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Variance components estimation for farrowing traits of three 
purebred pigs in Korea
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Objective: This study was conducted to estimate breed-specific variance components for total 
number born (TNB), number born alive (NBA) and mortality rate from birth through weaning 
including stillbirths (MORT) of three main swine breeds in Korea. In addition, the importance 
of including maternal genetic and service sire effects in estimation models was evaluated.
Methods: Records of farrowing traits from 6,412 Duroc, 18,020 Landrace, and 54,254 Yorkshire 
sows collected from January 2001 to September 2016 from different farms in Korea were used 
in the analysis. Animal models and the restricted maximum likelihood method were used to 
estimate variances in animal genetic, permanent environmental, maternal genetic, service sire 
and residuals. 
Results: The heritability estimates ranged from 0.072 to 0.102, 0.090 to 0.099, and 0.109 to 
0.121 for TNB; 0.087 to 0.110, 0.088 to 0.100, and 0.099 to 0.107 for NBA; and 0.027 to 0.031, 
0.050 to 0.053, and 0.073 to 0.081 for MORT in the Duroc, Landrace and Yorkshire breeds, 
respectively. The proportion of the total variation due to permanent environmental effects, 
maternal genetic effects, and service sire effects ranged from 0.042 to 0.088, 0.001 to 0.031, and 
0.001 to 0.021, respectively. Spearman rank correlations among models ranged from 0.98 to 0.99, 
demonstrating that the maternal genetic and service sire effects have small effects on the precision 
of the breeding value.
Conclusion: Models that include additive genetic and permanent environmental effects are 
suitable for farrowing traits in Duroc, Landrace, and Yorkshire populations in Korea. This breed-
specific variance components estimates for litter traits can be utilized for pig improvement 
programs in Korea. 
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INTRODUCTION

One of the most important goals in pig breeding is to wean large, heavy litters [1]. To increase the 
number of weaned piglets per sow per year, great emphasis is placed on selection for the number 
born alive (NBA). A successful genetic improvement program requires accurate genetic para meter 
estimates [2]. Advances in computing capacity and the development of animal mixed models using 
restricted maximum likelihood procedures [3] have resulted in numerous studies regarding 
genetic parameters. Use of appropriate models in estimating the genetic merit of individual animals 
is the most reliable way of making use of performance information in selection. Such information 
is important to designing appropriate management and breeding strategies aimed at improving 
productivity. 
 Several studies have shown that the heritability estimates for farrowing traits such as litter size 
at farrowing and NBA are low [2,4,5]. Even though heritability estimates are low, genetic variances 
for litter traits were sufficiently large to indicate that the litter traits could be improved through 
selection [2]. Estimates should be breed-specific because there are differences in estimates of 
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variance components among breeds [2]. Some studies have also 
revealed the implication of adding maternal or service sire effects 
in the estimation model [6-8]. Therefore, this study was conducted 
to estimate the genetic parameters for total number born (TNB), 
NBA, and mortality (MORT) in Duroc, Landrace, and Yorkshire 
populations in Korea. Moreover, the implications of including 
maternal genetic and service sire effects in estimation models 
were evaluated.

MATERIALS AND METHODS

Data
Reproductive data for this study were obtained from Duroc, Land-
race and Yorkshire litters born from January 2001 to September 
2016 on different farms in Korea. All records for each sow included 
the following information: pedigree, registration number, herd, 
breed, date of birth of sow, insemination date, farrowing date, 
parity number, TNB, NBA, and MORT. The TNB and NBA were 
recorded immediately after all piglets were born. The NBA was 
defined as TNB minus the number died at farrowing. The MORT 
comprises mortality from birth through weaning, including still-
births. The data were composed of 6,412 Duroc, 18,020 Landrace, 
and 54,254 Yorkshire sow records. These sow records were from 
418 sires and 2,107 sows in Duroc, 693 sires, and 3,585 sows in 
Landrace, and 1,252 sires and 8,706 sows in Yorkshire. The struc-
ture of the data set is shown in Table 1.

Analysis
Initial computations were performed using ordinary least squares 
to evaluate non-genetic factors; specifically, fixed effects to be 
included in the model for their significant effects (p<0.05). The 
following fixed effects were tested for each trait: herd in which 
the animal was born, parity of the dam (1, 2, 3, 4, 5 and ≥6), herd-
year-season, herd-year-month, and herd-year-week. The analysis 
of the significance of the fixed effects and their interactions were 
performed using SAS general linear model procedure (SAS Inst., 
Inc., Cary, NC, USA). Significant effects of parity and herd-year-
week were found for all traits. Variance components were estimated 
through the restricted maximum likelihood method using the 
WOMBAT software [9]. In the analyses, three models with differ-
ent combinations of random effects were fitted to estimate genetic 
parameters:

