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  ABSTRACT 

  The possibility of profitable cooperation between 
dairy cattle populations depends on several factors. 
Among these factors is the similarity of breeding goals, 
for example, as measured by the correlations between 
selection indices. Correlations between selection indices 
less than unity can usually be explained by differences 
in economic values, trait definitions, national genetic 
evaluation procedures, and genotype × environment 
interactions. The objective of this study was to test 
whether uniform definitions of the female fertility traits 
would increase the exchange of genes across populations, 
and to quantify the effect on genetic gain. A second 
objective was to test whether a more similar relative 
weighting of the index traits across populations would 
increase the exchange of genes across populations, and 
to quantify the effect on genetic gain. This was done 
in a stochastic simulation study of the Nordic and US 
Holstein populations. Uniform definitions of the female 
fertility traits did not increase total genetic gain in the 
Nordic Holstein population. The standardization did 
not seem to affect selection across populations either. 
However, the results were sensitive to the assumptions 
made in the simulation study, especially the genetic 
correlations between traits. A more similar relative 
weighting of the index traits across populations did not 
change total genetic gain in the Nordic Holstein popu-
lation. The possibility of exchanging genetic material 
with the US Holstein population led to significantly 
higher progress in the aggregate genotype in the Nordic 
Holstein population compared with a situation in which 
exchange was not possible. Hence, importation of US 
Holstein genetics for use in the Nordic Holstein popula-
tion is recommended. In addition, results indicated that 
population size is of greater importance than differences 
in trait definitions and relative weighting of the index 
traits for the advantage of exchanging genetic material 
between the Nordic and the US Holstein populations. 

The possibility of exchanging genetic material with the 
Nordic Holstein population did not change progress in 
the aggregate genotype in the US Holstein population 
compared with a situation in which exchange was not 
possible, but it tended to result in lower genetic prog-
ress in protein yield and greater genetic progress or 
smaller genetic declines in the functional traits. Thus, 
importation of genetic material from Nordic Holsteins 
may slow down the deterioration of animal health and 
reproduction in US Holsteins. 
  Key words:    dairy cattle ,  female fertility ,  selection , 
 breeding scheme simulation 

  INTRODUCTION 

  Cooperation between dairy populations offers the po-
tential to select the best breeding animals across popu-
lations. Selection across populations should therefore 
always result in at least as much gain as selection within 
populations (Smith and Banos, 1991). The possibility 
of profitable cooperation depends on several factors: 1) 
number of populations, 2) sizes of the populations, 3) 
initial genetic means of the populations, and 4) simi-
larity of the breeding goals, for example, as measured 
by the correlation between the selection indices (Smith 
and Banos, 1991). Several studies have shown that it 
is beneficial in the long term to select animals across 
populations if the correlation between selection indices 
is above 0.80 to 0.90 (Smith and Banos, 1991; Mulder 
and Bijma, 2006). Cooperation can, for instance, be a 
solution for minor dairy breeds to overcome the prob-
lems associated with a small population size, and it can 
decrease inbreeding within populations (Jørgensen and 
Sørensen, 2002). For large breeds, such as the Holstein 
breed, cooperation between populations can be benefi-
cial because the required number of breeding animals 
can be selected from a larger global population. This 
results in higher selection intensity and thus in higher 
genetic gain (Mulder and Bijma, 2006). 

  Correlations between selection indices less than unity 
can usually be explained by differences in economic 
values, trait definitions, national genetic evaluation 
procedures, and genotype × environment (G × E) 
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interactions. A G × E interaction is said to occur 
when genotypes respond differently to changes in the 
environment and is present if the genetic correlation 
between the same trait measured in 2 environments is 
less than unity (Lynch and Walsh, 1998). It is, to some 
extent, possible to introduce uniform trait definitions, 
data recordings, and genetic evaluation procedures that 
will increase the correlation between selection indices. 
Standardization of trait definitions across countries 
already takes place. For instance, in many countries 
records on production traits and conformation traits 
are collected in internationally standardized programs 
approved by the International Committee for Animal 
Recording (2007) and the World Holstein Friesian Fed-
eration (2005), respectively. However, some functional 
traits (for instance, female fertility) are still described 
by means of a wide range of measurements (Jorjani, 
2005).

Today, most dairy countries have introduced total 
merit indices in which functional traits as well as pro-
duction traits are included. Breeding goals change over 
time, and the present tendency is to put relatively more 
weight on the functional traits (Miglior et al., 2005). 
Some functional traits of considerable economic value, 
that earlier were difficult to record in a practical situ-
ation, are now included in herd management systems 
and in national databases because of advances in data 
collection. In addition, huge improvements in computer 
power have facilitated the development of more appro-
priate genetic evaluation models for these traits. Female 
fertility is a complex trait that is difficult to define and 
measure, and in most countries, genetic evaluations 
have not been incorporated in the total merit indices 
until recently (Jorjani, 2006b). Genetic evaluations for 
female fertility were, however, available as early as the 
1970s in some of the Nordic countries (Shook, 2006), 
and today the genetic evaluations are based on more 
traits measuring the ability of the cow both to re-cycle 
and to conceive. In the mid-1990s, several other Euro-
pean countries introduced genetic evaluations for fe-
male fertility, and in 2003, genetic evaluations based on 
days open were introduced in the United States (Shook, 
2006). Interbull (2008) has provided international 
evaluations of fertility traits since February 2007. The 
international evaluation is complicated by the fact that 
female fertility is described by many different traits. 
Therefore, simple measurements taken separately that 
describe the ability of the cow to re-cycle or to conceive 
are recommended by Interbull (Jorjani, 2006b), as op-
posed to traits combining these 2 aspects of fertility. 
Days from calving to first insemination (CF) is an 
example of a measurement that describes the ability 
of the cow to re-cycle, and confirmed conception rate, 
number of inseminations (NI), nonreturn rate, and 

days from first to last insemination (FL) are examples 
of measurements that describe the ability of the cow 
to conceive. In time, some countries may change their 
current measurements to those recommended by Inter-
bull because of advances in data collection and genetic 
evaluation.

