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ABSTRACT 17 

This paper compares genetic gain, genetic variation, and the efficiency of converting variation into 18 

gain under different genomic selection scenarios with truncation or optimum contribution selection 19 

in a small dairy population by simulation. Breeding programs have to maximize genetic gain but 20 

also ensure sustainability by maintaining genetic variation. Numerous studies showed that genomic 21 

selection increases genetic gain. Although genomic selection is a well-established method, small 22 

populations still struggle with choosing the most sustainable strategy to adopt this type of selection.  23 

We developed a simulator of a dairy population and simulated a model after the Slovenian Brown 24 

Swiss population with ~10,500 cows. We compared different truncation selection scenarios by 25 

varying i) the method of sire selection and their use on cows or bull-dams, and ii) selection intensity 26 

and the number of years a sire is in use. Furthermore, we compared different optimum contribution 27 

selection scenarios with optimization of sire selection and their usage. We compared the scenarios 28 

in terms of genetic gain, selection accuracy, generation interval, genetic and genic variance, the rate 29 

of coancestry, effective population size, and the conversion efficiency. The results show that early 30 

use of genomically tested sires increased genetic gain compared to progeny testing as expected from 31 

changes in selection accuracy and generation interval. A faster turnover of sires from year to year 32 

and higher intensity increased the genetic gain even further but increased the loss of genetic 33 

variation per year. While maximizing intensity gave the lowest conversion efficiency, a faster turn-34 

over of sires gave an intermediate conversion efficiency. The largest conversion efficiency was 35 

achieved with the simultaneous use of genomically and progeny tested sires that were used over 36 

several years. Compared to truncation selection optimizing sire selection and their usage increased 37 

the conversion efficiency by either achieving comparable genetic gain for a smaller loss of genetic 38 

variation or achieving higher genetic gain for a comparable loss of genetic variation. Our results 39 

will help breeding organizations to implement sustainable genomic selection. 40 

Key words: small population, sustainability, genomic selection, optimum contribution selection 41 
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INTRODUCTION 42 

This paper compares genetic gain, genetic variation, and the efficiency of converting variation into 43 

gain under different genomic selection scenarios in a small dairy cattle population with truncation 44 

or optimum contribution selection by simulation. Genomic selection has profoundly changed dairy 45 

cattle breeding programs (Schaeffer, 2006; Garcia-Ruiz et al., 2016; Wiggans et al., 2017). It has 46 

doubled the rate of genetic gain through decreased generation interval, increased selection accuracy 47 

for young animals, increased selection intensity, and identification and management of recessive 48 

lethal alleles (Cole, 2015; Garcia-Ruiz et al., 2016; Wiggans et al., 2017). The prerequisite for these 49 

gains is a large number of genotyped animals, which is an issue for small populations (Thomasen et 50 

al., 2014; Jenko et al., 2017; Ducrocq et al., 2018), though this problem can be addressed with 51 

international training populations (Jorjani, 2012; Liu, 2013; Vandenplas et al., 2017). An effective 52 

implementation also requires an optimal use of genomic selection for different groups of animals 53 

(Thomasen et al., 2014). Further, small populations struggle to maximize selection intensity due to a 54 

limited number of animals and limited resources, but also due to genetic drift and related genetic 55 

variation issues, which can be enhanced with intense and rapid genomic selection (Falconer and 56 

Mackay, 1996; Gorjanc et al., 2018).  57 

Breeding programs aim to maximize genetic gain. Previous studies compared the conventional 58 

progeny testing with genomic pre-selection prior to progeny testing or direct genomic selection for 59 

widespread use without progeny testing (de Roos et al., 2011; Lillehammer et al., 2011; Pryce et al., 60 

2010). These studies reported up to 30% increase in genetic gain with the genomic pre-selection and 61 

up to 195% increase with the direct genomic selection. Thomasen et al. (2014) deterministically 62 

evaluated hybrid schemes that use both progeny and young genomically tested sires in populations 63 

of different size. They concluded that genomic selection gives higher genetic gain than conventional 64 

progeny testing irrespective of population size, but that the hybrid schemes maximize annual 65 

monetary genetic gain when a population is small and accuracy of genomic selection is low. 66 
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Breeding programs also have to maintain genetic variation to ensure long-term sustainability. This 67 

is especially important for small populations, since they have to be competitive in the international 68 

market to justify the national breeding program. While short-term success depends on the genetic 69 

gain in the next few generations, long-term success depends also on maintenance of sufficient 70 

genetic variation to ensure a stable rate of genetic gain (Woolliams et al., 2015). Studies on the 71 

effect of genomic selection on genetic variation have had contradictory results. For example, 72 

Lillehammer et al. (2011) and Pryce et al. (2010) reported a decreased rate of coancestry per year, 73 

while de Roos et al. (2011) reported that it depends on the proportion of genetic variation captured 74 

with markers and a breeding program design. Genomic selection has a potential to decrease the rate 75 

of coancestry due to a more accurate estimation of Mendelian sampling terms for young animals, 76 

which enables differentiation of sibs and avoidance of their co-selection (Daetwyler et al., 2007). 77 

Balancing short- and long-term success can be further enhanced with the optimum contribution 78 

selection (Woolliams et al., 2015). 79 

Although genomic selection is a well-established method, small populations still struggle with 80 

choosing a sustainable strategy. The right strategy should ensure short- and long-term success as 81 

well as being economically and logistically viable. To address some of these issues this study 82 

evaluates different genomic breeding program designs for a small dairy population with a focus on 83 

selection and usage of sires and how this affects changes in genetic gain and genetic variation. 84 
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MATERIAL AND METHODS 85 

