

Using 25% of foreign sires proved suitable for increas-
ing domestic genetic gain while maintaining the con-
tribution of domestic selection. We achieved the same
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result by mating only bull dams with foreign sires. This
partly agrees with Banos and Smith (1991) who showed
that populations with cooperative selection use between
25% and 30% of the sires from the other populations.
But because they only evaluated 5 generations, the
percentage could decrease below that in the following
generations.

The results also show that import reduces the loss of
genic variance, although the loss was small in all the
scenarios. The scenarios that used either 25% of foreign
sires, or used them only for bull dams, maintained the
most genic variance in all the settings. Furthermore,
using foreign sires only for domestic bull dams always
resulted in the highest domestic Ne. In contrast, in most
settings, using exclusively foreign fires (100% import)
did not significantly increase the genic variance com-
pared with the scenario that did not use foreign sires.

Implementation of Genomic Selection
in Domestic Population

We showed that the late implementation of genomic
selection in the domestic population changes the effect
of genetic correlation and extent of foreign sire use on
domestic genetic gain. When the domestic population
implemented genomic selection 10 yr after the foreign
population, the genetic correlation of 0.8 sufficed
for the domestic population to benefit from the use
of foreign sires. The first reason for this is the longer
generation interval of progeny testing. This results in
a lower genetic gain compared with genomic breeding
scheme and increases the benefit of using foreign sires
despite lower genetic correlation. The second reason is
the decreased accuracy of the progeny testing in the
domestic population. Because we simulated a popula-
tion of a constant size, the use of foreign sires decreased
the number of domestic females available for mating
with domestic sires, and the size of the progeny groups
for progeny testing.

The domestic annual increase in genetic gain with
genomic selection differed depending on whether it
was preceded by 10 yr of conventional selection with
importing or not (Figure 1, Supplemental Figure S2).
This could be explained by the following. When we
ran domestic conventional selection in yr 30-40, we im-
ported sires that were selected due to the superiority of
their genomic segments, that is their genomic breeding
value in the foreign population. But in the domestic
population, we estimated the breeding values based on
pedigree data that did not have the power to recognize
or select superior genomic segments. In this period, the
superior genomic segments accumulated and segregated
in the domestic population without being immediately
recognized. The implementation of genomic selection
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in yr 40 allowed for these segments to be recognized,
selected, and promoted. This increased the annual ge-
netic gain compared with when the genomic selection
was not preceded by conventional selection (Supple-
mental Figure S2). An additional boost also came from
domestic reference population already containing for-
eign genomic segments. The described phenomena also
changed the effect of varying the use of foreign sires.
When both populations implemented genomic selec-
tion simultaneously, mating all domestic females with
foreign sires yielded the highest annual genetic gain as
well as the highest genetic gain in yr 50 (Figure 1 and
Supplemental Figure S2). In contrast, when the popula-
tions ran a different scheme for 10 yr, using exclusively
foreign sires had the lowest annual genetic gain among
the import scenarios (Supplemental Figure S2). Using
only foreign sires did not benefit from accumulating su-
perior genomic segments that later boosted the genetic
gain of the genomic selection in other scenarios. Smith
and Banos (1991) showed that when the initial genetic
means of the populations differ, the population with
the lower genetic mean can catch-up in 3 to 5 genera-
tions. We did not see this in our study. But, we saw
that implementing domestic genomic selection with a
10-yr delay allows for the annual domestic genetic gain
in yr 40-50 to exceed the annual foreign genetic gain
(Supplemental Figure S2).

We have also observed an effect of the breeding
scheme on the genetic variability. We observed a slower
decrease in genic variance in the period when breeding
programs ran a different scheme (yr 30-40 in the 10-yr
delay scenarios). While the domestic breeding program
selected on pedigree-based EBVs, the foreign program
ran genomic selection. This difference generated suffi-
cient genetic difference between populations in terms of
allele frequencies, which benefited the domestic genetic
variability when importing.

Implications

Cattle breeding programs import genetic material to
increase genetic value, improve connectedness between
countries, and increase genetic diversity. In this study,
we focused on importing to increase genetic mean. We
have simulated 2 genetically correlated populations
where one is advanced and the other one is conser-
vative. This is very common in dairy cattle breeding
where most genetic improvement originates from only
a few populations, and is disseminated by import (Gor-
janc et al., 2012). When the effect of import is high and
the breeding goals between populations are similar, the
existence of local breeding programs must be reconsid-
ered. The high cost of phenotyping and genotyping in
the local population is difficult to justify when most
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of the genetic improvement is imported. Still, local
multiplication of foreign genetic improvement can be
economically reasonable, and domestic phenotypes can
be collected for the purpose of the management, essen-
tially providing the required ingredients for a domestic
breeding program.