The US Holstein breed has had a strong influence on 
the genetic makeup of the European black-and-white 
strains through exportation of semen and embryos. This 
exchange of genetic material still exists, and in recent 
years, the exportation of semen from Nordic Holstein 
bulls to the United States has begun.

The objective of this study was to test whether 
formulating uniform definitions of the female fertil-
ity traits would increase the exchange of genes across 
populations, and to quantify the effect on genetic gain. 
A second objective was to test whether a more similar 
relative weighting of the index traits across populations 
would increase the exchange of genes, and to quantify 
the effect on genetic gain.

MATERIALS AND METHODS

Two dairy cattle populations, each with an individual 
breeding program and environment, were simulated. 
Population 1 reflected the Swedish, Finnish, and Danish 
(here, the Nordic) Holstein population and population 
2 reflected the US Holstein population. The popula-
tions were simulated using a modified version of the 
stochastic simulation program DairySim (Sørensen et 
al., 1999). Fifteen replicates of 4 scenarios, which are 
described below, were simulated, each covering a 25-yr 
period.

Population Structure

The 2 populations of females were each divided into 2 
groups, a breeding population and a test population. In 
addition, the 2 populations of males were each divided 
into 2 groups, a group of test bulls and a group of 
proven bulls. Semen from proven bulls was used in the 
breeding populations, and semen from test bulls was 
used in the test populations. All test bulls were re-
cruited from their own breeding population and tested 
in their own environment. No animals were moved from 
one environment to the other.

The breeding populations consisted of 32,000 cows 
in population 1 and 100,000 cows in population 2. 
Females in the breeding populations were simulated in-
dividually and allocated to several equally sized herds. 
Herd size was 100 cows in population 1 and 200 cows 
in population 2. True breeding values and phenotypes 
were simulated for base population animals based on 
the parameters in Table 1. The phenotypes for protein 
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yield were realized when the females had finished their 
first lactation at the age of 35 mo. Animals in the base 
populations were distributed among 8 age classes, and 
their phenotypes were allocated to herd-year-season 
groups. Animals in the base populations were randomly 
selected, whereas other animals were selected according 
to the highest total merit index as described in the 
Breeding Value Estimation section. Random mating of 
selected animals was applied, with the exception that 
parent-offspring matings and matings between full-sibs 
and half-sibs were not allowed, to avoid strong inbreed-
ing. All heifers calved when they were 24 mo old, and 
the calving interval was 1 yr. All animals within each 
population calved at the same time of the year, but to 
reflect a realistic data structure, the cows were divided 
randomly between 4 different calving seasons within 
year and herd. Females in the breeding populations 
stayed in the herds until better replacement heifers were 
available within the herd or until they were randomly 
involuntarily culled. It was assumed that 15% of the 
cows were involuntarily culled per year. The females 
in the breeding populations were available until they 
reached the end of the sixth lactation.

The number of test bulls per year was 355 in popula-
tion 1 and 1,100 in population 2. The progeny tests 
were based on daughter group sizes of 125 in population 
1 and 70 in population 2. Hence, test populations 1 and 
2 consisted of 44,400 and 77,000 first-parity test bull 
daughters per year, respectively. Owing to computa-
tional limitations, females in the test populations were 
not simulated separately. Instead, all traits were simu-
lated as twice the daughter yield deviations for each of 
the test bulls. All daughters in both test populations 
had observations for protein yield and SCS. For masti-
tis resistance, 90% of the daughters in test population 
1 were measured, and for the fertility traits, 80% of the 

daughters in both test populations were measured. The 
phenotypes of the first-crop daughters were realized 
when the test bulls reached the age of 58 mo.

To reflect reality, a random sample of 15% of the 
bull calves from the breeding population died per year 
(Hansen, 2004). This was realized when the bull calves 
were 11 mo old. Immediately after, selection of test bulls 
was performed using screening of the breeding popula-
tion. The selection was based on the average EBV of 
the parents. Test bulls were used for test inseminations 
at the age of 15 mo, and they were not used in the 
time period from the test inseminations until daughter 
performances were recorded. Selection of proven bulls 
was based on EBV and truncation as described in the 
Breeding Value Estimation section. Proven bulls were 
available until the age of 8 yr; thus, bulls could, at the 
maximum, achieve 4 insemination seasons. The number 
of live-born calves sired by a single bull within 1 yr 
was set to 2,000 calves in breeding population 1 and 
5,000 calves in breeding population 2. Thus, 16 and 20 
proven bulls were selected each year and the selected 
proportions were 0.045 and 0.018 in populations 1 and 
2, respectively.

