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Abstract

Background: Records on groups of individuals rather than on single individuals could be valuable for predicting
breeding values (BV) of the traits that are difficult or costly to measure individually, such as feed intake in pigs or beef
cattle. Here, we present a model, which handles group records from varying group sizes and involves multiple fixed
and random effects, for estimating variance components and predicting BV. Moreover, using simulation, we inves-
tigated the efficiency of group records for predicting BV in situations with various group sizes and structures, and
factors that affect the trait.

Results: The results show that the presented model for group records worked well and that variances estimated from
group records with varying group sizes were consistent with those estimated from individual records, but with larger
standard errors. Ignoring litter and pen effects had very little or no influence on the accuracy of estimated BV (EBV)
obtained from group records. However, ignoring litter effects resulted in biased estimates of additive genetic variance
and EBV. The presence of litter and pen effects on phenotypes decreased the accuracy of EBV although the predic-
tion model fitted both effects. Having more littermates in the same pen led to a higher accuracy of EBV. The decay

of EBV accuracy with increasing group size was more marked for scenarios with litter and pen effects than without.
When litters of six individuals were divided into two pens, accuracies of EBV obtained from group records with a size
up to 12 (average 9.6) and up to 24 (average 19.2) were 66.6 and 57.6% of those estimated from individual records in
the scenario with litter and pen effects on phenotypes. These percentages reached 77.0 and 68.4% in the scenario
without litter and pen effects on phenotypes.

Conclusions: Our results indicate that the model works appropriately for the analysis of group records from varying
group sizes. Using group records for genetic evaluation of traits such as feed intake in pig is feasible and the efficiency
of the resulting estimates depends on the size and structure of the groups and on the magnitude of the variances for

litter and pen effects.

Background

The amount of available data is a key factor that affects
accuracy of selection in a breeding program. For some
traits, individual records are difficult or expensive to
measure, making it difficult to obtain a sufficient amount
of data. An example is feed intake, which is one of the
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most important traits in livestock production, since feed
represents 60 to 70% of the total cost in modern com-
mercial livestock production systems [1-3]. Feed intake
at the individual level is usually measured by electronic
feeders that can recognize each individual in the pen/
barn (pig/cattle), or by isolating an animal in a cage
(poultry). Because individual recording of feed intake is
expensive, individual feed intake is usually only measured
for a small proportion of selection candidates. For most
selection candidates, their BV are predicted using infor-
mation from their relatives that have individual records

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0001-8743-7501
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12711-018-0413-y&domain=pdf

Su et al. Genet Sel Evol (2018) 50:42

of feed intake and information on correlated traits such
as growth or production traits that are usually recorded
individually. The lack of phenotypic data on feed intake is
a barrier in the genetic progress of feed efficiency. There-
fore, alternatives to measuring individual feed intake are
required in order to improve the accuracy of genetic eval-
uation of feed efficiency.

One alternative is to use data of feed intake at the group
level. In pig farms, a group of pigs (e.g., 12—15 pigs) are
usually kept in a pen during a particular growth period
(e.g., from 30 to 100 kg). Although it is costly to measure
feed intake individually due to the expensive equipment
required, total feed intake at the pen level is relatively
easy to measure by manually or automatically weighing
the feed that is provided in the feeder during the trial and
the remaining feed at the end of the trial. Many studies
have reported the estimation of variance components
[4—6] and prediction of BV using group records [5-8].
However, in all these studies only additive genetic and
residual effects were considered as random effects in the
model, and they analyzed data of equal group sizes or
set a constant group size to model the residual variance
when analyzing data of varying group sizes [8]. Thus, it is
necessary to extend these approaches to handle multiple
fixed and random effects, such as litter and pen effects on
feed intake in pigs, and investigate the efficiency of using
group records for predicting BV in different scenarios.

The objectives of this study were to (1) model group
records from varying group sizes, considering both addi-
tive genetic and non-genetic random effects (litter and
pen effects); (2) interpret variance components at the
group level; (3) assess the variances estimated from group
records; and (4) compare prediction accuracy based on
group and individual records in different scenarios.

Methods

In this section, first we describe the model used to fit
group records with unequal group sizes; second, we illus-
trate variances at the group level and variance compo-
nents estimated from group records; third, we present
the simulation of data for various scenarios by mimicking
feed intake in pigs; and finally, we describe the analysis of
data to compare the efficiency of using group versus indi-
vidual records for predicting BV in different scenarios
and with different models.

Model and variance components for group records
Assume that phenotypes for a trait (vector of individual
records y), such as feed intake in pigs, are affected by
additive genetic effects (a), litter effects (1), pen effects
(c), and some fixed effects (b), along with residual effects
(e), resulting in the following linear mixed model for
individual records:
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y=Xb+Zl+Z.c+Zza+e, (1)

where X, Zj, Z, and Z, are incidence matrices linking b,
1, cand a to y. Litter effects reflect the continuous effects
due to common environment before weaning, while pen
effects represent common environment effects during the
grow-finish period. It is assumed that the random effects
have the following distributions:

1~N(0,Ialz), CNN(O,IGCZ), a~N(0,Aa§),
and e~N(0,Ioez>,

where I is an identity matrix, A is the additive genetic
relationship matrix, o, 02, and o are the variance of
litter effects (hereafter referred to as litter variance), the
variance of pen effects (hereafter referred to as pen vari-
ance), and additive genetic variance, respectively. The
expectation and variance of y are:

E(y) = Xb,

and V(y) = ZiZjo} + ZcZ,02 + Z,AZ, 0} + 1.

