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Abstract

Through social interactions, individuals affect one another’s phenotype. The
heritable effect of an animal on its own phenotype is referred to as a direct genetic
effect (DGE), while the heritable effect of an animal on the phenotype of a
conspecific is referred to as an indirect genetic effect (IGE). Both DGEs and IGEs
determine a population’s potential to respond to selection, i.e. the total genetic
variance. This thesis focusses on the genetic architecture of survival time in laying
hens showing feather pecking and cannibalistic behaviour, a well-known social
interaction trait. DGEs and IGEs for survival time were estimated in purebred and
crossbred laying hens. Unrelated birds of the same line or cross were kept in
groups of four. Beaks were kept intact. Results showed that IGEs contribute around
half of the total genetic variance in purebreds and the majority of the total genetic
variance in crossbreds (up to 87%). The direct-indirect genetic correlations were
close to zero in purebreds and moderately to highly negative in crossbreds.
Consequently, unlike purebreds, crossbreds would fail to respond positively to
mass selection. To ensure positive response to selection, animals should be
selected based on their total breeding value. Moreover, increased response to
selection can be obtained when including genotypic information. With genomics,
the accuracy of estimated breeding values increased with 20 up to 110%, showing
the added value of genotypic information.

In addition, the genetic correlation between survival time (individual data) and
early egg production (pooled data) was calculated. Results showed that, unlike for
individual data, pooled data cannot be used to estimate DGEs and IGEs. However,
pooled data can be used to estimate total genetic effects. The default bivariate
model did not allow all non-genetic correlations between both traits to be fitted
and, therefore, resulted in biased genetic parameter estimates. When this issue
was resolved, the genetic correlation between survival time and early egg
production was slightly negative (-0.09), but not significantly different from zero.
Finally, the interpretation of T? as a measure of inheritance for social interaction
traits was discussed. T2 expresses the total genetic variance relative to the
phenotypic variance. Throughout this thesis it became clear that, for social
interaction traits, the level of data collection (individual vs pooled data) and the
within-group relatedness affects the phenotypic variance and, consequently,
affects T2. Therefore, T2 can differ between experimental set-ups, even though the
underlying genetic parameters are the same. This is undesirable for the comparison
of studies. For survival time, a 30 up to 40% decrease in T? was observed when
using pooled data instead of individual data. This illustrates that T?, as a measure
of inheritance, should be used with care.






Contents

19

39

57

79

95

121

127

141

145

151

157

165

1 — General introduction

2 — Indirect genetic effects for survival in domestic chickens (Gallus gallus)
are magnified in crossbred genotypes and show a parent-of-origin effect

3 —Single-step GBLUP for survival time in crossbred laying hens
4 — Using pooled data to estimate variance components and breeding values
for traits affected by social interactions

5 — Bivariate analysis of individual and pooled data on social interaction
traits: application to survival time and early egg production in laying hens

6 — General discussion
Summary

References

Curriculum vitae

Publication list

Training and supervision plan
Acknowledgments

Colophon






1

General introduction






1. General introduction

1.1 Social interactions

Social interactions among individuals are widespread, both in wild and domestic
populations (Frank, 2007). By interacting, individuals might positively or negatively
affect one another’s phenotype. The effect of an animal on its own phenotype is
referred to as a direct effect, while the effect of an animal on the phenotype of a
conspecific is referred to as an indirect effect (Moore et al., 1997). For example, for
survival in group-housed laying hens, the direct effect is the effect of an animal on
its own survival, while the indirect effect is the effect of an animal on the survival of
its group mates. Both the direct and indirect effect can have a heritable
component. Indirect genetic effects are also referred to as associative or social
genetic effects (Dickerson, 1947; Griffing, 1967; Muir, 2005; Bijma et al., 2007).
Traditionally, geneticists only modelled direct genetic effects, while the indirect
genetic effects remained ignored. The only exception is maternal genetic effects,
which have been studied extensively (Dickerson, 1947; Willham, 1963; Cheverud,
1984; Kirkpatrick and Lande 1989; Koerhuis and Thompson 1997; Mousseau and
Fox 1998; Eaglen and Bijma 2009; Bouwman et al., 2010). Maternal genetic effects
are a specific kind of indirect genetic effects, where the indirect effect of a mother
on the phenotype of her offspring has a genetic component (Dickerson, 1947;
Willham, 1963).

In livestock, indirect genetic effects have been estimated for a variety of traits and
species, e.g. survival in laying hens, body weight in quail, growth in pigs, fin erosion
in fish, etc. (Ellen et al., 2008; Muir et al., 2013; Chen et al., 2008; Canario et al.,
2010; Bouwman et al., 2010; Nielsen et al., 2014). Together with theoretical work
(Griffing, 1967; Muir, 2005; Bijma et al., 2007), these studies show that a large part
of the heritable variation can remain undetected if indirect genetic effects are not
modelled. One of the most extreme examples currently reported is body weight in
quail, where 88% of the heritable variation remained undetected with a classic
direct animal model (Muir et al., 2013). In addition, if direct and indirect genetic
effects are negatively correlated, selection based on classic direct breeding values
can result in negative response to selection (Griffing, 1967; Muir et al., 2013).

In conclusion, to maximize response to selection for social interaction traits,
indirect genetic effects should be accounted for.

1.2 Direct-indirect genetic models

This section briefly summarizes the quantitative genetic principles of social
interaction traits. Table 1.1 gives an overview of the symbols that will be used
frequently throughout this thesis.

11



1. General introduction

Table 1.1 Notation key

Symbol Meaning

i Focal individual

j Group mate

DGE; Ap Direct genetic effect; direct breeding value

IGE; A; Indirect genetic effect; indirect breeding value

TGE; At Total genetic effect; total breeding value

Ep Direct environmental effect

E; Indirect environmental effect

GiD Direct genetic variance

OAp; Direct-indirect genetic covariance

0?&[ Indirect genetic variance

°1sz Total genetic variance

I'pr Direct-indirect genetic correlation

h? Direct heritable variance relative to phenotypic variance
T? Total heritable variance relative to phenotypic variance

For non-social interaction traits, an animal’s phenotype (P) depends on its direct
genetic (Ap) and environmental (Ep) effect (Fisher, 1918; Lynch and Walsh, 1998):
P, = Ap, + Ep,. [1.1]
For social interaction traits, an animal’s phenotype depends on the direct genetic
(Ap) and environmental (Ep) effect of the animal itself (i), and the indirect genetic
(A;) and environmental (E;) effect of each of its group mates (j) (Griffing, 1967;
Muir, 2005; Bijma et al., 2007):

n-1 n-1
P = Ap, + Z Ay, + Ep, + Z Ey, [1.2]
i%j i%j
where n is the total number of group members (Figure 1.1). Consequently, each
individual has n — 1 group mates. Note that an animal’s Ap is expressed in the
phenotype of the animal itself, while an animal’s A; is expressed in the phenotype
of each of its group mates (Equation 1.2; Figure 1.2).

12



1. General introduction
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Figure 1.1 Genetic and environmental components determining the phenotype of
non-social (A) and social (B) interaction traits

To genetically improve non-social interaction traits, animals are selected based on
their estimated direct breeding value. The direct genetic variance (GiD) shows the
potential of a non-social interaction trait to respond to selection. As a measure of
inheritance, the heritability (h?) is used, where the direct genetic variance is
expressed relative to the phenotypic variance:

2

h? = Ao [1.3]
Op

To genetically improve social interaction traits, animals should be selected based

on their estimated total breeding value (At). The total breeding value combines an

animal’s direct and indirect breeding value and shows its heritable impact on the

mean trait value of a population (Moore et al., 1997; Bijma et al., 2007):

Ar, = Ap, + (n— 1)A1i. [1.4]

The total genetic variance (UE\T) shows the potential of a social interaction trait to

respond to selection.

Oap = Oap +2(n = Doy + (0 —1)%03 . [1.5]
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1. General introduction

Specifically, response to selection for social interaction traits (R) depends on the
intensity of selection (i), the accuracy of selection (p) and the genetic standard
deviation of the total breeding values (04,):

R =1poy,. [1.6]
Analogous to the classical heritability for non-social interaction traits, the total
genetic variance can be expressed relative to the phenotypic variance for social
interaction traits (Bergsma et al., 2008):

2
T2 = % [1.7]
P
A.
PeT 43 AD{
g @9 o
= E 2
Ou.
B. --
/ = |3 A=A +(n-DA
o — +(n—
- smm '[' D I
.’/‘:‘,J / g o ! ' '
gki.‘"-f |/ -E 2 2 2 2
\ § |04, =0a, +2-1o, +@-1)"0},
&

Figure 1.2 Breeding values and genetic variance relevant for response to selection
for non-social (A) and social (B) interaction traits

1.3 Feather pecking and cannibalism in laying hens

Feather pecking and cannibalistic behaviour in laying hens impair animal welfare.
The behaviour can lead to pulled feathers and tissue damage, both known to be
painful to the victim (Savory, 1995). The behaviour also has a negative economic
impact, since it results in higher feeding costs, reduced productivity and increased
mortality (Leeson and Morrison, 1978; Blokhuis and Wiepkema, 1998; Huber-Eicher
and Sebo, 2001). The need to reduce feather pecking and cannibalistic behaviour

14



1. General introduction

increases as more countries ban beak-trimming (Van Horne and Achterbosch, 2008;
Nicol et al., 2013). In addition, the problem is more apparent in larger flocks, partly
because feather peckers and cannibals have more potential victims to target and
partly because the problem is more difficult to constrain (Rodenburg et al., 2004;
Fossum et al., 2009). Therefore, the ban on conventional battery cages in the
European Union (Council Directive 1999/74/EC) and the shift to alternative housing
systems, where animals are kept in larger groups, increases the need for a solution.
Behavioural phenotypes are difficult to record. However, traits like feather
condition score or mortality show the consequences of the behaviour and can be
recorded more easily. In this thesis, we analysed survival time in non-beak-trimmed
laying hens housed in battery cages. This trait is a good example of a social
interaction trait, as a bird’s chance to survive not only depends on the bird itself,
but also depends on the feather pecking and cannibalistic behaviour of its cage
mates. Literature shows that there is a genetic component involved in feather
pecking and cannibalism, since some genetic lines show more feather pecking and
cannibalistic behaviour than others (Blokhuis and Beutler, 1992; Jones et al., 1995;
Rodenburg et al., 2010a). In addition, estimated variance components show that
both receiving and performing feather pecking and cannibalistic behaviour are
heritable. Heritabilities for receiving the behaviour go up to 0.15, while
heritabilities for performing the behaviour go up to 0.54 (Cuthbertson, 1980;
Bessei, 1984; Kjaer and Sorensen, 1997). Ellen et al. (2008) estimated direct and
indirect genetic effects for survival time in three purebred White leghorn lines.
Laying hens were not beak-trimmed and housed in cages of four. Large and
significant indirect genetic effects were found in two out of three lines, i.e. W1 and
WB. The classical heritability was 0.07 for W1 and 0.10 for WB, while T? was 0.19
for W1 and 0.15 for WB. This shows that indirect genetic effects affect the trait and
that the potential to respond to selection was underestimated when ignoring IGEs.
Finally, selection experiments show that breeding for reduced mortality due to
feather pecking and cannibalism is possible (Muir, 1996; Ellen et al., 2013). In
conclusion, these studies show that there are good prospects for breeding against
mortality due to feather pecking and cannibalistic behaviour.

1.4 Aim and outline of this thesis

This thesis is part of the STW-project entitled “Genetics of social interactions in
livestock: improving health, welfare, and productivity in laying hens and pigs”. The
aim of the project was to understand the inheritance of social interaction traits.
This thesis focused on the genetics of social interactions in laying hens. Building on

15



1. General introduction

theoretical work from a previous project, the STW-project focused on the practical
implementation. Ideally, the newly obtained knowledge would be implemented in
breeding programs, thereby improving welfare and productivity, and reducing
mortality in laying hens.

Prior to this thesis, knowledge on direct and indirect genetic effects in laying hens
was limited to a study by Ellen et al. (2008) who analysed survival time in three
purebred lines. However, the ultimate breeding goal is to improve survival in
crossbred populations. Therefore, in Chapter 2, the aim was to gain insight in the
magnitude of indirect genetic effects for survival time in crossbred laying hens. In
Chapter 3, the aim was to quantify the added value of genomic selection for the
genetic improvement of survival time in crossbred laying hens.

Survival time in laying hens is recorded on individual birds. However, most
production traits in laying hens are recorded on entire groups, resulting in pooled
records. It was unclear if indirect genetic effects can be estimated from pooled
records. Moreover, it was unclear how individual and pooled records on social
interaction traits can be modelled multivariatly. Therefore, in Chapter 4, the aim
was to determine whether pooled data can be used to estimate direct, indirect and
total genetic effects for social interaction traits. In Chapter 5, the aim was to find a
model that yields unbiased genetic parameter estimates for a bivariate analysis of
individual and pooled data on social interaction traits.

The general discussion (Chapter 6) addresses two topics. First, | discussed the
interpretation of T2 as a measure of inheritance for social interaction traits.
Second, | discussed some of the hurdles we run into when aiming to genetically
improve social interaction traits.
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Abstract

Through social interactions, individuals can affect one another’s phenotype. The
heritable effect of an individual on the phenotype of a conspecific is known as an
indirect genetic effect (IGE). Although IGEs can have a substantial impact on
heritable variation and response to selection, little is known about the genetic
architecture of traits affected by IGEs. We studied IGEs for survival time in
domestic chickens (Gallus gallus), using data on two purebred lines and their
reciprocal cross. Birds were kept in groups of four. Feather pecking and cannibalism
caused mortality, as beaks were kept intact. Survival time was shorter in crossbreds
than in purebreds, indicating outbreeding depression and the presence of non-
additive genetic effects. IGEs contributed the majority of heritable variation in
crossbreds (87% and 72%) and around half of heritable variation in purebreds (65%
and 44%). There was no evidence of dominance variance, neither direct nor
indirect. Absence of dominance variance in combination with considerable
outbreeding depression suggests that survival time is affected by many loci. Direct-
indirect genetic correlations were moderately to highly negative in crossbreds
(-0.37 £ 0.17 and -0.83 + 0.10), but low and not significantly different from zero in
purebreds (0.20 * 0.21 and -0.28 * 0.18). Consequently, unlike purebreds,
crossbreds would fail to respond positively to mass selection. The direct genetic
correlation between both crosses was high (0.95 + 0.23), whereas the indirect
genetic correlation was moderate (0.41 + 0.26). Thus, for IGEs, it mattered which
parental line provided the sire and which provided the dam. This indirect parent-of-
origin effect appeared to be paternally transmitted and is probably Z-chromosome
linked.

Key words: social interactions, indirect genetic effects, survival time, parent-of-
origin effect, crossbreeding, laying hens



2. Indirect genetic effects for survival in crossbred laying hens

2.1 Introduction

Social interactions among individuals are widespread in natural and domestic
populations (Frank, 2007). When individuals interact, their phenotype can change
under the influence of the (behavioural) characteristics of conspecifics. In case
these characteristics have a genetic basis, the social environment contains a
heritable component (Willham, 1963; Griffing, 1967; Kirkpatrick and Lande, 1989;
Moore et al., 1997; Muir, 2005; Bijma et al., 2007). The heritable effect of an
individual on the phenotype of a conspecific is known as an indirect genetic effect
(IGE) in evolutionary literature, and as an associative, competition or social effect in
animal, plant and tree breeding literature (Griffing, 1967; Kirkpatrick and Lande,
1989; Moore et al., 1997; Muir, 2005; Bijma et al., 2007; Van Vleck et al., 2007;
Bergsma et al., 2008). The most frequently studied IGE is a maternal genetic effect,
which is the heritable environmental effect of a mother on the phenotype of her
offspring (Willham, 1963; Cheverud, 1984; Kirkpatrick and Lande, 1989; Koerhuis
and Thompson, 1997; Mousseau and Fox, 1998; Eaglen and Bijma, 2009; Bouwman
etal., 2010).

The genetic architecture of traits affected by IGEs can differ substantially from
ordinary traits. IGEs influence a trait’s inheritance and contribute to heritable
variation (Hamilton, 1964a,b; Griffing, 1967, 1977; Kirkpatrick and Lande 1989;
Moore et al., 1997; Wolf et al., 1998; Bijma and Wade, 2008). Early theoretical
work shows that IGEs can explain both positive response to negative selection, e.g.
evolution of altruism (Hamilton, 1964a,b), and negative response to positive
selection, e.g. failure of artificial selection for increased or decreased trait values
(Griffing, 1967). Those theoretical predictions have been substantiated by selection
experiments in animals, plants and bacteria (Wade, 1977; Craig, 1982; Goodnight,
1985; Kyriakou and Fasoulas, 1985; Griffin et al., 2004; Muir, 2005). More recent
theoretical work shows that IGEs can contribute substantially to heritable variation,
even to the extent that heritable variance exceeds phenotypic variance (Bijma,
2011a). Estimates of indirect genetic variance in beef cattle, pigs and laying hens
confirm that IGEs can contribute substantially to heritable variation in agricultural
populations (Van Vleck et al., 2007; Bergsma et al., 2008; Chen et al., 2008; Ellen et
al., 2008; Chen et al., 2009). These findings are in accordance with predictions of
Denison et al. (2003), who argued that IGEs are likely to harbour substantial
heritable variation, which can be used for genetic improvement. Moreover, the
IGE-modelling approach can explain why certain heritable traits, such as success in
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2. Indirect genetic effects for survival in crossbred laying hens

pairwise contests, will never respond to selection (Wilson et al., 2011) and allows
the quantitative genetic modelling of traits that cannot be attributed to a single
individual, such as the number of prey caught by a hunting pack (Bijma, 2011a). The
above demonstrates that IGEs can have a big impact on a trait’s inheritance and
heritable variation. More knowledge of IGEs is needed to predict and understand
response to selection in domestic and natural populations.

Traits affected by IGEs can be modelled using either a trait-based approach or a
variance component approach. In trait-based models, IGEs are attributed to
specific traits and an individual’s IGE is the product of its trait values and a
coefficient representing the strength of the interaction. These models require
knowledge of the social traits that affect the phenotype of a conspecific (Kirkpatrick
and Lande, 1989; Moore et al., 1997). In variance component models, in contrast,
direct and indirect genetic (co)variances are estimated without knowledge of the
social traits that underlie IGEs (Willham, 1963; Griffing, 1967; Muir, 2005; Bijma et
al., 2007). A trait-based approach can help us understand the biological mechanism
of social interactions. However, when the underlying social traits are unknown or
unrecorded, a variance component approach is needed.