Traits

For population 1, the index traits were protein yield, 
mastitis resistance, SCS, NI, CF, and FL. Somatic cell 
score was not included in the total merit index but 
contributed information through the genetic correlation 
with mastitis resistance when breeding values for mas-
titis resistance were calculated. For population 2, the 
traits were protein yield, SCS, daughter pregnancy rate 
(DPR), NI, CF, and FL. All traits are defined so that 
higher values were desirable. Furthermore, all traits 
were simulated as normally distributed traits, and the 

4025EXCHANGE OF GENETIC MATERIAL BETWEEN DAIRY CATTLE POPULATIONS

Journal of Dairy Science Vol. 92 No. 8, 2009

Table 1. Heritabilities (on the diagonal), genetic correlations (above the diagonal), and phenotypic correlations (below the diagonal) for the 
traits in the simulation study1  

Trait PY 1 MA SCS 1 NI 1 CF 1 FL 1 PY 2 SCS 2 DPR NI 2 CF 2 FL 2

PY 1 0.27 −0.30 −0.18 −0.54 −0.40 −0.42 0.90 −0.18 −0.31 −0.41 −0.33 −0.39
MA 0.00 0.04 0.67 0.28 0.39 0.33 −0.19 0.60 0.20 0.17 0.23 0.19
SCS 1 0.06 0.22 0.13 0.17 0.21 0.17 −0.18 0.88 0.20 0.15 0.18 0.15
NI 1 −0.09 −0.01 0.00 0.05 0.47 0.82 −0.42 0.15 0.70 0.85 0.36 0.69
CF 1 −0.05 0.02 0.03 −0.03 0.05 0.47 −0.33 0.18 0.70 0.36 0.85 0.42
FL 1 −0.06 0.02 0.02 0.80 −0.06 0.02 −0.38 0.15 0.70 0.69 0.42 0.85
PY 2 0.23 −0.02 −0.03 −0.05 −0.04 −0.03 0.25 −0.22 −0.35 −0.40 −0.35 −0.45
SCS 2 −0.03 0.04 0.11 0.01 0.01 0.01 0.05 0.13 0.30 0.17 0.21 0.17
DPR −0.03 0.01 0.01 0.03 0.03 0.02 −0.19 0.05 0.04 0.75 0.75 0.75
NI 2 −0.04 0.01 0.01 0.03 0.01 0.02 −0.20 0.00 0.71 0.03 0.36 0.80
CF 2 −0.04 0.01 0.01 0.02 0.04 0.01 −0.17 0.03 0.41 0.10 0.05 0.50
FL 2 −0.02 0.00 0.01 0.02 0.01 0.01 −0.17 0.02 0.65 0.70 −0.06 0.01

1All traits are defined so higher values are favorable. PY = protein yield; MA = mastitis resistance; NI = number of inseminations; CF = days 
from calving to first insemination; FL = days from first to last insemination; DPR = daughter pregnancy rate. 1 = population 1; 2 = popula-
tion 2.



initial phenotypic variances were set to 1. The initial 
genetic means of the 2 populations were assumed to be 
the same in both simulated populations for all traits.

Genetic and Phenotypic Parameters

The genetic and phenotypic parameters for the 12 
traits are given in Table 1. Genetic and phenotypic 
parameters within populations and genetic correla-
tions between the same traits across populations were 
obtained from a comprehensive literature study. The 
majority of the genetic correlations between one trait in 
population 1 and another trait in population 2 (r1,1:2,2) 
were calculated by means of the following equation:

 r
r r r r

1,1;2,2
1,1;1,2 1,2;2,2 2,1;2,2 1,1;2,1

2
=

× + ×
, 

where r1,1;1,2 is the genetic correlation between trait 1 
in population 1 and population 2, r1,2;2,2 is the genetic 
correlation between trait 1 and trait 2 within popula-
tion 2, r2,1;2,2 is the genetic correlation between trait 
2 in population 1 and population 2, and r1,1;2,1 is the 
genetic correlation between trait 1 and trait 2 within 
population 1. The genetic correlations between the ud-
der health traits in population 1 and protein yield in 
population 2 were supported by a study by Rogers et al. 
(1998). Furthermore, the genetic correlations between 
the different fertility traits in populations 1 and 2 were 
supported by studies by Jorjani (2005, 2006a).

The calculations of phenotypic correlations across 
populations were based on genetic correlations across 
populations, and the square root of the heritabilities 
assuming residual correlations were zero. Both the 
genetic and the phenotypic correlation matrices are 
positive definite.

Scenarios for Exchange of Genetic Material

To address the impact of selection within populations 
versus selection across populations, we studied the case 
in which the index weights in the total merit indices 
were the same as the economic values in the breeding 
goals, and the animals were selected exclusively within 
their own population (scenario I, Table 2).

Scenario II was supposed to reflect the current situ-
ation in the Nordic countries and in the United States. 
Thus, the index weights were the same as the economic 
values, and the populations could exchange genetic ma-
terial (up to 9 foreign proven bulls could be selected; 
Table 2). This limit on exchange was set to avoid the 
unrealistic situation in the 2 populations in which more 
than 60% of the proven bulls could be foreign. The 
effect of this restriction was that the results might not 
show the full benefit of exchange of genetic material, 
but might show the benefit obtainable in a realistic 
situation under Nordic breeding conditions.

The impact of uniform definitions of the fertility traits 
were studied in a scenario in which NI, CF, and FL were 
included in the fertility indices for both populations and 
in which exchange of genetic material was possible (sce-
nario III). For population 1, all index weights were the 
same as the economic values (Table 2). For population 
2, the index weights assigned to production and udder 
health were the same as the economic values, but the 
index weight assigned to fertility was divided among 
the traits NI, CF, and FL. Thus, in scenario III the 
total merit index did not correspond to the breeding 
goal for population 2. The relative weighting within the 
fertility index corresponded to the relative weighting 
within the fertility index for population 1.

To address the impact of a more similar relative 
weighting of the index traits across populations, we 
studied the case in which the index weight assigned 
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Table 2. Economic values for breeding goals (BG) and total merit index (TMI) weights in US dollars per phenotypic standard deviation, with 
relative emphasis in percentage in parentheses. 

