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INTRODUCTION

Selection for litter size at d 5 (LS5) after farrow-
ing has been suggested as an alternative trait to total 
number born (TNB) in swine breeding programs (Su 
et al., 2007). This trait was investigated as an alterna-
tive trait for selection to increase litter size at wean-
ing due to the unfavorable association between TNB 
and piglet mortality (Johnson et al., 1999; Lund et al., 

2002; Bidanel, 2011). Due to this relationship, Danish 
breeders changed the main maternal trait from TNB 
to LS5 in 2004 (Nielsen et al., 2013). Selection for 
LS5 in Danish herds has increased TNB by 1.9 and 
1.3 piglets per litter, while simultaneously decreasing 
mortality at d 5 by 5.9 and 4.7% in Large White (LW) 
and Landrace (LR) pigs, respectively (Nielsen et al., 
2013). Given the high genetic correlation between LS5 
and litter size at weaning (ra = 0.995; Su et al., 2007), 
it is expected that an increased number of piglets at d 
5 will directly increase the litter size at weaning, the 
main breeding objective in maternal lines.
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ABSTRACT: Litter size at d 5 (LS5) has been shown to 
be an effective trait to increase total number born (TNB) 
while simultaneously decreasing preweaning mortality. 
The objective of this study was to determine the opti-
mal litter size day for selection (i.e., other than d 5). 
Traits included TNB, number born alive (NBA), litter 
size at d 2, 5, 10, 30 (LS2, LS5, LS10, LS30, respec-
tively), litter size at weaning (LSW), number weaned 
(NW), piglet mortality at d 30 (MortD30), and aver-
age piglet birth weight (BirthWt). Litter size traits were 
assigned to biological litters and treated as a trait of the 
sow. In contrast, NW was the number of piglets weaned 
by the nurse dam. Bivariate animal models included 
farm, year-season, and parity as fixed effects. Number 
born alive was fit as a covariate for BirthWt. Random 
effects included additive genetics and the permanent 
environment of the sow. Variance components were 
plotted for TNB, NBA, and LS2 to LS30 using univari-
ate animal models to determine how variances changed 
over time. Additive genetic variance was minimized at 
d 7 in Large White and at d 14 in Landrace pigs. Total 
phenotypic variance for litter size traits decreased over 
the first 10 d and then stabilized. Heritability estimates 

increased between TNB and LS30. Genetic correla-
tions between TNB, NBA, and LS2 to LS29 with 
LS30 plateaued within the first 10 d. A genetic correla-
tion with LS30 of 0.95 was reached at d 4 for Large 
White and at d 8 for Landrace pigs. Heritability esti-
mates ranged from 0.07 to 0.13 for litter size traits and 
MortD30. Birth weight had an h2 of 0.24 and 0.26 for 
Large White and Landrace pigs, respectively. Genetic 
correlations among LS30, LSW, and NW ranged from 
0.97 to 1.00. In the Large White breed, genetic correla-
tions between MortD30 with TNB and LS30 were 0.23 
and −0.64, respectively. These correlations were 0.10 
and −0.61 in the Landrace breed. A high genetic cor-
relation of 0.98 and 0.97 was observed between LS10 
and NW for Large White and Landrace breeds, respec-
tively. This would indicate that NW could possibly be 
used as an effective maternal trait, given a low level 
of cross-fostering, to avoid back calculating litter size 
traits from piglet records. Litter size at d 10 would be a 
compromise between gain in litter size at weaning and 
minimizing the potentially negative effects of the nurse 
dam and direct additive genetics of the piglets, as they 
are expected to increase throughout lactation.
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Su et al. (2007) reported the majority of prewean-
ing mortality occurs within several days after farrowing. 
However, it is unclear why the Danish breeders specifi-
cally chose litter size at d 5. Utilizing a different litter 
size day for selection may optimize genetic progress for 
number of piglets weaned. Thus, an objective study is 
needed to identify how variances for litter size change 
from birth to weaning. Therefore, the objectives of this 
study were to 1) estimate variance components for litter 
size traits throughout lactation to determine the optimal 
day for selection and 2) estimate genetic correlations 
between litter size traits, total preweaning mortality, 
and average litter birth weight (BirthWt).

MATERIALS AND METHODS

Animal care and use committee approval was not 
obtained for this study because the data were obtained 
from an existing database. Standards of animal care met 
or exceeded the standards recommended by the national 
pork board for this study (National Pork Board, 2003).

Data

Smithfield Premium Genetics (Rose Hill, NC) 
provided data from the LW and LR breeds. Data from 
June 2009 through May 2013 were analyzed. All mat-
ings were performed by artificial insemination. At 
birth, the number of live born and stillborn piglets was 
recorded for each litter excluding mummified piglets. 
Litters were recorded, and piglets were processed and 
weighed within 48 h of birth along with cross-foster-
ing. Cross-fostering was minimized when possible 
and occurred for 4.9 and 8.3% of the total number of 
live born piglets at birth and 17 and 25% of litters for 
LW and LR breeds, respectively. Preweaning mortal-
ity dates were recorded on individual piglets. Weaning 
age averaged 23.5 d for LW and 23.7 d for LR piglets.