 Model 1: y = Xb+Za+W2pe+e
 Model 2: y = Xb+Za+Pm+W2pe+e
 Model 3: y = Xb+Za+W1s+W2pe+e 

 Where, y is the vector of observation of a trait in Duroc, 
Landrace, or Yorkshire, b is the vector of fixed effects including 
contemporary group (herd-year-week) and parity; a is the vector 
of additive genetic effects of animals, which is assumed to be distri-
buted N (0, A
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RESULTS AND DISCUSSION

The descriptive statistics for considered traits in this study by 
breed are shown in Table 2. The average TNB and NBA with their 
corresponding standard deviation in the Duroc population were 
9.67±2.67 and 8.57±2.49, respectively, while MORT was 0.80± 
1.13. The sows in the Landrace breed population produce more 
piglets than Duroc, with an average TNB and NBA of 11.76±3.25 
and 10.59±3.08, respectively. Moreover, the Landrace population 
has an average MORT of 0.82±1.29. The Yorkshire population 
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Table 1. Number of herds, records, animals, sires, dams and contemporary groups 
(CG) by breed

Trait Duroc Landrace Yorkshire

Herds 6 7 8
Records 6,412 18,020 54,254
Animals 2,170 5,653 15,477
Sires 418 693 1,252
Dams 2,107 3,585 8,706
CG 1,382 2,553 3,646

Table 2. Descriptive statistics for studied traits by breed

Breed/traits Mean Min Max SD

Duroc
TNB 9.67 1 22 2.67
NBA 8.57 0 18 2.49
MORT 0.80 0 12 1.13

Landrace
TNB 11.76 1 27 3.25
NBA 10.59 0 22 3.08
MORT 0.82 0 16 1.29

Yorkshire
TNB 12.63 1 29 3.48
NBA 11.41 0 24 3.26
MORT 0.86 0 20 1.27

SD, standard deviation; TNB, total number born; NBA, number born alive; MORT, mortality.
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(0.86±1.27) among breeds in this study. 

Variance components and heritabilities
Variance components and heritabilities are shown in Table 3, 5. 
The animal genetic and residual variances for TNB and NBA were 
highest in Yorkshire, while the highest MORT was observed in 
Landrace. Differences in the estimated variance of maternal and 
service sire effects were found among breeds. The percentage 
variance of maternal genetic effects was higher than that of ser-
vice sire effects in Duroc, while service sire effects were higher 
than maternal effects in Yorkshire for both TNB and NBA. In 
Landrace, the service sire variance was higher than the maternal 
variance in NBA, while the reverse was true for TNB. The differ-
ences in estimates of variance components among breeds may 
be due to variation among population sizes and genetic origins.
 As shown in Table 3, the range of heritability for TNB was be-
tween 0.072 and 0.121 from all models in all breeds. Differences 
in heritability estimates for TNB were observed among models 

in all breeds. Model 1 shows the highest heritability estimates 
for all breeds. In comparison among breeds for the heritability 
for TNB, Yorkshire had the highest estimate, ranging from 0.109 
to 0.121. The heritability estimates for TNB of Duroc ranged from 
0.072 to 0.102, while it ranged from 0.090 to 0.099 for Landrace. 
The estimates in this study are similar to those reported by Guo 
et al [10], with an estimate of 0.11 and 0.09 in Landrace and 
Yorkshire breeds, respectively. Moreover, Putz et al [11] reported 
estimates of 0.10 for both Landrace and Large White breeds, which 
is in agreement with the results of this study.
 Estimates of heritability for NBA in all breeds are close to 0.1. 
The estimated heritability for NBA ranged from 0.087 to 0.110, 
0.088 to 0.100, and 0.099 to 0.107 for the Duroc, Landrace and 
Yorkshire breeds, respectively (Table 4). These results are in agree-
ment with estimates reported by Chen et al [2] of 0.09, 0.08, and 
0.10 for the same breeds, respectively. Moreover, these estimates 
are consistent with those reported by Putz et al [11] for Landrace 
and Large White sows. Akanno et al [4] reported a 95% confi-

Table 3. Estimates of (co)variance components and genetic parameters for total born

Component
Duroc Landrace Yorkshire

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
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A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

0.674 ± 0.15 0.477 ± 0.16 0.576 ± 0.16 0.922 ± 0.13 0.846 ± 0.15 0.837 ± 0.14 1.297 ± 0.09 1.223 ± 0.10 1.164 ± 0.10

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

- 0.207 ± 0.10 - - 0.071 ± 0.07 - - 0.082 ± 0.04 -

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

- - 0.095 ± 0.07 - - 0.064 ± 0.05 - - 0.106 ± 0.03

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

0.553 ± 0.15 0.541 ± 0.14 0.563 ± 0.15 0.778 ± 0.12 0.780 ± 0.12 0.797 ± 0.12 0.918 ± 0.07 0.907 ± 0.07 0.945 ± 0.07

