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  ABSTRACT 

  A complex deterministic approach was used to model 
the breeding goal and breeding structure for the Aus-
trian Fleckvieh (dual-purpose Simmental) breed. The 
reference breeding goal corresponded to the current to-
tal merit index (TMI-R), where dairy traits have a rela-
tive weight of 37.9% and fitness traits of 43.7% (beef 
traits 16.5%; milkability 2%). The breeding program 
was characterized by 280,000 cows under performance 
recording, 3,200 bull dams, 100 test bulls with a test 
capacity of 25%, and 15 proven bulls and 8 bull sires 
per year. The annual monetary genetic gain (AMGG) 
was generated mainly by increases in milk fat and milk 
protein yield (80.6%) and only to a small extent by fit-
ness traits (6.6%). The inclusion of direct health traits 
(early reproductive disorders, cystic ovaries, and masti-
tis) with their economic weights increased the relative 
AMGG for fitness traits from 6.6 to 11.2%. The pres-
ently slightly negative AMGG for fertility index and 
udder health changed in a positive direction. Increasing 
the weight on the direct health traits by 50% resulted 
in a further shift toward fitness and health. The effect 
of strategies using genomic information in a total merit 
index (TMI) with varying weights on fitness and health 
traits was also analyzed. The conventional progeny-
testing scheme was defined as the reference breeding 
program. A breeding program was considered to be 
genomically enhanced (GS50) when 50% of insemina-
tions of herdbook cows and of bull dams were from 
young bulls with a genomic TMI, and a second program 
(GS100) did not rely on progeny-tested bulls at all. 
For GS50, a clear shift of the relative gain in AMGG 
toward fitness and health traits was observed for all 
3 TMI scenarios, as a result of larger progeny groups 
and a shorter generation interval. For GS100, where no 
gene flow from progeny-tested bulls was assumed, the 
genetic gain per generation was lower for the fertility 

and udder health index but higher per year. The results 
based on natural genetic gain per year showed that no 
positive genetic response for fertility and udder health 
index were achieved for TMI-R (without the inclusion 
of direct health traits) in GS50 and GS100. The direc-
tion of the genetic trend was determined by the weights 
given to fertility and udder health indices within the 
TMI. When appropriate weights generated a clear posi-
tive trend, GS50 and GS100 reinforced this trend. 
  Key words:    genomic selection ,  breeding program , 
 health trait ,  fitness trait 

  INTRODUCTION 

  Because of the development of genomic breeding val-
ues, breeding programs are undergoing major restruc-
turing worldwide. An increase in genetic gain per year 
of up to 100% is expected (Schaeffer, 2006). Breeding 
programs, breeding goals, and the possibilites of perfor-
mance recording also need to be reconsidered. Interest 
in the introduction of novel traits is growing. Economic 
aspects of dairy production and consumer concerns 
regarding animal welfare and food safety increase the 
need to improve fitness and health traits internation-
ally. Additionally, a strong increase in production has 
been achieved within the last decades. Milk yield has 
more than doubled in many countries within the last 40 
yr. The increase in milk yield is accompanied by lower 
reproduction performance and an increase in health 
disorders (Oltenacu and Algers, 2005). Results based 
on performance recording show a genetic trend for milk 
kg of 92 kg per year across the last 10 years for Fleck-
vieh (dual-purpose Simmental) cattle in Austria. The 
genetic level in fitness could not be improved within the 
same period (ZuchtData, 2010). A survey of Austrian 
cattle breeders showed that primarily, strong genetic 
improvements in fertility, udder health, and feet and 
legs are desired, but only a moderate improvement in 
milk and beef traits is desired over the next 10 yr. To 
strengthen the fitness and health complex, the Federa-
tion of Austrian Cattle Breeders has set up a health 
monitoring system to register veterinary diagnoses and 
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use it for breeding, management, and prevention (Aus-
trian Ministry of Health, 2010; Egger-Danner et al., 
2010, 2012; Koeck et al., 2010a,b).