Reproductive traits included TNB, number born 
alive (NBA), litter size of the biological dam at d 2 
through 30 (LS2 through LS30), litter size of the bio-
logical dam at weaning (LSW), mortality from birth 
through d 30 of age (MortD30), total number of pig-
lets weaned by the nurse dam (NW), and BirthWt. Total 
number born was the sum of those born alive and still-
borns. Traits starting with the prefix LS, referred to as 
LS traits, were calculated by aggregating piglet data 
and using the farrowing and mortality dates accord-
ing to the biological litter (Nielsen et al., 2013). The 
LS traits were calculated by summing the number of 
preweaning mortalities, including stillborns up to that 
day and subtracting that sum from TNB. For example, 
LS5 would be calculated as TNB − stillborns − the sum 
of preweaning mortalities up to d 5 after farrowing, ac-

cording to the biological litter. Mortality at d 30 was 
calculated as (TNB − LS30)/TNB, also according to 
the biological litter. Average BirthWt was calculated by 
taking the mean weight of the number of live piglets at 
processing. Classification of death was not given in this 
dataset and is, therefore, not considered in this analysis.

Statistical Analysis

Variance components were estimated using 
AIREMLF90 in the BLUPF90 family of programs 
(Misztal et al., 2002). All analyses were completed 
with either single or bivariate trait models. An animal 
model was used in which all traits, except NW, were 
treated as a trait of the biological dam. The statistical 
model used to describe the data was 

= + + +y Xb Zd Wpe e ,

where y is the vector of observations (litter size, mor-
tality, and BirthWt); b is a vector of fixed effects in-
cluding farm, year-season, parity, and NBA fit as a 
covariate for BirthWt; d is a vector of additive genetic 
effects of the dam; pe is a vector of permanent envi-
ronmental effects of the dam; e is a vector of random 
residuals; and X, Z, and W are coefficient matrices 
associating b, d, and pe with y, respectively. Assump-
tions for random effects were

0 0 0
~ N 0 , 0 0

0 0 0
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where Σd, Σpe, and Σe are covariance matrices for ad-
ditive genetic effects of the dam, permanent environ-
mental effects of the dam, and residual effects, respec-
tively; Ipe is an identity matrix with dimensions equal 
to the number of parities; Ie is an identity matrix equal 
to the number of observations; and A is the additive 
genetic relationship matrix. The pedigree was traced 
back 3 generations for both the LW and LR breeds. 
Descriptive statistics of the data are shown in Table 1, 
including the number of litters, sows, year-season 
classes, and farms. Parities 4 and 5 were grouped to-
gether for a total of 4 parity classes.

Phenotypic variation 2( )pσ  was defined as 
2 2 2 2
p d pe eσ σ σ σ= + + , where 2

dσ  is the variance of sow ad-
ditive genetic effects, 2

peσ  is the variance of permanent 
environmental effects, and 2

eσ  is the residual variance. 
All traits were assigned to litters and therefore traits of 
the sow; thus, h2 was defined as h2 = 2 2/d pσ σ .

Standard errors for h2 estimates were calculated 
using an equation from Tsuruta (2015).
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where a is the additive genetic variance, pe is the per-
manent environmental variance, and e is the residual 
variance. The leading row vector and following col-
umn vector are partial derivatives solved by taking the 
partial derivative of h2 with respected to a, pe, and e, 
respectively. Components of the internal matrix were 
taken from the inverse of the average information ma-
trix output by AIREMLF90.

Standard errors for genetic correlations were cal-
culated using an equation from Tsuruta (2015).
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where r is the genetic correlation between traits 1 and 
2, x1 is the genetic variance of trait 1; x2 is the genetic 
variance of trait 2, and x12 is the genetic covariance 
between trait 1 and 2. Components for the matrix were 
also taken from the inverse of the average information 
matrix output by AIREMLF90.

Correlated response to selection for LS30 
was calculated for each day with the equation 

LS30 LS LS30 LS30h h aCR i r σ=

where i is the intensity of selection, assumed to be 1.4 
to correspond with the top 20% selected each genera-

tion; h is the square root of h2; ra is the genetic correla-
tion between litter size (TNB, NBA, and LS2 to LS29) 
and LS30; and σLS30 is the phenotypic standard devia-
tion of LS30. The CRLS30 for each day was then stan-
dardized to the response to selection in LS30 (RLS30) 
for each breed by dividing the correlated response by 
the response to selection in LS30 and multiplying by 
100 to calculate a percentage.

RESULTS

Unadjusted phenotypic means and standard de-
viations for TNB, NBA, LS2, LS5, LS10, LS30, LSW, 
NW, MortD30, and BirthWt are shown in Table 2. Large 
White had a greater phenotypic litter size for all litter 
size traits as well as larger SD except for NW. Means for 
LW ranged from 9.17 to 12.77 for litter size traits, while 
LR ranged from 8.55 to 11.95. Standard deviations de-
creased from TNB through NW and ranged from 2.93 
to 3.64 in litter size traits for LW and 2.66 to 3.31 in LR. 