At present, knowledge of the magnitude and nature of IGEs is limited (apart from
maternal genetic effects; reviewed by Bijma, 2011b). In laying hens, large and
statistically significant indirect genetic variances were found for survival time in
two out of three investigated purebred lines (Ellen et al., 2008). Results in beef
cattle and pigs are diverse. Some studies report large and statistically significant
indirect genetic variances, while others report the opposite (Van Vleck et al., 2007;
Bergsma et al., 2008; Chen et al., 2008, 2009; Bouwman et al., 2010; Hsu et al.,
2010). In addition to additive genetic effects, IGEs might depend on dominance and
epistasis, affecting the maintenance of genetic variation and the level of heterosis
or inbreeding depression (Lynch and Walsh, 1998). Moreover, IGEs might depend
on maternal effects, sex-chromosome linked effects or imprinting, enforcing
differences among reciprocal crosses. Further study on the magnitude and nature
of IGEs is needed to understand the inheritance of traits affected by IGEs and to
optimize genetic improvement in agriculture and aquaculture.

Here we present estimated genetic parameters for survival time in domestic
chickens (Gallus gallus), using data on two purebred lines and their reciprocal
cross. Survival in livestock populations usually has low heritabilities (Dematawega
and Berger, 1998; Knol et al., 2002; Quinton et al., 2011). In laying hens, estimates
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2. Indirect genetic effects for survival in crossbred laying hens

of genetic parameters for survival during the productive period of group-housed
individuals are, to our knowledge, limited to those of Ellen et al. (2008). Ellen et al.
(2008) estimated genetic parameters for survival time in three purebred layer lines.
Heritability estimates varied between 0.02 and 0.10. However, Ellen et al. (2008)
found substantially more heritable variation when accounting for IGEs. To gain
knowledge of the nature of IGEs for survival time in domestic chickens, we
estimated direct and indirect genetic (co)variances, and investigated whether there
is evidence for dominance, epistasis, maternal effects, sex-chromosome linked
effects or imprinting.

2.2 Background

This section introduces basic quantitative genetic principles of traits affected by
IGEs, using a variance component approach, and introduces the genetic parameters
that will be estimated in the next sections. See Table 2.1 for notation.

Classical quantitative genetic theory defines the phenotype (P) as the sum of a
genetic (A) and a non-heritable (E) component; P = A+ E (Lynch and Walsh,
1998). For traits under the influence of social interactions, the classical model is
expanded with IGEs (Willham, 1963; Griffing, 1967). An individual’s phenotype now
consists of the direct genetic (Ap,) and non-heritable (Ep,) effect of the individual
itself (i) and the indirect genetic (Al].) and non-heritable (EI].) effects of its group

mates (j);

n—-1 n—-1
Pi = ADi + EDi + ZA[]. + Z Ei].,

i#j i#]
where n is the number of group members (Griffing, 1967). With unrelated group
members, the phenotypic variance (of) equals o3  +of + (n—1)oj,
+(n — 1)o§, (Griffing, 1967).
The heritable impact of an individual i on the mean trait value of the population,
known as the total breeding value (At), consists of its direct breeding value (Ap)
and n — 1 times its indirect breeding value (A;);
Ar, = Ap, + (n — DA,
Consequently, the total heritable variance (cﬁT), determining a population’s
potential to respond to selection, equals o,z_\D +2(n —1)op,, + (n— 1)2012%1 (Bijma
et al., 2007).
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2. Indirect genetic effects for survival in crossbred laying hens

Table 2.1 Notation key

Symbol Meaning

i-j Focal individual - Group mates of the focal individual
Ap Direct genetic effect; Direct breeding value

A Indirect genetic effect; Indirect breeding value

Ar Total genetic effect; Total breeding value

Ep Direct non-heritable effect

E| Indirect non-heritable effect

Otage Cage variance

ciD Direct genetic variance

Gil Indirect genetic variance

ciT Total genetic variance

of Error variance

o3 Phenotypic variance

OA; p1v OAz pr Direct-indirect genetic covariances within a cross

I'p Genetic correlation between Ap’s and A;’s within a cross
h? Heritability

T? Total heritable variance relative to phenotypic variance

OaA,p, 1 OA,pq; Direct-indirect genetic covariances between crosses

OAup Direct genetic covariance between crosses
OAslg Indirect genetic covariance between crosses
OAss T Total genetic covariance between crosses

By analogy of the classical heritability (h?), O'/Z_\T can be expressed relative to 0%
(Bergsma et al., 2008);
T? = 04,/0p.
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2. Indirect genetic effects for survival in crossbred laying hens

In conclusion, the relevant genetic parameters for traits affected by IGEs are cﬁD,
OAp, and cil. Based on these parameters, GiT, T? and the direct-indirect genetic

correlation (rp;) are calculated.

2.3 Materials

Data were provided by the Institut de Sélection Animale B.V., the layer breeding
division of Hendrix Genetics. Two commercial purebred White Leghorn layer lines,
W1 and WB, were used to produce 15 012 crossbred laying hens of which 7 668
were W1xWB (3xQ) and 7 344 were WBxW1 (3xQ). Each cross was produced by
randomly mating ~50 sires to ~705 dams, where dams were nested within sires.
Eggs were hatched in two batches. Each batch contained two groups that differed
two weeks in age. Post-hatching, chicks were wing-banded, sexed and vaccinated
for Infectious Bronchitis and Marek’s disease. Their beaks were kept intact. Chicks
of the same cross were housed in cages of 60 individuals. At five weeks of age,
group size was reduced to 20 individuals. At approximately 17 weeks of age, each
batch was placed in a different laying house. The laying houses consisted of four or
five double rows. Only eight rows were used per laying house. Consequently, the
outer two rows were left empty in one of the laying houses. Each row consisted of
three levels, i.e. top, middle and bottom. Four hens of the same cross and age were
randomly assigned to a cage. A feeding trough was located in front of the cage.
Drinking nipples were located in the back of the cage and were shared with back
neighbours. Hence, some interaction with back neighbours was possible, but
interaction with side neighbours was prevented.

The trait of interest, survival time, was defined as the number of days from the
start of the laying period until either death or the end of the experiment, with a
maximum of 398 days. Cages were checked daily. Dead hens were removed and
the cause of death was determined subjectively. The record was set to missing
when the cause of death was clearly unrelated to feather pecking or cannibalism
(n=23, birds with broken wings or legs, and birds that were trapped).

In addition, to investigate the impact of crossbreeding on genetic parameters, data
on 6276 W1 and 6 916 WB purebred laying hens, previously analysed by Ellen et al.
(2008), were reused. More details on the purebred material can be found in Ellen
et al. (2008).
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2. Indirect genetic effects for survival in crossbred laying hens

Table 2.2 Number of laying hens (n), their survival (%) with standard error, and their average number of survival days with
standard error for each cross, level and row within each laying house

Laying house 1 Laying house 2
n Survival Survival days n Survival Survival days

Total 8072 501 2732 6 940 62+1 30712
Cross

W1xWB 4292 53+1 2902 3376 68+ 1 32812

WBxW1 3780 461 254 +3 3564 56+1 28712
Level

Top 2444 42+1 244 +3 356 72+2 33816

Middle 2596 511 279+3 3280 62+1 3062

Bottom 3032 55+1 290+3 3304 62+1 305+2
Row

1 176 55+4 282 +11 632 65+ 2 3145

2 1224 51+1 269+4 884 602 3054

3 1220 501 2764 888 65+ 2 314+4

4 1220 511 278 +4 888 59+2 297 5

5 1224 58+1 305+4 888 61+2 3055

6 1224 49+1 277 4 884 56 +2 285+5

7 1224 44 + 1 249+ 4 884 57+%2 297 £5

8 560 41+2 2317 992 75+1 33914
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2. Indirect genetic effects for survival in crossbred laying hens

2.4 Methods

A linear mixed model was used to estimate genetic parameters for survival time
(motivated in the Results and Discussion). To determine which fixed effects to
include in the model, a general linear model was run in SAS v9.1 (SAS Institute Inc.,
2003). First, an interaction term for each laying house by row by level combination
was included to correct for infrastructural effects (e.g. differences in light
intensity). Second, a fixed effect for the content of the back cage was included,
which was either empty or contained hens. Third, a covariate for the average
number of survival days in the back cage was included. The model was then
extended with random effects in ASReml v3.0 (Gilmour et al., 2009).

To investigate whether genetic parameters differ between both crosses, a bivariate
animal model was used in which survival time was analysed as a statistically
different trait for each cross.

2.4.1 Direct animal model
The following model was used to estimate direct genetic parameters:
Y1 _ X H ] [21 p O “31_1)] + vV, O [cagel] + [el]
Yz 0 X, Z,pllaz2p 0 V,]lcage, el
where subscript 1 refers to W1xWB and subscript 2 refers to WBxW1; y is a vector
of observations; X is an incidence matrix linking observations to fixed effects; b is a
vector of fixed effects; Zp is an incidence matrix linking an animal’s phenotype to
its own Ap; ap is a vector of Ap’s; V is an incidence matrix linking observations to
random cage effects; cage is a vector of independent random cage effects; and e is
a vector of residuals.
The direct genetic covariance structure was:
2

Var [:;_[];] _ [:A1_D (:TA12 D] ®A

- A12 D Az p
where Gil , is the direct genetic variance for W1xWB; Giz 5 Is the direct genetic
variance for WBxW1; Oay,p IS the direct genetic covariance between crosses; and
A is the matrix of additive genetic relationships between individuals, based on five
generations of pedigree.
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2.4.2 Direct-indirect animal model
The following model was used to estimate direct and indirect genetic parameters:

[Y1 X ] [ ] [Z1 D ] [31 D [21 I ] [31 I
YZ 0 XZ ZZD aZD Zz[ aZI

A ] [cagel ]
0 V, (:age2

where the vectors and incidence matrices correspond to those in the direct animal

model; Z; is an incidence matrix linking an animal’s phenotype to its cage mates’

Aj; and a; is the vector of A;’s

The direct-indirect genetic covariance structure was:

2

a; p OA;p  OAizp Oaspi OAipaa

- 2 Oa Oa

Var a,p| Oap  OAsp 2.D.11 2.DI A

a; |~ 2 ’
a, OA4 pi OAzp11 0a;y Oy

2.1

- OA1p21 OA; b1 OAyy g 0‘%2 .

where Gﬁl . is the indirect genetic variance for W1xWB; Giz . is the indirect genetic

variance for WBxW1; o, , is the indirect genetic covariance between crosses;

12_1
Oa, p; IS the direct-indirect genetic covariance within W1xWB; 04, , is the direct-
indirect genetic covariance within WBxW1; OAypoag IS the genetic covariance
between the direct genetic effect of W1xWB and the indirect genetic effect of
WBXW1; and oy, , , , is the genetic covariance between the direct genetic effect of
WBxW1 and the indirect genetic effect of W1xWB.

The above direct-indirect animal model was also used univariate to estimate
genetic parameters in the purebred parental lines, i.e. W1 and WB. The purebred
data were previously analysed by Ellen et al. (2008), but with a different
experimental time span and a slightly different model. Therefore, the purebred
data were reanalysed using the same experimental time span (398 instead of 447
days) and the above direct-indirect animal model.
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2.4.3 Direct-indirect animal model with non-genetic
maternal effects

The following model was used to estimate non-genetic direct and indirect maternal
effects:

o R 1153 A [ o B P i
0 X, Z,pllazp Zy;]13z;
Wi p dam, Wi, dam,
[ 0_ w, D] [damZ_D] + [ 0_ W2_I] [damz:l] +
cage1

[0 Vz] [cagez ]'
where the vectors and incidence matrices correspond to those in the direct-indirect
animal model; Wy is an incidence matrix linking an animal’s phenotype to its own
dam; damyp, is the vector of independent random direct maternal effects; Wj is an
incidence matrix linking an animal’s phenotype to its cage mates’ dam; and dam; is
the vector of independent random indirect maternal effects.
Non-genetic maternal effects account for the covariance between maternal siblings
apart from their additive genetic relationship. Such a covariance may arise because
of shared maternal environment, causing full-sibs to express similar direct or
indirect effects. Moreover, because of the nested mating structure, the maternal
effect also accounts for the covariance among siblings due to non-additive effects
such as dominance and epistasis, both direct and indirect. Omitting non-genetic

maternal effects from the model may cause overestimation of the additive genetic
variance.

2.5 Results and discussion

2.5.1 Descriptive statistics

A significant difference in survival was found between both crosses. Up to day 398,
61% of the W1xWB hens survived, while only 51% of the WBxW1 hens survived
(Figure 2.1). A significant difference in survival was also observed between laying
houses. In laying house one, 50% of the hens survived, while in laying house two,
62% of the hens survived (Table 2.2). This is probably related to the higher light
intensity in laying house one (Ellen et al., 2008), which is known to evoke feather
pecking and cannibalism (Hughes and Duncan, 1972; Savory, 1995; Kjaer and
Vestergaard, 1999).
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Figure 2.1 The Kaplan-Meier survival curve; plotting

survival (%) against the number of test days (0-398) for
the reciprocal cross of two purebred layer lines

2.5.2 Model

When analysing survival time, one should ideally use survival analysis methodology
to account for the skewed and censored nature of the data (Kalbfleisch and
Prentice, 2002). However, survival analysis software does not yet allow the
inclusion of both direct and indirect genetic effects. To circumvent this problem,
Ellen et al. (2010) proposed a two-step procedure, which combines survival analysis
(step one) with a linear mixed model (step two). In the first step, only a direct
genetic effect is modelled using survival analysis. The estimate of this effect is then
used to create a pseudo-record. In the second step, the pseudo-record is modelled
using a linear direct-indirect mixed model. Cross validation results showed that the
ordinary linear mixed model had the same predictive ability of breeding values as
the two-step procedure (Ellen et al., 2010). Ellen et al. (2010) did not investigate
variance component estimation with the two-step procedure. When analysing the
current data with the two-step procedure, the estimated genetic parameters
showed to be highly dependent on the animal to which the phenotype was
allocated in the first step, i.e. the focal animal or one of its group mates. The
decision whether to fit a direct or an indirect genetic effect in the first step should
not affect the final outcome. Hence, more research is needed to optimize the two-
step procedure for variance component estimations. Therefore, the decision was
made to fit a linear mixed model.
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2.5.3 Genetic parameters within crosses

Table 2.3 shows the estimated parameters, for crossbreds, from the direct animal
model. The additive direct genetic variance was highly significant in both crosses.
The heritability was 0.05 for W1xWB and 0.06 for WBxW1. When comparing both
crosses, all variance components were smaller in W1xWB. This is a direct
consequence of the difference in mean survival between both crosses. Since
W1xWB has a higher survival, more observations were censored and less variation
was observed.

Table 2.3 also shows the estimated parameters from the direct-indirect animal
model. The model fitted the data considerably better than the direct animal model
(x-square test; P<0.001). Both Gf\Dand Gil were highly significant in both crosses.
For the same reason as for the direct animal model, all variance components were
smaller in W1xWB. Although 012%1 has a similar magnitude as oﬁD, its contribution to
o% is three times larger and its contribution to GiT is nine times larger (n—1 =3
and (n — 1)? = 9, see Background). T? was 0.26 for W1xWB and 0.17 for WBxW1.
These values substantially exceed the ordinary (direct) h?, indicating that the
majority of heritable variation was hidden in the direct animal model. The
difference in T? between both crosses is primarily due to the difference in Oaps
rather than the difference in direct or indirect genetic, and non-heritable variance.
The direct-indirect genetic correlation was moderately negative for W1xWB (-0.37),
but highly negative for WBxW1 (-0.83). These negative correlations indicate that
individuals with a positive (direct) breeding value for their own survival have, on
average, a negative (indirect) breeding value for the survival of their cage mates
and vice versa. This can be interpreted as heritable competition. With heritable
competition, selection for direct genetic effects results in a negative indirect
genetic response and potentially in a negative net response in the phenotype.
When unrelated group members are selected based on their own performance, the
realized heritability equals [GiD +(n— 1)0ADI]/0§> (Griffing, 1967). Based on the
estimates in Table 2.3, mass selection would result in a realized heritability of 0.00
for W1xWB and -0.06 for WBxW1. Hence, despite substantial heritable variance,
W1xWB would fail to respond to mass selection and WBxW1 would respond in the
opposite direction. The large difference between the realized heritability for mass
selection and T? demonstrates that breeders need to adapt their selection criterion
in order to achieve positive response to selection in these crosses.
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Table 2.3 Estimated parameters with standard error, for crossbreds, from a direct and a direct-indirect animal model

Direct animal model

Direct-indirect animal model

OAipai
OAz b1
T12.p
I121
T2 T

W1xWB WBxW1 W1xWB WBxW1
2764 +205 2914 + 265 1984 + 260 2379306
711+179 1292 £281 536 +152 997 + 226

-197 £ 93 -726 £ 140
536+ 109 767 + 148
12326 £ 270 17 109 + 393 11732 +298 15655 £ 460
15802 + 273 21315+373 15 860 + 289 21332 +401
0.05+0.01 0.06+0.01 0.26 £ 0.06 0.17 £0.05
-0.37+0.17 -0.83+£0.10
697 + 209
261+172
-285+ 185
90 + 190
0.95+0.23
0.41+0.26
0.64 +£0.31
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Estimates of the non-genetic direct and indirect maternal effects were small and
statistically non-significant. This implies that common environmental effects due to
the dam are negligible. Moreover, variance due to dominance and epistasis seem
negligible.

2.5.4 Purebred-crossbred comparison

In crossbreds, 61% of the W1xWB and 51% of the WBxW1 hens survived up to day
398. In the purebred lines, survival up to day 398 was 64% for W1 and 58% for WB.
Thus, on average, survival time was shorter in crossbreds than in purebreds.
Because test circumstances were similar for pure- and crossbreds (same stables,
different year), the decrease in survival is most probably due to non-additive
genetic effects, rather than environmental effects. Non-additive genetic effects and
negligible non-additive genetic variance seem to contradict each other. However, if
many loci influence the trait, dominance variance can be small, despite substantial
(negative) heterosis. Because heterosis is proportional to the dominance effect (d)
at a locus (H~Y,,;;d) and dominance variance is proportional to d?
(62~ Y 0ci d%) dominance variance will decrease when the number loci increases
and heterosis is constant (Robertson et al., 1983; Falconer and Mackay, 1996).
Hence, this suggests that survival time is affected by many loci, which is consistent
with results from Biscarini et al. (2010a) who found 11 direct QTL and 81 indirect
QTL for feather condition score, which is a precursor of survival.