We compared conventional and different genomic breeding program designs in a small dairy cattle 86 

population with simulation. Altogether we compared twenty-two scenarios. In fifteen scenarios we 87 

used truncation selection with five different selection criteria to choose sires for the insemination of 88 

cows and bull-dams. Additionally, we tested each of the sire selection criterion scenarios within 89 

three sire usage scenarios that varied the number of sires and the period of their usage. To maximize 90 

genetic gain for a given loss in genetic variation we compared the truncation selection scenarios 91 

with seven optimum contribution selection scenarios where we varied balance between genetic gain 92 

and maintenance of genetic variation. We compared all the scenarios in terms of genetic gain, 93 

genetic variation, and efficiency of converting genetic variation into gain. 94 

Simulation 95 

We developed a simulator of a realistic dairy population. The simulator is a Python wrapper around 96 

the simulation program AlphaSim (Faux et al., 2016; Hickey and Gorjanc, 2012), the genetic 97 

evaluation program blupf90 (Misztal et al., 2002), and the optimum contribution selection program 98 

AlphaMate (Gorjanc and Hickey, 2018). The simulator is driven by a set of parameters describing a 99 

dairy breeding program, including the percentage of animals selected at each stage and in each 100 

selection path, age at selection, selection criterion (pedigree or genomic), the number of progeny 101 

per sire, the number of years a group of animals is used, and the number of years a simulation is 102 

run. These parameters allow the simulation of relevant dairy breeding programs. In each year the 103 

simulator generates phenotypic data, estimates breeding values, culls, selects and mates animals, 104 

and generates progeny - including their pedigree and genotypic data. 105 

Population 106 

The simulated population mimicked the Slovenian Brown Swiss population of ~30,000 animals of 107 

which ~10,500 are cows. The simulation started with a coalescent process to generate whole-108 
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genome sequence for ten cattle-like chromosomes with 108 base pairs per chromosome, mutation 109 

rate of 2.5 x 10-8, recombination rate of 1.0 x 10-8 and historical effective population size in line 110 

with the estimates for dairy cattle (Villa-Angulo et al., 2009; Hickey and Gorjanc, 2012). We 111 

randomly sampled segregating sequence variants to construct a set of 10,0000 causal variants 112 

(1,000 per chromosome) and two distinct sets of 20,000 marker variants (2,000 per chromosome). 113 

We used the two sets of marker variants to create two SNP arrays, one was used for genomic 114 

selection and the other for monitoring “neutral” diversity. We sampled the effects of causal variants 115 

from a normal distribution with a variance that gave a trait with the heritability of 0.25 in the base 116 

population. Subsequently we initiated a base population by randomly allocating simulated genomes 117 

to animals, which were further allocated to different categories (male and female calves, cows, bull-118 

dams, young bulls, AI bulls and natural service bulls) to initiate a dairy breeding program. We have 119 

then run a conventional breeding program with selection on phenotype based estimated breeding 120 

values for 20 years, followed by a further 20 years of different scenarios described below. We 121 

repeated simulation of the base population and each scenario 20 times. 122 

We generated 4,320 female calves every year of which we removed a random 3.7% due to stillbirths 123 

and early deaths, and a further 7.5% due to other losses, for example, reproductive issues  (Figure 124 

S1). The remaining heifers were inseminated in the second year and became cows in the third year. 125 

In each subsequent lactation we culled 20% of the starting number of cows at random and all 126 

remaining cows after the fourth lactation. This scheme totaled to about 10,500 active cows per year. 127 

During the first lactation we assigned 43 cows with the highest estimated breeding values as bull-128 

dams and used them for three lactations, which gave us 129 active bull-dams per year  (Figure S1). 129 

Every year we inseminated the best 90 bull-dams with relevant sires to generate elite male selection 130 

candidates. 131 

We selected sires based on genomic or progeny tests. Every year 45 elite male calves were tested 132 

following one of three scenarios: a) progeny test with a pre-selection based on pedigree prediction 133 
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(PT), b) progeny test with a pre-selection based on genomic test (GT-PT) or c) genomic test (GT). 134 

With the PT scenario, 8 out of 27 calves were chosen for progeny test based on pedigree prediction 135 

in their second year, while the remaining 19 calves were used in natural service  (Figure S2). With 136 

the GT-PT scenario 8 out of 45 calves were chosen for progeny test based on genomic test. With the 137 

PT and GT-PT scenario 5 out of 8 progeny tested bulls were selected as sires based on estimated 138 

breeding value in their sixth year (Figure S2). With the GT scenario 5 out of 45 genomically tested 139 

calves were directly selected as sires and were used for insemination from their second year 140 

onwards. Unselected genomically tested calves in all genomic scenarios were used as natural 141 

service sires (Figure S3). 142 

Bull dams were inseminated with selected AI bulls only. For the insemination of cows, AI sires 143 

contributed 400 doses of semen per year when 5 sires where used for 5 years and 2,000 doses per 144 

year when 5 sires where used for 1 year or 1 sire was used for 5 years; natural service sires 145 

contributed 27 doses; and young bulls (where applicable) contributed 250 doses. The expected 146 

proportion of offspring of natural service sires therefore ranged between 7 and 17%. 147 

Breeding value estimation 148 

We estimated breeding values with the pedigree model (Henderson, 1984) or the single-step 149 

genomic model (Legarra et al., 2009) using the blupf90 program with default options (Misztal et al., 150 

2002). In genomic breeding scenarios we assumed an initial reference population of about 11,000 151 

cows and 100 progeny tested sires. This mimicked the availability of international genomic 152 

evaluation in Brown Swiss (Jorjani, 2012). We updated the reference population each year by 153 

replacing the oldest cows with about 2,000 new cows and elite male selection candidates. Variance 154 

components were assumed known and set to simulated values. 155 
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Breeding scenarios 156 

We created different truncation selection scenarios by varying i) the method of sire selection and 157 

their use on cows or bull-dams, and ii) selection intensity and the number of years a sire is in use. 158 

Furthermore, we created different optimum contribution selection scenarios with optimization of 159 

sire selection and their usage. 160 

 Truncation selection. The scenarios that varied the selection of sires in combination with 161 

their use on cows or bull-dams were: i) PT scenario used PT sires for the insemination of cows and 162 

bull-dams, ii) GT-PT scenario used GT-PT sires for the insemination of cows and bull-dams, iii) 163 