Table 1. Number of litters, sows, year-seasons, and 
farms for each breed
Breed Litters Sows YS1 Farms2

Large White 8,257 4,849 16 3
Landrace 6,928 4,443 16 3

1Year-season. Four full years of data were analyzed that included 4 sea-
sons per year.

2There were 4 farms total. Two of the farms contained both Large White 
and Landrace breeds. Of the 2 remaining farms, 1 had Large White and 1 
had Landrace only.

Table 2. Mean and SD for litter size traits, mortal-
ity, and birth weight in 8,257 Large White and 6,928 
Landrace litters

 
Trait1

Large White Landrace
Mean SD Mean SD

TNB 12.77 3.64 11.95 3.31
NBA 11.47 3.48 10.86 3.07
LS2 10.56 3.29 10.16 2.87
LS5 10.01 3.09 9.64 2.70
LS10 9.66 3.00 9.18 2.67
LS30 9.17 2.94 8.61 2.68
LSW2 9.31 2.95 8.78 2.66
NW2 9.22 2.93 8.55 2.73
MortD30 0.26 0.18 0.25 0.19
BirthWt3, kg 1.50 0.25 1.56 0.25

1Traits included total number born (TNB), number born alive (NBA), 
litter size at d 2, 5, 10, and 30 (LS2, LS5, LS10, and LS30), litter size at 
weaning (LSW), number weaned (NW), mortality at d 30 (MortD30), and 
average birth weight (BirthWt).

2NW was recorded as how many piglets were present in the litter at the 
time of weaning. This would include any piglets cross-fostered onto that 
litter and exclude those cross-fostered off. LSW is calculated as the num-
ber of piglets alive at weaning according to the biological litter.

3BirthWt was the average of piglets alive at processing.
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Mortality at d 30 was 1% greater for LW than LR with a 
slightly lower SD. Average BirthWt was 0.06 kg higher 
for LR with the same SD. The regression of BirthWt on 
TNB was −0.034 kg in LW and −0.033 kg in LR.

The cumulative percentage of deaths through d 
30 is displayed in Fig. 1. Fewer than 40% of deaths 
happened at farrowing (d 0, stillborns). Within 9 d of 
birth, both breeds exceeded 80% of their respective 
preweaning mortalities at d 30. Large White sows had 
a greater percentage of piglet deaths at farrowing and 
throughout lactation until converging with LR at d 25. 
The difference was greatest for d 2 to 5. This figure 
shows that LR sows had proportionately more piglet 
deaths later in lactation than those of LW sows.

Additive genetic, permanent environmental, to-
tal variance, and h2 for TNB, NBA, and LS2 to LS30 
are plotted in Fig. 2. Additive genetic variances were 
greatest for TNB and NBA, and decreased until d 7 for 
LR and d 14 for LW and then increased slightly there-
after. Additive genetic variances were higher for LW 
from TNB to LS30, including a sizeable difference in 
NBA. In general, permanent environmental variances 
decreased as lactation progressed. There were signifi-
cant differences between the breeds at d 2 to 7. Total 
variances declined within the first 10 d of lactation 
and decreased only slightly thereafter. Total variances 
were greater for the LW breed across litter size traits. 
Residual variances (not shown) followed a very similar 
trend to total variances, ranging from 7.0 to 10.8 in LW 
and 5.7 to 9.0 in LR. Heritability for litter size traits in-
creased overall from TNB to LS30 for the 2 breeds. The 

estimates were minimized at LS3 for LW and NBA for 
LR. Heritability estimates tended to be slightly higher 
for the LR breed. The main differences between breeds 
happened between d 2 and 12 and after d 22, although 
not significantly different given the SE.

Genetic correlations between LS30 and TNB, NBA, 
and LS2 to LS29 are plotted in Fig. 3. Correlations start-
ed out moderate, below 0.75 for TNB in both breeds, 
and then increased before plateauing around d 4 for LW 
and d 7 for LR. The genetic correlations for each previ-
ous trait with LS30 increased more rapidly after parturi-
tion for LW than for LR. Large White reached a genetic 
correlation of 0.95 by d 4, while LR reached 0.95 at d 8.

Estimated variance components for litter traits from 
LW and LR are shown in Table 3. In both breeds, NW 
had the lowest genetic variance and h2 among the litter 
size traits. Phenotypic variance decreased steadily and 
then remained relatively constant after LS5 for each 
breed in litter size traits. Heritability estimates for lit-
ter size traits and MortD30 ranged from 0.09 to 0.13 in 
LW and 0.07 to 0.12 in LR. Heritability estimates for 
BirthWt were 0.24 for LW and 0.26 for LR. Standard 
errors for h2 estimates were less than or equal to 0.02 for 
all traits, making all traits statistically greater than zero.