Table 2.4 shows the estimated parameters, for purebreds, from the direct-indirect
animal model. T? was 0.19 for W1 and 0.16 for WB. These values are slightly lower
than in crossbreds. The underlying parameters, however, showed substantial
differences. Although O'tiaS similar in pure- and crossbreds, Uzle was two to six
times larger in crossbreds than in purebreds. Moreover, rp; was low and not
significantly different from zero in purebreds, but moderately to highly negative in
crossbreds. Although T? was similar in pure- and crossbreds, the contribution of
IGEs to o4, differed. The contribution of 2(n — 1)oa,, + (n — 1)%04, to 04, was
87% in W1xWB and 72% in WBxW1, while it was 65% in W1 and 44% in WB.
Moreover, the realized heritability in case of mass selection differed. The realized
heritability was 0.00 for W1xWB and -0.06 for WBxW1, while it was 0.08 for W1
and 0.06 for WB. This indicates that IGEs in crossbreds contribute more to heritable
variation and have more impact on response to selection than in the parental
purebred lines.
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Table 2.4 Estimated parameters with standard error, for
purebreds, from a direct-indirect animal model

w1 WB
Otage 803 + 161 1200 + 237
Oap 656 + 161 1400 + 299
OApy 51+58 -161 + 104
04, 100 + 39 228+71
of 7976 + 205 12 686 + 364
o3 9735+ 187 15971 + 297
T? 0.19 + 0.06 0.16 + 0.05
Ipr 0.2040.21 -0.28+0.18

Unfortunately, because of a lack of close pedigree links between pure- and
crossbreds, purebred-crossbred correlations could not be estimated. The large
difference in rp; between pure- and crossbreds implies that the purebred-
crossbred correlation must be smaller than one, at least for one of the effects (i.e.
direct or indirect). This indicates the presence of non-additive effects such as
dominance or epistasis (Wei et al., 1991), or parent-of-origin effects such as sex-
chromosome linked effects or imprinting.

2.5.5 Genetic parameters between crosses

The genetic correlation between the At’s of both crosses (ry, 1; see Appendix for
derivation) was moderate (0.64) and not significantly different from one (Table
2.3). Underlying, the genetic correlation between direct genetic effects (ry, p) was
high (0.95) and not significantly different from one, while the genetic correlation
between indirect genetic effects (r;,;) was moderate (0.41) and significantly
different from one (Table 2.3). This moderate genetic correlation indicates that, for
IGEs, it mattered which parental line provided the sire and which provided the
dam, i.e. an indirect parent-of-origin effect.

So far, parent-of-origin effects have been reported for direct effects only. In
chickens, direct parent-of-origin effects have been found for feed intake, body
weight, sexual maturity, egg production traits, egg quality traits and viability
(Fairfull et al., 1983; Fairfull and Gowe, 1986; Ledur et al., 2002; Tuiskula-Haavisto
et al., 2004). Parent-of-origin effects can have multiple underlying causes, such as
(cytoplasmatic) maternal effects, sex-chromosome linked effects or imprinting
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(Fairfull et al., 1983; Fairfull and Gowe, 1986; Tuiskula-Haavisto et al., 2004).
Because maternal variances were small and statistically non-significant, they can be
excluded as a potential cause of the indirect parent-of-origin effect found here.
Comparing pure- and crossbred data revealed that the cross with the highest
survival (W1xWB) received the paternal chromosome from the pure line with the
highest survival (W1) and vice versa (Figure 2.2). This result suggests that part of
the genes affecting survival time is located on the paternal sex-chromosome (the Z-
chromosome, which carries more genetic information than the W-chromosome) or
is maternally imprinted. This result agrees with findings of Rodenburg et al. (2003),
who reported a higher sire-based than dam-based heritability for feather pecking.
Severe feather pecking can kill the recipient (Savory, 1995) and has a major impact
on survival time.

350
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c
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w1 WB W1 x WB WB x W1
Line

Figure 2.2 Mean survival (in days) for the purebred lines W1 and WB,
and their reciprocal cross W1xWB and WBxW1

Sex-chromosomes are known to have a substantial impact on sex-specific
behavioural characteristics (Xu et al., 2002; Gatewood et al., 2006). This could also
apply for feather pecking and cannibalism, which is more common in females than
in males (Hughes, 1973; Jensen et al., 2005). On the one hand, sex-chromosomes
contain genes that regulate the expression of gonadal steroid hormones. Hughes
(1973) observed that the simultaneous admission of oestrogen and progesterone
resulted in more feather pecking and cannibalism, while the admission of
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testosterone had the opposite effect. On the other hand, sex-chromosomes
contain genes that are not involved in male or female determination, but do affect
sex-specific characteristics (Gatewood et al., 2006). These genes can reinforce
differences between males and females as, despite a certain degree of dosage
compensation, certain parts of the chromosome remain unequally expressed in
males and females (Xu et al., 2002; Arnold et al., 2008). Biscarini et al. (2010a)
found evidence for Z-chromosome linked IGEs in an association study on feather
condition score in laying hens. Feather condition score serves as a measure for the
severity of feather pecking. Biscarini et al. (2010a) identified 81 QTL for IGEs, of
which six were located on the Z-chromosome. Once more, this suggests that IGEs
for survival time are Z-chromosome linked. On the basis of these observations, the
decision was made to perform a sex-chromosome linked analysis. However, this
model failed to converge.

Alternatively, maternal imprinting, where only paternally inherited alleles are
expressed, could explain the observed parent-of-origin effect. Imprinting in animals
is assumed to be a phenomenon exclusive for placental-marsupial mammals, fish
and insects, expressed at the embryonic or postnatal stage (Reik and Walter, 2001).
However, there are indications that imprinting occurs in birds as well (Reik and
Walter, 2001; Tuiskula-Haavisto et al., 2004; Tuiskula-Haavisto and Vilkki, 2007;
Ubeda and Gardner, 2010). Moreover, imprinting is recently linked to social
behaviour in later stages of life (Garfied et al., 2011). But, because of a lack of
biological evidence, through expression studies at RNA or protein level, imprinting
is an unlikely explanation for the indirect parent-of-origin effect observed here.

If IGEs for survival time are indeed Z-chromosome linked, this could cause the sire
variance to exceed the dam variance. This would occur only if the causal genes on
the Z-chromosome are still segregating within the pure lines. When both pure lines
carry different IGEs on the Z-chromosome, but those do not segregate within pure
lines, then the sire and dam variance would be equal, but r;, | may still be smaller
than one. To investigate this issue, a; in the above direct-indirect animal model was
replaced by an indirect genetic sire and dam effect (model not shown). Results
showed no consistent or significant difference between sire and dam variance. This
suggests that IGE genes on the Z-chromosome do not segregate within the pure
lines. Alternatively, this issue could be explained by a combination of dominance
variance and IGEs segregating on the Z-chromosome within pure lines. In theory,
dominance could inflate the dam variance, while IGEs on the Z-chromosome could
inflate the sire variance by approximately the same amount, resulting in a similar
sire and dam variance. Genome-wide association studies are needed to further
investigate the genetic architecture of survival time in chickens.
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2.7 Appendix

To quantify the similarity between crosses, the genetic correlation between At's
(r1; t) needed to be calculated. ry;, 1 is dependent on the total heritable variance
within crosses (cr,zk1 cand Giz ) and the total genetic covariance between crosses

(Oay, 1) @STi2T = GAlz_T/ Gil_TGiz_T.

With 03, , =Var(A; p+(—1A,;), it follows that o} . =03 ,+
2(n— 1)0‘A—1 o+ (=1%3, . And with o3, =Var(A,p+ (n - 1)A2_I)—, it
follows that ;riz + = Oa,p t 2_(n —1)0a, 5 + (n—— 1)%04, , -

With o4,, , = Covar(A, p + (n = DA, ;; Ay p + (n— 1A, ), it follows that

OAi,r = OApnp + (- 1)0A1_D_2_I + (- 1)GA2_D_1_I + (- 1)ZO-A12_I'

- - —1\2
Ongp pt(M=1)0A; o (F(1-1)04, b o (F(1-D)04,,

Therefore, ry, v = .
- 2 _ —_1)252 2 — —1)252
J(GA1_D+2(H 1)GA1_DI+(n 1) cAl_I)(cAZ_D+2(n 1)0A2_DI+(n 1) O'AZ_I)
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Abstract

Mortality due to feather pecking and cannibalistic behaviour is an important
economic and welfare problem in non-beak-trimmed laying hens. Whether or not a
bird dies depends on the direct (genetic) effect of the animal itself and the indirect
(genetic) effect of its group mates. To improve the trait, animals should be selected
based on their total breeding value, which is a combination of their direct and
indirect breeding value. In this study, we estimated genetic parameters for survival
time using 50 590 records on the crossbred offspring of three sire lines. Genotypic
data (60k) were available on the sires. A sire-line specific analysis was run. Either
the complete dataset censored at 347 days or a subset censored at 414 days was
used. We quantified the impact of the moment of censoring on T?, which is the
total heritable variance relative to the phenotypic variance. Furthermore, we
calculated the change in accuracy obtained by using genotypic information in
addition to pedigree information, and by delaying the moment of censoring. T? for
survival time varied from 0.12 to 0.30. Genetic improvement can, therefore, help to
decrease mortality due to feather pecking and cannibalism. T? was not affected by
the moment of censoring. By using genotypic information in addition to pedigree
information, the accuracy of the estimated total breeding values increased by 20
up to 110% for sires without progeny information, showing the added value of
genomic selection. Moreover, it could be beneficial to extend the moment of
censoring to create more phenotypic variation. However, if this implies deleting
large batches of data with a shorter experimental time span, the benefit could be
lost due to loss of power.

Key words: social interactions, survival time, laying hens, censoring, ssGBLUP
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3.1 Introduction

Mortality due to feather pecking and cannibalistic behaviour in laying hens is an
economic and animal welfare problem that becomes increasingly important as
more countries ban beak-trimming (Leeson and Morrison, 1978; Blokhuis and
Wiepkema, 1998; Huber-Eicher and Sebd, 2001; Van Horne and Achterbosch, 2008;
Nicol et al., 2013). This unwanted behaviour among laying hens causes feather loss,
tissue damage and even death. The problem is more common in alternative
housing systems, such as floor housing and aviaries, than in conventional battery-
cages (Rodenburg et al., 2004; Fossum et al., 2009). Therefore, the ban on
conventional battery-cages in the European Union (Council Directive 1999/74/EC)
makes the problem more apparent.

Mortality due to feather pecking and cannibalism is multifactorial. Diet, group size,
light regime and other environmental effects are known to influence the trait
(Keeling and Jensen, 1995; Van Krimpen et al., 2005; Mohammed et al., 2010;
Rodenburg et al., 2004, 2013; Nicol et al., 2013). Also the genetic background of
the laying hens influences the trait, as some genetic lines show more feather
pecking and cannibalistic behaviour than others (Blokhuis and Beutler, 1992; Jones
et al., 1995; Rodenburg et al., 2010a). Selection experiments and variance
component estimations show that there are good prospects for genetic
improvement (Craig and Muir, 1996; Muir, 1996; Ellen et al., 2008, 2013, 2014;
Peeters et al., 2012, Alemu et al., submitted). Mortality due to feather pecking and
cannibalism is a social interaction trait (Ellen et al., 2008; Peeters et al., 2012),
where a bird’s chance to survive not only depends on the tendency of the bird to
be a victim, i.e. the direct (genetic) effect, but also depends on the tendency of its
cage mates to be aggressors, i.e. the indirect (genetic) effect (Griffing, 1967). To
improve the trait, animals should be selected based on their total breeding value,
which is a combination of an animal’s direct and indirect breeding value (Bijma et
al., 2007). The expected response to selection may increase drastically when social
interactions are taken into account. In the literature, the detected heritable
variation for survival time in non-beak-trimmed group-housed laying hens
increased up to 400% when taking social interactions into account (Ellen et al.,
2008; Peeters et al., 2012).

Several studies have estimated the total genetic variance for survival time in non-
beak-trimmed group-housed laying hens (Ellen et al., 2008; Peeters et al., 2012,
Alemu et al., submitted). Analysis of survival time suffers from censoring, i.e. the
phenomenon where some individuals are still alive at the end of the experiment
and will receive the same phenotype. The moment of censoring differed between
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studies and ranged from 372 up to 447 days. Ellen et al. (2008) analysed survival
time censored at 447 days in three purebred lines. The total genetic variance
relative to the phenotypic variance (T?) varied from 0.06 to 0.19. Peeters et al.
(2012) analysed survival time censored at 398 days in a reciprocal cross. Depending
on the cross, T? was 0.17 or 0.26. Alemu et al. (submitted) analysed survival time
censored at 372 days in the crossbred offspring of two sire lines. Depending on the
sire line, T? was 0.18 or 0.22. In all three studies, the moment of censoring was
chosen based on the batch (i.e. group of animals that was hatched together and
were simultaneously put in the laying house) with the shortest experimental
timespan. Delaying the moment of censoring would be beneficial because the
phenotypic variance increases and fewer animals are censored. However, delaying
the moment of censoring also implies that batches with a short experimental
timespan will be deleted. The impact of delaying the moment of censoring on T?
and the accuracy of breeding values has not yet been studied.

Survival time in non-beak-trimmed group-housed laying hens shows good
prospects for genomic selection. Pure line males and females are usually kept in
individual cages. Their crossbred female offspring, however, are kept in group
cages. Progeny-testing implies longer generation intervals, as results will not be
available until the pure line animals are +/- 700 days old (assuming an experimental
time span of 400 days). Hence, genomic selection could allow us to decrease the
generation interval while maintaining a certain level of accuracy, potentially
increasing response to selection (Meuwissen et al., 2001; Schaeffer, 2006). In
brown layers, Alemu et al. (submitted) showed that the accuracy of the estimated
breeding values for survival time increased up to 40% by using genotypic
information in addition to pedigree information. In white layers, the potential
increase in accuracy of the estimated breeding values for survival time has not yet
been studied.

Here we estimate genetic parameters for survival time in the crossbred offspring of
three sire lines (W1, W5 and W6) using single-step genomic BLUP (Misztal et al.,
2009; Legarra et al., 2009; Christensen and Lund, 2009). We quantify the impact of
the moment of censoring on the estimated variance components and T2.
Furthermore we calculate the change in accuracy when adding genotypic
information in addition to pedigree information and by delaying the moment of
censoring.
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3.2 Materials

Data were provided by the Institut de Sélection Animale B.V., the layer breeding
division of Hendrix Genetics. Phenotypic data were available on 50 590 White
Leghorn laying hens (Gallus gallus) from 13 different crosses (Table 3.1). Pedigree
information was available on the sire side only and traced back six generations.
Genotypic data (60k) were available on the sires only. Out of the 1 335 sires used,
1 144 were genotyped. Crosses were clustered by sire line (W1, W5 and W6) to
allow sire line specific analyses.

Table 3.1 Number of phenotypic records per cross and per

sire line
Sire lines
w1 W5 W6
WA 4155 2685 2205
WB 5610 1345 1 665
g wcC 5035 - 1735
£ WD 5720 - -
° WG - 4175 5460
WH - 5290 5510
Total 20520 13 495 16 575

Eggs were hatched in eight batches. The first batch was hatched in 2007, the last
batch was hatched in 2011. Post-hatching, chicks were sexed, wing-banded, and
vaccinated for Infectious Bronchitis and Marek’s disease. Beaks were kept intact. At
approximately 17 weeks of age, the laying hens were put in a laying house. Hens
were housed in the top two levels of each row. Five hens of the same cross and age
were assigned to a cage. All hens within a cage had the same sire. No dam
information was available. Limited interaction with back and side neighbours was
possible.

43



3. ssGBLUP for survival in crossbred laying hens

The trait of interest, survival time, was defined as the number of days from the
moment the hens were placed in the laying house until either death or the end of
the experiment. Cages were checked daily to remove and record dead laying hens.
Depending on the batch, the experiment ended 347 up to 435 days after placing
the hens in the laying house. Conservatively, the maximum survival time of all
batches was set at the survival time of the batch with the shortest experimental
time span. We analysed two scenarios. In the first scenario, the maximum survival
time of all eight batches was set at 347 days. From the eight available batches, six
had an experimental time span equal or larger than 414 days. Potentially it would
be more informative to delete the two batches with short experimental time span
and to extend the maximum survival time of the six remaining batches. The
phenotypic variance will increase and the percentage of censored records will
decrease. Therefore, in the second scenario, the maximum survival time of those
six batches was set at 414 days. Survival time with a maximum of 347 days (ST347)
and survival time with a maximum of 414 days (ST414) are analysed in this study.
Table 3.2 shows the number of phenotypes and (genotyped) sires per sire line
when the dataset contained either eight batches censored at 347 days or six
batches censored at 414 days.

Table 3.2 Number of phenotypes and (genotyped) sires for each dataset and sire

line
ST347 ST414
w1 W5 W6 w1 W5 W6
# Phenotypes 20520 13495 16575 14975 8215 12390
# Sires' 507 364 464 388 210 341
# Genotyped sires 342 352 450 252 202 329

T Both non-genotyped and genotyped sires

3.3 Methods

3.3.1 Variance components

Variance components were estimated for survival time at two different censoring-
moments (347 and 414 days). Survival time in non-beak-trimmed group-housed
birds is known to be influenced by the social interactions among birds (Craig and
Muir, 1996; Muir, 1996; Ellen et al., 2008, 2013, 2014, Peeters et al., 2012). With
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social interactions, a phenotype consists of the direct genetic (Ap) and
environmental (Ep) effect of the individual itself (i), and the indirect genetic (4;)
and environmental (E;) effects of its group mates (j):

n-1 n-1
P = Ap, + z AI]. +Ep, + Z EI]. [3.1]
1¢] li]
where n is the number of individuals per cage (Griffing, 1967). In this particular
case, all hens within a cage had the same sire. Lack of dam information required
the use of a sire model. The genetic component in Equation 3.1 can be written in
terms of the sire, dam and Mendelian sampling term:

1 n-1 1 n-1
P = 2 ASireDi + Z ASirelj + 2 ADamDi + Z ADaij
i#j i#j
n-1 n-1
-l-MSDi + Z MSI]. + EDi + Z EI]- . [3.2]

i%j i%j
Because all animals within a cage have the same sire, Z{;IASirel_ in Equation 3.2
]

can be replaced by (n — 1)Ag;re, :
j

n—-1
1 1
P = > [ASireDi +(n— 1)ASire1j] + 3 ADamDi + Z ADamlj
i#j
n-1 n-1
+MSp, + Z MS,, + Ep, + Z Ey,- [33]

i#j i#j

Because the sire’s direct and indirect genetic effect are expressed in the same
phenotype, the direct and indirect genetic parameters are completely confounded.
However, the sire component can be rewritten in terms of the total genetic effect
(At). From an animal breeding perspective, At is of interest, because it determines
total response to selection (Bijma et al., 2007). An animal’s At consists of a direct
and indirect component,

Ar =Ap + (n—1)A,. [3.4]
Using Equation 3.3 and 3.4, the sire’s direct and indirect genetic effect can be
replaced by its total genetic effect:

n-1
1 1
P = EASireTi + E ADamDi + Z ADaij
i#j
n-1 n-1
+MSp, + Z MS;, + Ep, + Z Ey,- [3.5]
i#] i#]
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Hence, even though this experimental set-up does not allow the estimation of
direct and indirect genetic effects separately, it does allow the estimation of total
genetic effects when using a sire model.