Item1

BG TMI

Population 1,  
scenarios 
I to IV

Population 2,  
scenarios 
I to IV

Population 1, 
scenario I, no 
cooperation

Population 1, 
scenarios II to 

IV, cooperation2

Population 2, 
scenario I, no 
cooperation

Population 2, 
scenario II, 
cooperation2

Population 2, 
scenario III, 
cooperation2

Population 2, 
scenario IV, 
cooperation2

PY 202 (29) 570 (55) 202 (29) 202 (29) 570 (55) 570 (55) 570 (55) 300 (39)
MA 315 (44) 315 (44) 315 (44)
SCS 0 (0) 166 (16) 0 (0) 0 (0) 166 (16) 166 (16) 166 (16) 166 (22)
DPR 295 (29) 295 (29) 295 (29)
NI 41 (6) 41 (6) 41 (6) 64 (6) 64 (9)
CF 45 (6) 45 (6) 45 (6) 69 (7) 69 (9)
FL 105 (15) 105 (15) 105 (15) 162 (16) 162 (21)

1PY = protein yield; MA = mastitis resistance; DPR = daughter pregnancy rate; NI = number of inseminations; CF = days from calving to 
first insemination; FL = days from first to last insemination.
2Each population can use up to 9 foreign proven bulls.



to the production index was decreased for population 
2 and the populations could exchange genetic mate-
rial (scenario IV). For population 1, all index weights 
were the same as the economic values (Table 2). For 
population 2, the index weight assigned to production 
was decreased compared with the economic value, the 
index weight assigned to udder health was the same 
as the economic value, and the index weight assigned 
to fertility was divided among the traits NI, CF, and 
FL. That is, in scenario IV the total merit index did 
not correspond to the breeding goal for population 2. 
The relative weighting was also changed because of the 
changed index weight assigned to production (Table 2). 
As in scenario III, the relative weighting within the 
fertility index corresponded to the relative weighting 
within the fertility index for population 1.

Breeding Value Estimation

Breeding values were calculated separately for pro-
duction, udder health, and fertility traits. Within these 
trait groups, breeding values were calculated using a 
multitrait and multicountry linear animal model by us-
ing the following model:

yi,m = hysi + ai,m + ei,m, 

where yi,m is the record on animal m for trait i, hysi is 
the herd-year-season effect for each trait, and ai,m and 
ei,m represent the additive genetic and residual terms 
for trait i of animal m. This is done using the following 
(co)variance structure to predict breeding values:
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The matrix A was the numerator relationship matrix 
among all animals in both populations, and the matrix 
W was a diagonal matrix containing ones for cows and 
a weight for bulls. The weight was calculated as one 
divided by the variance of twice the daughter group 
deviation (see below). The matrix W was used instead 
of an identity matrix to include bulls, whose observa-
tions were twice the daughter group deviation, in the 
same model as the cows in the breeding population. In 
all scenarios, G0 and R0 were 2 × 2 matrices for the 
analyses of protein yield in populations 1 and 2, and 
they were 3 × 3 matrices for the analyses of mastitis 
resistance and SCS in population 1 and SCS in popula-
tion 2. In scenarios I and II, G0 and R0 were 4 × 4 
matrices for the analyses of NI, CF, and FL in popula-
tion 1 and DPR in population 2. In scenarios III and 
IV, G0 and R0 were 6 × 6 matrices for the analyses of 

NI, CF, and FL in populations 1 and 2. The variance 
components used to predict breeding values were the 
same as those used to simulate the data. The use of 
covariances across populations was necessary to assign 
breeding values for both environments to all animals. 
This method can be compared with the MT-MACE 
method used by Interbull (Sullivan et al., 2005; Mark 
and Sullivan, 2006). However, the international genetic 
evaluations provided by Interbull are based on national 
genetic evaluations, whereas all genetic evaluations in 
this study are based on phenotypes. The breeding value 
prediction was carried out using the DMU package 
(Madsen and Jensen, 2008).

For progeny-tested sires, scaled observations (twice 
the daughter group deviations) were simulated multi-
variately, taking into account all genetic and residual 
covariance parameters. The mean of twice the daughter 
group deviation was the true breeding value of the sire, 
and the variance 2

2
DYD( ) was calculated using the fol-

lowing equation:

 2
2

2 24 0 75
DYD

a BP e BP

n
=
× × +⎡
⎣⎢

⎤
⎦⎥

.
,

( ) ( )
 

where n is the number of daughters with registrations 
for the trait, a BP( )

2  is the genetic variance in the breed-

ing population, and e BP( )
2  is the residual variance in the 

breeding population. The variance of twice the daugh-
ter group deviation expresses the noise that is intro-
duced through the breeding values of the dams of the 
first-crop daughters, Mendelian sampling, and residual 
variance in the phenotype of the individual first-crop 
daughter.

The EBV for the individual traits were weighted with 
the index weights given in Table 2. Each animal was 
assigned a total merit index for both environments that 
provided the basis for selection.

Progress in aggregate genotype and the traits contrib-
uting to the aggregate genotype was quantified; in this 
context, the aggregate genotype is a weighted sum of 
true breeding values and economic values. To avoid the 
effects of the base populations and the first years of the 
simulations, only data from yr 8 to 25 were used in the 
analyses of genetic progress because visual inspection of 
the results suggested that the breeding scheme was in 
approximate equilibrium from yr 8 with regard to the 
Bulmer effect, generation interval, rate of inbreeding, 
and rate of total genetic gain. A 2-sided alternative 
hypothesis was used to test for differences between all 
traits in scenarios I and II. Differences between protein 
yield, mastitis resistance, and SCS in scenarios II, III, 
and IV were tested using a 2-sided alternative hypoth-
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esis, whereas differences between the fertility traits in 
scenarios II, III, and IV were tested using a one-sided 
alternative hypothesis, with the expectation of higher 
progress in fertility when the number of the scenario 
increased. In addition, the exchange of genes across 
populations and inbreeding were monitored.