Genetic correlations among litter size traits, 
MortD30, and BirthWt are displayed in Table 4. 
Genetic correlations among weaning traits LS30, 
LSW, and NW ranged from 0.97 to 1.00. In LW, an 
unfavorable correlation of 0.23 between TNB and 
MortD30 was observed, but was −0.64 between LS30 
and MortD30; in LR, the correlations were 0.10 for 
TNB and MortD30 and −0.61 for LS30 and MortD30. 
Average BirthWt showed a similar trend. The genetic 
correlations were −0.46 between TNB and BirthWt 
and −0.15 between LS30 and BirthWt in LW pigs. 
In LR, the correlations were −0.44 between TNB 
and BirthWt and −0.25 between LS30 and BirthWt. 
Although neither correlation was favorable (i.e., posi-
tive) by d 30, they were not as negative. Litter size at 
d 5 and NW had genetic correlations of 0.96 and 0.85, 
while NW and LS10 had even stronger 0.98 and 0.97 
correlations for LW and LR, respectively. Genetic cor-
relations between TNB and NW were only moderate 
at 0.55 for both LW and LR. BirthWt and MortD30 
had low but favorable genetic correlations of −0.14 for 
LW and −0.13 for LR.

Figure 4 shows the correlated response in LS30 when 
selecting for TNB, NBA, or LS2 to LS29. Large changes 
can be seen up until LS4, after which smaller increments 
were observed. Among litter size traits, the largest differ-
ence was between LS3 and LS4. Ninety percent of the 
response in LS30 was captured at d 8 in both LW and LR 
breeds. Correlated responses did not plateau as much by 
d 10 compared to the genetic correlations (Fig. 3).

Figure 1. Percentage of deaths calculated as a ratio of cumulative 
deaths out of the total number of deaths at d 30. Starting at d 0 (stillborns) 
and d 2 to 30. Piglet processing was done within 48 h; therefore, d 1 could 
not be distinguished from d 2.
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DISCUSSION

Selecting the Optimum Day or Trait for Selection
The main objective of the present study was to de-

termine which day (litter size trait) might be used to 
obtain the optimal genetic progress in the number of 
viable weaned pigs per sow and decrease in preweaning 
mortality. Plotting variances and genetic correlations 
across days was done to try to determine this objectively 
rather than simply examining a histogram or percentage 
of deaths figure. Small fluctuations in point estimates 
for each trait were expected and observed, but overall 
the trends were fairly smooth. Selection intensity was 
held constant and given only slight variation in h2 es-
timates among traits; most of the trend was explained 
by the genetic correlations between the traits and LS30. 
No maxima were observed before d 30, which was an 

Figure 2. Genetic, permanent environmental, and total variances for total number born (TNB), number born alive (NBA), and litter size at d 2 to 30 
(LS2 to LS30) with the respective h2. Y-axes are independent of each other.

Figure 3. Genetic correlation between litter size at d 30 (LS30) and 
total number born (TNB), number born alive (NBA), and litter size at d 2 
to 29 (LS2 to LS29).
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Table 3. Additive genetic variance ( 2
dσ ), permanent environmental variance ( 2

peσ ), total variance ( 2
pσ ), and h2 

with SE for litter size traits, mortality, and birth weight in 8,257 Large White and 6,928 Landrace litters

 
Trait1

Large White  
SE(h2)

Landrace  
SE(h2)2

dσ  
2
peσ

 
2
pσ

 
h2 2

dσ
2
peσ 2

pσ h2

TNB 1.240 0.971 13.039 0.10 0.02 1.015 0.701 10.677 0.10 0.02
NBA 1.257 0.873 11.996 0.10 0.02 0.870 0.637 9.296 0.09 0.02
LS2 0.938 1.041 10.648 0.095 0.02 0.861 0.504 8.219 0.10 0.02
LS5 0.901 0.864 9.444 0.10 0.02 0.774 0.462 7.305 0.11 0.02
LS10 0.888 0.729 8.949 0.10 0.02 0.777 0.490 7.029 0.11 0.02
LS30 0.986 0.611 8.592 0.11 0.02 0.860 0.424 7.156 0.12 0.02
LSW2 0.926 0.640 8.652 0.11 0.02 0.831 0.494 7.022 0.12 0.02
NW3 0.802 0.630 8.513 0.09 0.02 0.610 0.660 7.389 0.08 0.02
MortD304 0.004 0.002 0.031 0.13 0.02 0.002 0.001 0.032 0.07 0.02
BirthWt5, kg 0.013 0.005 0.056 0.24 0.02 0.015 0.002 0.057 0.26 0.02

1Traits included total number born (TNB), number born alive (NBA), litter size at d 2, 5, 10, and 30 (LS2, LS5, LS10, and LS30), litter size at weaning 
(LSW), number weaned (NW), mortality at d 30 (MortD30), and average birth weight (BirthWt).

2LSW is calculated as the number of piglets alive at weaning according to the biological litter. 
3NW was recorded as how many piglets were present in the litter at the time of weaning. This would include any piglets cross-fostered onto that litter 

and exclude those cross-fostered off. 
4Mortality at d 30 was assigned to biological litters and calculated as (TNB − LS30)/TNB.
5BirthWt was the average of piglets alive at processing (within 48 h).