Various publications have shown a negative genetic 
correlation between milk yield and functional traits 
(Veerkamp et al., 2003; Fuerst and Fuerst-Waltl, 2006). 
According to Philipsson and Linde (2003), deteriora-
tion in reproduction and health is to be expected if the 
selection weight is strongly on milk traits. Results from 
Nordic countries (Svendsen and A.-Ranberg, 2000; 
Heringstad et al., 2003, 2007) have demonstrated that 
a higher economic weight for the udder health index 
in the total merit index (TMI) generates a favorable 
genetic gain for clinical masitits with a yearly reduc-
tion in incidence rate of 0.3%. In Norway, the weight 
for the udder health index was increased from 3 to 
21% between 1978 and 2009 (Heringstad et al., 2001; 
Heringstad, 2009; Geno, 2012). Odegård et al. (2003) 
showed that the predictive ability (measured as the 
mean daughter deviations for clinical mastitis among 
second-crop daughters, regressed on predicted trans-
mitting abilities for clinical mastitis and lactation mean 
SCS in first-crop daughters) was 23 to 43% higher for 
clinical mastitis than for lactation mean SCS. Predic-
tive ability improved by 8 to 13 percentage points when 
information on both traits was utilized compared with 
single-trait selection. The relative weight that should 
be assigned to standardized predicted transmitting 
abilities from univariate genetic analyses were 60 to 
67% for clinical mastitis and 33 to 40% for lactation 
mean SCS.

Lassen et al. (2007) proposed approximate multitrait 
models using preadjusted data rather than full linear 
multitrait models when evaluating and selecting for 
many correlated traits. These models are especially 
advantageous if many traits are combined in the TMI, 
because correlations between the traits are not ne-
glected. According to Hansen Axelsson et al. (2011), if 
the main economic emphasis was still on protein yield, 
the deterioration of functional traits in multiple-traits 
settings was not halted, even when new indicator traits 
were included and a more advanced recording system 
was implemented for functional traits.

Concerning genomic selection, different studies 
showed a positive effect on functional traits (Neuner 
and Götz, 2011; Buch et al., 2012). Lillehammer et al. 
(2011) pointed out that the relative superiority of a 
genomic selection scheme decreased as the heritablity 
of the traits increased.

One objective of this paper is to analyze the effect 
of including direct health traits (DHT) in the TMI 
and to evaluate the impact of genomic selection in the 
breeding scheme on the annual monetary genetic gain 

(AMGG). Another objective was to assess the effect 
of these measures on the annual natural genetic gain for 
different dairy and fitness traits, DHT, and indices in 
Austrian Fleckvieh. Particularly, the possible improve-
ment of fertility and udder health based on DHT and 
the possibility of genomic evaluation were investigated 
by comparing different TMI scenarios for 3 breeding 
strategies.

MATERIALS AND METHODS

The computer software ZPLAN (Willam et al., 2008) 
optimizes selection strategies in livestock breeding 
using a purely deterministic approach. The gene flow 
method and selection index procedures constitute the 
core of the software. It evaluates both the genetic and 
economic efficiency of breeding strategies. The user 
defines selection groups in the whole population, each 
with a specific selection intensity, and other individual 
information sources used in the index. Additionally, 
population and cost parameters as well as biological pa-
rameters must be defined for each selection group. The 
program calculates several criteria, such as AMGG for 
the aggregate genotype, annual genetic gain (AGG) for 
single traits, discounted return, discounted costs, and 
discounted profit for a given investment period. The 
criteria for evaluating alternative breeding programs 
used in this study were AMGG, the monetary superior-
ity per year of the progeny of the selected animals after 
one selection round in the breeding unit, and AGG, the 
natural genetic gain per year.

Population Structure and Cost Parameters

The study was carried out for dual-purpose Fleckvieh 
cattle, as genetic and economic parameters for DHT are 
available for this breed (Koeck et al., 2010a,b; Egger-
Danner et al., 2010; Fuerst-Waltl et al., 2010; Fuerst 
et al., 2011a; Fuerst and Fuerst-Waltl, 2011; Egger-
Danner et al., 2012). In addition, DHT are routinely 
genetically evaluated (Fuerst et al., 2011a), and a joint 
routine genomic evaluation for Fleckvieh in Austria 
and Germany (Edel et al., 2011a,b) was implemented 
recently. The Fleckvieh population in Austria consists 
of about 510,000 cows, with 280,000 cows registered in 
the herdbook.

The essential input parameters used for modeling 
the different breeding strategies were based on the 
evaluation of the breeding program Fleckvieh Austria 
(ZuchtData, 2010; Table 1). The costs were average 
costs based on calculations by the breeding organiza-
tions and AI centers (Egger-Danner et al., 2000), ad-
justed for the current circumstances and inflation. Of 
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the milk recording costs, 50% were assumed related to 
breeding purposes. Concerning semen policy, a system 
with waiting bulls was assumed. From all bulls, 5,000 
doses of semen were stored in addition. The variable 
costs per test bull consisted of incentives paid to the 
farmer for progeny records and costs associated with 
the description of conformation traits. 