The following sire model was used to estimate variance components:

y =Xb +Zp, ar, + Vcage+ e, [3.6]
where y is a vector of individual records, X is an incidence matrix linking the
individual records to fixed effects; b is a vector of fixed effects (a fixed effect for
the cross, an interaction term for each laying house by row by level combination
(also corrects for the batch effect), a fixed effect for the content of the surrounding
cages (all three full or 1-2-3 empty) and a covariate for the average survival time in
the surrounding cage); Zr; , is an incidence matrix linking the individual records to
the At’s of the sire; ar is a vector of Ap’s; V is an incidence matrix linking the
individual records to random cage effects; cage is a vector of random cage effects;
and e is a vector of residuals.

Thus, the model has three random effects:

-The genetic sire effect; accounting for one quarter of the total genetic variance,
where the total genetic variance consists of direct and indirect genetic

(co)variances,

1 1
OAr sire = ZGIZAT = Z(GiD +2(n— 1oy, + (n— 1)%03)). [3.7]
-The random cage effect; accounting for the non-genetic covariance among cage
mates (Bergsma et al., 2008) as well as the genetic covariance among cage mates

that was not captured by the sire,

2 2 3 2
OCage = 20g,, + (n — 2)og, + 1 (ZGADI +(n— Z)GAI). [3.8]
-The residual; accounting for the remaining non-genetic variance (Bijma, 2011b) as

well as the remaining genetic variance that was not captured by the sire nor the
cage variance,
2 2 2 3 2 2
O = Of, — 20g,, + O, + Z(O'AD — 204, O'AI). [3.9]
Analogous to the  ordinary heritability, where the direct genetic variance is
expressed relative to phenotypic variance, for social interaction traits, total
heritable variance can be expressed relative to the phenotypic variance (Bergsma
et al., 2008):
2
T? = G—AZT. [3.10]
Op
For each sire line, variance components as well as T?’s were compared for survival
time censored at either 347 or 414 days.
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3.3.2 H-matrix

To estimate variance components and breeding values, the blupf90-family
programs were used (renumf90, airemlf90, preGSf90) (Misztal et al., 2002). These
programs use the single-step method as presented by Aguilar et al. (2010). The
single-step method uses a relationship matrix (H-matrix) that combines the
pedigree-based relationship matrix (A-matrix) and genomic relationship matrix (G-
matrix) (Misztal et al., 2009; Legarra et al., 2009; Christensen and Lund, 2009). The
inverse of the H-matrix has a simple form:

H1=A"14+ [g - EAE%]’ [3.11]
where H is the combined pedigree and genotype relationship matrix, A is the
pedigree-based relationship matrix (A,, is the pedigree relationship matrix of
genotyped animals only) and G is the genomic relationship matrix. To ensure that
all matrices are invertible and to control bias, the genomic relationship matrix was
adjusted to become compatible with the pedigree-based relationship matrix. G=*
in Equation 3.11 was replaced by (aG + BA,,)™ !, where a was set to 0.95 and B
was set to 0.05, which are the default values in the preGSf90 software.

Prior to calculating the G-matrix, genotypes were subjected to quality control.
Monomorphic SNPs, SNPs with a minor allele frequency (MAF) below 5%, a call rate
below 90% and a departure from Hardy-Weinberg Equilibrium (HWE; maximum
difference between observed and expected frequency of heterozygotes is 0.15)
were excluded from further analyses. The departure from HWE was tested for
autosomes and sex-chromosomes, since all genotypes were collected on sires only
(all zz). On average, 37% of the 56 492 SNPs was retained after quality control
(23 016 for W1, 17 621 for W5 and 23 463 for W6). The majority of SNPs was
excluded because they were monomorphic (Table 3.3). This is because the SNP-
chip was developed to be used in a wide range of broiler and layer lines. Even
though more than half of the SNPs on the 60k SNP-chip were fixed within a line,
these monomorphic SNPs were still informative for some of the other lines.
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Table 3.3 Number of SNPs that failed quality control for each dataset and sire line

STs47 STaa
w1 W5 W6 w1 W5 W6

Call rate 951 1143 1057 1010 1066 1083

MAF' 33472 38485 32685 33274 38 645 32794

Monomorphic 29532 34523 28 706 29536 34782 28 797
HWE™ 88 13 5 108 71 45

T Minor allele frequency; include monomorphic SNPs

11 Hardy Weinberg Equilibrium
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3.3.3 Accuracy of estimated breeding values

Through cross validation, the accuracy of estimated breeding values was calculated
when:

(i) using genotypic information in addition to pedigree information (EBV vs GBV)
and/or

(ii) extending the moment of censoring (STas7 Vs ST414).

The cross validation was performed by masking the daughter-phenotypes of 20 to
30 genotyped sires. To allow a fair comparison between ST3,; and ST414, the same
sires were selected in both datasets. This was repeated 10 times, with no overlap in
selected sires between repeats. Normally, to obtain the accuracy, the predicted
breeding value of the sires with masked daughter-phenotype would be correlated
to the mean daughters’ performance, corrected for fixed effects, and divided by
the accuracy of progeny testing. However, in the current dataset, 67 to 84% of the
records are censored. This requires a slightly different approach when calculating
the accuracy. Although no distinction can be made between censored animals, it is
known that they outperformed the non-censored animals. To properly utilize this
information, Ellen et al. (2010) proposed to rank corrected phenotypes, where
animals with a censored phenotype would get the average phenotypic rank of all
censored animals. For example, in an experiment with N animals, from which
N —n are censored, the non-censored animals receive rank 1 to n, while all
censored animals receive the average rank of animal n + 1 up until animal N, i.e. a
value of [(n + 1 + N)]/2 (Figure 3.1).

Rank
n > 1
non-censored | —>
animals — n
N-n
censored —>  [(n+1+N)]/2
animals

Figure 3.1 Ranking animals according to their corrected
phenotypes while taking into account that a proportion
of the animals has a censored phenotype
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The predicted breeding value of the sires with masked daughter-phenotype was
correlated to the mean daughters’ rank and divided by the accuracy of progeny
testing. The accuracy of progeny testing was calculated as:

1
4 0fz*T

—_— [3.12]
Var(pProgeny)

ACCProgeny_testing =

where Var(?pmgeny) is the phenotypic variance of the mean progeny performance.

3.4 Results and discussion

3.4.1 Descriptive statistics

W1 had a higher mortality than W5 and W6, particularly in the first stage of the
laying period (Figure 3.2). However, lines and batches were strongly confounded.
Therefore, the underperformance of W1 might well be a batch-effect.

100

Survival (%)
o
(=)

W1
W5
We

60
0 100 200 300
Survival time (days)
Figure 3.2 The Kaplan—Meier survival curve, showing survival (%) across time (days,
with a maximum of 347) for the offspring of three sire lines

Delaying the moment of censoring from 347 to 414 days caused an average
increase in mean survival time of 52 days (Table 3.4). Consequently, the phenotypic
variance increased. In addition, the percentage of censored records decreased
(Table 3.4).
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Table 3.4 Mean survival time (days) and the percentage of censored records for
two datasets and three sire lines

ST347 STa14
W1 W5 Wé W1 W5 W6
Mean survival time 286 319 323 338 371 375
% Uncensored 31 19 16 33 23 21

3.4.2 Variance components

For STs4, the total genetic variance relative to the phenotypic variance (T?) was
0.30 + 0.03 for crossbreds with a W1 sire, 0.16 + 0.02 for crossbreds with a W5 sire
and 0.12 + 0.02 for crossbreds with a W6 sire (Table 3.5). The estimated T?’s are
similar to the T?’s previously found in purebreds (0.16-0.19 (Ellen et al., 2008)) and
crossbreds (0.17-0.26 (Peeters et al., 2012; Alemu et al., submitted)).

By delaying the moment of censoring from 347 days to 414 days, the phenotypic
variance increased by 46% for W1, 78% for W5 and 84% for W6. Because the
genetic variance increased with approximately the same percentage, T? remained
fairly stable (Table 3.5). These results are consistent with literature. Ellen et al.
(2008) analysed survival time censored at 447 days in three White Leghorn
purebred lines (W1, WB and WF). Peeters et al. (2012) analysed survival time
censored at 398 days in a White Leghorn reciprocal cross (W1xWB and WBxW1). In
order to make a proper comparison between purebred and crossbred
performance, Peeters et al. (2012) re-analysed the W1 and WB purebred data, but
this time censored at 398 days. When comparing GiT, 0,2, and T? for W1 and WB
censored at either 398 or 447 days (Ellen et al., 2008; Peeters et al., 2012), the
same observation was made. The phenotypic variance increased by 31% for W1
and 26% for WB. But, because the genetic variance increased with approximately
the same percentage, T? stayed stable at 0.19 for W1 and only slightly increased
from 0.15 to 0.16 for WB.

3.4.3 Accuracy of estimated breeding values

The accuracy of EBVs varied between 0.16 and 0.23 (Table 3.6). By using genotypic
information in addition to pedigree information, all lines showed an increased
accuracy. The accuracy of GBVs varied between 0.19 and 0.33 (Table 3.6). The
increase in accuracy varied between 20 and 110%. This shows that the breeding
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value estimation of genotyped sires without progeny information would benefit
from genomics. This would help improve survival time in non-beak-trimmed group-
housed laying hens. Alemu et al., (submitted) calculated the accuracy of EBVs and
GBVs for survival time in brown layers, with a similar experimental set-up. The
accuracy of EBVs varied between 0.25 and 0.35, while the accuracy of GBVs varied
between 0.34 and 0.48 (Alemu et al., submitted). By using genotypic information in
addition to pedigree information, accuracy increased between 35 and 40%. Overall,
the accuracy in brown layers was higher than in white layers. This could be
attributed to the lower survival in brown layers, which resulted in a smaller
proportion of censored animals and a more informative dataset.

By extending the moment of censoring from 347 to 414 days, W1 showed a
decreased accuracy, both for EBVs and GBVs. The phenotypic variance increased by
46%. However, this did not outweigh the loss of 27% of data. In contrast, W5 and
W6 showed a stable accuracy for EBVs and an increased accuracy for GBVs. Both
lines were more heavily censored than W1. The phenotypic variance increased by
~81% in these two lines. This benefit slightly outweighed the loss of ~¥32% of data in
these two lines. However, differences were small and standard errors large.
Despite that the results are inconclusive, it is clear that there is an intermediate
optimum, as the two extremes (small dataset and high phenotypic variation vs
large dataset and low phenotypic variation) will not result in accurate breeding
values.

3.5 Conclusions

For survival time in non-beak-trimmed group-housed birds, T? varied from 0.12 to
0.30. Genetic improvement can, therefore, help to decrease mortality due to
feather pecking and cannibalism. By using genotypic information in addition to
pedigree information, the accuracy of the estimated total breeding values
increased by 20 up to 110% for sires without progeny information, showing the
added value of genomic selection. Moreover, it could be beneficial to extend the
moment of censoring to create more phenotypic variation. However, if this implies
deleting large batches with a shorter experimental time span, the benefit could be
lost due to the loss of power.
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Table 3.5 Variance components and T? for survival time for two datasets and three sire lines

STaa7 STa1a
W1 W5 W6 w1 W5 Weé
‘iTSire 777 + 82 195+30 132+21 1102 +£132 301 +60 259 +45
G(Z;age 1189+71 164 £ 34 256 + 30 1561+117 308 +77 436 £ 62
ok 8368 +92 4471+61 3985+49 12378 £ 160 7981 +139 7370+ 105
o3 10334 £123 4830+62 4373 +50 15041 + 207 8590 + 140 8 065 + 107
T? 0.30+0.03 0.16 £ 0.02 0.12+0.02 0.29+0.03 0.14+0.03 0.13+0.02

Table 3.6 Accuracy of EBVs (obtained with an A-matrix) and GBVs (obtained with an H-matrix) for two datasets and three sire line

STy STs14
w1 W5 W6 wi W5 W6
Accuracy EBV 0.23 £0.06 0.16 £ 0.07 0.19 £ 0.05 0.16 £ 0.06 0.16 £ 0.07 0.19 £ 0.05
Accuracy GBV 0.28 £ 0.06 0.23 £0.07 0.29 £ 0.05 0.19 £ 0.06 0.33£0.07 0.30£0.05
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Abstract

Through social interactions, individuals affect one another’s phenotype. In such
cases, an individual’s phenotype is affected by the direct (genetic) effect of the
individual itself and the indirect (genetic) effects of the group mates. Using data on
individual phenotypes, direct and indirect genetic (co)variances can be estimated.
Together, they compose the total genetic variance that determines a population’s
potential to respond to selection. However, it can be difficult or expensive to
obtain individual phenotypes. Phenotypes on traits such as egg production and
feed intake are, therefore, often collected on group level. In this study, we
investigated whether direct, indirect and total genetic variances, and breeding
values can be estimated from pooled data (pooled by group). In addition, we
determined the optimal group composition, i.e. the optimal number of families
represented in a group to minimise the standard error of the estimates. First, all
research questions were answered by theoretical derivations. Second, a simulation
study was conducted to investigate the estimation of variance components and
optimal group composition. Third, individual and pooled survival time records on
12 944 purebred laying hens were analysed to investigate the estimation of
breeding values and response to selection. Through theoretical derivations and
simulations, we showed that the total genetic variance can be estimated from
pooled data, but the underlying direct and indirect genetic (co)variances cannot.
Moreover, we showed that the most accurate estimates are obtained when group
members belong to the same family. Data analyses on survival time records
showed that the correlation between the estimated total breeding values obtained
from individual and pooled data was surprisingly close to one. This indicates that,
for survival time in purebred laying hens, loss in response to selection will be small
when using pooled instead of individual data. In conclusion, using pooled data, the
total genetic variance and breeding values can be estimated, but the underlying
genetic components cannot. The most accurate estimates are obtained when
group members belong to the same family.

Key words: Social interactions, indirect genetic effects, pooled data, survival time,
laying hens



4. Using pooled data on social interaction traits

4.1 Background

Group housing is common practice in most livestock farming systems. Previous
studies have shown that group-housed animals can substantially affect one
another’s phenotype through social interactions (Craig, 1982; Muir, 2005; Van
Vleck et al., 2007, Chen et al., 2008; Ellen et al., 2008; Chen et al., 2009;
Duijvesteijn et al., 2012; Peeters et al., 2012; Muir et al., 2013). The heritable effect
of an individual on its own phenotype is known as the direct genetic effect, while
the heritable effect of an individual on the phenotype of a group mate is known as
the social, associative or indirect genetic effect (Willham, 1963; Griffing, 1967;
Moore et al., 1997; Wolf et al., 1998; Bijma et al., 2007). Both direct and indirect
genetic effects determine a population’s potential to respond to selection, i.e. the
total genetic variance (Willham, 1963; Griffing, 1967; Moore et al., 1997; Wolf et
al., 1998; Muir, 2005; Bijma et al., 2007). Selection experiments in laying hens and
quail (Craig,1982; Muir, 2005; Muir et al., 2013], and variance component
estimates in laying hens, quail, beef cattle and pigs (Van Vleck et al., 2007; Chen et
al., 2008; Ellen et al., 2008; Chen et al., 2009; Duijvesteijn et al., 2012; Peeters et
al., 2012; Muir et al., 2013) have shown that indirect genetic effects can contribute
substantially to the total genetic variation in agricultural populations.

Direct, indirect and total genetic variances can be estimated from individual data.
However, it can be difficult or expensive to obtain individual phenotypes on certain
traits, e.g. egg production and feed intake. Alternatively, data can be obtained on
group level, resulting in pooled records. However, pooling data reduces the
number of data points. Moreover, multiple animals influence each data point,
increasing the complexity of the data. Although there is an obvious loss of power,
previous studies have shown that pooled data can be used to estimate direct
genetic variances for traits not affected by social interactions (Olson et al., 2006;
Biscarini et al., 2008; Biscarini et al., 2010b). However, with social interactions,
indirect genetic effects emerge and the complexity of the data increases further. It
is unclear whether pooled data are still informative in these situations. Therefore,
the main objective of this study was to determine whether pooled data can be used
to estimate direct, indirect and total genetic variances, and breeding values for
traits affected by social interactions. In addition, optimal group composition was
determined, i.e. the optimal number of families represented in a group to minimise
the standard error of the estimates.
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4. Using pooled data on social interaction traits

4.2 Methods

This study was performed in three steps. First, all research questions were
answered by theoretical derivations. Second, a simulation study was conducted to
investigate the estimation of variance components and optimal group composition.
Third, individual and pooled survival time records on 12 944 purebred laying hens
were analysed to investigate the estimation of breeding values and response to
selection.

Table 4.1 lists the main symbols and their meaning.

4.2.1 Theory

Variance components and breeding value estimation

In this section, we examined whether direct, indirect and total genetic variances,
and breeding values can be estimated from pooled data.

With social interactions, an individual phenotype consists of the direct genetic (Ap)
and environmental (Ep) effects of the individual itself (i), and the indirect genetic
(A1) and environmental (E;) effects of its group mates (j):

n-1 n-1
P = Ap, + Ep, + Z AI]_ + Z Ei]_, [4.1]
i#j i#j
where n is the number of individuals per group (Griffing, 1967). From an animal
breeding perspective, the total breeding value (At) is of interest, because it
determines total response to selection. An animal’s At consists of a direct and
indirect component:
Ar, = Ap, + (n— DA, [4.2]
where Ap is expressed in the phenotype of the animal itself and A; is expressed in
the phenotype of each group mate.
A pooled record (P*) consists of the individual phenotypes of all group members
(k):

' n
pr = Z P [4.3]
k=1

It follows from Equations 4.1 and 4.3 that, with social interactions, a pooled record
consists of the Ap and E of each group member, as well as their A} and E; that are

expressed n — 1 times:
n

p* = Z[ADk +Ep, + (n — (A, +Eyp )] [4.4]
k=1

60



4. Using pooled data on social interaction traits

Because an animal’s Ap and A; are expressed in the same pooled record, the direct
Z-matrix that links pooled phenotypes to Ap’s and the indirect Z-matrix that links
pooled phenotypes to A;’s are completely confounded (as shown in Appendix A).

Table 4.1 Notation key

Symbol Meaning

Focal individual - Group mates of the focal individual
Direct genetic effect \ Direct breeding value

Indirect genetic effect \ Indirect breeding value
Total genetic effect \ Total breeding value

Direct environmental effect

Indirect environmental effect

Direct genetic variance

Direct-indirect genetic covariance

Indirect genetic variance

Total genetic variance

Cage variance

Error variance

Phenotypic variance

Pooled error variance

Pooled phenotypic variance

Direct genetic variance relative to phenotypic variance \ Heritability
Total genetic variance relative to phenotypic variance
Full variance

Between-family variance

Within-family variance

Relatedness within a family

Number of families

Number of records per family

Family size

Group size

Hat, denotes estimated values
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4. Using pooled data on social interaction traits

Consequently, direct and indirect (co)variances, and breeding values cannot be
estimated from pooled data.