Table 4. Genetic correlations for litter size traits, mortality, and birth weight in 8,257 Large White litters (above 
diagonal) and 6,928 Landrace litters (below diagonal)
Trait1 TNB NBA LS2 LS5 LS10 LS30 LSW NW MortD30 BirthWt
TNB 0.91

(0.02)
0.81

(0.05)
0.73

(0.06)
0.66

(0.07)
0.57

(0.08)
0.61

(0.08)
0.55

(0.10)
0.23

(0.12)
−0.46
(0.08)

NBA 0.89
(0.03)

0.96
(0.01)

0.87
(0.03)

0.80
(0.05)

0.74
(0.06)

0.77
(0.05)

0.74
(0.07)

−0.04
(0.12)

−0.44
(0.08)

LS2 0.87
(0.04)

0.98
(0.01)

0.97
(0.01)

0.93
(0.02)

0.88
(0.03)

0.90
(0.03)

0.88
(0.04)

−0.34
(0.12)

−0.27
(0.10)

LS5 0.85
(0.04)

0.93
(0.02)

0.96
(0.01)

0.99
(0.00)

0.97
(0.01)

0.98
(0.01)

0.96
(0.02)

−0.48
(0.10)

−0.20
(0.10)

LS10 0.80
(0.05)

0.88
(0.04)

0.90
(0.03)

0.98
(0.01)

0.99
(0.00)

1.00
(0.00)

0.98
(0.01)

−0.54
(0.10)

−0.19
(0.10)

LS30 0.73
(0.07)

0.80
(0.05)

0.84
(0.04)

0.92
(0.02)

0.98
(0.00)

1.00
(0.00)

0.99
(0.01)

−0.64
(0.08)

−0.15
(0.10)

LSW2 0.75
(0.06)

0.83
(0.05)

0.86
(0.04)

0.93
(0.02)

0.98
(0.01)

1.00
(0.00)

0.98
(0.01)

−0.60
(0.08)

−0.15
(0.10)

NW3 0.55
(0.11)

0.63
(0.10)

0.76
(0.08)

0.85
(0.06)

0.97
(0.03)

0.974 0.974 −0.58
(0.09)

−0.17
(0.10)

MortD305 0.10
(0.14)

−0.14
(0.15)

−0.25
(0.14)

−0.35
(0.14)

−0.49
(0.12)

−0.61
(0.10)

−0.58
(0.10)

−0.70
(0.10)

−0.14
(0.09)

BirthWt6 −0.44
(0.09)

−0.52
(0.08)

−0.39
(0.09)

−0.34
(0.09)

−0.30
(0.09)

−0.25
(0.09)

−0.24
(0.09)

−0.22
(0.11)

−0.13
(0.11)

1Traits included total number born (TNB), number born alive (NBA), litter size at d 2, 5, 10, and 30 (LS2, LS5, LS10, and LS30), litter size at weaning 
(LSW), number weaned (NW), mortality at d 30 (MortD30), and average birth weight (BirthWt).

2LSW is calculated as the number of piglets alive at weaning according to the biological litter.
3NW was recorded as how many piglets were present in the litter at the time of weaning. This would include any piglets cross-fostered onto that litter 

and exclude those cross-fostered off. 
4Standard errors were not obtained due to AIREML failing to converge. Instead, REML was used to calculate the genetic correlation and estimates of 

the SE we were not obtainable.
5Mortality at d 30 was assigned to biological litters and calculated as (TNB − LS30)/TNB.
6BirthWt was the average of piglets alive at processing (within 48 h).
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important part of the objective; therefore LSW or LS30 
should be considered for selection. However, problems 
exist with increasing nurse dam effects and additive ge-
netic effects of the piglet. The piglets’ direct additive 
genetic effects have more of an influence on survival in 
later days. Based on the results from the present study, 
LSW or LS30 would result in the most progress for 
piglets weaned. A compromise may be using LS10 be-
cause the genetic correlations and correlated response 
in LS30 plateaued at this point and would limit the ef-
fects of the nurse dam and the direct additive genetic 
effects of the piglet at a later day such as weaning or d 
30. It was also observed that LS10 and LSW had a very 
high genetic correlation of 1.00 in LW and 0.98 in LR.