GT-C scenario used GT sires for the insemination of cows and GT-PT sires for the insemination of 164 

bull-dams, iv) GT-BD scenario used GT sires for the insemination of bull-dams and GT-PT sires for 165 

the insemination of cows, and v) GT scenario used GT sires for the insemination of both cows and 166 

bull-dams. The GT-C and GT-BD scenarios are also referred to as the hybrid scenarios. 167 

The scenarios that varied selection intensity and the number of years a sire is in use were: i) select 168 

five sires every year and keep them in use for five years (5 sires/year, use 5 years), ii) reduce 169 

generation interval by using five sires for one year only (5 sires/year, use 1 year) and iii) maximize 170 

selection intensity by selecting only one sire and use it for five years (1 sire/year, use 5 years).  171 

 Optimum contribution selection. We have optimized sire selection and usage with 172 

optimum contribution selection (Woolliams et al., 2015) using the AlphaMate program (Gorjanc 173 

and Hickey, 2018). Every year we have added the 45 genotyped elite male calves to the pool of sires 174 

selected in the previous year with a limit of 5 years for sire usage. We then optimized their 175 

contributions while fixing female (heifers’ and cows’) contributions to one progeny per female. 176 

After optimization we randomly paired the optimized male contributions with the fixed female 177 

contributions. Inputs for optimum contribution selection were estimated breeding values and a 178 

coancestry matrix (Woolliams et al., 2015) from the genomic single-step model (Legarra et al., 179 
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2009). We optimized contributions with different emphasis on genetic gain versus group coancestry 180 

using the target degrees of the angle between the truncation selection solution and an optimum 181 

contribution solution (Kinghorn, 2011). For example, target degrees of 0 maximize genetic gain by 182 

selecting only one male, while target degrees of 90 solely minimize group coancestry. We evaluated 183 

a range of target degrees and reported results for 45, 50, 55, 60, and 75 degrees. 184 

Analysis 185 

We compared the scenarios in terms of genetic gain, selection accuracy, generation interval, genetic 186 

and genic variance, the rate of coancestry, effective population size, and the efficiency of converting 187 

genetic variation into genetic gain. Genetic gain was expressed as a deviation from average true 188 

breeding values of the individuals in the first year of comparison in the units of genetic standard 189 

deviation. Selection accuracy was measured with the Pearson correlation between the true and 190 

estimated breeding values. Calibration of estimated breeding values (bias) was measured with the 191 

coefficient of regression of true breeding values on estimated breeding values. Generation interval 192 

was computed as the average age of the parents at the birth of their selected offspring. Genetic 193 

variance measured variance of true breeding values. Genic variance measured variance of true 194 

breeding values under the assumption of no linkage between causal loci. The rate of coancestry per 195 

year was calculated from pedigree or genomic information. The pedigree coancestry was computed 196 

following Wright (1922) from which the rate of coancestry (ΔCP) was estimated as one minus the 197 

exponent of the coefficient of regression of log(CP,t) on year of birth (Pérez-Enciso, 1995). The 198 

genomic coancestry was computed based on the direct link with heterozygosity, Hett = Heto(1 - Ct) 199 

(Falconer and Mackay, 1996). We computed heterozygosity separately for causal, marker, and 200 

neutral loci. We regressed log(Ct) on the year of birth to estimate the rate of coancestry for causal 201 

loci (ΔCQ), marker loci (ΔCM), and neutral loci (ΔCN). Effective population size (Ne) was estimated 202 

for every measure of the rate of coancestry as 1/(2ΔC). Finally, the conversion efficiency was 203 

measured with the coefficient of regression of the achieved genetic gain on the loss of genic 204 
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standard deviation (Gorjanc et al., 2018). This metric quantifies the genetic gain achieved in units of 205 

genic standard deviation when all variation is converted into gain or lost due to drift. Results are 206 

presented as the mean of 20 replicates for each scenario on a per year or cumulative basis. The 207 

progeny testing breeding program with 5 sires selected per year and used for 5 years was the 208 

baseline for comparison. 209 
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RESULTS 210 

The results compare different breeding scenarios for a small dairy cattle population in terms of 211 

genetic gain, genetic variation, and the efficiency of converting genetic variation into genetic gain. 212 

The early use of genomically tested sires increased genetic gain compared to progeny testing. A 213 

faster turnover of sires from year to year and higher intensity increased the genetic gain even further 214 

but increased the loss of genetic variation per year. The conversion efficiency increased with the 215 

simultaneous use of genomically and progeny tested sires. Maximizing intensity resulted in the 216 

lowest effective population size and the lowest conversion efficiency. A faster turn-over of sires 217 

decreased the conversion efficiency to an intermediate degree. Compared to truncation selection 218 

optimizing male contributions increased the conversion efficiency by either achieving comparable 219 

genetic gain for a smaller loss of genetic variation or achieving higher genetic gain for a comparable 220 

loss of genetic variation. 221 

Genetic gain 222 

Early use of genomically tested sires, their faster turn-over and higher intensity of selection 223 

increased genetic gain. This is shown in Table 1, which presents genetic gain by breeding program 224 

and by sire selection and their usage scenario. Genomic pre-selection for progeny testing increased 225 

genetic gain by 36% compared to the baseline. Genomic selection of sires for a direct insemination 226 

of cows or bull-dams increased genetic gain respectively by 62% or 68%, and by 94% when used 227 

for both, cows and bull-dams. Reducing the use of the selected sires from 5 years to 1 year further 228 

increased genetic gain, between 10% and 142% compared to the baseline. Reducing the number of 229 

selected sires per year from 5 to 1 and using that sire for 5 years also increased genetic gain, 230 

between 21% and 124% compared to the baseline, but not compared to the scenario where 5 231 

selected sires per year were used for 1 year. These genetic gains were a direct function of realized 232 

generation intervals (Table S1) and selection accuracies (Table S2). Table S2 also reports the 233 

calibration (bias) of estimated breeding values. 234 
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Genetic and genic standard deviation 235 