Breeding Goals

The breeding goal of population 1 consisted of pro-
duction, udder health, and female fertility expressed 
in environment 1, and the breeding goal of population 
2 included the same traits expressed in environment 
2. Because of G × E interactions, these traits were 
seen as different traits in each environment. The above-
mentioned breeding goals are simplified compared with 
the ones used in the Nordic countries and the United 
States. However, these traits all have considerable 
economic value. Some breeding goal traits (especially 
functional traits) are difficult to record directly and 
require several measures. To imitate this situation, up 
to 6 index traits were chosen within each population 
as indicators of the breeding goal traits. The economic 
values given to the breeding goal traits in populations 
1 and 2 corresponded to the economic values used in 
the Danish selection S-index before October 15, 2008 
(Danish Cattle Federation, 2006), and the US Lifetime 
Net Merit index (VanRaden, 2006), respectively. In the 
simulation program, all economic values were expressed 
in US dollars per phenotypic standard deviation, and 
the values were the same in all scenarios within a popu-
lation (Table 2). In the Results section, the average 
regression coefficients of mean aggregate genotype on 
year of birth are presented in genetic standard deviation 
units of the true breeding goal so that the coefficients 
are comparable across populations.

Correlations Between Total Merit Indices

The correlation between total merit indexes 1 and 2 
was calculated on the basis of the parameters in Table 
1 and the index weights per genetic standard deviation 
that belonged to the 2 indices in question.

The correlations between total merit indices were 
calculated using the following equation:

 r1 2
1 2

1 1 2 2

, ,=
b b

b b b b

G

G G
 

where the vector b1 contains the index weights of popu-
lation 1, and the vector b2 contains the index weights 
of population 2 (Table 2). The matrix G is the genetic 
correlation matrix (Table 1).

RESULTS

Population 1 had significantly lower progress in the 
aggregate genotype than population 2 across all scenar-
ios (Table 3). Scenario I, in which exchange of genetic 
material was not possible, led to the lowest progress in 
the aggregate genotype for population 1, and scenarios 
II, III, and IV were all significantly better than scenario 
I. The 3 scenarios in which exchange of genetic material 
was possible were not significantly different from each 
other for population 1. For population 2, scenarios I 
and II were not significantly different from each other, 
and the small difference between the scenarios was due 
to the application of a stochastic simulation program 
(i.e., due to chance).

All scenarios in which exchange of genetic material 
was possible led to large improvements in protein yield 
in population 1, and these scenarios were significantly 
better than scenario I (Table 4). Altogether, scenarios I 
and IV tended to give higher genetic progress in udder 
health than scenarios II and III; however the differences 
were not significant. All scenarios led to declines in ge-
netic merit for female fertility, but scenario I resulted 
in a significantly smaller decline in CF than the 3 other 
scenarios, and the tendency was the same for the other 
fertility traits. For NI and FL, scenario IV tended to be 
better than scenarios II and III but the differences were 
not significant. The genetic declines for CF in scenarios 
III and IV were 26 and 12% larger than in scenario II.

Scenarios I and III led to the greatest genetic progress 
in protein yield for population 2 (Table 5). Scenario 
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Table 3. Average regression coefficients of mean aggregate genotype in genetic standard deviation units of the 
true breeding goal on year of birth for each of the 4 scenarios1 

Item Scenario I Scenario II Scenario III Scenario IV

Population 1 0.244 0.258 0.259 0.260
Population 2 0.301 0.294 —2 —

1The standard errors were 0.004 for population 1 and in the range of 0.002 to 0.005 for population 2.
2The average regression coefficients are not shown because the total merit indices do not correspond with the 
breeding goal in these scenarios.



IV led to significantly less genetic progress in protein 
and significantly greater genetic progress in SCS than 
the 3 other scenarios. All scenarios led to declines in 
genetic merit for female fertility, but scenario IV gave 
the smallest significant decline in NI and FL, and the 
other fertility traits followed that tendency. Scenario II 
was also significantly better than scenario I for DPR, 
and the tendency was the same for the other fertility 
traits.

The proportion of animals sired by domestic bulls 
and the average breed contribution of the domestic 
breed in each of the 2 populations are shown in Tables 
6 and 7 for the scenarios in which exchange of genetic 
material was possible.

Selection across populations took place when it was 
possible, but population 1 used gradually more of its 
own bulls (Table 6). This is an effect of the differences 
between the breeding goals. On the basis of the cor-
relation between selection indices (Table 8), it was ex-
pected that more genetic material would be exchanged 
in scenario IV than in scenarios II and III. However, 
the scenarios were not significantly different from each 
other. The proportion of foreign genes increased over 
the years at a declining rate, and equilibrium seemed to 
be reached in the last 2 generations in all scenarios.

After 25 yr of selection, population 2 relied almost 
exclusively on its own bulls in all scenarios (Table 
7). Initially, exchange of genetic material took place 
between the 2 populations, but as the populations 
diverged, gene flow across populations decreased. As 
in the case of population 1, there was no significant 
difference among the 3 scenarios regarding the propor-
tion of animals sired by foreign bulls. The proportion of 
foreign genes was relatively stable over the years, and 
equilibrium seemed to be reached in the early genera-
tions.