Modeling Litter Size Traits

A direct-maternal model could not be fit because 
the piglet dataset did not include records for all fully 
formed piglets at birth. Only a subset of the piglets 
were weighed and recorded for those alive at processing 
(within 48 h). The litter size traits of interest, however, 
are modeled at the sow level because they are by defi-
nition a trait of the sow. Bidanel (2011) concluded that 
the largest proportion of the genetic variation is due to 
the dam for litter size traits, although the direct additive 
genetic effect of the piglet does increase throughout lac-
tation (Su et al., 2008). Knol et al. (2002b) stated that 
using a direct piglet/maternal/nurse sow model would 
require precise recording of stillbirths and cross-foster-
ing, a large dataset, and powerful statistical analyses. A 
common objection to litter size traits is the ignoring of 

the nurse dam in the model; however, a relatively large 
amount of cross-fostering would be needed to estimate 
such an effect (Knol et al., 2002a). In the current data 
set, cross-fostering was relatively low at 4.9 and 8.3% 
for LW and LR, respectively. Moreover, including nurse 
sow effects in the model gave erratic results as a whole 
(Knol et al., 2002a). Running large models can run the 
risk of overparameterization. For example, a model that 
includes direct, maternal, and nurse sow effects would 
include 8 variance components (covariances plus litter 
and residual; see Knol et al., 2002a). If nurse sow were 
to be added to the model, other effects, such as nurse 
sow parity, may need to be included to effectively model 
the nurse sow effect. Nielsen et al. (2013) suggested that 
a generalized linear mixed model for mortality might 
have problems with overdispersion. A pilot study con-
ducted by Su et al. (2007) found that the nurse sow had a 
small influence on piglet survival in the first 5 d after far-
rowing. One alternative method would be to integrate an 
LS trait in the maternal lines, while selecting for direct 
piglet survival as a binary trait in the paternal lines. The 
maternal component for survival would not be realized 
in the terminal commercial animal from the paternal line, 
but the direct additive effects would be expressed.

Litter size at d 5 selection over 7 yr showed a ge-
netic improvement of 1.3 and 1.9 piglets per litter for 
TNB, 1.7 and 2.2 piglets per litter for LS5, and 4.7 and 
5.9% for mortality at d 5 in LR and LW breeds, respec-
tively (Nielsen et al., 2013). Results from Nielsen et al. 
(2013) showed that even though litter size traits ignore 
the nurse dam and direct additive genetic effects of the 
piglet, selection was successful in reducing mortality 
and increasing litter size at birth. A different model for 
piglet survival based on the binary observation of pig-
let survival has been implemented in the breeding pro-
gram of TOPIGS. In 10 yr, genetic trends reduced piglet 
mortality by approximately 0.5% while litter size has 
increased by 1.4 pigs (Merks et al., 2012). These results 
compared to Danish results are not directly comparable 
because Nielsen et al. (2013) published litter size and 
mortality at d 5. Other factors are also unknown, such 
as selection intensity and proportion of the aggregate 
genotype. The debate on modeling piglet survival will 
continue, but it seems possible to make genetic im-
provement using either model.

Variance Components

The current analysis was extended to d 30 to show 
variance components up to and past weaning. This 
was done to try to include the early nursery mortali-
ties in a total measure of piglet mortality. Piglets may 
be counted as weaned and fail to thrive early in the 
nursery period. Although not directly responsible for 

Figure 4. Correlated response to selection in litter size at d 30 (LS30) 
for total number born (TNB), number born alive (NBA), and litter size at 
d 2 to 29 (LS2 to LS29).
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the piglet’s death, the sow could still have a residual 
effect on the piglet early in the nursery.

Trends in variances for litter size traits (Fig. 2) 
are in agreement with a previous study on LS5 (Su et 
al., 2007). Heritability estimates increased on a posi-
tive, linear trend from TNB to LS30. Su et al. (2007) 
showed h2 for the sow component increased from 
0.066 for TNB to 0.090 for LSW in LR and 0.053 to 
0.065 in LW. In the present study, h2 was slightly higher, 
which may have been caused by a different population 
structure and a less complex model. Su et al. (2007) 
included service-sire additive genetic and permanent 
environmental effects. Heritability estimates for TNB 
and NBA reported in this study were close to reported 
literature values at approximately 0.10 (Bidanel, 2011). 
Previous reported estimates for LS5 range from 0.07 to 
0.10 (Su et al., 2007; Nielsen et al., 2013). Results from 
the present study are consistent with these estimates. 
Mortality at d 30 had a slightly higher h2 than literature 
values of 0.07 for farrowing survival and 0.05 for birth 
to weaning survival (Bidanel 2011), of which MortD30 
is a combination of these 2 traits. Nielsen et al. (2013) 
reported h2 of 0.09 and 0.10 for mortality at d 5 for LR 
and LW breeds, respectively. The estimates from the 
present study were close to those reported by Nielsen et 
al. (2013), although not directly comparable, as the cur-
rent estimates were from mortality at d 30 instead of d 5.

Heritability for BirthWt for both breeds was com-
parable to the 0.24 reported by Bidanel (2011). Birth 
weight in this study was considered a trait of the sow. 
Some authors have chosen to split direct and maternal 
effects to effectively split genetic components. Direct 
and maternal h2 estimates averaged 0.06 and 0.19 
(Roehe, 1999; Knol et al., 2002a; Grandinson et al., 
2002; Arango et al., 2006; Su et al., 2008). The genetic 
correlation between direct and maternal components 
averaged −0.19 (Roehe, 1999; Knol et al., 2002a; 
Arango et al., 2006; Su et al., 2008). This unfavorable 
relationship between direct and maternal components 
would mean that direct selection for BirthWt would 
have an antagonistic relationship with the maternal 
BirthWt component, and both would have to be in-
cluded into the aggregate genotype for selection.