Early use of genomically tested sires, their faster turn-over and higher intensity of selection 236 

decreased genetic variation. This is shown in Figure 1, which presents genic and genetic standard 237 

deviation by breeding program and by sire selection and their usage scenario. The genic and genetic 238 

standard deviations are expressed as the percentage change to the baseline that had in the final year 239 

genic standard deviation of 0.97 and genetic standard deviation of 0.94. Genomic pre-selection for 240 

progeny test did not significantly change genic standard deviation. Genomic selection of sires for a 241 

direct insemination of cows or bull-dams reduced genic standard deviation between 1.3% and 2.5%. 242 

Reducing the number of years sires were used from 5 to 1 further reduced genic standard deviation, 243 

between 0.9% and 5.0% compared to the baseline. Increasing selection intensity, by selecting only 1 244 

sire per year instead of 5, reduced genic standard deviation even further, between 3.0 and 10.3%. 245 

We observed a similar trend in the reduction of genetic standard deviation as for genic standard 246 

deviation, but the reductions were overall larger and had higher variation between simulation 247 

replicates. 248 

Effective population size 249 

Early use of genomically tested sires and increased selection intensity decreased effective 250 

population size. This is shown in Table 2, which presents effective population size at causal loci by 251 

breeding program and by sire selection and their usage scenario. Genomic pre-selection for progeny 252 

testing did not significantly change the effective population size. Inseminating cows, bull-dams or 253 

both with young genomically tested sires decreased effective population size respectively by 25%, 254 

31%, and 48%. Reducing the years the sires are used from 5 to 1 did not significantly change 255 

effective population size for any of the corresponding breeding scenarios. In contrast, reducing the 256 

number of sires selected per year from 5 to 1 and using that sire for 5 years decreased effective 257 

population size for all scenarios. The decrease ranged from 42% (with genomic pre-selection for 258 

progeny testing) to 79% (when both cows and bull-dams were inseminated with one genomically 259 
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tested sire) compared to the baseline. These results were qualitatively the same as results for the 260 

effective population sizes at marker loci used for genomic selection or at “neutral” loci (results not 261 

shown). 262 

Conversion efficiency 263 

The greatest efficiency of converting genetic variation into gain was achieved with the simultaneous 264 

use of genomically and progeny tested sires that were used over several years. This is shown in 265 

Table 3, which presents the conversion efficiency by breeding program and by sire selection and 266 

their usage scenario. This measure indicates long-term genetic gain in standard deviation units when 267 

all genic variance will be exhausted and is calculated by regressing the achieved genetic gain on the 268 

lost genic variance over the 20 years of selection, which we graphically represent in Figure 2 to 269 

complement the Table 3. Compared to the baseline, the introduction of genomic selection increased 270 

the conversion efficiency. The highest increase, 31%, was achieved with the genomic pre-selection 271 

for progeny testing. Genomic selection of sires for the insemination of cows or bull-dams increased 272 

the conversion efficiency respectively by 28% or 22%. Genomic selection of sires for the 273 

insemination of both cows and bull-dams did not significantly increase the conversion efficiency 274 

compared to the baseline. Reducing the usage of sires from 5 years to 1 year decreased the 275 

conversion efficiency, except for the two scenarios with the highest genetic gain, that is, when using 276 

genomically tested sires for the insemination of bull-dams or all females. Reducing the number of 277 

selected sires per year to 1 and using it for 5 years reduced conversion efficiency furthermore. 278 

Optimum contribution selection 279 

Optimization of male contributions increased the conversion efficiency compared to truncation 280 

selection. This is shown in Table 4 and Figure 3, which compare scenarios with truncation selection 281 

and optimum contribution selection. Optimization increased the conversion efficiency when we 282 

increased emphasis on maintenance of genetic variation. Therefore, there was always an optimum 283 
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contribution selection scenario that either achieved comparable genetic gain as a truncation 284 

selection scenario, but with a smaller loss in genetic variation, or achieved larger genetic gain than a 285 

truncation selection scenario with a comparable loss in genetic variation. For example, optimum 286 

contribution selection with the target degrees of 75 achieved 21% higher genetic gain with a slightly 287 

lower rate of coancestry than the truncation selection scenario that used 5 progeny tested sires for 5 288 

years, which taken together resulted in 121% higher conversion efficiency. Similarly, optimum 289 

contribution selection with the target degrees of 55 and 60 degrees achieved comparable or even 290 

higher genetic gain than the truncation selection scenario that used 5 genomically tested sires for 5 291 

years on cows and bull-dams, but had slightly smaller rates of coancestry, which taken together 292 

increased conversion efficiency by respectively 38 and 51%. On the other hand, optimum 293 

contribution selection with the target degrees of 50 achieved a 26% higher genetic gain with a 294 

comparable rate of coancestry as the truncation selection scenario that used 5 genomically tested 295 

sires for 5 years. Further, optimum contribution selection with the target degrees of 45 and 50 had 296 

comparable genetic gain as the truncation selection scenario that used 5 genomically tested sires for 297 

1 year on both, cows and bull-dams. And while the conversion efficiency for optimization at 45 298 

degrees was comparable to the specified truncation scenario, optimization at 50 degrees had a 16% 299 

higher conversion efficiency. Increasing the emphasis on maintenance of genetic variation in 300 

optimization increased the number of selected sires and their usage over time. The average number 301 

of used sires ranged from 9.6 with the target degrees of 45 to 153.0 with the target degrees of 75. 302 

The years of usage ranged from 1.6 to 4.9 for the same span of target degrees. 303 
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DISCUSSION 304 