The increase in inbreeding was highest for scenario I 
(Figure 1). This was expected because the proven bulls 
were selected from a much smaller group of animals. 
The increase in inbreeding was lowest in scenarios II 
and III. This corresponds to the scenarios in which 
the proportion of animals sired by foreign bulls and 
the proportion of foreign genes were highest. Very 
high levels of inbreeding were obtained in yr 25 in all 
scenarios. Although matings between half-sibs or more 
related animals were not allowed, long-term inbreeding 
was not controlled in the simulation program (e.g., by 
optimal contribution selection). Within each scenario, 
the average level of inbreeding was at the same level 
in populations 1 and 2, and the development showed 
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Table 4. Average regression coefficients (ARC) of genetic values for the 6 traits registered in population 1 on 
year1 

Item2 Scenario I Scenario II Scenario III Scenario IV

PY 0.217B 0.242A 0.243A 0.233A

MA 0.050 0.036 0.039 0.052
SCS 0.062 0.049 0.052 0.062
NI −0.069 −0.080 −0.079 −0.074
CF −0.020B −0.034A −0.043A −0.038A

FL −0.034 −0.042 −0.052 −0.037

AThe ARC in question is significantly different from the ARC of scenario I (P < 0.05).
BThe ARC in question is significantly different from the ARC of scenario II (P < 0.05).
1Standard errors of ARC were in the range of 0.004 to 0.009.
2PY = protein yield; MA = mastitis resistance; NI = number of inseminations; CF = days from calving to first 
insemination; FL = days from first to last insemination.

Table 5. Average regression coefficients (ARC) of genetic values for the 6 traits registered in population 2 on 
year1 

Item2 Scenario I Scenario II Scenario III Scenario IV

PY 0.298B 0.284A 0.296B 0.266A,B

SCS −0.012 0.005 −0.012 0.037A,B

DPR −0.070B −0.048A −0.070 −0.035A

NI −0.104 −0.087 −0.103 −0.069A,B

CF −0.075 −0.064 −0.078 −0.051A

FL −0.120 −0.101 −0.113 −0.078A,B

AThe ARC in question is significantly different from the ARC of scenario I (P < 0.05).
BThe ARC in question is significantly different from the ARC of scenario II (P < 0.05).
1Standard errors of ARC were in the range of 0.003 to 0.008.
2PY = protein yield; DPR = daughter pregnancy rate; NI = number of inseminations; CF = days from calving 
to first insemination; FL = days from first to last insemination.



the same tendency (i.e., the increase in inbreeding was 
highest for scenario I; results not shown).

The correlation between total merit indices was 
about the referenced break-even correlation for prof-
itable cooperation in all scenarios (Smith and Banos, 
1991; Mulder and Bijma, 2006; Table 8). However, the 
correlation between total merit indices did not increase 
when the same fertility traits were registered in both 
populations (scenarios II and III). The reason could be 
that protein yield and DPR were less correlated than 
protein yield and NI, CF, and FL. The correlation be-
tween total merit indices increased (from 0.81 to 0.84) 
when the relative weighting was more similar (scenarios 
III and IV). The correlation between fertility indices 
increased when the same fertility traits were recorded 
in both populations, and it was higher than the correla-
tion between total merit indices in all scenarios.

DISCUSSION
This study showed that the possibility for exchang-

ing genetic material increased the genetic progress in 
a realistic dairy cattle situation. However, this effect 
was largest and only significant for the smallest of the 

populations studied here. The reason is likely that se-
lection intensity increased more in population 1 than in 
population 2 because of the smaller population size.

It was expected that a standardization of the trait 
definitions would have a positive influence on the pos-
sibility of exchanging genetic material, and thus on 
progress in the aggregate genotype. However, uniform 
definitions of the female fertility traits in populations 1 
and 2 did not increase total genetic gain in population 
1 compared with a situation in which the definitions of 
the female fertility traits were not standardized across 
populations. The reason may be that the possibility of 
exchanging genetic material is of greater importance for 
a small population, such as population 1, than the simi-
larity of the selection indices. If this is the case, then it 
would be in accordance with the results of Smith and 
Banos (1991), who found that it is better for a small 
population to cooperate with a large population than 
to operate individually, even though the breeding goals 
differ to some degree.

It was assumed that consumers in the future will 
become even more interested in sustainable food pro-
duction and pay more attention, for example, to the use 
of antibiotics and to animal health and welfare (Olesen 
et al., 2000; Nielsen et al., 2006). If the public opinion 
toward animal production and social aspects is taken 
into consideration when economic values are derived, 
then the relative emphasis on functional traits will in-
crease (Nielsen et al., 2006). Scenario IV was created 
with these concerns in mind. A more similar relative 
weighting of the index traits across populations did not 
increase total genetic gain in population 1 compared 
with a situation in which the definitions of the female 
fertility traits and the relative weighting were not stan-
dardized. The reason is probably the same as described 
above; hence, the possibility of exchanging genetic ma-
terial is of greater importance for a small population 
than the similarity of the selection indices as long as 
the selection indices are reasonably similar.

Both populations selected animals across populations 
in the scenarios in which it was possible. However, the 
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Figure 1. Average level of inbreeding in population 1 over 15 rep-
licates for the 4 scenarios.