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 5.383 ± 0.13 5.383 ± 0.13 5.379 ± 0.13 7.646 ± 0.10 7.645 ± 0.10 7.647 ± 0.10 8.493 ± 0.06 8.493 ± 0.06 8.494 ± 0.06

5 
 

Z, P, W1, and W2 are indices matrices associating fixed, additive genetic, maternal genetic, service sire, 101 

and permanent environmental effects, respectively. Heritability (h2) was defined as the ratio of additive 102 

genetic variance to phenotypic variance ( 222 / pah  ). The estimated breeding value for sows from 103 

model 1 was compared with the estimated breeding value from models 2 and 3 to examine the implications 104 

of ignoring the added parameter in the two models. 105 

 106 

RESULTS AND DISCUSSION 107 

 108 

The descriptive statistics for considered traits in this study by breed are shown in Table 2. The average 109 

TNB and NBA with their corresponding standard deviation in the Duroc population were 9.67±2.67 and 110 

8.57±2.49, respectively, while MORT was 0.80±1.13. The sows in the Landrace breed population produce 111 

more piglets than Duroc, with an average TNB and NBA of 11.76±3.25 and 10.59±3.08, respectively. 112 

Moreover, the Landrace population has an average MORT of 0.82±1.29. The Yorkshire population had the 113 

highest TNB (12.63±3.48), NBA (11.41±3.26), and MORT (0.86±1.27) among breeds in this study.  114 

 115 

Variance components and heritabilities 116 

Variance components and heritabilities are shown in Table 3, 5. The animal genetic and residual variances 117 

for TNB and NBA were highest in Yorkshire, while the highest MORT was observed in Landrace. 118 

Differences in the estimated variance of maternal and service sire effects were found among breeds. The 119 

percentage variance of maternal genetic effects was higher than that of service sire effects in Duroc, while 120 

service sire effects were higher than maternal effects in Yorkshire for both TNB and NBA. In Landrace, the 121 

service sire variance was higher than the maternal variance in NBA, while the reverse was true for TNB. 122 

The differences in estimates of variance components among breeds may be due to variation among 123 

population sizes and genetic origins. 124 

As shown in Table 3, the range of heritability for TNB was between 0.072 and 0.121 from all models in 125 

all breeds. Differences in heritability estimates for TNB were observed among models in all breeds. Model 126 

1 shows the highest heritability estimates for all breeds. In comparison among breeds for the heritability 127 

for TNB, Yorkshire had the highest estimate, ranging from 0.109 to 0.121. The heritability estimates for 128 

TNB of Duroc ranged from 0.072 to 0.102, while it ranged from 0.090 to 0.099 for Landrace. The 129 

6.609 ± 0.14 6.607 ± 0.14 6.613 ± 0.14 9.346 ± 0.12 9.343 ± 0.12 9.345 ± 0.12 10.708 ± 0.08 10.705 ± 0.08 10.709 ± 0.08
h2 0.102 ± 0.02 0.072 ± 0.02 0.087 ± 0.02 0.099 ± 0.01 0.091 ± 0.02 0.090 ± 0.02 0.121 ± 0.01 0.114 ± 0.01 0.109 ± 0.01
m2 - 0.031 ± 0.02 - - 0.008 ± 0.01 - - 0.008 ± 0.004 -
s2 - - 0.014 ± 0.01 - - 0.007 ± 0.01 - - 0.010 ± 0.003
pe2 0.084 ± 0.02 0.082 ± 0.02 0.085 ± 0.02 0.083 ± 0.01 0.083 ± 0.01 0.085 ± 0.01 0.086 ± 0.01 0.085 ± 0.01 0.088 ± 0.01

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, animal genetic variance; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, maternal genetic effect; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, service sire variance; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, permanent environmental variance; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 , residual variance; 

5 
 

Z, P, W1, and W2 are indices matrices associating fixed, additive genetic, maternal genetic, service sire, 101 

and permanent environmental effects, respectively. Heritability (h2) was defined as the ratio of additive 102 

genetic variance to phenotypic variance ( 222 / pah  ). The estimated breeding value for sows from 103 

model 1 was compared with the estimated breeding value from models 2 and 3 to examine the implications 104 

of ignoring the added parameter in the two models. 105 

 106 

RESULTS AND DISCUSSION 107 

 108 

The descriptive statistics for considered traits in this study by breed are shown in Table 2. The average 109 

TNB and NBA with their corresponding standard deviation in the Duroc population were 9.67±2.67 and 110 

8.57±2.49, respectively, while MORT was 0.80±1.13. The sows in the Landrace breed population produce 111 

more piglets than Duroc, with an average TNB and NBA of 11.76±3.25 and 10.59±3.08, respectively. 112 