Selection dynamics in small populations differs from that of large populations. Small populations 305 

can not perform very intensive selection due to limited resources that allow for testing of only 306 

limited number of individuals. Further on, due to limited number of animals and progeny per sire, 307 

small populations struggle with the accuracy of progeny and genomic testing. And last, limited 308 

accuracy and limited number of animals could potentially affect genetic variation of the population. 309 

Despite all this, small populations have to find a way to deliver both short- and long-term genetic 310 

gain to stay competitive with larger populations and to justify domestic selection. The results show 311 

that we can increase genetic gain in such populations by implementing the genomic selection of 312 

sires, a faster turn-over of sires, and increasing the intensity of sire selection. However, these 313 

strategies also increase the loss of genetic variation, though this loss has to be assessed against the 314 

larger genetic gains. For this reason, we evaluated the efficiency of converting genetic variation into 315 

genetic gain. The results show that in small dairy populations the conversion efficiency can be 316 

improved by the simultaneous use of genomically and progeny tested sires. Optimization of male 317 

contributions can further increase the conversion efficiency. Specifically, it can increase the genetic 318 

gain of the truncation selection with a comparable loss of genetic variation or it can reduce the loss 319 

of genetic variation with a comparable genetic gain. To address these main findings, we divided 320 

discussion into four parts: i) how genomic truncation selection affects genetic gain in small 321 

populations and how this compares to large populations; ii) how genomic truncation selection 322 

affects the loss of genetic variation in small populations; iii) how optimum contribution selection 323 

can increase the conversion efficiency, which has implications for small and large populations; and 324 

iv) how small populations could further leverage the benefits of genomic selection. 325 

Genetic gain with genomic truncation selection 326 

As expected, genomic selection increased the genetic gain in all sire selection and usage scenarios. 327 

This was due to a higher selection accuracy for young non-phenotyped animals and reduced 328 
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generation interval (Schaeffer, 2006). Using genomic prediction as the pre-selection step increased 329 

genetic gain between 37% and 59% in different scenarios without reducing generation interval. This 330 

is a larger increase than in studies of larger populations (Pryce et al., 2010) or larger progeny groups 331 

(Lillehammer et al., 2011). In small populations additional benefit of genomic pre-selection comes 332 

from the fact that progeny testing is not as accurate as in large populations due to smaller progeny 333 

groups. Reducing the generation interval by using young genomically tested sires directly on cows 334 

and bull-dams further increased genetic gain between up to 144% when we used 5 sires per year 335 

and up to 126% when we maximized intensity and used only 1 sire per year. These results are 336 

largely in concordance with Pryce et al. (2010), Lillehammer et al. (2011) and de Roos et al. (2011), 337 

although these studies evaluated typical large cattle populations with about ten-times larger number 338 

of selection candidates. 339 

Thomasen et al. (2014) argued that the benefit of genomic selection in small dairy populations is 340 

undermined by a limited selection accuracy for young non-phenotyped animals caused by a small 341 

reference population. A small reference population will invariably lead to inaccurate genomic 342 

predictions. In this study we achieved comparable accuracies of about 0.8 with limited progeny test 343 

and with genomic prediction based on a reference population of about 11,000 cows and 100 344 

progeny tested sires, that was updated each year. Recent drops in prices for genome-wide 345 

genotyping should enable small dairy populations to build such reference populations. Further, 346 

some phenotyping resources could be diverted to genotyping to maximize return on investment. A 347 

comparable level of accuracy can be also achieved with international reference populations (Jorjani, 348 

2012; Špehar et al., 2013) or a combination of national and international reference populations 349 

(Vandenplas and Gengler, 2015; Vandenplas et al., 2017; Vandenplas et al., 2018). When this level 350 

of accuracy is combined with a reduced generation interval, small populations can achieve 351 

substantially larger genetic gains than with progeny testing. Finally, increasing the selection 352 

intensity to the unrealistic use of just one sire, to come closer to the intensity of selection in large 353 
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populations, further increased genetic gain, but with a considerable loss in genetic variation that 354 

started to limit genetic gain within the simulated 20 years. 355 

Loss of genetic variation with genomic truncation selection 356 

The results show that small populations can increase genetic gain without increasing the loss of 357 

genetic variation by using genomic pre-selection of bulls for progeny testing. All other genomic 358 

selection scenarios increased the loss of genetic variation compared to a conventional scenario with 359 

progeny testing, although the accuracies of progeny and genomic tests were comparable and that we 360 

selected the same number of sires per year. We observed this with genic and genetic variance as 361 

well as effective population size (measured with pedigree and neutral, marker or causal loci). While 362 

losses of genic and genetic variance in the simulated period of 20 years were not substantial (at 363 

most 0.13 genic standard deviation), the changes in effective population size were substantial – 364 

from about 175 with the conventional scenarios to about 80 with the full genomic scenarios, which 365 

indicates reduced sustainability. 366 

Our results for the rate of coancestry are not in concordance with what was observed in studies of 367 

large populations (Pryce et al., 2010) or with higher selection intensity (Lillehammer et al., 2011). 368 

which observed lower rates with genomic selection. However, lower intensity of selection in small 369 

populations stems from fewer tested animals, and not more selected, which reduces a genetic pool 370 

for selection. Our results are more in line with Doekes et al. (2018). They attribute the higher rates 371 

of inbreeding with genomic selection to the fact, that the animals with a higher relatedness to the 372 

reference population have more accurate genomic predictions and are more likely to deviate 373 

substantially and therefore to be selected (Habier et al., 2007; Clark et al., 2012). Another 374 

explanation for a larger loss of genetic variability with genomic selection is that shortening 375 

generation interval increases the turnover of germplasm from year to year, which increases genetic 376 

gain per unit of time, but also increases the loss of genetic variation per unit of time (Buch et al., 377 
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2012; Boichard et al., 2015; Gorjanc et al., 2018). Further, studies mostly report the rate of 378 

inbreeding, which measures increase in individual homozygosity (Pryce et al., 2010; Doekes et al. 379 

2018), while we report the rate of coancestry, which measures increase in population homozygosity. 380 