An interesting result was the change in additive ge-
netic variances over time. The additive genetic variance 
was minimized within 10 d, which is unfavorable, and 
then increased slightly thereafter. Given the SE of these 
variances (0.14 to 0.20 in LW and 0.13 to 0.18 in LR), 
the increase would not be considered statistically sig-
nificant but it would be considered noteworthy. It is not 
clear what caused the subsequent increase. One plau-
sible explanation may be that the direct additive genetic 
effect of the piglet (not accounted for in the model) was 
partitioned into the maternal additive genetic variance 

instead of the residual during later days, as the direct 
additive variance is expected to increase with age (Su 
et al., 2008). Further investigation into this issue may 
need to be addressed in the future along with the in-
creased effects of the nurse dam later in lactation.

Genetic Correlations

The genetic correlation between LS5 and LSW 
was slightly lower than the 0.995 estimates that were 
reported by Su et al. (2007) for both breeds. This may 
be due to more deaths after d 5 in the current dataset 
than reported in the Danish herds. Differences in mor-
tality could be caused by management practices and 
the fact that the Danish herds (Su et al., 2007; Nielsen 
et al., 2013) had a higher TNB (greater than 13.5), 
which may have caused an increase in early deaths 
proportional to the total number of deaths, increasing 
the correlation between LS5 and LSW.

With the relatively low genetic correlation be-
tween TNB and the 3 weaning traits (LS30, LSW, and 
NW), there would be a considerable amount of rerank-
ing expected between litter size at birth and weaning. 
Selecting for a trait with more favorable genetic cor-
relations like LS5, LS10, or LSW would be beneficial 
to increase NW per sow. Since a genetic correlation 
of 0.95 was reached within the first 8 d in both breeds, 
it’s expected that there would be only slight reranking 
of animals after the first week in genetic evaluations. 
Moreover, later litter size traits had more favorable 
genetic correlations with BirthWt, a main concern of 
many swine breeding programs, as low BirthWt pig-
lets lack vitality (Lay et al., 2002).

Correlations between MortD30 and litter size 
traits started as unfavorable (positive) and became 
moderately negative by LS5 before stabilizing after 
LS10. This correlation is one of the reasons it may be 
more beneficial to use d 10 instead of using an earlier 
litter size trait. More progress in reducing prewean-
ing mortality would be expected. A practical consider-
ation for which day may be best would be the current 
litter size means. Given a very high TNB or NBA with 
a high mortality rate, it may be better to use a day after 
d 2 or 5. If the population has a relatively low initial 
litter size along with a relatively low mortality rate, an 
earlier day like LS2 may be better for this population.

The genetic correlations between LS5 and NW were 
exceptionally high in the LW breed (0.96) and in the LR 
breed (0.85). This difference was likely due to the higher 
amount of cross-fostering (4.9 vs. 8.3%) and more deaths 
later in lactation for the LR breed. This would suggest 
that it might not be worth it to back calculate litter size 
traits from piglet data. Instead, simply use the NW value 
given in existing databases as long as cross-fostering is 
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low or eliminated. The answer may come down to initial 
litter size and cross-fostering. It is expected that a larger 
initial litter size would result in more cross-fostering. An 
increase in cross-fostering may result in a lower correla-
tion between LS10 and NW. Breeding programs with 
lots of cross-fostering or worried about not account-
ing for this effect may choose a litter size trait such as 
LS2, which is unaffected by cross-fostering if piglets are 
moved on d 2. Selection for LS5 has been published; 
thus, some may choose d 5 because it has been docu-
mented to be effective (Nielsen et al., 2013).

Inclusion of Birth Weight in Breeding Programs

Inclusion of litter BirthWt in breeding programs to 
improve survival in pigs has previously been suggested 
(Johnson et al., 1999; Roehe, 1999). However, its ef-
fectiveness in terms of reducing preweaning mortalities 
has been questioned (Knol et al., 2002b; Bidanel 2011). 
Genetically reducing variation in BirthWt has been 
thought to have a larger effect than average BirthWt 
(English and Morrison 1984; Damgaard et al., 2003; 
Wolf et al., 2008). Results from the present study indicate 
that increasing the average BirthWt may improve sur-
vivability slightly, as the genetic relationship was weak, 
−0.14 and −0.13 for LW and LR, respectively. Knol et 
al. (2002b) indicates that it could be a problem with au-
thors interpreting the phenotypic relationship between 
BirthWt and survival as a genetic correlation. While the 
phenotypic relationship between BirthWt and survival is 
well established (Milligan et al., 2002; Fix et al., 2010), 
the genetic relationship remains weak to moderate (Su 
et al., 2008). Damgaard et al. (2003) reported a −0.26 
genetic correlation between average BirthWt and pro-
portion of deaths during suckling. Arango et al. (2006) 
reported genetic correlations of BirthWt with stillbirths, 
total mortality, and early mortality (before d 5) between 
−0.34 and −0.43 at the direct piglet level and between 
0.13 to −0.31 at the maternal level. Genetic correlations 
seem low to moderate at best. Some of the problem may 
be because low is a relative term used to describe where 
a piglet falls in a distribution. Many times, authors decide 
to describe low in terms of an arbitrary value (e.g., 1 kg) 
instead of using a better measure such as SD from the 
mean. Increasing the mean does not remove low BirthWt 
piglets because it does not change the fact that lower 
BirthWt piglets will have to compete with heavier litter 
mates (English and Morrison, 1984). Selection for with-
in-litter variation should change the within-litter distribu-
tion of BirthWt to increase survivability and give piglets 
a better chance to compete among themselves. After 4 
generations of canalizing selection for BirthWt in rab-
bits, it was concluded that young rabbit survival was in-
creased without reducing the mean BirthWt (Garreau et 