Genetic Parameters

Heritabilities and phenotypic and genetic correla-
tions used for calculating a selection index in ZPLAN 
are given by Neuner and Götz (2011) and Fuerst and 
Fuerst-Waltl (2006). The genetic parameters for the 
DHT are from Koeck et al. (2010a,b), and the correla-

tions to the type traits from Fuerst et al. (2010) and 
Fuerst and Fuerst-Waltl (2011). The assumed herita-
bilities were 0.02 for the aggregate fertility index and 
0.12 for the udder health index. The genetic correlation 
between fat and protein yields and the fertility index 
was −0.2, and that between fat and protein yields and 
the udder health index was −0.25 (Neuner and Götz, 
2011).

TMI and Breeding Strategies

The present TMI of Fleckvieh cattle without inclu-
sion of DHT was used as the reference index (TMI-R). 
A TMI including DHT according to their economic 
weight (TMI+DHT), and a TMI with a weight on 

Table 1. Essential input parameters for modeling the breeding program Fleckvieh Austria for the 3 breeding strategies: conventional progeny-
testing program (CPT), genomic selection with 50% insemination of young bulls (GS50), and genomic selection with 100% inseminations of 
young bulls (GS100)1 

Input parameter

Breeding strategy

CPT GS50 GS100

Population parameter    
 Population size 510,000   
 Proportion of recorded cows (%) 0.55   
 Proportion of AI (%) 0.88   
 Test capacity1 (%) 0.25 0.50 1.0
 Proportion of test bull candidates selected for testing (%) 0.1   
 Young bulls tested per year (no.) 100   
 Proven bulls selected per year2 (no.) 15 15 —
 Proportion of bull dams mated with young bulls (%) — 0.50 1.0
 Proven bulls mated with bull dams2 (no.) 8 8 0
 Young bulls mated with bull dams2  (no.) — 20 20
 Inseminations:first lactation record 10:1   
 Selected bull dams per year (no.) 3,200   
Biological coefficients    
 Average time between calvings (yr) 1.07   
 Inseminations per pregnancy (no.) 1.95   
 Losses during raising (female) (%) 0.15   
 Losses during raising (male) (%) 0.25   
 Use of proven bulls2 (yr) 2 2 —
 Use of proven bulls for mating with bull dams2 (yr) 1 1 —
 Use of young bulls for mating with bull dams2 (yr) — 1 1
 Use of bull dams (yr) 3.0   
 Use of dams (yr) 3.8   
 Mean generation interval2 (yr) 5.54 4.69 3.57
Cost parameter (€)    
 Milk recording costs per cow 25   
 Inspection bull dam per bull dam 81   
 Inspection calf per calf 50   
 Rearing cost on farm per young bull 265   
 Herd book registration per cow 13.4   
 Production costs per semen dose 0.5   
 Storage costs per semen dose per year 0.03   
 Waiting period per bull and year 2,556   
 Variable costs per young bull 4,000   
 Additional costs for young bull with genomic EBV2 — 5,000 5,000
 Interest rates return and costs (%) 0.06; 0.04   
 Investment period (yr) 20   
1Only changes in parameters are indicated in GS50 and GS100.
2Indicates changes in parameters between different breeding schemes.
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fertility and udder health index increased by 50% 
(TMI+DHT50) were defined as alternative scenarios. 
A conventional progeny-testing program (CPT), a 
genomic-enhanced breeding program where 50% of the 
inseminations were from young bulls (GS50), and a 
full genomic breeding program (GS100) were applied 
to the 3 TMI. For GS50 and GS100, additional costs 
for preselection of candidates and genotyping and the 
higher costs of young bulls were taken into account. For 
CPT and GS50, all 100 bulls were kept as waiting bulls. 
For GS100, no costs were associated with waiting bulls.

TMI-R. The breeding goal in Austria and Germany 
corresponds to the TMI of Miesenberger (1997). The 
economic weights were updated using the results from 
Lind (2007). Based on these results, the relative weight 
in the present Fleckvieh breeding goal for dairy traits is 
38%, for beef traits 16%, for fitness traits 44%, and for 
milkability 2% (Fuerst et al., 2011b). Additive genetic 
standard deviations and economic weights per additive 
genetic standard deviation of the single traits are shown 
in Table 2. The present female fertility index (Fert-I) 
consists of nonreturn rate at 56 d for heifers and cows, 
and time between first and last insemination for heifers 
and cows. For the udder health index (UH-I), however, 
only SCC is currently considered. No DHT are cur-
rently included in the TMI-R in Austria and Germany.

TMI+DHT. A TMI including DHT was developed 
based on results from a health monitoring project 
in Austria (Fuerst et al., 2010, 2011a; Koeck et al., 
2010a,b; Egger-Danner et al., 2012), in which the re-
cording of veterinarian diagnoses was established and a 
routine genetic evaluation was introduced.