For a trait measured at the group level, for example,
aggregated feed intake in a pen, the model for group
records (here a pen is considered as a group) correspond-
ing to the model for individual records can be written as:

Ty=TXb+ Zjl + Z.c + Z,a + e), (2)

where T is an indicator matrix that links individual
records to groups with number of rows equal to the num-
ber of groups and number of columns equal to the total
number of animals with records. Element (T;;) of T is 1 if
the jth animal belongs to the ith group, and otherwise 0.
Matrix T also sums variables for each level of particular
factor within a group.

The model for group records can be written in the typi-
cal form of a linear mixed model:

Yy =X'D+ Z{1+ Zjc + Z;a + €7, (3)

where y* =Ty, X*=TX, Z;=TZ, Z;=TZ,
Z; =TZ, ande* = Te.

Thus, y* is the vector of group records with element
yi=ty= Z,nil 1 Yij» where t; is the ith row of matrix T,
with elements indicating the animals in the ith group,
and #g; is the number of animals in the ith group. For
matrices X*, Z', Z% and Zj, the number of rows is equal
to the number of groups and the number of columns is
equal to that of matrices X, Zj, Z¢, and Z,, respectively.
Element X’(‘ij) is either the number of animals in the ith

group at the jth level of the fixed effect, or the sum of ele-
ments in the ith group for a regression covariable. Ele-
ment Z;‘(ij) is the number of animals of the jth litter
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included in the ith group, and the number of non-zero
elements in the ith row of Z; is equal to the number of
litters involved in the ith group. Element Zj(i;’) is the

number of animals of the jth pen included in the ith
group. When considering a pen as a group, Z; is a diago-

nal matrix with diagonal element Z{ ;) equal to group

size. Element Z ) is 1 or O to indicate if the jth animal is

in the ith group. Thus, the number of 1 s in the ith row of
Z} is equal to the number of animals in the ith group. The
expectation and variance of y* are:

V(y*) = Z{Zy'of + Z:ZY 0k + ZIAZY 02 + Rol,

where R is a diagonal matrix with R¢;) = ng.

Let z{, z, and z] denote the rows of Z;, Z¢ and Z3,
respectively. For a particular group (here a pen=a group)
with a size of #g, the variance of the cumulative pen effect

for the group is:

and

2 2
Ocx = zzzc O = NngOg- (4)

The definition of the pen variance at the group level
(02) is based on the concept that the pen effect is the
same for all animals j and j’ within the same pen, i.e.
Cov(cj,¢j/) = o2. Thus,

g
o2 = Var I/t
c* — ]
j=1

= ngacz + ng (ng — l)Cov(c,', cj/) 2

g
In the next section, we show that although one pen (i.e.,
one group) has only one group record, it is possible and
necessary to include pen effect in the model for group
records where the number of animals per pen varies.

The variance of the cumulative litter effect in a particu-
lar group is:

2 2 2
of = zizof = Z"lkal’ (5)

where Ny is the number of litters within a group and ny
is the number of littermates from litter k in the group.
The definition of litter variance at the group level (01%) is
based on the concept that if individuals j and ;' are litter-
mates, Cov (l', lj/) = 012, or else Cov (l-, l]-/) = 0. Let m and
m’ denote individuals within litter k,
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The variance of the cumulative additive genetic effect for
a particular group is:

O.2 _ Z*AZ*/ 2 Z

J=1("=))

g g
2 * 2
Ajo S Y Aol

J=1 =1 )
(6)

where A* is a sub-A matrix for the animals in that par-
ticular group. The definition of the additive genetic vari-
ance at the group level (c2) is based on the concept that
the additive genetic covariance between individual j and
j'is Cov(aj,ay) = A;;,oaz. Thus,

g
2 _ § ’ .
. = var a;
i

Z Var(aj) + Z Z Cov(aj,aj)

j= 11’ 1( #1)
ng
2 2
= D Ajo; +Z Z Aol
j=1("=j) J=1 j'=1(j'#)

In other words, o2 is equal to o2 times the sum of the
elements in the sub A matrix for the animals in that par-
ticular group.