It follows from Equations 4.2 and 4.4 that, with social interactions, a pooled record
contains the total genetic effect of each group member:

n
pe = Z[ATk +Ed. [4.5]
k=1
Equation 4.5 shows strong similarities with:
n
P = Z[ADk +Ey, [4.6]
k=1

which shows the content of a pooled record when social interactions do not occur.
Previous studies have shown that pooled data can be used to estimate direct
genetic variances (G;‘;D) and direct breeding values for traits that are not affected
by social interactions (Olson et al., 2006; Biscarini et al., 2008; Biscarini et al.,
2010b). Similarly, pooled data can be used to estimate total genetic variances (GiT)
and total breeding values for traits that are affected by social interactions.

Optimal group composition

In this section, the standard error (s.e.) of GﬁT is derived for three experimental
designs that differ with respect to group composition, i.e. group members
belonged to either one, two or n families. The s.e. of an estimate of the genetic
variance depends on the between- (okz,) and within-family variance (0%), the
relatedness within a family (r), the number of families (N), and the number of
records per family (m) (Lynch and Walsh, 1998):

o 1] 2 . . 20%0% od,
s.e.(63) = —
r

op +

N-1 m m(m —1)| [4.7]

Analysis of variance was used to derive Glz, and o2, for each design (see Appendix B
for derivation).

The s.e. of ﬁﬁT differs between experimental designs, because the group
composition changes the within-family variance and the number of records per
family (Table 4.2). On the one hand, the within-family variance decreases when the
number of families per group decreases, causing a strong decrease in s.e.. On the
other hand, the number of records per family decreases when the number of
families per group decreases, causing a slight increase in s.e.. Overall, to obtain the
most accurate estimate of Uzsz: group members should belong to the same family.
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4. Using pooled data on social interaction traits

The only exception is when family size (0) equals group size (n). In this case, there is
only one record per family and ciT would not be estimable.

Ideally, group members should be full-sibs rather than half-sibs, since an increase in
relatedness causes a decrease in the s.e. of ’G\iT.

Table 4.2 Within-family variance (02,) and number of records per family (m) for
three group compositions

0%, m

One 1 ) 2 2 ) ) 0
family H[GPD +2(n - Dop,, + (n— 1?05, + (n — 1)mAT] —TI0a, 0
Two 4 n 20
families [O'%D +2(n - Dopy, + (n — 1)*0p, + (E - 1) roﬁT] — Io4, -
n families n[o} +2(n—Dopy, + (n — 1)%03, | — roi, 0

r, N, n, oand Gf, do not differ between group compositions

4.2.2 Simulation

To validate the theoretical derivations, a simulation study was conducted in R
v2.12.2 (Venables et al., 2011). A base population of 500 sires and 500 dams was
simulated. Each animal in the base population was assigned a direct and indirect

2
OAp  Oap;

breeding value, drawn from N ([g] ,[ D The 04, and o4, were set to

OApy o--‘z\l
1.00, and Oap, Was set to -0.50, 0.00 or 0.50. Each sire was randomly mated to a
single dam, resulting in 12 offspring per mating and a total of 6 000 simulated
offspring. For each offspring, direct and indirect breeding values were obtained as
Ap = Apg,. +3Appy, +MSp and A=A +-Ay  +MS;, where the

direct and indirect Mendelian sampling terms were drawn from

2
o o
N <[g],1[ Ap ADID. Each offspring was also assigned a direct and an indirect

2 2
Oapr O
2
. 01 [Cep OE
environmental value, drawn from N ([O], P2 ) The o, and of, were set
Og OE
DI I

to 2.00, and og,, was set to -1.00, 0.00 or 1.00. Animals were placed in groups of
four. Depending on the scenario, group members belonged to one, two or four
families.
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Individual phenotypes were obtained by summing the direct and indirect genetic
and environmental components according to Equation 4.1. Pooled records were
obtained by summing individual phenotypes according to Equation 4.3. Seven
scenarios were simulated, which differed in 6,5, g, or group composition (Table
4.3). For each scenario, 100 replicates were produced.

Table 4.3 Scenarios used to simulate data

. § "
Scenario OAp, Ogy,,  Group composition

Reference scenario 1 0.00 0.00 Four families
2 -0.50 0.00 Four families
Different o,
3 0.50 0.00 Four families
4 0.00 -1.00 Four families
Different og,
5 0.00 1.00 Four families
6 0.00 0.00 Two families
Different group compositions
7 0.00 0.00 One family

§ 04, and 03 were set to 1.00; o and o, were set to 2.00

Based on the previous section, expectations are that the use of a direct-indirect
animal model for pooled data will fail to differentiate between direct and indirect
genetic effects, while the use of a traditional animal model for pooled data will
yield estimates of ciT. To validate these theoretical predictions, both models were
run.

First, the simulated pooled records were analysed with the following direct-indirect
animal model in ASReml v3.0 (Gilmour et al., 2009):

y* =W +Zpap + Zia; + e, [4.8]
where y* is a vector that contains pooled records (P*); u* is a vector that contains
the pooled mean; Zj is an incidence matrix linking the pooled records to
Ap’s (each pooled record was linked to the Ap’s of the four group members); ap is
a vector that contains Ap’s; Z; is an incidence matrix linking the pooled records to
Ay’s (each pooled record was linked to the A;’s of the four group members); a; is a
vector that contains A;’s; and e* is a vector that contains residuals.
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Second, the simulated pooled records were analysed with the following traditional
animal model in ASReml v3.0:

y'=nw+Za+e" [4.9]
where y*, u* and e* are as explained above; Z* is an incidence matrix linking the
pooled records to A’s (each pooled record was linked to the A’s of the four group
members); and a is a vector that contains A’s.

Based on the previous section, expectations are that the most accurate prediction
of GiT will be obtained when group members belong to the same family. To
validate this theoretical prediction, the predicted s.e. of 6;‘;T was compared to (i)
the standard deviation (s.d.) of 100 estimates of ()'%T (’G\E\T's reported by ASReml)
and (ii) the mean of 100 s.e.’s of 53 (s.e.’s reported by ASReml) for three group

compositions (scenarios 1, 6 and 7 of Table 4.3).

4.2.3 Data analyses

The dataset was part of the pre-existing database of Hendrix Genetics (The
Netherlands) and contained routinely collected data for breeding value estimation.
Animal Care and Use Committee approval was therefore not required.

To validate the theoretical derivations and to gain insight into response to
selection, individual and pooled data on survival time in purebred laying hens
(Gallus gallus) were analysed. Survival time in group-housed laying hens is a well-
known example of a trait affected by social interactions, since a bird’s chance to
survive depends on the feather pecking and cannibalistic behaviour of its group
mates. Ellen et al. (2008) used individual survival time data on three purebred lines
to estimate direct and indirect genetic (co)variances. Large and statistically
significant indirect genetic effects were found in two out of three purebred lines. In
the current study, we used data from those two lines. Data were provided by the
Institut de Sélection Animale B.V., the layer breeding division of Hendrix Genetics.
Data on 13 192 White Leghorn layers were provided of which 6 276 were of line
W1 and 6 916 were of line WB.

At the age of 17 weeks, the hens were placed in two laying houses. The laying
houses consisted of four or five double rows, and each row consisted of three
levels. Interaction with neighbours on the back of the cage was possible, but
interaction with neighbours on the side was prevented. Four hens of the same
purebred line were randomly assigned to each cage. Hens were not beak-trimmed.
Further details on housing conditions and management are in Ellen et al. (2008).
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The individual phenotype was defined as the number of days from the start of the
laying period until either death or the end of the experiment, with a maximum of
398 days. The individual phenotypes were summed per cage to obtain pooled
records. If one individual phenotype was missing, the entire cage was omitted from
the analysis. The final dataset contained records on 6 092 W1 and 6 852 WB hens.
To obtain the direct, indirect and total genetic parameters for survival time, the
individual phenotypes were analysed with the following direct-indirect animal
model in ASReml v3.0:

y = Xb + Zpap + Z;a; + Vcage + e [4.10]
where y is a vector that contains individual phenotypes; X is an incidence matrix
linking the individual phenotypes to fixed effects; b is a vector that contains fixed
effects, which included an interaction term for each laying house by row by level
combination, an effect for the content of the back cage (full/empty) and a covariate
for the average number of survival days in the back cage; Zp, is an incidence matrix
linking the individual phenotypes to Ap’s; ap is a vector that contains Ap’s; Z; is an
incidence matrix linking the individual phenotypes to A;’s; a; is a vector that
contains A;’s; V is an incidence matrix linking the individual phenotypes to random
cage effects; cage is a vector that contains random cage effects (to account for the
non-genetic covariance among phenotypes of cage members (Bergsma et al.,
2008)); and e is a vector that contains residuals. This model yields estimates of GiD,
Oap, and Gzle' from which ’GﬁT can be calculated. Similarly, it yields estimates of
Ap’s and A;’s, from which A;’s can be calculated. To improve a trait, animals
should be selected based on their Ay, since GiT determines a population’s
potential to respond to selection.

Alternatively, a traditional animal model can be used to analyse individual or
pooled data. A traditional animal model on individual data only yields estimates of
()'%D and Ap'’s. A traditional model on pooled data is expected to yield estimates of
GiT and Ar’s, but not of GﬁD and Ap’s. To validate this theoretical prediction, these
traditional models were also run.

First, the individual phenotypes were analysed with the following traditional
(direct) animal model in ASReml v3.0:

y = Xb + Zpap + Vcage + e [4.11]
wherey, X, b, Zp, ap, V, cage and e are as explained above.
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Second, the pooled records were analysed with the following traditional animal
model in ASReml v3.0:

y" ' =X'b"+Za+e" [4.12]
where y* is a vector that contains pooled records (P*); X* is an incidence matrix
linking the pooled records to fixed effects; b* is a vector that contains fixed effects
(the same fixed effects as mentioned above); Z* is an incidence matrix linking the
pooled records to A’s (each pooled record was linked to the A’s of the four group
members); a is a vector that contains A’s; and e* is a vector that contains residuals.
The estimated variance components and breeding values of all three models were
compared. In addition, we calculated the loss in response to selection that would
occur when applying a traditional model to individual or pooled data instead of a
direct-indirect model to individual data. The direct-indirect model applied to
individual data yielded estimates of O'/Z_\T and Ay’s. Based on their A, 250 animals
were selected and the corresponding response to selection was calculated.
Similarly, for the two traditional animal models, 250 animals were selected based
on their Ap (obtained from individual data) and A (obtained from pooled data).
Once the top 250 animals were selected, their At (obtained from individual data)
was used to calculate the total response to selection. Then, the loss in total
response to selection was calculated.

4.3 Results and discussion

4.3.1 Simulation

The direct-indirect animal model on pooled records failed to converge, confirming
that direct and indirect (co)variances cannot be estimated from pooled data. The
traditional animal model on pooled records yielded estimates of 63 and cﬁ*. These
estimates did not differ significantly from the true o3, and o}« (Table 4.4), where

03y = 0%y + 2(0 — Doay, + (0 — 1203, [4.13]
(derived by Bijma et al. (2007)) and
oz = nfog, +2(n — Dog,, + (n — 1)?0F | [4.14]

(analogous to what was found by Biscarini et al. (2010b)).
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Table 4.4 True and estimated o3, and og- for five scenarios

Scenario® 012\T§§ G2 +s.e. 0.5 G2. t s.e.

Gag, = 0.00

1 10.00 10.10+1.85 80.00 80.56 £ 6.69
o5y, = 0.00
O-ADI = _050

2 7.00 7.43 +1.59 80.00 79.29 £+ 6.08
o5y, = 0.00
O-ADI = 050

3 13.00 13.05+2.12 80.00 80.32+£7.30
o5y, = 0.00
Gap, = 0.00

4 10.00 9.70+1.54 56.00 56.54 +5.24
Opy, = —1.00
Gap, = 0.00

5 10.00 9.81+2.10 104.00 104.71 + 8.03
Opy, = 1.00

§ o4, and o3, were set to 1.00; of and of, were set to 2.00; group members belonged to
four different families

§§0%, = 04, + 2(n — 1oy, + (n— 1)%03,

§8§ 0. = n[of +2(n — Do, + (n — 1?0} |

Based on Equation 4.7, the s.e. of GﬁT was predicted for three scenarios that
differed in group composition, i.e. group members belonged to one, two or four
families. The theoretical s.e. of 8,§T was compared to (i) the s.d. of 100 estimates of
Oap (GA,’s reported by ASReml) and (i) the mean of 100 s.e.’s of G%, (s.e.’s
reported by ASReml) (Table 4.5). The theoretical s.e. of 8‘1sz did not differ
significantly from the values obtained by simulation. Moreover, as predicted, the
most accurate estimate of GE\T was obtained when group members belonged to the
same family. In comparison, the s.e. of 8,§T was twice as large when group
members belonged to different families. This indicates that group composition is
crucial when aiming to obtain accurate estimates.
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Table 4.5 Theoretically predicted s.e(ﬁf\T),s.d.(Gin ands.e. (’G‘ﬁT) % for three

group compositions

Scenario®®® s.e(6%,),  s.d.(64,) £s.d. s.e. (aﬁT) +s.d.
Four families 1 1.88 2.01+0.14 1.85+0.13
Two families 6 1.30 1.23 £ 0.09 1.23 £ 0.08
One family 7 0.92 0.81 £+ 0.06 0.92 +£0.05

§5.d.(63,) based on 10063, s reported by ASReml
§§s.e. (GﬁT) based on 100 s.e.’s reported by ASReml|

§8§ 03  and o3 were set to 1.00; 6, was set to 0.00; of_ and of, were set to 2.00; o,
was set to 0.00

4.3.2 Data analyses

Table 4.6 shows the estimated variance components for individual survival time
data analysed with a direct-indirect animal model and the estimated variance
components for individual and pooled survival time data analysed with a traditional
animal model. The direct-indirect animal model on individual data yielded
estimates of GiD, Oap, and Gil. Based on these components, GﬁT was calculated
(according to Equation 4.13). The traditional animal model on individual data
yielded estimates of O'/Z_\D. The traditional animal model on pooled data yielded
estimates of 0% that closely resembled the estimates of Uzsz from individual data.
The direct-indirect animal model on individual data also yielded estimates of O'éage
and o%. As derived by Bergsma et al. (2008), G%age is an estimate of 2og, +
(n — 2)0%,. As derived by Bijma (2011b), G% is an estimate of of  — 205, + OF,.
As shown in Equation 4.14, 8% is an estimate of n[céD +2(n - Dog,, +
(n—1)20% |. Consequently, the G¢age and Gf from the direct-indirect animal
model on individual data should sum to the Gg+ from the traditional animal model
on pooled data. More precisely:

8% = n%*6%,q + NG} [4.15]
The expected G-, calculated based on the G%age and Gé from the direct-indirect
animal model on individual data, and the G3- from the traditional animal model on
pooled data closely resembled each other.
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Table 4.6 Estimated variance components with s.e. from individual and pooled data

on survival time in laying hens

w1 wB
Direct-indirect animal model on individual data

Oap 705 * 171 1404 +301
Oap 59 + 61 -162 + 105
A, 104 +41 23272
Otage 799 £ 166 1191+238
of 7980 £210 12 675 £ 365
Oar § 1996 + 640 2521+842

Expected o7 §§ 44700 +2 526

Traditional (direct) animal model on individual data

69752 +3513

of\D 677 + 165 1522 +317
G%age 1096 + 127 1443 +186
0% 8002 £ 205 13008 + 338
Traditional animal model on pooled data

A 1979 +643 2521+ 845
o5 44750 +2 538 69 750 + 3 519

2 2 2
§ In groups of four, o3, equals o3 + 60, + 903,

§§ In groups of four, 6§+ equals 160¢,g, + 40%

Table 4.6 does not show heritability estimates. Where the classical heritability (h?)
is used to express GiD relative to the phenotypic variance (03), T? is used to
express ciT relative to 6% (Bergsma et al., 2008). Comparing values of T? obtained
from individual and pooled data would be misleading because they are not
expected to be similar. 012,* cannot simply be divided by the number of group
members to obtain 0123. When group members are unrelated,

op = 04, + (n— 1o, + of + (n—1)of, [4.16]
and
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Op+ = noj, + Op

=n[oi, +2(n — Do, + (n — 1?0}, + [4.17]

o, +2(n — Doy, + (n— 1?0f ]

The non-proportional increase of the phenotypic variance does not enable a
meaningful comparison between values of T? obtained from individual and pooled
data.
In conclusion, when group members are unrelated, a traditional animal model on
individual data yields estimates of GiD, while a traditional animal model on pooled
data yields estimates of Uzsz- Moreover, the estimated cage and error variances
from a direct-indirect animal model on individual data sum to the pooled error
variance from a traditional animal model on pooled data (Equation 4.15). This
result could explain the ‘inconsistencies’” found by Biscarini et al. (2008), who
assumed that a traditional animal model on individual and pooled data should yield
the same genetic variance. Moreover, Biscarini et al. (2008) expected to find a
pooled error variance that is four times larger than the individual error variance.
For body weight at the age of 19 and 27 weeks, these expectations were met. For
body weight at the age of 43 and 51 weeks, however, the genetic variance
estimated from pooled data was smaller than expected, while the pooled error
variance was larger than expected. Biscarini et al. (2008) mentions the emergence
of competition effects as a possible cause. We indeed expect to find indirect
genetic effects when the individual data on body weight at the age of 43 and 51
weeks were reanalysed with a direct-indirect animal model. Using Equations 4.13
and 4.15, the estimated variance components from individual data would resemble
the estimated variance components from pooled data.
The regression coefficients of Ap’s obtained from individual data on the A’s
obtained from pooled data strongly deviated from one (0.36 + 0.01 for W1;
0.39 + 0.01 for WB). The regression coefficients of A1’s obtained from individual
data on the A’s obtained from pooled data were close to, and not significantly
different from, one (1.00 + 0.01 for W1; 1.00 + 0.01 for WB). This indicates that the
A’s obtained from pooled data are unbiased estimates of the Ay’s obtained from
individual data. Table 4.7 shows Spearman correlation coefficients between Ap’s
and Ay’s obtained from individual data, and the A’s obtained from pooled data.
The Spearman correlation coefficients between the A1’s obtained from individual
data and the A’s obtained from pooled data were close to, but significantly
different from, one. This indicates only a minor loss in the accuracy of A7’s when
using pooled instead of individual data, which will be reflected in a minor loss in
response to selection when using pooled instead of individual data.
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Table 4.7 Spearman correlation coefficients between Ap’s and Ay’s obtained from
individual data, and A’s, with s.e., obtained from pooled data on survival time in

laying hens
Ap At A
Ap 0.513 +£0.009 0.412 +0.010
At 0.725 £ 0.008 0.992 +0.001
A 0.543 £0.010 0.967 + 0.003

Spearman correlation coefficients for data on W1 hens below the diagonal and for data on
WB hens above the diagonal
S.e.’s were obtained with R v3.1.1 and very slightly deviated from s.e.’s reported in GSE

To gain more insight, we calculated the loss in response to selection that occurs
when applying a traditional model to individual or pooled data instead of a direct-
indirect model to individual data. When applying a traditional model on individual
data, the loss in total response to selection was 46.9% for W1 (Figure 4.1A) and
54.9% for WB (Figure 4.1C). When applying a traditional model on pooled data, the
loss in total response to selection was 3.3% for W1 (Figure 4.1B) and 0.3% for WB
(Figure 4.1D).