The presently used female fertility index (Fert-I) 
with its economic weight (EW) of €15 per genetic 
standard deviation (sA) was extended by including 
early reproductive disorders and cystic ovaries, with 
their own economic weights of €9.34/sA and €4.09/sA, 
respectively. These weights were calculated based on 
the frequencies of diagnoses using the Austrian Health 
Monitoring data and extra costs of medicine and labor 
(Fürst-Waltl et al., 2010). Therefore, the EW of the 
new fertility index was increased from €15.00/sA to 
€28.43/sA by including the respective DHT (Table 2).

An udder health index (UH-I) was used in this study. 
In addition to SCC, clinical mastitis, and the type traits 
udder score, udder depth, suspensory ligament, fore ud-
der attachment, and teat placement were considered as 
indicator traits without an additional EW. The costs of 
mastitis were already included in the derivation of the 
EW for SCC (Lind, 2007); thus, no additional EW was 
put on udder health for TMI+DHT.

TMI+DHT50. The TMI+DHT50 breeding goal 
consisted of the same traits and genetic parameters 
as TMI+DHT. However, the EW of fertility and ud-
der health index were increased by 50% (Table 2) to 
calculate the AGG of the different traits. In contrast, 
the AMGG were calculated based on the realistic EW 
of TMI-DHT to avoid overestimating the achievable 
AMGG for fertility and udder health indices.

The present breeding scheme for Fleckvieh Austria 
was established in 2000 (Egger-Danner et al., 2000) as a 
progeny-testing program, where about 1,500 bull dams 
and approximately 140 test bulls were selected and 
tested before the introduction of genomic evaluation. 

Table 2. Additive genetic standard deviation (sA), economic weight per sA (EW/sA) in Euros, and economic weight in percent (EW %) of the 
single traits in the different total merit indices TMI-R, TMI+DHT, and TMI+DHT50 for Austrian Fleckvieh cattle1 

Trait sA

TMI-R TMI+DHT TMI+DHT50

EW/sA (€) EW (%) EW/sA
2 (€) EW (%) EW/sA

2 (€) EW (%)

Fat yield (kg) 21.9 9.86 4.4  4.2  3.8
Protein yield (kg) 16.4 73.80 33.4  31.5  28.5
Daily gain (g) 26.5 16.08 7.3  6.9  6.2
Dressing percentage (%) 1.15 10.20 4.6  4.4  3.9
EUROP grading score (class) 0.25 10.20 4.6  4.4  3.9
Longevity (d) 180 29.64 13.4  12.6  11.4
Persistency (points) 12 4.32 2.0  1.8  1.7
Fertility index (Fert-I; points) 12 15.0 6.8 28.43 12.1 42.64 16.4
Calving ease paternal (class) 0.22 4.08 1.8  1.7  1.6
Calving ease maternal (class) 0.22 4.08 1.8  1.7  1.6
Stillbirth paternal (%) 4 9.0 4.1  3.8  3.5
Stillbirth maternal (%) 4 9.0 4.1  3.8  3.5
Udder health index (UH-I; points) 12 21.36 9.7 21.36 9.1 32.04 12.4
Milkability (points) 12 4.32 2.0  1.8  1.7
1TMI-R = total merit index reference (udder health index contains SCC only); TMI+DHT = total merit index with direct health traits; 
TMI+DHT50 = total merit index with direct health traits increased by 50% of economic weight.
2Only changes in EW/sA are indicated for TMI+DHT and TMI+DHT50. 
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The preselection intensity of the test bulls was 4 out 
of 10 male calves, and on average about 60 daughter 
records per test bull were obtained. Out of each batch 
of 140 bulls, the best 25 bulls were used for mating 
and the best 8 bulls (bull sires) were chosen for elite 
matings with bull dams.

For this study, 3 breeding strategies were compared 
(Figure 1). For CPT, essentially the same selection 
intensities were assumed as in the genomic selection 
scheme. The reason for this is that the effect of the 
major effects of genomic selection, such as higher reli-
abilities and shorter generation intervals, can be ana-
lyzed more clearly.

CPT. The CPT represents an improvement to the 
present breeding program Fleckvieh Austria. A prese-
lection of 0.1 (1 out of 10 male calves) was used. Out of 
1,000 male calves from about 3,200 bull dams, 100 test 
bulls were selected, with a proportion of 25% of test 
bull inseminations. Fifteen proven sires out of the 100 
test bulls were chosen each year for insemination of the 
cow population and used for 2 yr. Out of the 15 proven 
bulls, 8 sires were selected for elite matings with bull 
dams each year.