While these two measures are correlated, it is the rate of coancestry that determines the 381 

sustainability of a breeding program. 382 

To compare the simultaneous change in genetic gain and loss in genetic variation we compared 383 

different scenarios with the efficiency of converting genetic variation into genetic gain. We 384 

measured this with a linear regression of the achieved genetic gain on the lost genic standard 385 

deviation (Gorjanc et al., 2018). We found that in small cattle populations genomic pre-selection for 386 

progeny test and hybrid scenarios achieved the highest conversion efficiencies. The two extremes – 387 

conventional and complete genomic scenarios – were the least efficient. Despite their similar 388 

conversion efficiencies, there are large differences between these scenarios – namely, the genomic 389 

scenario almost doubled genetic gain. The conventional scenario had low conversion efficiency due 390 

to a small genetic gain (caused by long generation intervals) although it retained most of genetic 391 

variation. The low conversion efficiency of the conventional scenarios could be specific to small 392 

populations, since the accuracy and selection intensity of progeny testing is smaller than in large 393 

populations. The completely genomic scenario had low conversion efficiency despite a large genetic 394 

gain (caused by short generation intervals) as it lost the most of genetic variation. 395 

Increasing the turnover of the sires and increasing selection intensity have different consequences 396 

on short and long-term success of selection. Although both of these scenarios increase genetic gain 397 

(up to 125%), increasing the intensity also increased the loss of genetic variation and in turn 398 

reduced conversion efficiency. Increased turn-over of sires from 5 to 1 year in this study achieved 399 

higher genetic gain over the 20 years than reducing the number of sires from 5 to 1, because it did 400 

not impact genetic variation so severely. 401 
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Comparison of truncation and optimum contribution selection 402 

Optimization of male contributions increased the conversion efficiency of truncation selection 403 

scenarios. The optimization involved all active males - the young calves with genomic prediction 404 

and sires selected in previous years – either young sires with genomic test or older with progeny 405 

test. Optimum contribution selection with genomic information has been tested before (e.g. Clark et 406 

al., 2013) with the conclusion that there is not much scope for optimization with genomic 407 

relationships unless there are very large full-sib families. Here we use optimal contribution selection 408 

to optimize selection and usage of genomically and progeny tested bulls of different ages and 409 

observe substantial differences over 20 years in a small dairy population. We achieved this by 410 

optimizing male contributions with a range of emphasis on genetic gain versus maintenance of 411 

genetic variation. In this we followed the multi-objective approach of Kinghorn (2011), where the 412 

emphasis is measured with the angle between truncation selection solution and targeted optimum 413 

contribution selection solution. 414 

For every truncation selection scenario, we found an optimum contribution selection scenario that 415 

increased conversion efficiency. This higher efficiency was either achieved with the same genetic 416 

gain but smaller loss of genetic variation than truncation selection or with a higher genetic gain and 417 

the same loss of genetic variation as truncation selection. This improvement was achieved by 418 

optimized selection and usage of sires. For example, the average number of sires with the truncation 419 

selection of 5 progeny tested sires that were used for 5 years was about 55 (this includes young, 420 

natural service and proven bulls). Here the sires of the same age and the same status had an 421 

approximately the same number of progeny. This scenario achieved genetic gain of 2.50 genetic 422 

standard deviations, generation interval for sire-sire and sire-dam paths of 9.0 and 7.0 years, 423 

effective population size of 172 and conversion efficiency of 77. A comparable number of sires (49) 424 

was used with the optimization targeting 60 degrees, which involved mostly young sires (3 years in 425 

use). Their optimized usage delivered genetic gain of 4.77 genetic standard deviations, generation 426 
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interval for sire-sire and sire-dam paths of 3.3 and 3.1 years, effective population size of 144 and 427 

conversion efficiency of 126. The highest genetic gain was achieved with the targeted degrees 428 

between 45 and 50. These targets drive optimization to achieve every year between 71% and 65% 429 

of maximum possible genetic gain with truncation selection and between 71% and 77% minimum 430 

possible group coancestry (Kinghorn, 2011; Gorjanc and Hickey, 2018). Further, although the 431 

optimization could choose genomically and progeny tested bulls, we observed that it chose mostly 432 

young genomically tested bulls, for example the maximum years in use was on average 4.9 when 433 

we optimized for 75 target degrees. This is in contrast with truncation selection scenarios, where the 434 

highest conversion efficiency was achieved with the simultaneous use of genomically and progeny 435 

tested bulls. 436 

The results have implications also for large populations, namely they show that genomic selection is 437 

increasing turnover of germplasm per year with positive effect on genetic gain and negative effect 438 

on genetic variation. This has been already indicated in real large populations (Doekes et al., 2018). 439 

While our results are likely specific to small populations, combining these with the results from a 440 

wheat simulation study (Gorjanc et al., 2018) that used a small or a large number of parents suggest 441 

that both small and large populations can increase the conversion efficiency of genomic selection by 442 

optimizing contributions. 443 

Further opportunities 444 

There are further opportunities with genomic selection for small populations that we have not 445 

addressed in this study. We specifically highlight the increasing number of genotyped females and 446 

the role of importation of external genetics. In this paper we have focused only on comparing male 447 

selection and usage strategies that required minimal changes to a breeding program. However, 448 

genotyping prices have decreased substantially in the recent years and it’s likely that in future a 449 

significant proportion of cows will be genotyped. This will increase accuracy of genetic evaluation 450 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 18, 2019. ; https://doi.org/10.1101/617464doi: bioRxiv preprint 

https://doi.org/10.1101/617464
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

of cows early in their lives and enable even shorter generation intervals. It will also enable accurate 451 

assessment of relationships amongst cows and bulls and open possibility for further optimization. 452 