Moreover, the Landrace population has an average MORT of 0.82±1.29. The Yorkshire population had the 113 

highest TNB (12.63±3.48), NBA (11.41±3.26), and MORT (0.86±1.27) among breeds in this study.  114 

 115 

Variance components and heritabilities 116 

Variance components and heritabilities are shown in Table 3, 5. The animal genetic and residual variances 117 

for TNB and NBA were highest in Yorkshire, while the highest MORT was observed in Landrace. 118 

Differences in the estimated variance of maternal and service sire effects were found among breeds. The 119 

percentage variance of maternal genetic effects was higher than that of service sire effects in Duroc, while 120 

service sire effects were higher than maternal effects in Yorkshire for both TNB and NBA. In Landrace, the 121 

service sire variance was higher than the maternal variance in NBA, while the reverse was true for TNB. 122 

The differences in estimates of variance components among breeds may be due to variation among 123 

population sizes and genetic origins. 124 

As shown in Table 3, the range of heritability for TNB was between 0.072 and 0.121 from all models in 125 

all breeds. Differences in heritability estimates for TNB were observed among models in all breeds. Model 126 

1 shows the highest heritability estimates for all breeds. In comparison among breeds for the heritability 127 

for TNB, Yorkshire had the highest estimate, ranging from 0.109 to 0.121. The heritability estimates for 128 

TNB of Duroc ranged from 0.072 to 0.102, while it ranged from 0.090 to 0.099 for Landrace. The 129 

, phenotypic variance; h2, heritability; 
m2, fraction of variance due to maternal genetic effects; s2, fraction of variance due to service sire effects; pe2, fraction of variance due to permanent environmental effects.

Table 4. Estimates of (co)variance components and genetic parameters for number born alive

Component
Duroc Landrace Yorkshire

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

0.638 ± 0.14 0.508 ± 0.15 0.506 ± 0.14 0.856 ± 0.12 0.789 ± 0.13 0.752 ± 0.13 1.014 ± 0.08 0.973 ± 0.08 0.942 ± 0.08

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

- 0.138 ± 0.09 - - 0.070 ± 0.06 - - 0.040 ± 0.03 -

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

- - 0.124 ± 0.06 - - 0.072 ± 0.04 - - 0.050 ± 0.02

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

0.429 ± 0.13 0.422 ± 0.13 0.443 ± 0.13 0.585 ± 0.11 0.579 ± 0.11 0.611 ± 0.11 0.770 ± 0.06 0.767 ± 0.06 0.789 ± 0.07

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 4.722 ± 0.12 4.720 ± 0.12 4.718 ± 0.12 7.154 ± 0.10 7.154 ± 0.10 7.155 ± 0.10 7.689 ± 0.06 7.690 ± 0.06 7.690 ± 0.06

5 
 

Z, P, W1, and W2 are indices matrices associating fixed, additive genetic, maternal genetic, service sire, 101 

and permanent environmental effects, respectively. Heritability (h2) was defined as the ratio of additive 102 

genetic variance to phenotypic variance ( 222 / pah  ). The estimated breeding value for sows from 103 

model 1 was compared with the estimated breeding value from models 2 and 3 to examine the implications 104 

of ignoring the added parameter in the two models. 105 

 106 

RESULTS AND DISCUSSION 107 

 108 

The descriptive statistics for considered traits in this study by breed are shown in Table 2. The average 109 

TNB and NBA with their corresponding standard deviation in the Duroc population were 9.67±2.67 and 110 

8.57±2.49, respectively, while MORT was 0.80±1.13. The sows in the Landrace breed population produce 111 

more piglets than Duroc, with an average TNB and NBA of 11.76±3.25 and 10.59±3.08, respectively. 112 

Moreover, the Landrace population has an average MORT of 0.82±1.29. The Yorkshire population had the 113 

highest TNB (12.63±3.48), NBA (11.41±3.26), and MORT (0.86±1.27) among breeds in this study.  114 

 115 

Variance components and heritabilities 116 

Variance components and heritabilities are shown in Table 3, 5. The animal genetic and residual variances 117 

for TNB and NBA were highest in Yorkshire, while the highest MORT was observed in Landrace. 118 

Differences in the estimated variance of maternal and service sire effects were found among breeds. The 119 

percentage variance of maternal genetic effects was higher than that of service sire effects in Duroc, while 120 

service sire effects were higher than maternal effects in Yorkshire for both TNB and NBA. In Landrace, the 121 

service sire variance was higher than the maternal variance in NBA, while the reverse was true for TNB. 122 

The differences in estimates of variance components among breeds may be due to variation among 123 

population sizes and genetic origins. 124 

As shown in Table 3, the range of heritability for TNB was between 0.072 and 0.121 from all models in 125 

all breeds. Differences in heritability estimates for TNB were observed among models in all breeds. Model 126 