Table 6. Proportion of animals in population 1 sired by domestic bulls (Proportion) and average breed 
contribution (ABC) of the domestic breed in population 1 for the 3 scenarios in which exchange of genetic 
material was possible1 

Years

Scenario II Scenario III Scenario IV

Proportion ABC Proportion ABC Proportion ABC

6 to 10 0.56 0.64 0.58 0.67 0.64 0.70
11 to 15 0.63 0.54 0.66 0.61 0.69 0.66
16 to 20 0.67 0.48 0.75 0.57 0.78 0.64
21 to 25 0.82 0.47 0.80 0.54 0.85 0.63
Mean 0.67 0.53 0.70 0.60 0.74 0.66

1Standard errors of Proportion were in the range 0.10 to 0.17, and standard errors of ABC were in the range 
0.07 to 0.20.



populations operated more individually over time be-
cause the correlations between selection indices were 
less than unity. The results of Banos and Smith (1991) 
showed the same development when the correlation 
between selection indices was low (<0.80). If the cor-
relation between selection indices is sufficiently high, 
an equilibrium may be reached in which the proportion 
of bulls selected from the foreign population stays con-
stant (Smith and Banos, 1991). Equilibrium was not 
obtained within the first 25 yr of selection for either 
of the simulated populations, and it is not possible to 
conclude whether equilibrium with exchange of semen 
would have been reached in the long term.

If 2 populations have identical breeding goals but dif-
ferent genetic means, then more animals will be selected 
from the superior population (Smith and Banos, 1991). 
Population 1 had a higher genetic mean for breeding 
goal 1 than population 2 and a lower genetic mean 
for breeding goal 2 than population 2 in all scenarios 
after 25 yr of selection (results not shown). The dif-
ference between the genetic means for breeding goal 1 
in populations 1 and 2 was, however, smaller than the 
difference between the genetic means for breeding goal 
2 in populations 1 and 2. This explains why popula-
tion 1 used a higher proportion of foreign bulls than 
population 2 after 25 yr of selection. The average breed 
contribution of the foreign breed increased over time 
in population 1 because the foreign genes continued to 
enter population 1 and because they were selectively 
maintained in the population. In the first years of the 
simulations, population 2 had not obtained a higher 
genetic mean for breeding goal 2 than population 1, 
and it was mere chance whether a superior animal was 

allocated to population 1 or population 2. For these 
reasons, population 2 imported more genetic material 
from population 1 in the first years of the simulation. 
The proportion of foreign genes in population 2 was 
relatively stable over the years because the foreign genes 
entered population 2 in the first years of the simulation 
and were maintained in the population.

Selection across populations is characterized by al-
ways being at least as good as selection within popu-
lations (Smith and Banos, 1991). The possibility of 
profitable cooperation depends, among other things, 
on population size. Genetic gain increases with the 
number of bulls tested, but at a declining rate (Smith, 
1981). Consequently, the small population (in this case 
population 1) gained more from combining with the 
large population than the large population gained from 
combining with the small population. Population 2 
obtained, in addition, greater progress in the aggre-
gate genotype than population 1 across all scenarios, 
both because of the large population size and because 
relatively more emphasis was given to high heritabil-
ity traits in population 2 than in population 1. It was 
not possible to quantify the individual effect of these 2 
causes in this study, but the effect of population size 
was also seen in scenario IV, in which lower weight was 
given to protein yield. It was assumed that correlations 
between selection indices about or above 0.80 would be 
sufficient to secure cooperation between the 2 popula-
tions and increase progress in the aggregate genotype. 
The results showed, however, that only population 
1 profited by importing genetic material. Smith and 
Banos (1991) found that small populations benefited 
from cooperation at lower correlations between selec-

4031EXCHANGE OF GENETIC MATERIAL BETWEEN DAIRY CATTLE POPULATIONS

Journal of Dairy Science Vol. 92 No. 8, 2009

Table 7. Proportion of animals in population 2 sired by domestic bulls (Proportion) and average breed 
contribution (ABC) of the domestic breed in population 2 for the 3 scenarios in which exchange of genetic 
material was possible1  

Years

Scenario II Scenario III Scenario IV

Proportion ABC Proportion ABC Proportion ABC

6 to 10 0.85 0.84 0.83 0.83 0.80 0.82
11 to 15 0.93 0.83 0.93 0.80 0.90 0.79
16 to 20 0.95 0.84 0.95 0.79 0.94 0.80
21 to 25 0.97 0.83 0.97 0.79 0.95 0.80
Mean 0.92 0.84 0.92 0.80 0.90 0.80

1Standard errors of Proportion were in the range of 0.03 to 0.07, and standard errors of ABC were in the range 
of 0.04 to 0.11.

Table 8. Correlations between the total merit indices and correlations between the fertility indices used in 
population 1 and 2 in the 4 scenarios 

Item Scenario I Scenario II Scenario III Scenario IV

Total merit index 0.806 0.806 0.805 0.840
Fertility index 0.817 0.817 0.854 0.854



tion indices than did large populations. This indicates 
that the correlation between selection indices should 
have been higher for population 2 to benefit from the 
exchange of genetic material.

The means and variances of the 2 populations are, 
in addition to population size and the correlation be-
tween selection indices, important variables when the 
possibility of profitable selection across populations is 
considered. In this study, the initial genetic means were 
the same in the 2 populations. This assumption seems 
reasonable because the genetic levels of the traits evalu-
ated by Interbull do not differ considerably between the 
2 Holstein populations (Nielsen, 2007a,b). The reason 
might be that the same bulls have been used as sires of 
sons worldwide. The phenotypic variance of each trait 
was set to 1 in the base populations. Thus, the genetic 
variance of each trait will differ between the 2 popu-
lations because of differences in heritabilities. If the 
genetic variance differs between populations, the more 
variable population is more likely to produce superior 
animals. The effect of different genetic variances in the 
2 populations was not quantified in this study.