This has been partially realized in this study by combining genomic and pedigree relationships 453 

through the single-step genetic evaluation method, which propagates all the genomic information 454 

throughout a pedigree (Legarra et al., 2009). 455 

Many dairy breeding programs, small and large, supplement their internal breeding activities with 456 

importation of external genetics. Importation is of particular importance for small populations 457 

because they struggle to be competitive due to limited financial resources for collecting data and 458 

limited numbers of animals for collecting data and for use as selection candidates. Combining own 459 

breeding and importation opens further possibilities for optimization as it expands the genetic pool 460 

for breeding. Further, genomic selection now enables accurate genetic evaluation and relationship 461 

of foreign animals to a local population. Such foreign animals could be added into the presented 462 

optimization to exploit the expanded genetic pool and further increase sustainability of small 463 

breeding populations. 464 
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CONCLUSION 465 

This paper evaluated different genomic breeding programs in a small dairy cattle population with 466 

truncation selection to quantify its short- and long-term success. Furthermore, it evaluated the value 467 

of optimizing male contributions to increase efficiency of converting genetic variation into genetic 468 

gain. We concluded that genomic selection increases short-term genetic gain but can also improve 469 

long-term genetic gain when used in combination with conventional selection. We also showed that 470 

optimum contribution selection improves conversion efficiency at a comparable genetic gain or 471 

achieves higher genetic gain at a similar conversion efficiency. Our results will be of help to 472 

breeding organization that aim to implement sustainable genomic selection. 473 
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APPENDIX 483 

Table S1: Generation interval by path of selection, by breeding program and by sire selection and 
their usage scenario. 

 Sire selection and usage 

Breeding 
program 

5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years 

 Sire of sires Sire of dams Sire of sires Sire of dams Sire of sires Sire of dams 

PT 9.00.06
ab,A 7.00.05

a,A 7.10.00
a,B 5.80.02

a,B 9.10.07
a,C 7.70.00

a,C 

GT-PT 9.00.06
a,A 7.00.05

a,A 7.10.00
a,B 5.80.00

a,B 9.10.07
a,C 7.70.02

a,C 

GT-C 9.00.05
b,A 4.10.04

b,A 7.10.00
a,B 2.50.00

b,B 9.10.06
a,C 4.10.00

b,A 

GT-BD 3.80.05
c,A 7.00.05

c,A 3.80.05
b,A 5.70.00

c,B 3.80.04
b,A 7.60.00

c,C 

GT 4.20.05
d,A 3.90.05

d,A 2.30.05
c,B 2.30.00

d,B 4.20.07
c,A 3.90.00

d,C 
PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic 484 

selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams; 485 

GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard 486 

deviation across simulation replicates. Lower-case letters denote statistically significant differences between breeding 487 

programs and upper-case letters between sire selection and usage scenarios. 488 

 489 
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Table S2: Accuracy of selection and prediction bias by animal category, by breeding program and 490 

by sire selection and their usage scenario. 491 

 Sire selection and usage 

Breeding 
program 

5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years 

 Accuracy Bias Accuracy Bias Accuracy Bias 

PT       

  young bulls 0.310.18 0.170.11 0.230.20 0.120.11 0.300.19 0.170.12 

  sires 0.880.10 0.830.18 0.870.10 0.820.18 0.820.17 0.760.22 

  heifers 0.350.05 0.220.03 0.320.06 0.190.05 0.360.06 0.220.05 

GT-PT       

  young bulls 0.800.11 1.010.22 0.780.12 1.010.23 0.800.11 1.060.23 

  sires 0.820.16 0.92027 0.830.15 0.920.25 0.780.20 0.880.31 

  heifers 0.470.04 0.340.05 0.440.05 0.300.05 0.460.06 0.330.06 

GT-C       

  young bulls 0.810.11 1.020.21 0.800.11 1.030.22 0.820.12 1.070.23 

  sires 0.890.09 0.930.18 0.900.08 0.940.21 0.870.13 0.890.20 

  heifers 0.440.05 0.310.05 0.410.05 0.270.05 0.460.07 0.340.08 

GT-BD       

  young bulls 0.770.11 1.000.22 0.780.12 1.000.23 0.770.11 0.980.22 

  sires 0.840.14 0.920.23 0.820.16 0.920.29 0.800.17 0.890.27 

  heifers 0.510.06 0.390.07 0.460.06 0.320.06 0.490.06 0.360.06 

GT       

  young bulls 0.790.12 1.030.22 0.750.11 0.960.22 0.800.12 1.160.30 

  heifers 0.480.05 0.360.06 0.430.06 0.300.05 0.490.07 0.390.13 
PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic 492 

selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams; 493 

GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard 494 

deviation across simulation replicates. 495 
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Figure S1: Description of the population structure and selection procedure of the simulated 496 

population for females. The arrows represent selection decisions and the numbers in bold represent 497 

the number of animals in each category. 498 

 499 

*AI = artificial insemination 500 
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Figure S2: Description of the population structure and selection procedure of the simulated 501 

population for progeny tested males. The arrows represent selection decisions and the numbers in 502 

bold represent the number of animals in each category. 503 

504 
*AI = artificial insemination 505 
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Figure S3: Description of the population structure and selection procedure of the simulated 506 

population for genomically tested males. The arrows represent selection decisions and the numbers 507 

in bold represent the number of animals in each category. 508 

509 
*AI = artificial insemination 510 
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Table 1: Genetic gain in genetic standard deviation units by breeding program and by sire selection 512 

and their usage scenario. 513 

 Sire selection and usage 

Breeding 
program 

5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years 

PT 2.500.22
a, A 2.750.19

a, B 3.030.11
a, C 

GT-PT 3.410.14
b, A 3.960.17

b, B 3.840.13
b, B 

GT-C 4.050.15
c, A 4.650.21

c, B 4.820.21
c, B 

GT-BD 4.200.19
c, A 4.560.25

c, B 4.510.20
d, B 

GT 4.840.26
d, A 6.040.27

d, C 5.600.27
e, B 

PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic 514 

selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams; 515 

GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard 516 

deviation across simulation replicates. Lower-case letters denote statistically significant differences between breeding 517 