When the correlation between the environments is
high, import is beneficial for the genetic gain. How-
ever, we showed that despite the benefits, importing
foreign material can put domestic germplasm and local
adaptation in peril. This peril increases at low correla-
tions, which is the case in many dairy cattle breeding
programs, that might even eliminate the benefit of im-
porting (Interbull, 2021). For example, New Zealand’s
Holstein population has a lower genetic correlation
with other populations due to the grass-based system
and a strict requirement for 365-d calving interval
(Harris, 2005). Slagboom et al. (2019) showed that the
break-even correlation with equally sized populations,
above which it is more beneficial to have one joint
instead of 2 separate breeding programs, is between
0.54 and 0.66. This correlation increases to 0.79 for
populations of different sizes (Slagboom et al., 2019).
However, differences in local environmental conditions
can sometimes be overcome with appropriate manage-
ment. For example, the Holstein population in Israel
has high genetic correlation with Holstein population
in other environments, despite the differences between
the actual environmental conditions, which was enabled
by development of new technologies and management
practices (Flamenbaum and Galon, 2010). Still, there
are many countries with small farms and severe cli-
matic conditions that do not enable establishment of
the microenvironment necessary for a modern dairy
cattle breeding.

To avoid the perils of import, populations can also
increase genetic gain by changing their selection strat-
egy, such as increasing the intensity of selection, or
shortening the generation interval. Populations can
also alleviate the loss of genetic variability and increase
sustainability by implementing optimum contribution
selection. In our previous study, we tested the effect
of varying the use of sires in a population equal to the
one simulated here (Obsteter et al., 2019). We showed
that small populations can increase the genetic gain of
genomic selection by 25% by rapidly turning over elite
sires. We also showed that the use of optimum contri-
bution selection increases the sustainability of genomic
selection and the efficiency of converting genetic vari-
ability to genetic gain. Further on, Fetherstone et al.
(2021) showed that the genetic and economic benefits
of importing foreign rams into the domestic sheep pop-
ulation were inferior to benefits achieved by increasing
the use of progressive domestic selection.
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Another strategy to increase genetic gain would be
to allow for selection across populations and exchange
of information. In our population, we assumed within
population selection and a fixed extent of the foreign
sire use in the domestic population. Small populations
would likely benefit more by considering both domes-
tic and foreign sires as potential sires, and perform-
ing across population selection that would increase
selection intensity. This would also allow for a more
flexible design in which the use of foreign sires would
be optimized to maximize the genetic gain or other
selection goals. However, selection across populations
requires adjusting the evaluation methods to account
for GxE, difference in selection goals, or even differ-
ence in breeds. Some of these aspects are addressed in
so-called multiple across-country evaluation, which is a
national evaluation that integrates multinational infor-
mation (Schaeffer, 1994; Vandenplas et al., 2017). Fur-
thermore, in genomic selection, collaboration between
breeds can benefit from exchange of genomic informa-
tion, either genomic data on selection candidates to
increase reference population, or genotype-phenotype
association. The latter is also valuable even when no
animals are selected across environments (Andonov et
al., 2017; Slagboom et al., 2019).

One of the limitation of this study was the simu-
lation of a purely additive trait without directional
dominance, which would likely increase the benefit of
importing due to short-term heterosis. Furthermore,
we simulated a single-breed scenario, but the hetero-
sis would become even more relevant when simulating
import from a different breed (Hartwig et al., 2014).
Simulating directional dominance is however challeng-
ing because the amount of heterosis in crosses and in-
breeding depression in breeds depends on the mean and
variance of dominance effects as well as the number of
causal loci (Gaynor, The Roslin Institute, Edinburgh,
UK, personal communication; Wellmann and Ben-
newitz, 2011). Another limitation of the study is that
although we simulated genomes and created offspring
by recombining parental genomes, the information used
for the partitioning analysis in AlphaPart was the ex-
pected animals’ origin according to the pedigree. To
analyze the contributions more precisely, the partition-
ing methodology needs to be expanded with genomic
data.

CONCLUSIONS

In this study, we explored the effect of importing ge-
netic material on genetic gain, genetic variability, and
contributions of domestic and foreign selection to the
genetic gain in a small cattle population. We showed
that although using foreign sires can increase domestic

Journal of Dairy Science Vol. 106 No. 8, 2023

5604

genetic gain and genetic variability, increasing their use
has diminishing returns. This means that there is an
optimal point above which it is better to use resources
to support the domestic breeding actions. This point
was between 25% and 50% in our simulation study.
Above this point import did not increase genetic gain,
but it significantly increased the percentage of foreign
genes in the domestic population. Such overreliance
on import can decreases the importance of domestic
breeding programs and the adaptation of animals to
the local environmental conditions.
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