Assuming that residual effects between individuals j
and ;' are independent, i.e., Cov(ej, e,v) = 0, where j and
j' are not the same animal, the variance of the cumulative
residual effect in a group is:

g
o2 = Var Zej = ngol. (7)

j=1

Therefore, as long as the model for group records is con-
sistent with the model for individual records and the
model is appropriate, estimates of variance components
are consistent from both types of records. Comparison
of Eq. (4) with Eq. (7) shows that the pen variance at the
group level has a quadratic relationship with the number
of pen mates, while residual variance at the group level
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has a linear relationship with the number of pen mates.
This indicates that, in theory, a model for group records
should include pen effects because it is difficult to handle
the distribution of the residuals when they include pen
effects and group sizes vary. It should be noted that Z}Z?'
is a diagonal matrix with diagonal elements equal to nﬁi
when considering pen as the group. If group (pen) size is
constant, Z;ZY' = n3land R = ngl, thus Z;Z¥' = n,R. In
such a case, the covariance matrix for pen effects is pro-
portional to the covariance matrix of residuals, and thus,
pen and residual effects cannot be separated. Similarly, if
each pen contains one whole litter, Z{Z;" = Z:7¥, and
thus, litter effect and pen effects are not identifiable.

An example to demonstrate the model for group
records and variance components is shown in the
“Appendix”.

Simulation of data

Estimation of variance components and prediction of
BV using group records were evaluated using simulated
data of individual feed intake in a pig population. To sim-
plify the simulation procedure, the simulated populations
were under random selection and mating, sows had first
parity only, and generations did not overlap. Each gen-
eration had 30 sires, each sire was mated to 20 dams,
and each litter had six individuals available for testing.
In total, eight generations of data were simulated. Only
the last five generations of phenotypic data were used
in the analysis but pedigree was traced back to the base
population.

Two sets of phenotypic values (y,, and y,) were
simulated. In phenotype 1, y,,=litter effect+pen
effect +additive genetic effect + residual, and the variance
components were 2= 120, 0= 40, 02=40, and 02 =200.
In phenotype 2, y, =additive genetic effect +residual, and
the variance components were 02=120, and o2=280.
It was assumed that 1~N (0, Iolz), c~N(0, IO’CZ),
a~ N(O, Aaaz), and e ~ N(O, Iaez).

A group record was defined as the sum of individual
records within a pen. To investigate the effect of differ-
ent group structures on estimates of variance compo-
nents and BV, three group structures with an initial pen/
group size of 12 were generated, i.e., (1) L, all individu-
als of a litter were assigned to the same pen and thus, a
pen included two litters; (2) L,, 5 a litter was randomly
divided into two sub-litters of size 3, which were ran-
domly allocated to pens, and thus a pen included pigs
from four litters; and (3) L,,,: individuals of a litter were
randomly distributed to pens. Scenario L, ; was taken as
the base scenario for detailed analysis. To investigate the
effect of group size on genetic evaluation, different group
sizes were simulated, ranging from 3 to 30. In this set-
ting, animals were allocated to pens in two ways, i.e. (1)
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sub-litters (each with three individuals) were randomly
allocated to pens, and (2) individuals randomly allo-
cated to pens. The construction of groups was performed
within generations.

In practice, group sizes in a dataset are not constant
due to differences in pen size, rearing density between
farms, etc. To create various group sizes within a sce-
nario, 20% of the individuals were randomly deleted (but
all breeding animals were kept). Thus, group sizes within
a scenario followed a binomial distribution with a mean
group size equal to 80% of the pre-designed size.

For each scenario, 100 replicates were generated and
analyzed, and the mean and standard deviation of these
100 replicates are presented. The standard deviation
reflects standard error for an estimate of a parameter.

Statistical models to analyze the simulated data

For both datasets with or without simulated litter (/) and
pen (c) effects, variance components were estimated and
breeding values were predicted using the following four
models:

Y =1p+Z 1+ Zic+Za+e*,  (Marp)
Y =1u+Z1+ Zia +ef, (Mar)
Y =1p+Zic+Zia+ef, (Map)
Y =1p+Zza+ e (Ma)

The datasets of individual records were also analyzed
using the models for individual records (M;p » May 5
M,p ; and M, , corresponding to M,;p, M4, M,p and
M,). In the analysis of the effect of different group sizes
and structures on prediction of BV, M,;p with true
(simulated) variances was used to predict BV from phe-
notypes with litter and pen effects, and M, with true var-
iances was used to predict BV from phenotypes without
litter and pen effects.

Variance components were estimated by the aver-
age information (AI) REML procedure [9] and BV were
predicted with the BLUP method [10]. All analyses were
performed with the DMU package [11]. The efficiency
of using group versus individual records for predicting
BV was assessed by accuracy and bias of BV prediction.
Accuracy was calculated as the correlation between pre-
dicted and true BV for all animals with phenotype data.
Bias was evaluated by regression of true on predicted BV.