As mentioned above, the possibility of importing 
genetic material from population 2 led to significantly 
greater progress in the aggregate genotype in popula-
tion 1. Hence, it is recommended that the Nordic Hol-
stein population import genetic material from the US 
Holstein population. However, importation of genetic 
material from population 2 changed the relative con-
tribution of the traits to genetic progress. Thus, the 
scenario in which importation was possible led to signif-
icantly higher genetic progress in protein yield than the 
scenario in which population 1 operated individually, 
but the scenario in which population 1 did not import 
genetic material tended to be better in terms of func-
tional traits. These results show that cooperation with 
populations that test more bulls, use smaller progeny 
group sizes, and give more emphasis to high heritabil-
ity traits influences the direction dairy cattle breeding 
takes in small populations. Therefore, care should be 
exercised in the choice of collaborators if the Nordic 
breeding organizations want to prioritize genetic prog-
ress in functional traits to market Nordic Holsteins as a 
breed with high genetic levels for functional traits.

The contribution of the traits to progress in the 
aggregate genotype in population 2 changed when ex-
change of genetic material was possible, although no 
significant difference in the aggregate genotype was 
found. Deterioration of animal health and reproduc-
tion concerns consumers and producers (Miglior et al., 
2005) because it decreases animal welfare (Sandøe et 
al., 1999). Therefore, if progress in the aggregate geno-
type remains the same whether cooperation is possible 
or not, it must be of common interest if progress in the 

aggregate genotype is due to gain in functional traits 
such as disease resistance and fertility.

More studies have found break-even correlations 
in the range of 0.80 to 0.90 (Smith and Banos, 1991; 
Mulder and Bijma, 2006), and the correlation between 
selection indices is considered to be a suitable indicator 
of profitable cooperation (Sonesson, 2005). If this is the 
case, then a clear connection between the proportion of 
animals sired by foreign bulls, genetic progress, and the 
correlation between selection indices is expected. The 
results in this study showed no clear connection between 
these factors because the proportion of animals sired by 
foreign bulls and genetic progress were also affected by 
population size and genetic superiority. This indicates 
that the correlation between selection indices is possi-
bly not as important as previously thought. The reason 
may be that most previous studies have assumed that 
the breeding goals contain only 1 or 2 traits, that the 
heritabilities are equal in all populations, and that the 
populations have the same size or almost the same size 
(e.g., Banos and Smith, 1991; Sonesson, 2005). This 
study shows that it is difficult to use the break-even 
correlation found in one study as an accurate indicator 
of profitable cooperation in another study, especially 
in studies that reflect real situations, because other 
factors such as population size often differ between 
populations.

In population 1, the average rate of inbreeding from 
yr 8 to 25 ranged from 2.05% per generation to 2.45% 
per generation for the 4 scenarios. These are very high 
rates of inbreeding because the Food and Agriculture 
Organization of the United Nations (1998) recommends 
that the rate of inbreeding should not be higher than 
1% per generation. The high levels of inbreeding found 
in this study result from truncation selection of the 
animals in the simulation program and few restrictions 
on relatedness of mates. The actual rate of inbreeding 
is 1.03% per generation for Danish Holsteins, so control 
of the future rate of inbreeding is necessary (Sørensen 
et al., 2005). Programs that are able to balance the 
increases in genetic gain and in inbreeding have been 
developed. Thus, breeding organizations can keep the 
increase in inbreeding at an acceptable rate. Figure 1 
shows that exchange of genetic material between popu-
lations can decrease inbreeding within populations, but 
it was not possible to quantify the effect of exchanging 
genetic material on inbreeding across populations in 
this study. The correlation between selection indices 
of different breeding programs partly determines the 
extent to which they select the same bulls (Goddard, 
1992). If the correlation between selection indices is 
equal to unity, then the breeding organizations will 
select the same bulls, and the genetic diversity of the 
global population will decrease. The correlation be-
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tween selection indices, however, will be less than unity 
in most cases because of different breeding goals and G 
× E interactions (Goddard, 1992). The number of com-
mon bulls among top listings in various countries has 
decreased over time because international evaluations 
have become available and because most countries have 
changed to broad selection indices that include func-
tional traits as well as production traits (Miglior et al., 
2005). This may indicate that the rate of inbreeding in 
the global Holstein population will slow down (Miglior 
et al., 2005). Uniform trait definitions and evaluation 
procedures will increase the correlation between selec-
tion indices and possibly the rate of inbreeding in the 
global Holstein population. However, these results indi-
cate that the effect of uniform definitions of the female 
fertility traits across populations on the correlation 
between selection indices is minor compared with the 
effect of G × E interactions. Population 2 experienced 
the same rate of inbreeding as population 1 despite its 
larger size. This was due to the larger selection inten-
sity applied to test bulls and proven bulls. Hence, in 
terms of effective population size, the populations are 
equally small.

CONCLUSIONS
We investigated the effects of making definitions of 

female fertility traits in the Nordic and the US Holstein 
populations uniform as well as of applying more similar 
relative weightings on the genetic gain achieved in the 
2 cooperating populations. However, these changes, 
which were expected to increase total genetic gain, did 
not have any impact on progress in the aggregate geno-
type in the Nordic Holstein population. The possibility 
of exchanging genetic material with the US Holstein 
population led to significantly higher progress in the 
aggregate genotype in the Nordic Holstein population 
compared with a situation in which exchange was not 
possible. Hence, it is recommended that the Nordic 
Holstein population import genetic material from the 
US Holstein population. The possibility of exchanging 
genetic material with the Nordic Holstein population 
did not change progress in the aggregate genotype in 
the US Holstein population compared with a situation 
in which exchange was not possible, but it tended to 
give lower genetic progress in protein yield and higher 
genetic progress or smaller genetic declines in the 
functional traits. Thus, importation of genetic material 
from the Nordic Holstein population may reduce the 
deterioration of animal health and reproduction in the 
US Holstein population.
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