GS50. Fifty percent of the cow population and bull 
dams were mated with young bulls. Young bulls are 
genotyped bulls that are preselected based on their 
genomic breeding value, where pedigree and genomic 
information are combined (Edel et al., 2011a). The 20 
best of the 100 young bulls were used for 50% of the 
inseminations of the bull dams.

GS100. Only young bulls were used for mating with 
the cow population and bull dams. The number of the 

selected animals in the different selection groups was 
not changed.

Reliability of TMI

The computer program ZPLAN calculates the reli-
ability of the TMI based on the different sources of in-
formation (e.g., own performance, halfsibs, progeny) for 
each selection group separately. The additional gain in 
information based on direct genomic values was mod-
eled by accounting for additional progeny equivalents. 
The reliabilities of the bull groups for the different TMI 
and the different breeding strategies are shown in Table 
3. The progeny equivalents assumed for dairy traits, 
fertility index, and udder health index, were 12, 80, 
and 25 daughter records, respectively. The calculation 
is based on the formula for the correlation between true 
and estimated breeding value, where heritability and 
number of progeny are considered (Willam and Simi-
aner, 2011). The increase in reliability due to genomic 
information is according to the results from the joint 
routine genetic evaluation of Austria and Germany 
(Edel et al., 2011a,b).

RESULTS AND DISCUSSION

DHT Included in the TMI

The analyses of an optimized conventional breeding 
scheme and 2 genomic selection strategies were com-
pared (Figure 1). For the CPT program, the AMGG for 

Figure 1. Structure of the breeding strategies conventional progeny-testing program (CPT), genomic selection with 50% insemination with 
young bulls (GS50), and genomic selection with 100% insemination of young bulls (GS100). YBPI = young bulls with pedigree information, YBGS 
= young bulls with pedigree and genomic information, PT = progeny tested.
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the 3 different total merit indices (TMI-R, TMI+DHT, 
TMI+DHT50) are listed in Table 4.

As shown in Table 2, the relative weights in TMI-R 
were 37.8% for dairy traits (fat and protein yields) and 
43.7% for fitness traits. Despite the high weight for 
fitness traits, only 6.6% of AMGG was related to fit-
ness traits, whereas gains in dairy traits accounted for 
80.6% (Table 4), and the expected trends for fertility 
index and udder health index were negative. This is in 
agreement with the results of Neuner and Götz (2011).

Including DHT increased the total AMGG just slight-
ly from €24.10 to €24.23, whereas the total AMGG of 

TMI+DHT50 was slightly lower compared with that 
of TMI-R and TMI+DHT. This is caused by the fact 
that to calculate the AMMG of TMI+DHT50, the re-
alistic EW of Fert-I and UH-I were considered (Table 
2, TMI+DHT), and not those increased by 50% used 
to calculate the AGG of Fert-I and UH-I. Considering 
DHT resulted in a shift of relative AMGG to fitness 
traits (11.2 and 19.5% versus 6.6%). For TMI+DHT, 
the relative contribution of dairy traits to AMMG was 
reduced to 76.3%, whereas that of fitness and health 
traits increased to 11.2%. Raising the EW of Fert-I and 
UH-I by 50% increased the relative AMGG of fitness 
traits up to 19.5% and reduced the dairy traits to 68.5%. 
The contribution of the important traits Fert-I and 
UH-I switched for both TMI-DHT and TMI-DHT50 
from a negative direction to a positive one. All of these 
relations and implications on the monetary level can be 
seen on the natural genetic level as well. Table 5 shows 
the AGG for the selected traits protein yield, fertility 
index, and udder health index expressed in kilogram 
and points (Table 2: defined scale “unit”), respectively, 
for the different breeding strategies and TMI. The AGG 
for protein yield was reduced from 3.86 kg for TMI-R to 
3.68 kg for TMI-DHT and to 3.25 kg for TMI+DHT50, 
assuming the CPT program. For CPT, the AGG was 
slightly negative for fertility index (−0.15 points/yr) 
and udder health index (−0.08 points/yr) for TMI-R. 
For TMI+DHT, a slightly positive trend was observed 
for both traits. Using TMI+DHT50, 0.61 points in an-
nual genetic gain can be achieved for the fertility index, 
and 0.50 points for the udder health index. However, 

Table 3. Reliabilities of total merit indices for young bulls based 
on pedigree index (YBPI), young bulls based on genomic information 
(YBGS), and proven progeny-tested bull (PT-bull) for the different 
breeding strategies (CPT, GS50, GS100) and total merit indices 
(TMI-R, TMI+DHT, TMI+DHT50) 