Results

Estimates of variance components from group models
Variance components estimated from group or indi-
vidual records of the basic scenario (L,, ) using differ-
ent models are in Table 1. Based on individual records
for which phenotypes included litter and pen effects, as
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Table 1 Estimates of variance components [mean (SD) over 100 replicates] from group or individual records when using

different models for the base scenario (L,, )

Litter and pen  Record Model Additive genetic Litter variance (6;?) Pen variance (02) Residual variance (¢2)
effect variance (02)
Yes Simulated 120 40 40 200
Group Ma 133.1(28.8) 661.9 (35.7)
Ma. 118.8 (26.5) 48.7 (22.6) 558.0 (58.1)
Map 129.7 (27.5) 46.2 (16.9) 226.1 (155.6)
My 1185 (25.7) 388 (224) 404(170) 2093 (150.5)
Individual Ma 1753 (10.1) 2369 (6.2)
Map 119.5(11.1) 55939 2235 (6.8)
Map 158.1(9.3) 46.1 (2.6) 204.1 (5.8)
Maip 1194 (10.1) 399 (3.3) 40.0 (2.4) 1996 (6.3)
No Simulated 120 0 0 280
Group Ma 118.0(17.6) 281.9(20.3)
My, 1146 (180) 54(72) 2712 (23.2)
Map 116.5(17.7) 244.7 (59.7)
Maip 114.5(18.9) 49(7.0) 238.2(57.8)
Individual Ma 119.2 (9.1) 2794 (6.5)
Ma. 118.0(9.0) 1.0(1.5) 279.2 (6.5)
Mo 119.0 (9.0) 05(0.7) 2790 (6.5)
Maip 118.0(8.9) 09(14) 05(0.7) 2788 (6.6)

SD, standard deviation; M,, model includes additive genetic effects; M, , model includes additive genetic and litter effects; M, model includes additive genetic and

pen effects; M, » model includes additive genetic, litter and pen effects

expected, variance components were estimated without
bias using the full model (M,;p). On the one hand, the
models that ignored litter effect (M,, and M,) greatly
overestimated the additive genetic variance, which
indicates that most of the litter effect moved to the
additive genetic effect due to the strong genetic rela-
tionship between littermates (r=0.5). Model M, also
overestimated pen variance, which suggests that part of
the litter effect moved to the pen effect. On the other
hand, the model that ignored pen effects (M,;) led to
an unbiased estimate of additive genetic variance, but
overestimated litter variance and increased residual
variance, indicating that one part of the pen effect
moved to the litter effect and the other part moved to
the residual effect.

Based on group records for which phenotypes included
litter and pen effects, variance components were esti-
mated without bias by using the full model (M, ). Mod-
els that ignored litter effects (M ,p and M) overestimated
the additive genetic variance but this overestimation was
much less than the one when individual records were
analyzed without litter effects, which indicates that only
part of the litter effect moved to the additive genetic
effect. The amount of overestimation of pen variance
due to ignoring litter effects was similar to that based
on individual records. Similar to analysis of individual

records, the model that ignored pen effects (M,;) led to
an unbiased estimate of the additive genetic variance, but
overestimated the litter variance. Estimates of residual
variances depended greatly on the model used for analy-
sis. The model that ignored litter effects led to a slightly
larger estimate of the residual variance and the model
that ignored pen effects resulted in a very large estimate
of the residual variance compared to the full model,
which indicates that a large proportion of these effects
merged into the residual effect. The largest estimate of
the residual variance was obtained when using a model
that ignored both pen and litter effects. These changes in
estimated residual variances by different models based on
group records are explained in the “Discussion” section.

For phenotypes without litter and pen effects, vari-
ance components that were estimated with the true
model (M,) were unbiased regardless of whether indi-
vidual or group records were used (Table 1). When the
model included litter and pen effects, the resulting over-
specification had a very small effect on estimates of vari-
ance components based on individual records, but had
an impact on estimates based on group records. Using
group records, the model that over-specified litter and
pen effects resulted in small estimates of litter and pen
variances, which slightly decreased the estimate of the
additive genetic and residual variances.
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The standard deviations of the estimated variance
components from 100 replicates reflects their standard
errors, which were very similar to the standard errors
calculated with AI-REML (not shown). As expected,
standard errors of estimates of variances based on group
records were much larger than those based on individual
records, which indicates a significant loss of information
due to combining individual records into group records.
When the model included pen effects (M, and M,p),
estimates of the residual variance had large standard
errors, which highlights the difficulty to distinguish pen
from residual effects based on group records.

Prediction of BV using group records in different scenarios
As shown in Table 2, for simulated phenotypes with
litter and pen effects, the models that ignored these
effects greatly reduced the accuracy of EBV obtained
from individual records, and those that ignored lit-
ter effects caused a serious inflation of EBV since the
regression coefficient of BV on EBV was much less than
1. However, when analyzing group records, models that
ignored litter and pen effects did not decrease the accu-
racy of EBV, while those that ignored litter effects led
to a slight bias in EBV. The ratio of the accuracy of EBV
obtained from group records to that from individual
records was equal to 67.6%.

For phenotypes without litter and pen effects ana-
lyzed with a model that included these effects, the
resulting over-specification did not decrease the accu-
racy of EBV regardless of whether individual or group
records were used (Table 2). However, a slight defla-
tion (reflected by the regression coefficient) of EBV was
observed when using group records. This was in line
with a small reduction of the estimate of the additive
genetic variance due to over-specification. For phe-
notypes without litter and pen effects, the accuracy
of EBV obtained from individual records increased
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slightly, while the accuracy of EBV obtained from group
records increased considerably. The ratio of the accu-
racy of EBV obtained from group records to that from
individual records was equal to 77.0%. These results
indicate that the magnitudes of the litter and pen
effects have a considerable influence on the accuracy of
EBV when using group records.