1 shows the highest heritability estimates for all breeds. In comparison among breeds for the heritability 127 

for TNB, Yorkshire had the highest estimate, ranging from 0.109 to 0.121. The heritability estimates for 128 

TNB of Duroc ranged from 0.072 to 0.102, while it ranged from 0.090 to 0.099 for Landrace. The 129 

5.788 ± 0.13 5.788 ± 0.13 5.791 ± 0.13 8.595 ± 0.11 8.592 ± 0.11 8.591 ± 0.11 9.473 ± 0.07 9.470 ± 0.07 9.471 ± 0.07
h2 0.110 ± 0.02 0.088 ± 0.03 0.087 ± 0.02 0.100 ± 0.01 0.092 ± 0.02 0.088 ± 0.02 0.107 ± 0.01 0.103 ± 0.01 0.099 ± 0.01
m2 - 0.024 ± 0.02 - - 0.008 ± 0.01 - - 0.004 ± 0.003 -
s2 - - 0.021 ± 0.01 - - 0.008 ± 0.01 - - 0.005 ± 0.002
pe2 0.074 ± 0.02 0.073 ± 0.02 0.077 ± 0.02 0.068 ± 0.01 0.067 ± 0.01 0.071 ± 0.01 0.081 ± 0.01 0.081 ± 0.01 0.083 ± 0.01

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, animal genetic variance; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, maternal genetic effect; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, service sire variance; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, permanent environmental variance; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 , residual variance; 

5 
 

Z, P, W1, and W2 are indices matrices associating fixed, additive genetic, maternal genetic, service sire, 101 

and permanent environmental effects, respectively. Heritability (h2) was defined as the ratio of additive 102 

genetic variance to phenotypic variance ( 222 / pah  ). The estimated breeding value for sows from 103 

model 1 was compared with the estimated breeding value from models 2 and 3 to examine the implications 104 

of ignoring the added parameter in the two models. 105 

 106 

RESULTS AND DISCUSSION 107 

 108 

The descriptive statistics for considered traits in this study by breed are shown in Table 2. The average 109 

TNB and NBA with their corresponding standard deviation in the Duroc population were 9.67±2.67 and 110 

8.57±2.49, respectively, while MORT was 0.80±1.13. The sows in the Landrace breed population produce 111 

more piglets than Duroc, with an average TNB and NBA of 11.76±3.25 and 10.59±3.08, respectively. 112 

Moreover, the Landrace population has an average MORT of 0.82±1.29. The Yorkshire population had the 113 

highest TNB (12.63±3.48), NBA (11.41±3.26), and MORT (0.86±1.27) among breeds in this study.  114 

 115 

Variance components and heritabilities 116 

Variance components and heritabilities are shown in Table 3, 5. The animal genetic and residual variances 117 

for TNB and NBA were highest in Yorkshire, while the highest MORT was observed in Landrace. 118 

Differences in the estimated variance of maternal and service sire effects were found among breeds. The 119 

percentage variance of maternal genetic effects was higher than that of service sire effects in Duroc, while 120 

service sire effects were higher than maternal effects in Yorkshire for both TNB and NBA. In Landrace, the 121 

service sire variance was higher than the maternal variance in NBA, while the reverse was true for TNB. 122 

The differences in estimates of variance components among breeds may be due to variation among 123 

population sizes and genetic origins. 124 

As shown in Table 3, the range of heritability for TNB was between 0.072 and 0.121 from all models in 125 

all breeds. Differences in heritability estimates for TNB were observed among models in all breeds. Model 126 

1 shows the highest heritability estimates for all breeds. In comparison among breeds for the heritability 127 

for TNB, Yorkshire had the highest estimate, ranging from 0.109 to 0.121. The heritability estimates for 128 

TNB of Duroc ranged from 0.072 to 0.102, while it ranged from 0.090 to 0.099 for Landrace. The 129 

, phenotypic variance; h2, heritability; 
m2, fraction of variance due to maternal genetic effects; s2, fraction of variance due to sire effects; pe2, fraction of variance due to permanent environmental effects.
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dence intervals heritability estimate of 0.06 to 0.10 in their meta-
analysis study of pigs in the tropics based on 29 studies of NBA. 
The results of the present study were also consistent with the heri-
tability of 0.10 published by the NSIF [12].
 Estimated variance components for MORT are shown in Table 
5. Heritability estimates for MORT ranged from 0.027 to 0.031, 
0.050 to 0.053, and 0.073 to 0.081 for the Duroc, Landrace and 
Yorkshire breeds, respectively. In this study, MORT is defined as 
mortality from birth through weaning, including stillbirths. Her-
mesch et al [13] reported a heritability estimate of 0.05 for the 
mortality rate of each litter within 30 days of birth, including 
stillbirths. Moreover, Putz et al [11] reported an estimate of 0.07 
and 0.13 for mortality at day 30 in Landrace and Large White 
breeds, respectively. However the results of this study were lower 
than the estimated heritabilities of 0.09 for mortality rate before 
day 5 for both Landrace and Yorkshire breeds reported by Guo 
et al [10]. Furthermore, Akanno et al [4] reported a 0.20 weighted 
mean heritability for pre-weaning mortality. In the present study, 
heritability was slightly higher or lower, which may have been 
caused by differences in the population structure and measure-
ment of traits. 