Strategy and index1 YBPI YBGS PT-bull

CPT, TMI-R 0.33  0.85
CPT, TMI+DHT 0.32  0.83
CPT, TMI+DHT50 0.31  0.79
GS50, TMI-R  0.59 0.88
GS50, TMI+DHT  0.58 0.86
GS50, TMI+DHT50  0.57 0.83
GS100, TMI-R  0.59  
GS100, TMI+DHT  0.58  
GS100, TMI+DHT50  0.57  
1CPT = conventional progeny-testing program; GS50 = genomic selec-
tion with 50% insemination of young bulls; GS100 = genomic selection 
with 100% inseminations of young bulls; TMI-R = total merit index 
reference (udder health index contains SCC only); TMI+DHT = to-
tal merit index with direct health traits; TMI+DHT50 = total merit 
index with direct health traits increased by 50% of economic weight.

Table 4. Annual monetary genetic gain (AMGG) for the conventional progeny-testing scheme (CPT) when selected on total merit index 
reference (TMI-R), total merit index including direct health traits (TMI+DHT), and total merit index including direct health traits with an 
increased economic weight of 50% (TMI+DHT50) 

Trait

TMI-R TMI+DHT TMI+DHT50

AMGG %1 %2 AMGG %1 %2 AMGG %1 %2

Fat yield 2.05 8.5 80.6 1.94 8.0 76.3 1.69 7.1 68.5
Protein yield 17.39 72.1  16.56 68.4  14.61 61.4  

Daily gain 1.98 8.2 11.5 1.96 8.1 11.2 1.90 8.0 10.9
Dressing percentage 0.24 1.0  0.24 1.0  0.24 1.0  
EUROP grading score 0.54 2.3  0.50 2.1  0.45 1.9  

Longevity 1.45 6.0 6.6 1.57 6.5 11.2 1.76 7.4 19.5
Persistency 0.16 0.7  0.20 0.8  0.25 1.0  
Fertility index (Fert-I) −0.18 −0.8  0.53 2.2  1.45 6.1  
Calving ease paternal −0.16 −0.7  −0.16 −0.7  −0.15 −0.6  
Calving ease maternal 0.26 1.1  0.26 1.1  0.25 1.1  
Stillbirth paternal −0.10 −0.4  −0.10 −0.4  −0.09 −0.4  
Stillbirth maternal 0.29 1.2  0.29 1.2  0.28 1.2  
Udder health index3 (UH-I) −0.14 −0.6  0.12 0.5  0.89 3.7  

Milkability 0.31 1.3 1.3 0.31 1.3 1.3 0.27 1.1 1.1

Total 24.10 100.0 100 24.23 100.0 100 23.77 100.0 100
1Percentage per single trait.
2Percentage per complex (dairy, beef, fitness, and milkability).
3UH-I consisted of SCC only.
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the assumed situation that phenotypic information for 
DHT is available for all daughters of the young bulls 
must be noted. If this were not the case, the effect of 
including DHT would be lower. The results also show 
that the trend for udder health index is still negative if 
only the auxiliary trait SCC is used as an index trait 
(TMI-R). Generally, it should be noted that the EW for 
mastitis (Lind, 2007) might be underestimated because 
discarded milk during antibiotic treatment was not 
considered.

Genomic Selection Strategies

Table 6 shows the relative change in AMGG compared 
with the reference CPT and TMI-R without DHT. The 
average generation interval decreased from 5.54 yr for 
CPT to 4.69 yr for GS50 and 3.57 yr for GS100. The 
number of daughters per young bull increased from 129 
for CPT to 259 for GS50 and to 519 for GS100. The 
AMGG increased by 15% for GS50 and 30% for GS100 
compared with CPT. This superiority is less than that 
reported in other studies (Schaeffer, 2006; König et al., 
2009; Pryce et al., 2010; Pryce and Daetwyler, 2011; 
Buch et al., 2012).

The similarity of selection intensities for test/young 
bulls in CPT, GS50, and GS100 was chosen to show 
the effect of using young bulls with genomic EBV only. 

This study focused on the effects of different TMI and 
selection strategies on fitness and direct health traits 
only. It is expected that genomic selection, compared 
with CPT, would allow for a significant change in the 
selection intensity of young bulls, leading to higher ge-
netic gain than the results here indicate. If the effect of 
different selection intensities for test/young bulls and 
progeny-tested bulls were modeled, the effect of genomic 
selection would be higher; for example, the AMGG for 
the former Fleckvieh breeding program (Egger-Danner 
et al., 2000) would be about 10% lower (€22.2/cow and 
year) than was achieved with the improved CPT of 
this study. The aspects of genotyping bull dams were 
also not taken into consideration. Therefore, our results 
cannot be used to answer the question of the full poten-
tial of genomic selection on AMGG.