In conclusion, the loss in total response to selection will be large when using a
traditional animal model on individual data, but will be small when using a
traditional animal model on pooled data. However, this outcome may be specific to
this dataset. Survival time in purebred laying hens was recorded in cages with four
unrelated birds. Both direct and indirect genetic effects strongly influenced the
trait. Group size, group composition, and the relative impact of direct and indirect
genetic effects might influence the loss in total response to selection. For example,
for body weight at 19 and 27 weeks of age, indirect genetic effects are expected to
be small. In that case, an animal’s A is mainly expressed in the phenotype of the
animal itself. Consequently, we expect that more accurate estimated breeding
values can be obtained when using individual instead of pooled data. Biscarini et al.
(2008) found a correlation of ~ 0.75 between the estimated breeding values based
on individual and pooled data, resulting in a large loss in response to selection
when using pooled instead of individual data. Thus, using pooled data does not
always seem to be a proper alternative and requires further research.
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Figure 4.1 A;’s obtained from individual data plotted against Ap’s obtained from
individual data and A’s obtained from pooled data on survival time in laying hens.

A and B for data on W1 hens. C and D for data on WB hens; AG; represents the total
response to selection when selecting animals based on their Ap obtained from individual
data or A obtained from pooled data; AG, represents the total response to selection when
selecting animals based on their A1 obtained from individual data.

4.4 Conclusions

Using pooled data, the total genetic variance and breeding values can be
estimated, but the underlying direct and indirect genetic (co)variances and
breeding values cannot. The most accurate estimates are obtained when group
members belong to the same family. While quantifying the direct and indirect
genetic effects is interesting from a biological perspective, obtaining the total
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genetic effect is most important from an animal breeding perspective. When it is
too difficult or expensive to obtain individual data, pooled data can be used to
improve traits.
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4.6 Appendix A

This section demonstrates why direct and indirect (co)variances can be estimated
from individual data, but cannot be estimated from pooled data.

Consider a situation where four base parents produce six offspring. Animals are
kept in groups of two and individual phenotypes are recorded on all six offspring
(Table 4.8).

Table 4.8 Example pedigree structure and group composition

Animal Sire Dam Phenotype Group
1 - - - -
2 - - - -
3 - - - -
4 - - - -
5 1 3 4 1
6 2 4 v 1
7 1 4 v 2
8 2 3 v 2
9 2 3 4 3
10 2 4 v 3
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When analysing individual data with a direct-indirect animal model, the Z-matrices

would be:
0 0 0 01 0 0 0 0 O
0 00O0OO1T 0 O0 00O

Zp = 0 0 00OOO 1 O0TO0TDO0 ,
0 0 0O0OO O O 1T 00
0O 0000 O O O0OT1TTDO
0 0 0 0 0OOO O 0 1
0 0 0 0 O1 0 0 0 O
0 00001 00 0 00O

7, = 0O 00 0O O OT1TUO0OTFPO
0O 0000 O 1T O0O0TDO
0O 0000 O O O0OTUO0OT1
0O 0000 0O O O0 1 O

Z and Z; are not identical, indicating that the direct and indirect genetic effects
are estimated based on different information sources, enabling the model to
distinguish between these two effects.

When analysing pooled data with a direct-indirect animal model, the Z-matrices

would be:
0 0 0 0 1. 1 0 0 0 O
Z, =10 0 0 0 0 0 1 1 0 O

0 0 0 00O O 0 1 1l

0 0 0 01 1 0 0 0 0]
Z; ={0 0 0 00 01 1 0 of
0 0 0 000 0 0 1 1l
Zp and Z;i are identical, indicating that the direct and indirect genetic effects are

estimated based on the same information source, causing complete confounding
between direct and indirect genetic effects. The model will not be able to
distinguish between these two effects.

4.7 Appendix B

Components of variance are determined by analysis of variance, where the full
variance (o2) is partitioned into a between- (62) and within-family component
(6%,). In this section, the derivation of 02, 012) and o2, are presented for three group
compositions.
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(i) When the group is composed of only one family, the At of a family is expressed
n times in the same pooled record. Therefore, the record of interest is P*/n

o2 = 0_12,* B n(o, +2(n — Dop,, + (n — 1)%03,)

7 n2 n2
n(n — 1)1”(0%,3 +2(Mm— Doy, + (n— 1)20i1)
12
op, +2(n — Dop,, + (n — 1?0 + (n— Drog,

n
2 __ 2
Oop = rO'AT

o2 = op, +2(n — Dop,, + (n— D% + (n — Droj, _

2
ro
n Ar

(i) When the group is composed of two families, the At of a family is expressed

n/2 times in the same pooled record. Therefore, the record of interest is
2P*/n.

o2 = 4op. 4n(of, + 2(n — Dop,, + (n — 1)?03))

1= = -
4n (% B 1) r(Gzsz +2(Mm— Doy, + (n— 1)20i1)
12
= H(GIZDD +2(n— 1)(;PDI +(n-— 1)2012’1 n (g _ 1) I’GﬁT)
ol =rox

T

4 n
0%, = H(cl%D +2( — Dopy, + (n — 1?03, + (E - 1) roﬁT) — IO4,

(iif) When the group composition is random, the At of a family is only expressed
once per pooled record. Therefore, the record of interest is P*.

02 = o3 =n(op, + 2(n — Dop,, + (n — 1)?03))
Op = I'G4,
0% =n(of, +2(n— Dopy, + (n — 1)?0} ) — roz,
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Abstract

Individual data collection on group-housed animals can be difficult and expensive.
Alternatively, data can be collected at group level, e.g. egg production or feed
intake. Thus, phenotypic records on one animal can come from different levels.
Bivariate analysis can introduce an issue with the non-genetic correlation between
both traits, particularly for social interaction traits. For individual data, direct and
indirect environmental effects are captured by two model terms: the group effect
and the residual. However, for pooled data, direct and indirect environmental
effects are captured by the residual only. Most statistical software programs
cannot fit a correlation between the random group effect of the individual trait and
residual of the pooled trait. This can result in biased genetic parameter estimates.
We propose to adjust the model by adding a random group effect for the pooled
trait and correlating it with the random group effect of the individual trait. The
variance of the random group effect of the pooled trait needs to be set to a fixed
value to avoid over-parameterization. A simulation study was conducted to validate
whether the adjusted model indeed yields unbiased genetic parameter estimates.
Subsequently, the genetic correlation between survival time (individual records)
and early egg production (pooled records) in crossbred laying hens was estimated.
The simulation study showed that the adjusted model, unlike the unadjusted
model, resulted in unbiased genetic parameter estimates. With the adjusted
model, the estimated genetic correlation between survival time and early egg
production was negative (-0.09), but not significantly different from zero. In
conclusion, to obtain unbiased genetic parameter estimates, it is necessary to add
a random group effect for the pooled trait, to fix its variance, and to include a
correlation with the random group effect for the individual trait.

Key words: Social interactions, indirect genetic effects, pooled data, survival time,
early egg production, laying hens



5. Bivariate analyses of individual and pooled data on social interaction traits

5.1 Background

Individual data collection on group-housed animals can be difficult and expensive.
Alternatively, data can be collected at group level, e.g. egg production or feed
intake. Thus, phenotypic records on one animal can come from different levels.
Bivariate analysis of individual and pooled data requires full understanding of the
underlying genetic and environmental relationships. This becomes more complex
when animals affect one another’s phenotype through social interactions, which is
common in group-housed animals. With social interactions, an individual has a
direct (genetic) effect on its own phenotype and an indirect (genetic) effect on the
phenotypes of its group mates (Griffing, 1967). Both direct and indirect genetic
effects determine a population’s potential to respond to selection, i.e. the total
genetic variance (Bijma, 2011a). Previous studies have shown that direct, indirect
and total genetic variances can be estimated from individual data, whereas only
the total genetic variance can be estimated from pooled data (Muir, 2005; Bijma et
al., 2007; Peeters et al., 2013). Here, we present a model that yields unbiased
genetic parameter estimates for a bivariate analysis of individual and pooled data
on social interaction traits. The model was validated through simulation and was
then used to estimate genetic correlations between survival time (individual
records) and early egg production (pooled records) in crossbred laying hens. This
correlation was of interest because previous research suggested that selection for
increased survival time delays the onset of lay, and the other way around (Lowry
and Abplanalp, 1972; Craig et al., 1975; Bhagwat and Craig, 1977; Ellen, 2008).

5.2 Methods

This study was performed in three steps. First, the bivariate analysis of individual
and pooled data on social interaction traits was theoretically evaluated. We will
show that, by using the default model, the analysis can result in biased genetic
parameter estimates. We then propose a simple adjustment to the model to avoid
this bias. Second, a simulation study was conducted to validate whether the
adjusted model indeed yields unbiased genetic parameter estimates. Finally, the
genetic correlation between survival time (ST; individual records) and early egg
production (EEP; pooled records) in crossbred laying hens was estimated.
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5. Bivariate analyses of individual and pooled data on social interaction traits

5.2.1 Theory

This section shows that, by using the default model, the bivariate analysis of
individual and pooled data on social interaction traits can result in biased genetic
parameter estimates, and introduces a simple adjustment to the model to avoid
this bias.

Individual records

With social interactions, an individual record (P) consists of the direct genetic (Ap)
and environmental (Ep) effect of the individual itself (i), and the indirect genetic
(A;) and environmental (E;) effect of each of its n — 1 group mates (j):

n—-1 n—-1
P, = Ap, + Ep, + Z Ay + Z Ey, [5.1]
i#j i#j
where n is the number of individuals per group (Griffing, 1967). When estimating
genetic parameters from individual data, the following direct-indirect animal model
is commonly used (Bergsma et al., 2008; Ellen et al., 2008; Peeters et al., 2012):
y =Xb + Zpap +Zja; + Vg + e, [5.2]
where y is a vector of individual records, X is an incidence matrix that links the
individual records to fixed effects; b is a vector of fixed effects; Zp is an incidence
matrix that links the individual records to Ap’s; ap is a vector of Ap’s; Z; is an
incidence matrix that links the individual records to A;’s; ay is a vector of A;’s; V is
an incidence matrix that links the individual records to random group effects; g is a
vector of random group effects; and e is a vector of residuals. The random group
effect 04 accounts for the non-genetic covariance among group members
(Bergsma et al., 2008), i.e.:

o¢ = 205y, + (n — 2)og,. [5.3]
The residual accounts for the remaining non-genetic variance (Bijma, 2011b):

of = o, — 205y, + O, [5.4]
Pooled records

A pooled record (P*) is a summation of the individual records of all (k) group
members:

n
pr = Z Py [5.5]
k=1
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5. Bivariate analyses of individual and pooled data on social interaction traits

It follows from Equation 5.1 and 5.5 that, with social interactions, a pooled record
consists of the Ap and E of each group member, as well as their A; and E; that are
each expressed n — 1 times, i.e.:

n
P*= > [Ap, + Ep, + (0= DAy, +Ey)] [5.6]
k=1

Peeters et al. (2013) showed that direct and indirect genetic effects cannot be
estimated from pooled data. However, a pooled record can be rewritten in terms
of the total genetic effects (Ar) of all k group members. From an animal breeding
perspective, Ap is of interest, because it is the genetic variance relevant for
selection (Bijma, 2011a). An animal’'s At consists of a direct and indirect
component,

ATi = ADi + (n - I)Ali, [57]
where Ap is expressed in the phenotype of the animal itself and A; is expressed in

the phenotype of each group mate. Therefore, Equation 5.6 can be rewritten as:
n

P* = Z[ATk +Ep, + (0 — DE,]. [5.8]
k=1

When estimating genetic parameters from pooled data, the following pooled
animal model can be used (Peeters et al., 2013):

y* =X"b" + Zrar + €7, [5.9]
where y* is a vector of pooled records, X* is an incidence matrix linking the pooled
records to fixed effects; b* is a vector of fixed effects; Zg is an incidence matrix
linking the pooled records to At’s (each pooled record is linked to the At’s of the k
group members); at is a vector of At’s; and e* is a vector of residuals. The residual
accounts for the direct-indirect non-genetic (co)variances (Peeters et al., 2013), i.e.:
oz =n[of, +2(n—1) o, + (n—1)? 0 |. [5.10]
Bivariate analysis of individual and pooled data on social interaction traits can
introduce an issue with the non-genetic correlation between both traits. For
individual data, direct and indirect environmental effects are captured by two
model terms, ie. g and e. However, for pooled data, direct and indirect
environmental effects are captured by one model term only, ie. e*. In most
statistical software programs, correlations can only be fitted between genetic
terms and between corresponding environmental terms, e.g. a correlation can be
fitted between the residual of the individual and pooled trait. On the contrary, a
correlation cannot be fitted between the random group effect of the individual
trait and the residual of the pooled trait. This can bias the (genetic) parameter
estimates. To overcome this problem, we propose to add a random group effect for
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5. Bivariate analyses of individual and pooled data on social interaction traits

the pooled trait, which can then be correlated to the random group effect of the
individual trait. However, the random group effect and residual of the pooled trait
will be completely confounded, because there is only a single record per group. To
avoid over-parameterization, the group variance of the pooled trait needs to be set
to a fixed value, which makes the residual variance identifiable. The group variance
should be set to a realistic value to avoid any of the other non-genetic parameters
to be outside of their parameter space. We propose to use half of the pooled
residual variance that was found in the univariate analysis of the pooled trait.

From this point onwards, a bivariate model without a random group effect for the
pooled trait will be referred to as the unadjusted model, whereas the bivariate
model with a random group effect for the pooled trait will be referred to as the
adjusted model.

5.2.2. Simulation

To validate the theoretical expectations, a simulation study was conducted. Using R
v2.12.2 (Venables et al., 2011), a base population of 500 sires and 500 dams was
simulated. Each animal in the base population was assigned direct and indirect
breeding values for two social interaction traits. Breeding values were drawn from
a multivariate normal distribution, where the direct and indirect genetic variances
of both traits were set to 1.00 and all covariances were set to 0.25. Each sire was
mated to a single randomly chosen dam, resulting in 12 offspring per mating and
6 000 offspring in total. Offspring breeding values were obtained (separately for
A1y, Aq, Azp and Ay)) as A=%ASire +% Apam + MS. The direct and indirect
Mendelian sampling terms were drawn from a multivariate normal distribution,
where the direct and indirect genetic variances of both traits were set to 0.50 and
all covariances were set to 0.125. Each offspring was also assigned direct and
indirect environmental values for each trait. The environmental values were drawn
from a multivariate normal distribution where the direct and indirect
environmental variances of both traits were set to 2.00 and all covariances were
set to 0.50. Four animals were randomly assigned to a group, resulting in 1 500
groups. For Trait 1, individual phenotypes were obtained by adding up the direct
and indirect genetic and environmental components according to Equation 5.1. For
Trait 2, pooled records were obtained by adding up the direct and indirect genetic
and environmental components according to Equation 5.6. One hundred replicates
were produced.
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5. Bivariate analyses of individual and pooled data on social interaction traits

An unadjusted bivariate model was fitted in ASReml v3.0 (Gilmour et al., 2009),
where the individual records were evaluated with a direct-indirect animal model
(Equation 5.2) and the pooled records were evaluated with a pooled animal model
(Equation 5.9). The genetic (co)variance structure was:

2
a; p OA1p Oaspr OAspar
2
Var (@11 OA; pi OAq g OAs 1z R A.
T

OAipor OAigarT 0-AzT
The residual (co)variance structure was:

Var[ ] [ GE“] QL

GEZ
Based on the theory, we expect a bias in the genetic parameter estimates because
the correlation between the random group effect of the individual trait and the
residual of the pooled trait is ignored. Therefore, an adjusted bivariate model was
fitted in ASReml v3.0, where the pooled records were evaluated with a pooled
animal model (Equation 5.9) that included a random group effect. This random
group effect was correlated to the random group effect of the individual trait. The
(co)variance structure of the random group effect was:

81 0é1 061,
Var [gz] = [G o2 ] X1,

G12 Gz

where 0%2 was fixed as it is completely confounded with cﬁz. The céz was fixed at
a value of 46, which is half of the expected pooled residual variance (Equation
5.10).

5.2.3 Survival time and early egg production

To investigate whether selection for increased survival time in laying hens will
indeed delay the onset of lay, we estimated the genetic correlation between
survival time (ST) and early egg production (EEP) using the adjusted model.

The dataset was part of the pre-existing database of Hendrix Genetics (The
Netherlands) and contained routinely collected data for breeding value estimation.
Animal Care and Use Committee approval was therefore not required.

Two commercial purebred White Leghorn layer lines, W1 and WB, produced 15 012
crossbred laying hens (Gallus gallus) of which 7 668 were W1xWB (3xQ) and 7 344
were WBxW1 (3xQ). On average, each cross was produced by mating ~50 sires to
~705 randomly assigned dams, where dams were nested within sires.
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5. Bivariate analyses of individual and pooled data on social interaction traits

At approximately 17 weeks of age, the hens were placed in two laying houses. The
laying houses consisted of four or five double rows, and each row consisted of
three levels. Interaction with back neighbours was possible, but interaction with
side neighbours was prevented. Four hens of the same cross were randomly
assigned to a cage. Thus, other than by chance, cage mates were unrelated. Hens
were not beak-trimmed. Further details on housing conditions and management
are in Peeters et al. (2012).

The traits of interest were survival time and early egg production. Survival time (ST)
was defined as the number of days from the moment the animal was placed in the
laying house until either death or the end of the experiment, with a maximum of
398 days. Early egg production (EEP) was defined as the number of eggs produced
by four birds within a cage, from the age of 129 days until 143 days (two-week
period). Because EEP is a pooled record, all four birds had to be alive during this
two-week period. Therefore, EEP was set to missing for 983 cages.

ST was analysed both as an individual and pooled trait. This was done for two
reasons. First, it gives the opportunity to compare the variance components for ST
obtained from individual and pooled records. Second, it gives the opportunity to
compare the correlations between (i) pooled ST and pooled EEP, (ii) individual ST
and pooled EEP from the unadjusted model, and (iii) individual ST and pooled EEP
from the adjusted model. Pooled ST records were obtained by summing the
individual ST records within the group (Equation 5.5). When pooling data, all four
records in a group had to be known. Therefore, 23 cages were excluded from the
analysis, since some individual records were missing.