Additive maternal effects
Additive maternal effects explained a different percentage of vari-
ability for TNB and NBA among breeds. Specifically, maternal 
accounted for a small portion of the variance in Landrace and 
Yorkshire breeds, whereas it explained a slightly higher percentage 
in Duroc. Additive maternal effects explained 0.4% to 0.8% of 
the total variability for TNB and NBA in Landrace and Yorkshire 
breeds. The percentage of variance due to maternal effects of Duroc 
for TNB and NBA was 3.1% and 2.4%, respectively. In MORT, 
maternal effects were not large sources of variation across breeds. 
Chen et al [2] estimated variation due to maternal effects for NBA 
of 1.0% for both Duroc and Yorkshire, while 2% was estimated 
for Landrace. The estimates in this study were considerably lower 

than those reported by Irgang et al [14] and Rydhmer et al [15].
 Spearman rank correlations indicated that maternal genetic 
effects were not significant for any farrowing traits or breeds con-
sidered in this study. However, a small reduction in heritability 
in all breeds was observed when maternal genetic effects were 
added to the model. The correlations between model 1 and model 
2 for all traits ranged from 0.98 to 0.99 across breeds, which agrees 
with the results of other studies, indicating maternal genetic effects 
did not add significant information [2,6,16].

Service sire effects
Service sire effects explained a very small part of total variability 
in this analysis. The percentage of the variance explained by ser-
vice sire effects ranged from 0.5% to 2.1% for TNB and NBA in 
all breeds. For MORT, service sire effects were not large sources 
of variation (0.1% to 0.7%). The results in this study for TNB and 
NBA are in agreement with the estimates reported by Lewis et 
al [17] and Kim et al [7]. The proportion of service sire effect on 
the total variability reported by Guo et al [10] for MORT are in 
the range of the results found in this study; however, they found 
higher effects of TNB and NBA than were observed in the present 
study. Moreover, Chen et al [2] estimated a higher variation due 
to service sire effects relative to the values of 3.0% to 4.0% reported 
in the present study for NBA in Duroc, Landrace, and Yorkshire 
breeds. Wolf and Wolfova [8] also reported that 2.0% to 3.0% of 
the variance was due to service sire effects in Czech Large White, 
while they were responsible for 2.0% of the variance in Czech 
Landrace for TNB and NBA.
 Spearman rank correlations revealed that the service sire effects 
had only a minor impact on any farrowing traits and breed con-
sidered in this study. The correlations between model 1 and model 
3 for all traits ranged from 0.98 to 0.99 across breeds. These re-
sults suggest that the addition of service sire effects in models 
for breeding value estimation will only have small effects on the 
precision of the breeding value. However, small reductions in 

Table 5. Estimates of (co)variance components and genetic parameters for mortality

Component
Duroc Landrace Yorkshire

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
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comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

0.033 ± 0.016 0.029 ± 0.018 0.034 ± 0.019 0.082 ± 0.016 0.083 ± 0.019 0.078 ± 0.018 0.121 ± 0.010 0.114 ± 0.011 0.110 ± 0.010

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

- 0.005 ± 0.012 - - 0.001 ± 0.010 - - 0.007 ± 0.005 -

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

- - 0.001 ± 0.008 - - 0.003 ± 0.006 - - 0.010 ± 0.003

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

0.049 ± 0.021 0.048 ± 0.021 0.049 ± 0.021 0.101 ± 0.017 0.101 ± 0.018 0.101 ± 0.018 0.063 ± 0.009 0.062 ± 0.009 0.064 ± 0.009

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 1.010 ± 0.025 1.010 ± 0.025 1.007 ± 0.025 1.375 ± 0.019 1.375 ± 0.019 1.375 ± 0.019 1.314 ± 0.010 1.314 ± 0.010 1.314 ± 0.010

5 
 

Z, P, W1, and W2 are indices matrices associating fixed, additive genetic, maternal genetic, service sire, 101 

and permanent environmental effects, respectively. Heritability (h2) was defined as the ratio of additive 102 

genetic variance to phenotypic variance ( 222 / pah  ). The estimated breeding value for sows from 103 

model 1 was compared with the estimated breeding value from models 2 and 3 to examine the implications 104 

of ignoring the added parameter in the two models. 105 

 106 

RESULTS AND DISCUSSION 107 

 108 

The descriptive statistics for considered traits in this study by breed are shown in Table 2. The average 109 