Accuracies of EBV according to group structure are in
Table 3. With a given group size, having more littermates
in the same pen led to a higher accuracy of EBV when using
group records, regardless of the existence of litter and pen
effects. The accuracy of EBV decreased from 0.53 when all
animals of a litter were in the same pen to 0.41 when ani-
mals were randomly distributed across pens for phenotypes
with litter and pen effects, and from 0.60 to 0.48 for pheno-
types without litter and pen effects. In contrast, when using
individual records, the accuracy of EBV increased slightly
as the number of littermates in each pen decreased for phe-
notypes with litter and pen effects, and hardly changed for
phenotypes without litter and pen effects.

Figure 1 shows the accuracy of EBV obtained from
group records when group sizes were changed from 3 to
30 (covering 1-10 sub-litters, respectively), as well as the
accuracy obtained from individual records for the sce-
nario of group sizes up to 12. In these cases, the model
used to predict BV was consistent with the model that
was used to generate phenotypes. Clearly, the accuracy of
EBV tended to decrease with increasing group size. This
decrease was more marked for phenotypes with litter and
pen effects than for phenotypes without those effects. In
the scenario of phenotypes without litter and pen effects,
accuracies of EBV obtained from group records with
group sizes up to 12 individuals (average 12*0.8=9.6)
and up to 24 individuals (average 19.2) were equal to 77.0
and 68.4% of those predicted from individual records,
respectively. In the scenario of phenotypes with litter

Table 2 Accuracy of EBV and bias (regression of true BV on EBV) [mean (SD) of 100 replicates] from different models
with estimated variance components for the base scenario (L, ;)

Litter and pen effects Model Group records Individual records
simulated
Accuracy Bias Accuracy Bias

Yes Ma 0478 (0.038) 0.95 (0.107) 0.674 (0.019) 0.77 (0.028)
M. 0478 (0.038) 1.01(0.122) 0.693 (0.019) 00 (0.045)
Map 0479 (0.038) 0.96 (0.108) 0.691 (0.018) 0.83 (0.028)
Map 0.479 (0.038) 1.01(0.121) 0.702 (0.019) 00 (0.042)

No My 0.550 (0.031) 1.01 (0.065) 0.714(0.017) 1.00 (0.031)
Map 0.550 (0.031) 1.03 (0.069) 0.714(0.017) 1.01(0.031)
Map 0.550 (0.031) 1.02 (0.066) 0.714 (0.017) 1.00 (0.031)
Map 0.550 (0.031) 1.03 (0.070) 0.714(0.017) 1.01(0.031)

EBV, estimated breeding value; SD, standard deviation; M,, model includes additive genetic effects; M, , model includes additive genetic and litter effects; M,, model
includes additive genetic and pen effects; M, » model includes additive genetic, litter and pen effects
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Table 3 Accuracy [mean (SD) of 100 replicates] of EBV for different structures of groups with sizes up to 12 (average 9.6)

Litter and pen effect Model Placement of animals Group records Individual records
simulated
Yes My p With given true variances Alitterin 1 pen 0.529 (0.034) 0.696 (0.019)
A litter in 2 pen 0.480 (0.038) 0.702 (0.019)
Randomly in pens 0.407 (0.052) 0.706 (0.018)
No M, with given true variances Alitterin 1 pen 0.598 (0.027) 0.714 (0.017)
A litter in 2 pen 0.550 (0.030) 0.714 (0.017)
Randomly in pens 0476 (0.038) 0.715(0.017)

SD, standard deviation; EBV, estimated breeding value; M,, model includes additive genetic effects; M, , model includes additive genetic, litter and pen effects
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Fig. 1 Accuracy (mean of 100 replicates) of EBV with different
group sizes for phenotypes with or without litter and pen effects
when three littermates together were allocated to a pen. The model
used to predict BV was consistent with the model used to generate
phenotypes

and pen effects, these proportions were equal to 67.6 and
53.0%, respectively.

Figure 2 shows that the accuracy of EBV tended
to decrease with increasing group size in the sce-
nario when animals were randomly distributed across
pens. This trend was consistent with that in the sce-
nario when a sub-litter of three littermates were in the
same pen. Thus, for phenotypes without litter and pen
effects, accuracies of EBV obtained from group records
with group sizes up to 12 (average 9.6) and up to 24
(average 19.2) were equal to 66.6 and 55.9% of those
estimated from individual records, respectively. In the
scenario of phenotypes with litter and pen effects, these
proportions were equal to 57.6 and 40.4%, respectively.