The dataset was split up to enable separate analyses for W1xWB and WBxW1 data,
as a previous analysis showed that reciprocal effects influence ST (Peeters et al.,
2012)

Univariate analyses for survival time and early egg production

When using individual records on ST, direct and indirect genetic parameters were
estimated by fitting a direct-indirect animal model in ASReml v3.0 (Equation 5.2).
The fixed effects were an interaction term for each laying house by row by level
combination, a fixed effect for the content of the back cage (empty or contains
hens) and a covariate for the average number of survival days in the back cage.
When using pooled records on ST and EEP, total genetic parameters were
estimated by fitting a pooled animal model in ASReml v3.0 (Equation 5.9). For ST,
the same fixed effects were used as in the previous model; for EEP, only interaction
term for each laying house by row by level combination was used.
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Additional analysis on EEP was performed to check for potential bias due to data
pre-selection, as 26% of the EEP records were non-randomly set to missing.
Whether or not a record was set to missing depended on the mortality within a
cage in the first two weeks of egg production. This type of pre-selection can cause
potential bias in the genetic parameter estimation (Henderson, 1975). To check for
potential bias due to pre-selection, a bivariate analysis was fitted between EEP and
the pre-selection parameter (Arnason, 1999; Ducro, 2010; Albertsdottir et al.,
2011). The pre-selection parameter was a binary 0-1 trait, where all cages with a
missing record were assigned ‘0’, whereas cages with an EEP record were assigned
‘1’. The necessity of a pre-selection parameter will be judged by the change in total
genetic variance for EEP when adding the pre-selection parameter as a second trait
to the model.

Genetic correlations between survival time and early egg production

A bivariate model was fitted in ASReml v3.0, where both ST and EEP are pooled
records. There is no issue with the non-genetic correlation in a bivariate analysis of
two pooled traits and, consequently, there is no bias in genetic parameter
estimates. The genetic (co)variance structure was:

o3
agr Asrt OAstEEP
Var T ] I T T"I® A.

aEEPT

OAsrEEPT GAEEPT
The parameter of interest was the genetic correlation between total breeding
values for ST and EEP (rpg, EEPT). This unbiased estimate can be used as a reference

when comparing it to correlations that are obtained from the unadjusted and
adjusted bivariate model, where ST is an individual record and EEP is a pooled

record.
The genetic (co)variance structure for the unadjusted and adjusted model was:
2
o) o) o
agr, AsTp AsTp; ASTp EEPT
2

Var| asty | =[ Oagy OAs Ot eEpy | & A.

AEEPT 2

OAstpeEpy  OAst EEPT GAEEPT

The parameters of interest were the direct-total genetic correlation (rASTDEEPT)
and the indirect-total genetic correlation (rASTIEEpT) between ST and EEP. Based on

the genetic (co)variances, rag,. gEpy WAS calculated (See Appendix).
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5.3 Results and discussion

5.3.1 Simulation

Results show that for the unadjusted bivariate model most genetic parameter
estimates were biased (Table 5.1). In particular 6, ,, . and 0, ,, . showed large
deviations. On the contrary, for the adjusted bivariate model, none of the genetic
parameter estimates were biased (Table 5.1). This validates that to obtain unbiased
genetic parameter estimates, a random group effect for the pooled trait needs to
be added and correlated to the random group effect of the individual trait. The
variance of the random group effect of the pooled trait needs to be set to a fixed
value to avoid over-parameterization. The variance of the random group effect of
the pooled trait was fixed at 46, which is half of the expected pooled residual
variance (Equation 5.10). However, a 25% increase or decrease in the variance of
the random group effect for the pooled trait yielded the exact same genetic
parameter estimates.

Table 5.1 True and estimated genetic parameters with s.e. obtained from an
unadjusted and adjusted bivariate model

True Estimated parameters Estimated parameters
parameters Unadjusted model Adjusted model
012%1_1: 1.00 1.37+0.20 1.01+0.18
012%1_1 1.00 1.45+0.17 1.00+0.15
oﬁz_T 11.50 17.70 £ 2.26 11.64+2.11
OA, b 0.25 0.41 +0.63 0.26 +0.13
O'AI_D_Z_TT 1.00 2.99+0.41 1.02+£0.46
GAU_Z_TTT 1.00 3.24+£0.32 1.02+0.42

T OALD,Z,T = COVEII‘(ALD; AZ,D + (n - 1)A271) = O-AIZ,D + (n - 1) O-AI,D,Z,I
tt Op, 1o = Covar(Al_l;Az_D + (n— 1)A2_1) =0p,,p T (n—1) OAus

5.3.2 Survival time and early egg production

Univariate analysis of survival time

Table 5.2 shows the estimated variance components for ST using either individual
or pooled records. The genetic parameters for individual ST were previously
estimated for the same population, but on a slightly larger dataset by Peeters et al.
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(2012). They are re-estimated to facilitate the comparison with the genetic
parameter estimates for pooled ST.

The direct-indirect animal model on individual ST yields estimates of GiD, Oap, and
o4, Based on these components, o4, was calculated, as o3, =0x, +
2(n—=1)op,, +(n— 1)2012%1 (Bijma, 2007). The pooled animal model on pooled ST
yields estimates of GﬁT directly (Peeters et al., 2013). For W1xWB, the estimates of
GﬁT from individual and pooled records are very similar. Similarly, Peeters et al.
(2013) found that, for W1 and WB, the estimates of ciT from individual and pooled
survival data were very similar. However, for WBxW1, the estimated oﬁT from
individual data was 1.26 times larger than the estimate from pooled data (Table
5.2). The direct-indirect animal model on individual data also yielded estimates of
Gé and 6%. Peeters et al. (2013) showed that based on these components, the
expected oZ. can be calculated, as oZ = n?c% + noZ. For both crosses, the
expected o+ calculated based on individual data and estimate of &+ from pooled
data are very similar (Table 5.2).

Table 5.2 Estimated parameters with s.e. for survival time using individual or

pooled data
WixwB WBxW1
Individual data
Oip 615 £ 170 935 +222
Oap, -182+96 -715 + 140
04, 509 + 106 776 £ 150
oapt 4105+ 1055 3627+1088
g 2014 +263 2350+310
of 11722 +301 15728 + 460
Expected op. T+ 79 108 + 4 061 100 506 + 4 736
op 15 878 + 289 21341+ 402
Pooled data
Oar 4079 +1077 2835+1008
op- 79154 £4 116 103201+4719
opr 95470 + 3 306 114 541 £ 3913

toa, = 04, +2(n — 1) 0, + (n — 1)af,

tt 0% = n%0% + no?
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Univariate analysis of early egg production

The total genetic variance explained 55% of the pooled phenotypic variance for
W1xWB and 50% for WBxW1 (T? = 40,2_\T/012,*; Table 5.3). Bivariate analysis of EEP
and the pre-selection parameter did not change ciT substantially (identical for
W1xWB; from 4.90 to 4.88 for WBxW1). Therefore, the pre-selection parameter
was omitted from further analyses.

Table 5.3 Estimated variance components with s.e.
for early egg production using pooled data

WixWB WBxW1
OAr 4.92+0.85 4.90 +0.94
ops 16.05 +2.29 19.94+2.61
o3 35.72+1.75 39.53 +1.95

In the literature, heritability estimates for individual EEP range from 0.26 to 0.43
(Besbes et al., 1992; Anang et al., 2000; Nurgiartiningsih et al., 2004; Wolc et al.,
2007). Because these estimates were obtained from data on individually housed
birds, they are estimates of direct genetic variance, rather than total genetic
variance. In addition, GxE (genotype by environment) effects might occur
(individual vs group housing). Moreover, the error variances of individual and
pooled data are not necessarily proportional (as shown by Peeters et al. (2013) and
in the footnote of Table 5.2). Nurgiartiningsih et al. (2004) and Biscarini et al.
(2010b) also reported estimates obtained from pooled data on group-housed birds,
which range from 0.30 to 0.38. Overall, in the literature, genetics explained a
smaller proportion of the phenotypic variance than found in this study. However,
the EEP periods were longer than in this study (4 to 7 weeks vs 2 weeks). Because
egg production has a lower heritability in later stages of production (Besbes et al.,
1992; Anang et al., 2000; Nurgiartiningsih et al., 2004; Wolc et al., 2007), an
extension of the EEP period will result in a decreased heritability.
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Bivariate analysis of survival time and early egg production

Table 5.4 shows estimated genetic correlations between (i) pooled ST and pooled
EEP, (ii) individual ST and pooled EEP from the unadjusted model, and (iii) individual
ST and pooled EEP from the adjusted model. For analysis (i), raq. gEpp WAS obtained

directly. For analysis (ii) and (iii), TAsrgep, WS calculated from the underlying

estimated genetic (co)variances (See Appendix). The TAst EERY estimated from the
adjusted model and from the pooled analysis were very similar, whereas the

estimate from the unadjusted model had the opposite sign. This supports the
above findings that the adjusted model is superior over the unadjusted model.

Table 5.4 Genetic correlations, with s.e., between survival time (ST) and early egg
production (EEP)

W1xWB WBxW1

ST and EEP pooled

TAsTEEPT -0.09 £0.15 -0.15+0.19
ST individual and EEP pooled (Unadjusted model)

TAsTpEEPT -0.05+£0.15 0.11 £0.15

TAstT EEPT 0.17 £0.10 0.04 +0.11

TAsTEEPT 0.17 £0.10 0.11+0.12
ST individual and EEP pooled (Adjusted model)

TAsTpEEPT -0.15+0.16 0.12 £0.15

TAst EEPT -0.03+£0.13 -0.11+0.14

TAsTEEPT -0.09 £0.15 -0.09+0.17

The estimated rpg,. EEPr from both the pooled and the adjusted model was slightly

negative but not significantly different from zero (Table 5.4). This is a weak
indication of an unfavourable genetic correlation between ST and EEP. In the
literature, multiple selection experiments indicate that survival time and early egg
production in laying hens are indeed negatively correlated [Lowry and Abplanalp,
1972; Craig et al., 1975; Bhagwat and Craig, 1977; Ellen, 2009]. Huges (1973)
reported a biological link between survival time and early egg production, since the
gonadal hormones that trigger the onset of lay also cause feather pecking and
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cannibalism. The underlying correlations, T — and TAst, BBy did not differ

significantly from zero and showed no systematic pattern when both crosses were
compared. In conclusion, our analysis provides a weak indication for a negative
genetic correlation between survival time and early egg production.

In this study, we have focused on traits that are affected by social interactions.
However, our findings are relevant whenever individual and pooled data on group-
housed animals are analysed jointly. For the individually recorded trait, group
effects may occur for other reasons than social interactions; e.g. differences in the
physical environment among groups. When group effects are present, this may
create a covariance between the random group effect of the individual trait and
the residual of the pooled trait, which may bias genetic parameter estimates when
using an unadjusted model. We have shown that this issue can be solved by adding
a random group effect with a fixed variance to the model for the pooled trait, and
allowing for a covariance with the random group effect for the individual trait.

5.4 Conclusion

To obtain unbiased genetic parameter estimates, it is necessary to add a random
group effect for the pooled trait, to fix its variance, and to include a correlation
with the random group effect for the individual trait. Application to survival time
and early egg production in laying hens yielded a slightly negative estimate of the
genetic correlation between both traits, which was not significantly different from
zero.
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5.6 Appendix

. . . 2 2

To calculate the total genetic correlation between two traits, 03, ., 04, ;and 04, .
— 2 2 . . . . ..

need to be known, asry, t = O'Alz_,r/ Oa, rOA, 1 - A bivariate analysis of individual

data (Trait 1) and pooled data (Trait 2) does not yield Gzth and OApr directly.

Based on the direct-indirect (co)variances from Trait 1, Giﬂ was calculated, as
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O&, r = Var(A;p + (0 — DA 1) = 0F, , +2(0 = 1D 0p, ,, + (1= D?0f, .
Based on the direct-total and indirect-total covariance between traits, o, , . Was
calculated, as Opap,r = Covar(Al_D + (n—1DA; ;; AZ_T) = 0p, 5,0t
O port(M-Doa; 1,1

2 - _1)2 52 2
\/(GA1_D+2(“ 1) 0a; p+n-1) GA1_1)"A2_T

(n—1) 04, , , 1 Therefore, ryp 7 =
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6. General discussion

6.1 Introduction

In this thesis, we estimated genetic parameters for survival time in non-beak-
trimmed group-housed laying hens. The experimental set-up varied between
chapters, either because of a difference in the level of data collection (individual
data vs pooled data) and/or the within-group relatedness (unrelated vs half-sibs).
The experimental set-up determined whether or not direct and indirect genetic
parameters could be estimated. In more detail:

- In Chapter 2, we used individual survival time data on two purebred lines (W1 and
WB) and their reciprocal cross (W1xWB and WBxW1), where unrelated hens of the
same line or cross were kept in groups of four. This experimental set-up allowed us
to estimate direct, indirect and total genetic variances. T? was 0.19 for W1, 0.16
for WB, 0.26 for W1xWB and 0.17 for WBxW1. We showed that survival time was
strongly influenced by the social interactions among birds. For crossbreds, the
indirect genetic variance was found to be approximately the same size as the direct
genetic variance. Consequently, following Equation 1.5, the indirect genetic
variance contributed nine times more to the total genetic variance than the direct
genetic variance.

- In Chapter 3, we used individual survival time data on the crossbred offspring of
three sire lines (W1, W5 and W6), where half-sibs from the same sire were kept in
groups of five. No dam information was available. Therefore, we used a sire model
instead of an animal model. This experimental set-up did not allow us to estimate
the direct and indirect genetic (co)variances. However, the total genetic variance
could be estimated. T? was 0.30 for W1, 0.16 for W5 and 0.12 for We6.

- In Chapter 4, we used pooled survival time data on two purebred lines (W1 and
WB), where unrelated hens of the same line were kept in groups of four. This
experimental set-up allowed us to estimate the total genetic variance, but not the
underlying direct and indirect genetic (co)variances. T? was 0.15 for W1 and 0.13
for WB.

- In Chapter 5, we used pooled survival time data on a reciprocal cross (W1xWB and
WBxW1), where unrelated hens of the same cross were kept in groups of four. This
experimental set-up allowed us to estimate the total genetic variance, but not the
underlying direct and indirect genetic (co)variances. T? was 0.17 for W1xWB and
0.10 for WBxW1.
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In conclusion, throughout this thesis we showed that the level of data collection
(individual data vs pooled data) and the within-group relatedness (unrelated vs
half-sibs) can cause confounding of direct and indirect genetic effects. This
prevented us from estimating direct and indirect genetic (co)variances for certain
experimental set-ups in Chapter 3, 4 and 5. In Chapter 4 we briefly touched upon
the fact that the experimental set-up also affects the phenotypic variance.
Consequently, the experimental set-up affects T2, as T? is the total heritable
variance relative to phenotypic variance. This indicates that T2, as a measure of
inheritance, should be used with care. The same holds true for the classic h?. It
seems that most quantitative geneticists are not aware of the dependency of T?
and h? on the experimental set-up. Therefore, this will be the first topic that | will
discuss in my general discussion.

As a second topic of my general discussion, | will discuss the practical
implementation and coinciding hurdles of genetically improving social interaction
traits. How can we improve survival in non-beak-trimmed group-housed laying
hens? What is the impact of improper modelling? How do we improve social
interaction traits when animals are kept in large groups?

6.2 h? and T? as a measures of inheritance
For non-social interaction traits, the heritability (h?) is used as a measure of
inheritance, where the direct genetic variance (GiD) is expressed relative to the
phenotypic variance (03);
he = %

Op
Analogously, for social interaction traits, T2 is used as a measure of inheritance,
where the total genetic variance (GiT) is expressed relative to o3;
12 = r

Op
Throughout this thesis it became clear that, for social interaction traits, the
experimental set-up affects the phenotypic variance (0%). Consequently, the
experimental set-up also affects T2. The dependency of o3 and T? on the
experimental set-up has been briefly discussed by Bergsma et al. (2008) and in
Chapter 4 of this thesis. However, the consequences of this dependency have not
been discussed. Therefore, | will look at T? as a measure of inheritance for social
interaction traits. In addition, h? also depends on the experimental set-up.
Therefore, | will also look at h? as a measure of inheritance for non-social
interaction traits.
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Four experimental set-ups that differ in the level of data collection (individual vs

pooled data) and/or the within-group relatedness (unrelated vs half-sibs) will be
compared (Figure 6.1).

Experimental setup A

Relatedness?

Experimental setup B

Data level?

Experimental setup C

Relatedness?

Experimental setup D

Figure 6.1 Overview of the four experimental set-ups
that either differed in the level of data collection
(individual vs pooled data) and/or the within-group
relatedness (unrelated vs half-sibs)

First, T? and h? will be theoretically derived for each experimental set-up. This will
demonstrate that, despite having the same underlying genetic and environmental
parameters, both T? and h? can differ between experimental set-ups. In addition,
for each experimental set-up, | will give an overview of the animal and sire models
that can be used to estimate variance components (social interaction traits only;
Box A, B, C and D). The aim is to gain insight into the underlying direct and indirect
genetic (co)variances of the estimated variance components. This will help
geneticists to understand the differences between experimental set-ups and
models, which is essential for a correct interpretation of estimates from the
literature.

Second, a simulation will be conducted to confirm the theoretical derivation of T?
and the underlying direct and indirect genetic (co)variances of the estimated
variance components as presented in Box A, B, Cand D.
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Third, empirical results from this thesis will be used to illustrate how T? for survival
time will differ between experimental set-ups.

Finally, empirical results from literature will be evaluated. | will give examples of
measures of inheritance that differ between experimental set-ups.

For correct biological inference and comparison of studies, it is important to realize
that the experimental set-up affects o4 and T2, but does not affect GiT. The

potential to respond to selection is identical for all four experimental set-ups.

6.2.1 Theory

T? as a measure of inheritance

The dependency of T2 on the experimental set-up solely originates from the
dependency of 0123 on the experimental set-up. The following, therefore, focusses
on the phenotypic variance.