TNB and NBA with their corresponding standard deviation in the Duroc population were 9.67±2.67 and 110 

8.57±2.49, respectively, while MORT was 0.80±1.13. The sows in the Landrace breed population produce 111 

more piglets than Duroc, with an average TNB and NBA of 11.76±3.25 and 10.59±3.08, respectively. 112 

Moreover, the Landrace population has an average MORT of 0.82±1.29. The Yorkshire population had the 113 

highest TNB (12.63±3.48), NBA (11.41±3.26), and MORT (0.86±1.27) among breeds in this study.  114 

 115 

Variance components and heritabilities 116 

Variance components and heritabilities are shown in Table 3, 5. The animal genetic and residual variances 117 

for TNB and NBA were highest in Yorkshire, while the highest MORT was observed in Landrace. 118 

Differences in the estimated variance of maternal and service sire effects were found among breeds. The 119 

percentage variance of maternal genetic effects was higher than that of service sire effects in Duroc, while 120 

service sire effects were higher than maternal effects in Yorkshire for both TNB and NBA. In Landrace, the 121 

service sire variance was higher than the maternal variance in NBA, while the reverse was true for TNB. 122 

The differences in estimates of variance components among breeds may be due to variation among 123 

population sizes and genetic origins. 124 

As shown in Table 3, the range of heritability for TNB was between 0.072 and 0.121 from all models in 125 

all breeds. Differences in heritability estimates for TNB were observed among models in all breeds. Model 126 

1 shows the highest heritability estimates for all breeds. In comparison among breeds for the heritability 127 

for TNB, Yorkshire had the highest estimate, ranging from 0.109 to 0.121. The heritability estimates for 128 

TNB of Duroc ranged from 0.072 to 0.102, while it ranged from 0.090 to 0.099 for Landrace. The 129 

1.092 ± 0.022 1.092 ± 0.022 1.091 ± 0.022 1.558 ± 0.018 1.559 ± 0.019 1.558 ± 0.018 1.498 ± 0.010 1.498 ± 0.010 1.498 ± 0.010
h2 0.030 ± 0.014 0.027 ± 0.017 0.031 ± 0.017 0.053 ± 0.010 0.053 ± 0.012 0.050 ± 0.011 0.081 ± 0.006 0.076 ± 0.007 0.073 ± 0.007
m2 - 0.005 ± 0.011 - - 0.001 ± 0.006 - - 0.005 ± 0.003 -
s2 - - 0.001 ± 0.007 - - 0.002 ± 0.004 - - 0.007 ± 0.002
pe2 0.045 ± 0.019 0.044 ± 0.019 0.045 ± 0.019 0.065 ± 0.011 0.065 ± 0.011 0.065 ± 0.011 0.042 ± 0.006 0.042 ± 0.006 0.043 ± 0.006
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comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, animal genetic variance; 
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comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 
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Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, maternal genetic effect; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 
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Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, service sire variance; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 

, permanent environmental variance; 

4 
 

comprises mortality from birth through weaning, including stillbirths. The data were composed of 6,412 73 

Duroc, 18,020 Landrace, and 54,254 Yorkshire sow records. These sow records were from 418 sires and 74 

2,107 sows in Duroc, 693 sires, and 3,585 sows in Landrace, and 1,252 sires and 8,706 sows in Yorkshire. 75 

The structure of the data set is shown in Table 1. 76 

 77 

Analysis 78 

Initial computations were performed using ordinary least squares to evaluate non-genetic factors; 79 

specifically, fixed effects to be included in the model for their significant effects (p<0.05). The following 80 

fixed effects were tested for each trait: herd in which the animal was born, parity of the dam (1, 2, 3, 4, 5 81 

and ≥6), herd-year-season, herd-year-month, and herd-year-week. The analysis of the significance of the 82 

fixed effects and their interactions were performed using SAS general linear model procedure (SAS Inst., 83 

Inc., Cary, NC, USA). Significant effects of parity and herd-year-week were found for all traits. Variance 84 

components were estimated through the restricted maximum likelihood method using the WOMBAT 85 

software [9]. In the analyses, three models with different combinations of random effects were fitted to 86 

estimate genetic parameters: 87 

 88 

Model 1:  y = Xb+Za+W2pe+e 89 

Model 2: y = Xb+Za+Pm+W2pe+e 90 

Model 3: y = Xb+Za+W1s+W2pe+e  91 

 92 

Where, y is the vector of observation of a trait in Duroc, Landrace, or Yorkshire, b is the vector of fixed 93 

effects including contemporary group (herd-year-week) and parity; a is the vector of additive genetic 94 

effects of animals, which is assumed to be distributed N (0, A 2
a ); A is the numerator relationship matrix 95 

among animals; m is a vector of random additive maternal genetic effects, assumed to be distributed N (0, 96 