Using genomic selection for TMI+DHT and 
TMI+DHT50 achieved almost the same progress on 
AMGG as did TMI-R; namely, 15% each (Table 6). 
Table 7 shows the relative AMMG of dairy traits and 
fitness and health traits for the different breeding strat-
egies and total merit indices. For TMI-R, the relative 
AMMG of fitness traits increased from 6.6 to 8.9% 
from CPT to GS50, and from 6.6 to 8.4% from CPT to 
GS100, respectively. The TMI+DHT achieved 11.2% 
AMGG for fitness and health traits with CPT, and 
about 14% with genomic selection schemes (GS50 and 

Table 5. Effect on annual natural genetic gain of protein yield (Prot), fertility index (Fert-I), and udder health 
index (UH-I) expressed in kilograms and points, respectively, for total merit indices (TMI-R, TMI+DHT, 
TMI+DHT50) and breeding strategies (CPT, GS50, GS100)1 

Strategy

TMI-R TMI+DHT TMI+DHT50

Prot Fert-I UH-I Prot Fert-I UH-I Prot Fert-I UH-I

CPT 3.86 −0.15 −0.08  3.68 0.22 0.07  3.25 0.61 0.50
GS50 4.37 −0.11 −0.09  4.15 0.37 0.10  3.63 0.87 0.61
GS100 5.02 −0.15 −0.19  4.75 0.42 0.08  4.13 0.99 0.68
1CPT = conventional progeny-testing program; GS50 = genomic selection with 50% insemination of young 
bulls; GS100 = genomic selection with 100% inseminations of young bulls; TMI-R = total merit index ref-
erence (udder health index contains SCC only); TMI+DHT = total merit index with direct health traits; 
TMI+DHT50 = total merit index with direct health traits increased by 50% of economic weight.

Table 6. Annual monetary genetic gain (%) relative to TMI-R of CPT for total merit indices (TMI-R, 
TMI+DHT, TMI+DHT50) and breeding strategies (CPT, GS50, GS100)1 and corresponding generation 
intervals (GI) 

Strategy GI (yr)

Total merit index

TMI-R TMI+DHT TMI+DHT50

CPT 5.54 100 101 99
GS50 4.69 115 116 114
GS100 3.57 130 132 129
1CPT = conventional progeny-testing program; GS50 = genomic selection with 50% insemination of young 
bulls; GS100 = genomic selection with 100% inseminations of young bulls; TMI-R = total merit index ref-
erence (udder health index contains SCC only); TMI+DHT = total merit index with direct health traits; 
TMI+DHT50 = total merit index with direct health traits increased by 50% of economic weight.
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GS100). For TMI+DHT50, the contribution of fitness 
and health traits to AMGG increased from 20% for 
CPT to about 23% for GS50 and GS100.

Taking into account the AGG of protein yield, an in-
crease from 3.86 to 4.37 and 5.02 kg/yr could be achieved 
for TMI-R from CPT to GS50 and GS100, respectively 
(Table 5). For TMI+DHT, the annual genetic genetic 
gain of protein yield was lower compared with that for 
TMI-R. For TMI+DHT50, a further reduction could 
be observed, whereas an annual natural genetic gain of 
the fertility index was clearly reinforced by GS50 and 
GS100 and TMI+DHT and TMI+DHT50. Although 
the udder health index is made more accurate by in-
cluding some auxiliary traits, the same EW was used 
for TMI+DHT and TMI-R (Table 2). Thus, the differ-
ence between the AGG of udder health index is rather 
small for all breeding strategies compared with TMI-R, 
but the trend switches from a negative to a positive 
direction (Table 5). The EW of the udder health index 
might be undervalued, because not all relevant costs 
(e.g., discarded milk during antibiotic treatment) might 
have been considered by Lind (2007).

Otherwise, a clear positive trend for the udder health 
index could be achieved by using GS50 and GS100 for 
TMI+DHT50. This can be explained mainly by the 
50% increase of the economic weight and the higher 
proportion of inseminations with young bulls, which 
resulted in reduced generation intervals and an increase 
in the number of daughter records per young bull.

As shown by Willam et al. (2002), a higher number 
of daughter records results in an increase of annual 
natural genetic gains for functional traits. Sorenson et 
al. (1999) showed that the composition of the monetary 
genetic gain was changed by increasing the daughter 
group size. In general, the shorter generation interval 
in GS50 and GS100 had a positive effect on fitness 
and health traits, and although the natural genetic gain 
per generation of fitness traits was lower, the natural 
genetic gain per year was higher due to the shorter 
generation interval.