Discussion

In this study, we extended the model for group records
of Olson et al. [7] to the inclusion of multiple random
factors such as litter and pen effects, as well as vary-
ing group sizes, and investigated the efficiency of using
group records for genetic evaluation of feed intake
in various scenarios. The extended model worked

0.8
0.7
—o—=nol P =—a—withL_P
0.6
>
o
e
5 o5
Q
Q
< 04
03
0.2
1 3 6 9 12 15 18 21 24 27 30
Group size
Fig. 2 Accuracy (mean of 100 replicates) of EBV with different group
sizes for phenotypes with or without litter and pen effects when
animals were randomly allocated to pens. The model used to predict
BV was consistent with the model used to generate phenotypes

appropriately for analysis of the simulated data. The
variance components estimated from group records
were consistent with those estimated from individual
records when the correct model was used, but had
larger standard errors. Nevertheless, our results show
that group records could be an important source of
information for genetic evaluation of individual BV.

Estimation of variance components

Our results show that variance components of a trait
can be estimated from group records, but the esti-
mates had larger standard errors than those obtained
from individual records. Variance components esti-
mated from group records were consistent with those
estimated from individual records when the correct
model was used, i.e.,, the model that included litter
and pen effects if they existed. When litter and pen
effects were present but ignored in the model of analy-
sis, variances estimated from group records and from
individual records were both biased but to different
degrees. When litter effects were ignored, overestima-
tion of the additive genetic variance was much larger
when it was based on individual records than on group
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records. However, the change in the residual variances
estimated with different models was much larger when
they were based on group records compared to indi-
vidual records. With the model that ignored litter or/
and pen effect and used group records, the estimate
of the residual variance depended on the number of
littermates and the number of pen mates (i.e., group
size in this study). In scenario L,, ;, average #, is equal
to 12*0.8=9.6, the average number of litters repre-
sented in a pen is equal to 4, and the average num-
ber of littermates is 3*0.8 =2.4. When pen effects are
ignored and assumed to move to the residual effects,
082* = néz,ocz + ngae2 = ng (ngacz + O'ez) A 9.6%(9.6"40 + 200)

= 9.6"584. Since n, is a diagonal element in R, the
estimate of the residual variance with this model is
expected to be approximately 584 but a slightly lower
estimate of 558 was observed (Table 1), because part of
the pen variance actually moved to the estimate of the
litter variance. Similarly, when litter effects are ignored
and litter variance is assumed to move to residual vari-
ance i.e.

N;
2 ) 2
O = Z”lkal + g0,
k=1
N;
2 2 2
=ng Z nyoy [ng + o¢
k=1

~ 9.6" (4*2.42*40/9.6 T 200) — 9.6 % 296,

thus, the estimate is expected to be 296. However, a much
lower estimate of 226 was observed, because a large part
of the litter variance moved to the additive genetic and
pen variances. Finally, when both litter and pen effects
are ignored and assumed to move to the residual effect,
ie.

N
2 § 2 2 2 2 ~ *
O'e:l = Vlg I’llkdl /I’lg + I’lgO'C + Ue ~ 9.6 680,
k=1

thus, the estimate from the model is expected to be 680.
However, an estimate of 662 was observed, because
part of the litter variance moved to the additive genetic
variance.

Litter effects are usually included in the model to pre-
dict BV for growth traits [12—14]. In general, for feed effi-
ciency in pig, BV is predicted based on individual records
that are measured in a test station. Since in a test sta-
tion only a relatively small proportion of the litters have
more than one individual with records on feed intake, lit-
ter effects are often excluded from the prediction model
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[15, 16]. The current study showed that when there is
a litter effect and more than one individual per litter is
included in the dataset, a model that ignores litter effects
results in overestimation of the additive genetic vari-
ance (Table 1), a reduced accuracy of EBV and an infla-
tion of EBV (Table 2) when individual records are used.
When group records are used, the model that ignores lit-
ter effects resulted in a slight overestimation of additive
genetic variance and a slight inflation of EBV, but did not
reduce accuracy of EBV in the simulated scenarios. Thus,
our results suggest that litter effects should be included
in the model for genetic evaluation of feed efficiency
traits, even when using group records.

On the other hand, over-specification of the model by
including factors that do not have an effect on the trait,
also has an unfavorable impact on estimates of variance
components, as shown in analyses in which litter and
pen had no effect on the trait but the model included lit-
ter or/and pen effects. This could be because REML esti-
mates must be larger than zero. Our study shows that the
unfavorable effect of over-specification was larger when
group records rather than individual records were used.
This could be due to larger standard errors of estimates
that are based on group records rather than individual
records, and thus a wider range of REML estimates above
zero. As observed in the current study, over-specification
of litter and/or pen effects in the model led to underes-
timation of the additive genetic variance when group
records were used, but had a very tiny impact when indi-
vidual records were used.

Pen effects are often included in the prediction model
for the genetic evaluation of growth and feed efficiency
traits in pig [14-16]. However, based on group records,
the estimate of the residual variance had a large stand-
ard error when the model included pen effects, and
sometimes there was a problem with convergence for
both estimation of variance components and prediction
of BV, especially when the number of individuals varied
slightly between pens. If the number of animals per pen
is constant, pen effects cannot be separated from residual
effects, which suggests that it can be difficult to distin-
guish between pen and residual effects.