A 2
m ) and correlated with random animal effects ( am ); s is a vector of service sire effects, assumed to be 97 

distributed N (0, I 2
s ), uncorrelated with other random effects and I is the identity matrix; pe is a vector of 98 

permanent environmental effects, assumed to be distributed N (0, I 2
pe ) and uncorrelated with other 99 

random effects; e is the vector of random residuals, which is assumed to be distributed N (0, I 2
e ); and X, 100 , residual variance; 

5 
 

Z, P, W1, and W2 are indices matrices associating fixed, additive genetic, maternal genetic, service sire, 101 

and permanent environmental effects, respectively. Heritability (h2) was defined as the ratio of additive 102 

genetic variance to phenotypic variance ( 222 / pah  ). The estimated breeding value for sows from 103 

model 1 was compared with the estimated breeding value from models 2 and 3 to examine the implications 104 

of ignoring the added parameter in the two models. 105 

 106 

RESULTS AND DISCUSSION 107 

 108 

The descriptive statistics for considered traits in this study by breed are shown in Table 2. The average 109 

TNB and NBA with their corresponding standard deviation in the Duroc population were 9.67±2.67 and 110 

8.57±2.49, respectively, while MORT was 0.80±1.13. The sows in the Landrace breed population produce 111 

more piglets than Duroc, with an average TNB and NBA of 11.76±3.25 and 10.59±3.08, respectively. 112 

Moreover, the Landrace population has an average MORT of 0.82±1.29. The Yorkshire population had the 113 

highest TNB (12.63±3.48), NBA (11.41±3.26), and MORT (0.86±1.27) among breeds in this study.  114 

 115 

Variance components and heritabilities 116 

Variance components and heritabilities are shown in Table 3, 5. The animal genetic and residual variances 117 

for TNB and NBA were highest in Yorkshire, while the highest MORT was observed in Landrace. 118 

Differences in the estimated variance of maternal and service sire effects were found among breeds. The 119 

percentage variance of maternal genetic effects was higher than that of service sire effects in Duroc, while 120 

service sire effects were higher than maternal effects in Yorkshire for both TNB and NBA. In Landrace, the 121 

service sire variance was higher than the maternal variance in NBA, while the reverse was true for TNB. 122 

The differences in estimates of variance components among breeds may be due to variation among 123 

population sizes and genetic origins. 124 

As shown in Table 3, the range of heritability for TNB was between 0.072 and 0.121 from all models in 125 

all breeds. Differences in heritability estimates for TNB were observed among models in all breeds. Model 126 

1 shows the highest heritability estimates for all breeds. In comparison among breeds for the heritability 127 

for TNB, Yorkshire had the highest estimate, ranging from 0.109 to 0.121. The heritability estimates for 128 

TNB of Duroc ranged from 0.072 to 0.102, while it ranged from 0.090 to 0.099 for Landrace. The 129 

, phenotypic variance; h2, heritability; 
m2, fraction of variance due to maternal genetic effects; s2, fraction of variance due to sire effects; pe2, fraction of variance due to permanent environmental effects.
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heritability in all breeds were observed when service sire effects 
were added to the model. Models with or without service sire 
effects are recommended for genetic evaluation of litter traits [8]. 

Permanent environmental effects
The proportion of the total variation due to permanent environ-
mental effects ranged from 0.082 to 0.088, 0.067 to 0.083, and 
0.042 to 0.065 for TNB, NBA and MORT, respectively, across 
breeds and models as shown in Table 3 to 5. These results are 
consistent with the results reported by Putz et al [11]. Hanenberg 
et al [18] reported that the estimated variation due to permanent 
environmental effects was 0.090 to 0.085 for TNB and NBA. The 
results for NBA observed in the present study are also in agree-
ment with the estimates of 0.07 to 0.08 reported by Chen et al 
[2] and the estimate of 0.06 reported by Kaufmann et al [19]. How-
ever, the results for NBA were lower than the estimates reported 
by Haley and Lee [20] and Ferraz and Johnson [21].

CONCLUSION

In general, heritability estimates for farrowing traits were low 
across breeds. However, sufficiently large genetic variances were 
also observed in this study. According to Chen et al [2], these 
findings could imply that those traits could be improved through 
optimum selection. Moreover, the results of this study showed that 
maternal genetic and service sire effects were not large sources of 
variation and had small effects on the precision of the breeding 
value. Model 1, which included additive genetic and permanent 
environmental effects, is the appropriate model for use in genetic 
improvement programs in Korea, which may potentially increase 
the accuracy of breeding value estimates and will probably result 
in increased genetic progress.
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