If fitness traits should be considerably improved, 
“desired genetic gain” approaches (e.g., Yamada et al., 
1975) could be considered. This raises the question of 
whether the possible increase in genetic gain for dairy 
traits should be fully exploited. A shift of the economic 
weight from dairy traits toward fitness and health traits 
could improve the latter. In Norway, the weight of clini-
cal mastitis was increased until the desired genetic gain 
could be achieved, which resulted in an increase of the 
weight for clinical mastitis in the TMI from 3 to 21% 
(Heringstad, 2009; Geno, 2012). The positive effect of 
direct selection on health traits was emphasized by 
Odegård et al. (2003). König and Swalve (2006) and 
Heringstad et al. (2007) showed that direct selection is 
more effective than working with auxiliary traits.

König and Swalve (2009) were concerned about wid-
ening the gap between production and functional traits, 
if highly accurate genomic EBV for production traits 
and less accurate genomic EBV for functional traits 
were available. We showed that increasing the weights 
of low heritability functional traits in TMI could pre-
vent this. Lillehammer et al. (2011) pointed out that 
genomic selection becomes more favorable for lowly 
heritable traits due to the increased use of information 
from relatives in genomic breeding values. This is made 
possible by marker data, providing detailed identity-
by-descent relationships at the DNA level. The higher 
amount of additional information was considered in this 
study by adding more daughter equivalents to the low 
heritability traits according to Edel et al. (2011a,b). 
The results showed that although there was a rela-
tive shift of AMGG toward fitness and health traits, 
genomic selection programs alone cannot transform a 
slightly negative trend into a positive one, but it can 
increase an existing positive trend.

Similiar results were found by Karras et al. (2011) 
for Brown Swiss in Germany, where a similiar total 
merit index is used. In that study, genomic selection 
decreased annual genetic gain of some fitness traits 
when the trend was already negative using a conven-

Table 7. Relative annual monetary genetic gain (%) summarized for dairy traits (DT) and fitness and health 
traits (FIT) for total merit indices (TMI-R, TMI+DHT, TMI+DHT50) and breeding strategies (CPT, GS50, 
GS100)1 

Strategy

TMI-R TMI+DHT TMI+DHT

DT FIT DT FIT DT FIT

CPT 80.6 6.6 76.3 11.2 68.5 19.5
GS50 79.3 8.9 74.4 14.2 66.2 22.9
GS100 80.4 8.4 75.1 14.1 66.6 23.1
1CPT = conventional progeny-testing program; GS50 = genomic selection with 50% insemination of young 
bulls; GS100 = genomic selection with 100% inseminations of young bulls; TMI-R = total merit index ref-
erence (udder health index contains SCC only); TMI+DHT = total merit index with direct health traits; 
TMI+DHT50 = total merit index with direct health traits increased by 50% of economic weight.
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tional progeny-testing program. Generally, if the natu-
ral genetic gain of traits is positive, genomic selection 
increases the gain.

Therefore, the composition of the traits relevant for 
the breeding goal needs to be considered in the TMI. 
The additional potential to increase the AGG for dairy 
traits by genomic selection offers the opportunity to 
balance the breeding goals and to compensate AGG for 
fitness and health traits. However, for an appropriate 
consideration of fitness and health traits in the TMI, 
reliable phenotypes and EW for these traits are neces-
sary. Breeding costs based on the situation in Austria 
were considered in the study, but including aspects of 
breeding return, cost, and profit were beyond the scope 
of this paper.

CONCLUSIONS

Considering DHT in the TMI for Austrian Fleckvieh 
cattle strengthened the effect of selection for fitness and 
health traits and led to a slightly positive trend. An 
increase of the weights on fertility and udder health 
indices resulted in a clear positive trend for these traits. 
When revising breeding goals, the desired genetic gain 
of the different traits should be considered. The slightly 
negative trend for fertility index and udder health index 
observed when a TMI without DHT was used remained 
on a similar level with genomic selection. When a clear 
AGG was observed (e.g., for protein yield or fertility 
index with higher weights), genetic gain was increased 
by genomic selection programs. However, the genomic 
selection programs used in this study could not reverse 
a negative trend. The relative AMGG for fitness and 
health traits was increased by using genomic selec-
tion programs compared with the CPT program. The 
possible improvement of AGG for fitness and health 
depends highly on reliable information and appropriate 
EW in the TMI. Genomic selection has the potential to 
speed up the genetic progress, but the composition of 
the TMI defines the direction in which it will go.
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