An alternative to the full model for analysis of group
records is a reduced model by combining the pen effects
into residual effects, with appropriate weights on resid-
uals.  Thus, oé = n20l + ngol = néboez + ngol =
ng (ngh + 1)o2, where b = 62/02. Then, V(e}) = R*cZ,
where R}; = ngi(bngi + 1). This reduced model is equiv-
alent to the full model but greatly reduces computation
demand and avoids the problem of convergence in the
prediction of BV. When the dataset of group records is
insufficient for accurate estimates of variance compo-
nents, the ratio b = 02 /02 can be inferred from variance
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components estimated from individual records of feed
efficiency, or other appropriate traits with individual
records, such as daily gain.

Efficiency of genetic evaluation based on group records
Given the same group size, having more littermates
in the same group (pen) led to higher accuracy of EBV
when group records were used. Our results confirmed
previous reports that when relationships between indi-
viduals within a group were closer, the accuracy of EBV
was higher when group records were used [7]. By theo-
retical derivation and data analysis, Peeters et al. [6]
concluded that the accuracy of the estimate of addi-
tive genetic variance increased as the level of relation-
ships between individuals within a group increased.
Our study showed that even when using the true vari-
ance components, the accuracy of EBV increased as the
degree of relationships between individuals in each group
increased (Table 3). A possible reason could be that the
proportion of additive genetic to phenotypic variance
at the group level increases as the level of relationships
between group mates increases. For example, assum-
ing no genetic relationship between parents, based on
Egs. (4), (5), (6) and (7) and the parameters used in the
simulation, if a group consists of four litters and each
has three individuals, 02 = 120(12 + 4(6*0.5)) = 2880,
oé = 40(4%3%) = 1440, ol =40(12%) = 5760,
& = 200(12) = 2400, and thus, the ratio of o3 to o} is
0.23. However, this ratio is 0.31 when a group consists of
two litters and each has six littermates.

In contrast, based on individual records, the accuracy
of EBV decreased slightly as the number of littermates in
the same pen increased when there were litter and pen
effects. In a breeding program, the breeding goal usually
includes many traits and most traits can be measured
individually. Therefore, although more littermates in the
same pen is favorable for genetic evaluation of feed effi-
ciency based on group records, it is necessary to inves-
tigate whether this strategy is optimal for the overall
breeding goal in a pig breeding program.

The presence of litter and pen effects caused a slight
reduction in the accuracy of EBV when individual records
were used, and a large reduction when group records
were used. This could be due to a quadratic relationship
between the variance of the cumulative litter effects and
the number of littermates, and between the variance of
the cumulative pen effects and the number of pen mates.
Considering a scenario in which a pen includes four lit-
ters of three individuals, the ratio of o2 to oyz* is 0.23
when there are litter and pen effects, but increases to 0.46
when there are no litter and pen effects, although herit-
ability for individual records is the same in both cases.
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We carried out an additional analysis to compare the
accuracy of EBV based on group records and individual
records for a trait with a low heritability, in the base sce-
nario. In this analysis, data were simulated by setting
0.2=1000 for the scenario with litter and pen effects, and
02=1080 for the scenario without litter and pen effects,
but without changing the other variance components.
This led to a heritability of 0.10. Based on individual
records, the accuracy of EBV was 0.57 and 0.59 for the
scenarios with and without litter and pen effects, respec-
tively. Based on group records, the accuracy of EBV was
0.41 and 0.44 for scenarios with and without litter and
pen effects, respectively. The ratios of accuracies for
group records to those for individual records were 71.4
and 75.6% in these two scenarios, respectively, which
were similar to those for a trait with a heritability of 0.3.
These results indicate that heritability has limited influ-
ence on the efficiency of using group records for pre-
dicting BV, in terms of the accuracy in relation to that
when individual records are used. In other words, group
records are valuable for predicting BV, regardless of the
heritability of the trait.

In pig production systems, there are two popular struc-
tures of pens, i.e. (1) there is one feeder per pen (“single
pen”), and (2) one feeder is shared by two pens (“double
pen”). We used the example in which a single pen has a
group size up to 12 (average 9.6) and a double pen has
a group size up to 24 (average 19.6). Accuracies of EBV
based on group records of the double pen were equal
to 87.8% (phenotype without litter and pen effects) and
77.5% (phenotype with litter and pen effects) of the accu-
racies based on group records of the single pen, in the
scenario with an average of 2.4 littermates in the same
group. These proportions were equal to 84.0 and 70.0% in
the scenario in which pigs were randomly allocated into
pens. Therefore, to use group records efficiently, we rec-
ommend a pen structure with one feeder per pen.

The use of group records could also be valuable for pre-
dicting BV in other species. Biscarini et al. [5] used cage
records to predict BV for body weight and egg produc-
tion in laying hens. Cooper et al. [8] used pen records to
predict BV for feed intake in beef cattle. Shirali et al. [4]
used cage records to predict BV for feed intake in mink.
The extended model in our study enables the handling of
multiple random factors and varying group sizes, which
will facilitate the use of group records for predicting indi-
vidual BV in all these species.