programs and upper-case letters between sire selection and usage scenarios. 518 
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Table 2: Effective population size at causal loci by breeding program and by sire selection and their 519 

usage scenario. 520 

 Sire selection and their usage 

Breeding 
program 

5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years 

PT 17248
a, A 18457

a, A 9620
a, B 

GT-PT 15943
a, A 14640

b, A 9920
a, B 

GT-C 12929
b, A  12432

bc, A 6411
b, B 

GT-BD 11927
b, A  11324

c, AB 9324
a, B 

GT   9014
c, A  7210

d, A 38 6
b, B 

PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic 521 

selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams; 522 

GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard 523 

deviation across simulation replicates. Lower-case letters denote statistically significant differences between breeding 524 

programs and upper-case letters between sire selection and usage scenarios. 525 
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Table 3: Efficiency of converting genetic variation into gain by breeding program and by sire 526 

selection and their usage scenario. 527 

 Sire selection and their usage 

Breeding 
program 

5 sires/year, use 5 years 5 sires/year, use 1 year 1 sire/year, use 5 years 

PT   7717
a, A 61 9

a, B  48 9
ab, C 

GT-PT 10021
b, A 8417

b, B  6410
cd, C 

GT-C   9820
b, A 8112

b, B  5410
ac, C 

GT-BD    9319
bc, A 8715

b, A 7215
d, B 

GT   8411
ac, A 7511

b, A 42 5
b, B 

PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic 528 

selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of bull-dams; 529 

GT = genomic selection of sires for the insemination of cows and bull-dams. Subscript numbers indicate standard 530 

deviation across simulation replicates. Lower-case letters denote statistically significant differences between breeding 531 

programs and upper-case letters between sire selection and usage scenarios.532 
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Table 4: Comparison of breeding programs that use truncation or optimum contribution selection. 533 

Breeding 
program 

Genetic 
gain 

Sire 
selection 
accuracy 

No. sires Years in use 
Generation 

interval 
(sire-sire) 

Generation 
interval 

(sire-dam) 

Genic 
standard 
deviation 

Rate of 
coancestry 

Effective 
population 

size 

Conversion 
efficiency 

Truncation selection 

5 sires/year, use 
5 years, PT 

2.500.22
a 

0.880.10
a 550.0

a 2.70.0
a 

9.00.06
a 7.00.05

a 0.970.01
a 0.0030.001

a 17248
a  7717

a 

5 sires/year, use 
5 years, GT 

4.840.26
b 0.790.12

b 560.1
a 2.10..0

b 
4.20.05

b 3.90.05
b 0.940.01

b  0.0060.001
b  9014

bc  8411
a 

5 sires/year, use 
1 year, GT 

 6.040.27
c 

0.750.11
c 360.0

b 1.30.0
c 

2.30.05
c 2.30.00

c 0.920.01
cd  0.0070.001

c  7210
bd   7511

a 

Optimum contribution selection 

OCS45° 6.260.39
c 0.770.02

bc 9.60.6
c 1.60.06

d 2.80.07
d 2.70.07

d 0.910.01
c  0.0080.001

d  6110
d  72 8

a 

OCS50° 6.100.23
c 0.790.02

abc 14.30.9
c 1.70.05

d 2.90.07
e 2.80.05

e 0.930.01
d   0.0070.001

bc  759
bcd  8711

a 

OCS55° 5.270.28
d 0.790.02

abc 25.14.7
d 2.10.17

b 3.00.07
f 2.90.06

f  0.950.01
be  0.0050.001

e 11322
ce 11524

b 

OCS60° 4.770.25
b 0.810.02

abc 49.08.9
e 3.00.34

e 3.30.10
g 3.10.07

g  0.960.01
ae   0.0040.001

ae 14424
e 12617

b 

OCS75° 3.030.17
e 0.820.01

abc 153.09.1
f 4.90.07

f 4.20.08
b 4.00.06

h 0.980.00
f  0.0020.001

f 27643
f 16237

c 
PT = conventional progeny testing; GT = genomic selection of sires for the insemination of cows and bull-dams; OCSX° = optimum contribution selection of sires for the 534 

insemination of cows and bull-dams with the target degrees of X°. Subscript numbers indicate standard deviation across simulation replicates. Lower-case letters denote statistically 535 

significant differences between breeding programs. 536 
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Obšteter et al., 1 

 

Figure 1: Genic and genetic standard deviation by breeding program and by sire selection and their 538 

usage scenario expressed as percentage change to the baseline that had in the final year genic 539 

standard deviation of 0.97 and genetic standard deviation of 0.94. PT = conventional progeny testing; GT-540 

PT = genomic pre-selection of bulls for progeny testing, GT-C = genomic selection of sires for the insemination of 541 

cows; GT-BD = genomic selection of sires for the insemination of bull-dams; GT = genomic selection of sires for the 542 

insemination of cows and bull-dams. 543 
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 545 

Figure 2: Change of genetic mean and genic standard deviation over the 20 years of selection by 546 

breeding program and by sire selection and their usage scenario. Thin lines represent individual 547 

replicates, while thick lines represent average linear regression with arrows pointing in the direction 548 

of change. PT = conventional progeny testing; GT-PT = genomic pre-selection of bulls for progeny testing, GT-C = 549 

genomic selection of sires for the insemination of cows; GT-BD = genomic selection of sires for the insemination of 550 

bull-dams; GT = genomic selection of sires for the insemination of cows and bull-dams. 551 
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 553 

Figure 3: Change of genetic mean and genic standard deviation over the 20 years of selection for 554 

fixed or optimized breeding programs. Thin lines represent individual replicates, while thick lines 555 

represent average linear regression with arrows pointing in the direction of change. PT = conventional 556 

progeny testing; GT = genomic selection of sires for the insemination of cows and bull-dams; OCSX° = optimum 557 

contribution selection of sires for the insemination of cows and bull-dams with the target degrees of X°. 558 
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