al., 2008). When both mean BirthWt and traits related to 
variability (variance, SD, and CV) were analyzed, both 
resulted in favorable relationships with piglet mortality; 
however, traits related to variation were more correlated 
to losses from birth to weaning (Wolf et al., 2008). In 
the same study, it was also discovered that mean BirthWt 
was over 3 times more heritable than variability traits 
(Wolf et al., 2008). A selection index approach would be 
needed to calculate which trait would result in a higher 
correlated response or add both into the aggregate geno-
type if further piglet vitality is desired.

Potential Challenges

One foreseeable challenge in the future may be the 
deterioration of the genetic correlation between LS5 
and LSW. Estimates thus far have been very high (pres-
ent study; Su et al., 2007). As selection pressure is ap-
plied on LS5, more preweaning mortality deaths might 
occur after d 5 in response, eroding the high correlation 
currently observed. Little direct evidence can be pro-
vided, as the genetic correlation has not been reported 
since 2007 in Danish herds. Haley et al. (1988) reported 
that the genetic correlation between litter size at birth 
and litter size at weaning was close to unity. Contrast 
that with the current estimates in this study of 0.55 and 
the observed association with mortality in breeding 
programs. When sows were less prolific, before heavy 
selection pressure on reproductive traits, this correla-
tion would have been substantially higher. Current es-
timates of prolificacy in Danish herds are over 15 total 
pigs born (Guo et al., 2015). If the genetic correlation 
was still 1 as stated by Haley et al. (1988), the trend 
in TNB and NW should be roughly 1. Current industry 
(i.e., commercial) trends show TNB increasing at 0.22 
piglets per year and NW at 0.11 piglets per year (Stalder, 
2014). Selection for a litter size trait should help parallel 
these trends by decreasing preweaning mortality.

It is expected that more piglets will be weaned giv-
en the results from Nielsen et al. (2013). This means 
that sows, especially parity 1 sows, will have an in-
creased demand to produce milk, and mothering ability 
will become even more important. Extrapolating from 
the dairy industry, genetic correlations between milk 
yield and fertility traits are unfavorable (Veerkamp et 
al., 2001); this is most likely due to the negative energy 
balance from the productivity demands. Wean-to-estrus 
interval is important economically to producers be-
cause it is a component of litters per sow per year, and 
nonproductive days are costly. Lundgren et al. (2010) 
investigated the subsequent wean-to-service interval 
and showed that raising fast-growing piglets may have 
an effect on subsequent TNB, but no relation to wean-
to-service interval was found in that study. Lundgren et 
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al. (2014) showed that selection for the heaviest litters 
may lead to lower BCS at weaning and suggested that 
selection for higher sow feed intake may reduce prob-
lems. Although piglet growth and litter size at weaning 
are not the same trait, both would increase sow produc-
tivity. Further investigation into this topic is warranted. 
Bergsma et al. (2008) suggested including lactation effi-
ciency in the breeding objective as an alternative. Some 
of these adverse effects may need to be accounted for 
by adjusting management practices such as increasing 
lactation feed intake as much as possible and possibly 
split weaning as litters become larger later in lactation.

Implications

Since selection for initial litter size has been asso-
ciated with increased mortality, shifting the breeding 
objective trait from TNB or NBA to a day early in lacta-
tion would be beneficial to reduce mortality while still 
increasing initial litter size. This simplified trait/model 
can be used as an alternative to more sophisticated gen-
eralized linear mixed-effects models, such as threshold-
linear models, to make an easier transition from se-
lection for initial litter size to a litter size trait later in 
lactation. No maxima were observed before d 30 in this 
study; therefore, selection for LSW or LS30 would be 
optimal, although d 30 was chosen arbitrarily. Selection 
for LS10 may be a middle ground between progress in 
litter size at weaning and associated problems with in-
creased nurse sow effects because of cross-fostering and 
increased additive piglet genetic effects later in lactation. 
More research needs to be completed on the effect they 
would have if selection for LSW were practiced. Those 
programs still concerned with nurse dam effects may 
choose LS2, assuming they were cross-fostered on d 2, 
negating its effect. Choosing exactly which day will be 
left up to individual selection programs and research on 
a per breeding program basis is needed.
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