Based on group records, full-sibs within group have
the same EBV. When a multiple-trait model that includes
traits with individual records (e.g., group records for
feed intake and individual records for average daily gain)
is used, full-sibs within a group can have different EBV
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for the group recorded trait. However, these differences
in EBV between full-sibs within a group originate only
from differences in the correlated traits between full-sibs.
Genomic selection [17] has been successfully applied in
pig breeding [18-20]. With genomic data, genotyped
full-sibs within a group can have different EBV even
when a single-trait model based on group records is
used. In practical genetic evaluations, a good approach
would be to predict BV for feed efficiency by a multiple-
trait analysis using a single-step genomic model [21-23]
and data that include individual (from a test station) and
group records (from a farm) for feed efficiency together
with individual records for correlated traits.

Conclusions

Based on our findings, we conclude that the extended
model for group records presented here can appropri-
ately handle multiple fixed and random effects for esti-
mation of variance components and prediction of BV
using group records with varying group sizes. Estimates
of variance components based on group records with
unequal group sizes are consistent with those estimated
from individual records when the correct model is used,
although with larger standard errors. For traits such as
feed intake in pigs, using group records for genetic evalu-
ation of individual BV is feasible. For an efficient use of
group records in genetic evaluation, group size should
not be too large (e.g., a normal pen with its own feeder
instead of two pens sharing a feeder for feed intake in
pigs). In addition, a close genetic relationship between
animals within a group is favorable for genetic evaluation
based on group records, which should be taken into con-
sideration when placing animals into groups (pens).
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Appendix

An example to demonstrate the model and variance
components

In this example, we use data from only two groups
(Table 4), which is insufficient for estimating model
parameters, but allows to exemplify the derivation of
the model and variance components.

Table4 Data for the example used to demonstrate
the model and variance components

Id Sire® Dam? Group (Pen) Litter Phenotype
P4 PI - - - -
P5 Pl - - - -
1 P3 P2 1 1 Il
2 P3 P2 1 1 12
3 P3 P2 1 1 13
4 P3 P4 1 2 14
5 P3 P4 1 2 15
6 P3 P4 2 2 16
7 P5 P6 2 3 18
8 P5 P6 2 3 17

@ The sires and dams with unknown parents are not listed in the id column

The model for individual records is:

y=Xb+Zl+Z.c+Zza+e,

11 1 100 10

12 1 100 10

13 1 100, 10

14 1 010 10|[q
15 = 1Pt ool |2 10 [cz]
16 1 010]|L* 01

18 1 001 01

16 1 001 01
[00000010000000 [an] [er]
00000001000000]]... e
00000000100000| |ap e3
00000000010000]| |a es

T100000000001000] |ay | T |es
00000000000100]]... e
00000000000010]||a e
00000000000001||as es

The covariance matrix of observations at the individual
level is:
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LZof + ZcZ.02 + Z,AZ, 0} + Ro?
Jsxs 0 0

=| 0 Jaxz 0 |of

0 0 Jax2

Jsxs O
+[ 0 J3x3

where J is a matrix with elements being 1, As is a subset
of A as a relationship matrix for individuals with records,
and I'is an identity matrix.

The model for group records is:
y* =X*b+ Z{1+ Zic + Z;a + e*, which can be con-
structed by:

Ty =TXb+ Zjl + Z.c + Z,a + e).

<
—~
<
~

Il

} O'c2 + Asaa2 + nggoez,

According to Table 4, the indicator matrix is:

T — 11111000
~ {0001 ’

1111

Thus, the model for group records becomes:

HEHEHHIAEE

apl
+—00000011111000 ape
_00000000000111 ay
as
r 5
> €
=1
+ 5
€i
Li=6

The covariance matrix of observations at the group level
is:

ZiZY of + ZIZY 02 + ZIAZY 62 + Ro?,
132] 5, [250]
=[] [V
0
1

i 00000011111
00000000000O0

V(y")

—- O

50 o
+ [0 3:|O’e.

Table 5 presents the solutions for the effects in the model
using individual records and using group records, given
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Table 5 Solutions of the intercept (Int), pen effect (Pen),
litter effect (Lit) and animal additive genetic effect (Anim)
using individual records (Individual) and group records
(Group) for the example

Item Individual Group Item Individual  Group
Int 14.81 14.94 Animp5 062 0.77
Pen1 —048 —079  Animp6 0.57 0.79
Pen2 048 0.79 Anim1 —1.17 —0.98
Lit1 —0.52 —047  Anim2 —094 —098
Lit2 0.14 —0.05 Anim3 —071 —098
Lit3 0.38 0.52 Anim4 —0.19 —057
Animp1 0.39 0.35 Anim5 0.04 —0.57
Animp2  —0.78 —0.71 Anim6 0.05 0.06
Animp3 —0.57 —-0.79 Anim7 1.00 117
Animp4 0.36 0.12 Anim8 0.76 117

variance components of 012 =0.25, UCZ =0.25, O'az =0.75
and 02=1.25.
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