Depending on the scenario, the following phenotypic variance was found:

e Experimental set-up A, individual data & unrelated birds

As shown in Equation 1.2:

n-1 n-1
Pi = ADi + ZAI] + EDi + Z EI]

i%j i%j

Consequently,

02 =0% +(Mm—1)o% + 0% + (n—1)c%
P AD A[ ED E['

e Experimental set-up B, individual data & half-sibs

In Equation 1.2, the genetic components can be written in terms of the sire, dam
and Mendelian sampling term. Because all animals within a cage have the same
sire, Z}‘;leSirte can be replaced by (n — 1)ASirte:

n-1 n-1

1 1
b= 2 [ASireDi + (- DASirte] + 2 ADamDi + Z ADamIi + Mo, + Z MSIj

i) i)
n-1
FEp, + ) By,

i#]
Based on the above equation and Equation 1.4, P, can be simplified by rewriting the
sire component in terms of the total genetic effect:
1 1 n-1 n-1 n-1
P, = EASireTi + > ADamDi + z ADaij + MSp, + z MSI]. + Ep, + z EI]..
i#j i#j i#j
Consequently (as shown by Bergsma et al., 2008),

o3 = ioiT + % [GiD + (n-— 1)0%1] + o, + (n — 1)og,.
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e Experimental set-up C, pooled data & unrelated birds

A pooled phenotype (P*) is obtained by summing the individual phenotypes within
a group:

n
P* = Z Pk
k=1

where Kk refers to the group members.
Based on the above equation and Equation 1.2 and 1.4, P* can be rewritten in

terms of total genetic effects, and direct and indirect environmental effects:
n

pr = Z[ATk +Ep, + (n — DE, .
k=1
Consequently (as shown in Chapter 4),

op = nfoi, + 0f, +2(n — Dogy, + (n — 1?0, |.

e Experimental set-up D, pooled data & half-sibs

As shown in the previous section:
n

P* = Z[ATR + EDk + (n - 1)Elk]

k=1
The genetic component can be written in terms of the sire, dam and Mendelian
sampling term. Because all animals within a cage have the same sire, ZﬂzlASireTk

can be replaced by nASireTk:
1

p* =
2

n
1
nASireTk + Z I:EADamTk + MSTk + EDk + (n - l)EIk]
k=1

Consequently,

1
op =n [Z (n +3)0i, + 0§, +2(n — Dogy, + (n — 1)20§l].
Experimental set-ups C and D result in a pooled phenotypic variance (012,*,
phenotypic variance of the sum of the n individual phenotypes within a group)
rather than an individual phenotypic variance (012,). Therefore, when calculating T?,
012,* was divided by the number of group members:
e Experimental set-up A, individual data & unrelated birds
T? = 04, /|04, + (0 — 1oi, +of, + (n — 1)of |

e Experimental set-up B, individual data & half-sibs

3 1
T2 = giT/[Z [o2, + (0 — o3, | + ZGIZ'\T +of, +(n— 1)0%11
e Experimental set-up C, pooled data & unrelated birds
T? = ciT/[GiT + o, +2(n — Dogy, + (n— 1)20%1]
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e Experimental set-up D, pooled data & half-sibs

1
T2 = oiT/[Z (n +3)0i, + of, +2(n — Dogy, + (n— 1)20§1]

These equations show that, in the majority of cases, a higher level of data
collection (using pooled data instead of individual data) and increased within-group
relatedness will result in increased phenotypic variance and, consequently, a lower
T2,

For survival time in laying hens, T? might drop up to 42% when using experimental
set-up D compared to experimental set-up A (more details in Section 6.2.3.).

To facilitate comparison of estimates of T? in the scientific literature, one would
ideally standardize T?, so that estimates can be compared irrespective of the
experimental set-up. Since the numerator of T?, GiT, is the same for all four
experimental set-ups, standardizing the definition of T2 implies standardizing the
denominator. | propose to use phenotypic variance for pooled data on unrelated
group members, divided by the number of group members, i.e. GiT + G,ZED +
2(n — Dog,, + (n— 1)20§I. This yields the following standardized definition of
T?:

Téandardized = Oap/ [04; + 08y +2(n — Dog,, + (n — 1)?0f .

| propose to use the phenotypic variance for pooled data on unrelated group
members rather than the phenotypic variance for individual data on unrelated
group members because pooled phenotypic variance can be calculated based on
estimates from individual data but not the other way around.

In practice, for individual data (analysed with an animal model) this would imply:
TSZtandardized = O_EXT/[O—/Z-\T + no%age + 0—%]'

as O¢age = 20f,, + (n — 2)0f, and of = of, — 205, + O,

and for pooled data (analysed with an animal model) this would imply:

TSZtandardized = O-IZAT/[O-IZAT + (0-%:*/“)]:

as o =n[of + 2(n — Dogy, + (n — 1?0, |.

In conclusion, without standardization, all four experimental set-ups would result in
a different T2, even though the underlying direct and indirect (co)variances are
identical. To resolve the issue, T? can be standardized, allowing a fair comparison
between experimental set-ups.
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Box A: Individual data & unrelated birds
-Animal model

The following model is used to analyze the data:
n-1

P, = Mu + FE + Animal; + Z Animal; + Cage + Error,
1#]
where i refers to the animal on which the phenotype was recorded and j refers
to the cage-mates. The output of the model is:
- The direct genetic variance: GiD
- The direct-indirect genetic covariance 0,
- The indirect genetic variance: oﬁq

- The cage variance: 6¢,ge = 205, + (n — 2)0F,

H o il — B 2
The error variance: og = of; — 20g,,; + Of,

-Sire model

The following model is used to analyze the data:
n—-1

P, = Mu + FE + Sire; + Z Sire; + Cage + Error.
i%j

The output of the model is:

. o 1
The direct genetic variance: 0§ =04,

o o o o q 1
The direct-indirect genetic covariance og, = 2 %Ap;

- N 1
The indirect genetic variance: 0§ = 03,

The cage variance: 6,4, = 205, + (n — 2)0g, +Z(20ADI + (n—2)03,)

; L2 2 2 3,2 _ 2
The error variance: og = og — 20g,, + 0, + " (0ap — 204, +024,)

Phenotypic variance
For the animal model, of = 03, + (n —1)03, + 0¢age + OF. For the sire
model, op =05 + (0 — 1)05, + Ofsge + 0. Consequently, of = o;, +

(n —1)03, + of, + (n — 1)of,, irrespective of the model.
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Box B: Individual data & half-sibs
-Animal model

The following model is used to analyze the data:
n-1

P, = Mu + FE + Animal; + z Animal; + Cage + Error,
i#]
where i refers to the animal on which the phenotype was recorded and j refers
to the cage-mates. The output of the model is:
- The direct genetic variance: oiD
- The direct-indirect genetic covariance o,
- The indirect genetic variance: Gil
- The cage variance: 6¢,g0 = 205, + (n — 2)0§,

i o0 (B — D 2
- The error variance: og = 0f; — 20g,, + Of,

-Sire model

The following model cannot be used to analyze the data:
n-1

P, = Mu + FE + Sire; + Z Sire; + Cage + Error,
i#]

as Sire; and Sire; refer to the same animal (cage members have the same sire)
and complete confounding occurs between direct and indirect genetic effects.
Alternatively, the following model can be used (as suggested in Chapter 3):

P, = Mu + FE + Sire; + Cage + Error.

The output of the model is:

q q L2 1 2
- The genetic variance: 05r = 0ar
: - _ 2 3 2
- The cage variance: 0¢,g. = 20g,, + (0 — 2)0f, + " (ZGADI + (n— Z)GAI)

; A2 2 2 3,2 _ 2
- The error variance: og = 0f; — 20g,, + O, + " (0ap — 204, +0a))

Phenotypic variance

q 1
For the animal model, of =04, + (- 1o + - (= 1) (204, +
(n —2)03,) + Ofsge + 0. For the sire model, of = 0§ + 0¢sge + OF.
3 1
Consequently, o3 = " [0z, + (n— o3, | + ZGiT + 0, + (0 — Dog,,

irrespective of the model. This is in accordance with Bergsma et al. (2008), who
showed that for individual data on related animals o = o4 + 0§, +
(n —1)(0%, +0§) + (W= 1) r[204,, + (n—2)o,], where r is the

relatedness within a group.
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Box C: Pooled data & unrelated birds
-Animal model
The following model is used to analyze the data:

n
Py = Mu + FE + Z Animaly + Error,
K

where k refers to the cage-members. The output of the model is:
- The genetic variance: o3,

- The error variance: oz« = n[og_ + 2(n — 1)og,, + (n — 1)?0f |

-Sire model
The following model is used to analyze the data:

n
Py = Mu + FE + Z Sirey + Error.
K

The output of the model is:

o q 1
- The genetic variance: 03, = ZGiT

- The error variance: 6z« = n [O'ED +2(n - Dogy, + (0 — 1)?0f, + zciT]

Phenotypic variance

For the animal model, 63+ = naj, + o-. For the sire model, 6§+ = noj . + of-.
Consequently, o3 = nfoi, + 0%, +2(n — Dog,, + (n — 1)%0} ],
irrespective of the model. This is in accordance with Chapter 4, where we
showed that for pooled data on unrelated animals o3« = n[oﬁD F
2(n — Doa,, + (n — 1)%0%, + oz, + 2(n — Do, + (n — 1)?0f |.
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Box D: Pooled data & half-sibs
-Animal model
The following model is used to analyze the data:

n
Py = Mu + FE + z Animaly + Error,
k

where Kk refers to the cage-members. The output of the model is:
- The genetic variance: GiT

- The error variance: o+ = n[og_ + 2(n — 1oy, + (n — 1)?0f |

-Sire model

The following model is used to analyze the data:
P¢ = Mu + FE + n * Sirey + Error.

The output of the model is:

- The genetic variance: 0§, = iciT
- The error variance: 62 = n [oén +2(n — Dogy, + (n — 1)%0f, + zcﬁq]
Alternatively, one could fit the following model to analyze the data:

Py = Mu + FE + Sirey + Error.
The output of the model is:

; ; w22 _ 21 2
- The genetic variance: n 05y =1N° 04,

- The error variance: 6g« = n [O‘%D +2(n = Dogy, + (n — 1)?0f, + ZGiT]

Phenotypic variance

For the animal model, 05« = noiT TF En(n = 1)0iT] + 0%+ For the sire model,
2 _ 2.2 2 2 _ |1 2 2
Op+ = N0, + Og+. Consequently, Op+ =N [Z (n+3)oj, + of, +

2(n — Dog,, + (n - 1)201231]' irrespective of the model.
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h? as a measure of inheritance

The dependency of the phenotypic variance on the experimental set-up also holds
true for non-social interaction traits:

e Experimental set-up A-B, individual data

As shown in Equation 1.1:
Pi = ADi + EDi'
Consequently,

Op = 04, + O,

e Experimental set-up C, pooled data & unrelated birds

A pooled phenotype (P*) is obtained by summing the individual phenotypes within
a group:

n
P* = Z Pk'
k=1

where k refers to the group members.

Based on the above formula and Equation 1.1:
n

P* = Z[AD}( + EDk]'
k=1
Consequently,

op =nfoj, + 0%, |

e Experimental set-up D, pooled data & half-sibs

As shown in the previous section:
n

P = Z[ADk +Ep, -
k=1
The genetic component can be written in terms of the sire, dam and Mendelian

sampling term. Because all animals within a cage have the same sire, Zﬂ:lASireDk

can be replaced by nASireDk:

n

1 1

P* = EnASireDk + z I:EADaka + MSDk + EDk:ll
k=1

Consequently,

os =n E (n+ 3)0j, + G%D].
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Experimental set-ups C and D result in a pooled phenotypic variance rather than an
individual phenotypic variance. Therefore, when calculatingh?, the pooled
phenotypic variance was divided by the number of group members:
® Experimental set-up A-B-C

2 _ <2 2 2
h* = GAD/[OAD + GED]

e Experimental set-up D

1
h? = GiD/[Z (n+3)0i, + G%D]

For non-social interactions traits, experimental set-ups A, B and C would result in

the same h?. However, the pooled phenotypic variance of experimental set-up D
would be larger than the pooled phenotypic variance of experimental set-up C and
would be more than n times larger than the individual phenotypic variance of
experimental set-up A and B. Consequently, h? in experimental set-up D would be
lower. When similar individual phenotypes are present in the same group, the
group measurements will show increased variation. This is the case for
experimental set-up D, as related animals are placed in the same group.

To allow a fair comparison between the h? obtained in different experimental set-
ups, we would have to use a formula for which the outcome is independent of the
experimental set-up:

hgtandardized = O-IZAD/[O}ZAD + G%D]-

In conclusion, in case the experimental set-up consists of pooled data on related
birds (experimental set-up D), h? can differ from other experimental set-ups. To
resolve the issue, h? should be calculated as 0% /[0%, + 0%, ], irrespective of the

experimental set-up.

6.2.2 Simulation

The simulation served two purposes. First, to confirm the theoretical derivations
regarding T? and the estimated variance components in Box A, B, C and D. Second,
to give an indication of the impact of the experimental set-up on T2. Using R
v2.12.2 (Venables et al., 2011), a base population of 500 sires and 6 000 dams was
simulated. Each animal in the base population was assigned direct and indirect
breeding values. Breeding values were drawn from a multivariate normal
distribution, where the direct and indirect genetic variances were set to 1.00 and
the covariance was set to 0.50. Each sire was mated to 12 randomly chosen dams
resulting in 1 offspring per mating and 6 000 offspring in total. Offspring breeding

values were obtained as A=%A5ire+%ADam+MS. The direct and indirect

Mendelian sampling terms were drawn from a multivariate normal distribution,
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where the direct and indirect genetic variances were set to 0.50 and the covariance
was set to 0.25. Each offspring was also assigned direct and indirect environmental
values. The environmental values were drawn from a multivariate normal
distribution where the direct and indirect environmental variances were set to 3.00
and the covariance was set to 1.50. Depending on the experimental set-up, either
four unrelated animals or four half-sibs (sire related) were assigned to a group,
resulting in 1 500 groups (Experimental set-up A and C vs B and D). Depending on
the experimental set-up, either individual or pooled records were obtained
(Experimental set-up A and B vs C and D). Individual phenotypes were obtained by
using Equation 1.2. Pooled phenotypes were obtained by adding up the individual
phenotypes within a group. One hundred replicates were produced. Either an
animal or a sire model was used to estimate variance components. Experimental
set-up A and D were analysed with an animal model. More details on the model
can be found in Box A and D. Experimental set-up B and C were analysed with a sire
model. More details on the model can be found in Box B and C.

The true indirect genetic and environmental effects were large. Moreover, the
direct-indirect genetic and environmental correlations were positive and moderate.
Consequently, experimental set-ups were expected to show clear differences.
Table 6.1 shows the true and estimated variance components for each
experimental set-up. In all four cases, the true values were within the 95%
confidence interval of the estimates, thereby confirming the derivations made in
Box A, B, Cand D.

Table 6.2 shows the true and estimated T? (non-standardized). Large differences in
T? were observed between experimental set-ups, thereby confirming what was
expected. A higher relatedness within a group caused T? to decrease by 12 to 16%.
A higher level of data collection (pooled data instead of individual data) caused T?
to decrease by 70%. Based on experimental set-up A or B, the trait appears highly
heritable (T2 = 0.71-0.81). However, based on experimental set-up C or D, the trait
appears moderately heritable (T? = 0.21-0.25).
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Table 6.1 True and estimated variance components for different experimental set-
ups and models

Variance components True Estimated

Experimental set-up A; individual data & unrelated birds & animal model

Cip 1.00 1.04 £0.42
Oap, 0.50 0.54 +0.33
0a, 1.00 1.03+0.31
Otage 9.00 8.89 +1.25
o 3.00 3.00+0.19
ol 16.00 16.03 £ 0.48
Experimental set-up B; individual data & half-sibs & sire model
0%, 3.25 3.29+0.44
Otage 11.25 11.30 £ 0.49
o 3.75 3.75+0.07
o3 18.25 18.33 +0.56
Experimental set-up C; pooled data & unrelated birds & sire model
0%, 3.25 3.25+1.29
Ops 195 195.91 +7.34
op: /4 52 52.23+1.73
Experimental set-up D; pooled data & half-sibs & animal model
Oar 13 13.07+1.91
Ope 156 155.42 +12.81
op: /4 61.75 61.74 £2.31
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Table 6.2 True and estimated T2 for different experimental set-ups

Experimental set-up True T2 Estimated T2
A; individual data & unrelated birds 0.81 0.85+0.30
B; individual data & half-sibs 0.71 0.72 £0.10
C; pooled data & unrelated birds 0.25 0.25+0.10
D; pooled data & half-sibs 0.21 0.21+£0.03

6.2.3 Empirical results, this thesis

In this section, | will show the impact of the experimental set-up on T? for survival
time. In Chapter 2 we estimated direct and indirect genetic effects for survival time
in two White Leghorn pure lines (W1 and WB) and their reciprocal cross (W1xWB
and WBxW1). Variance components were estimated using individual survival time
data obtained from cages with unrelated birds (Experimental set-up A). Indirect
genetic effects were large in purebreds and crossbreds. Direct—indirect genetic
correlations were low in purebreds (0.20 * 0.21 and -0.28 + 0.18), but moderately
to highly negative in crossbreds (-0.37 + 0.17 and -0.83 = 0.10). Based on the
variance components obtained from individual data from cages with unrelated
birds (Experimental set-up A), one can predict the variance components that would
be obtained with experimental set-up B, C and D. Therefore, | could use the
variance components obtained in Chapter 2 (Experimental set-up A) to calculate T?
for all four experimental set-ups (Table 6.3). This allowed me to illustrate the
dependency of T? for survival time on the experimental set-up.

Small differences in T? were observed between experimental set-ups that differed
in relatedness. T? stayed constant or showed a small decrease with higher
relatedness within a group. Large differences in T2 were observed between
experimental set-ups that differed in the level of data collection (individual data vs
pooled data). Recording phenotypes on a group level instead of on an individual
level caused T2 to decrease by 25 up to 40%.
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Table 6.3 Variance components and T? for survival time across four experimental
set-ups for two purebred lines (W1 and WB) and their reciprocal cross (W1xWB and
WBxW1)

w1 WB W1xWB WBxW1
oiD 656 1400 536 997
Oap, 51 -161 -197 -726
04, 100 228 536 767
Otage 803 1200 1984 2379
o& 7976 12 686 11732 15 655
012: Experimental set-up A 9735 15970 15 860 21332
012, Experimental set-up B 9962 16 0751 16 369 21394

012,*/4 Experimental set-up C 11 654 18 108 20713 26 057
0@/4 Experimental set-up D 14 447 21837 26 980 31373

T? Experimental set-up A 0.19 0.16 0.26 0.17
T? Experimental set-up B 0.19 0.15 0.25 0.17
T? Experimental set-up C 0.14 0.12 0.18 0.12
T? Experimental set-up D 0.13 0.11 0.15 0.11

6.2.4 Empirical results, literature

In this section, the study by Biscarini et al. (2008) is used to illustrate that measures
of inheritance obtained from different experimental set-ups are not directly
comparable. Moreover, | will address what happens when a classic direct genetic
model is used to estimate variance components for a social interaction trait (Box E
and F). Box E shows the estimated variance components when individual data on
unrelated birds is analyzed with a direct genetic model even though the trait is a
social interaction trait. Box F shows the estimated variance components when
individual data on half-sibs is analysed with a direct genetic model even though the
trait is a social interaction trait. The aim is to gain insight into the underlying direct
and indirect genetic (co)variances of the estimated variance components.
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Box E: Individual data & unrelated birds & direct
genetic model

The following model is used to analyze the data:

P, = Mu + FE + Animal; + Cage + Error,

where i refers to the animal on which the phenotype was recorded. The output
of the model is:

- The direct genetic variance: oiD

- The cage variance: 6¢,ge = 205, + (0 — 2)0§, + 20, + (n — 2)03,

: CA2 2 2 _ 2
The error variance: og = of — 20y, + Of, — 204, + 03,

Phenotypic variance

Op = 04, + Ofage + OF. Consequently, of = oz, + (n—1)oj, +of +
(n— 1)0%1. This is the same phenotypic variance as found in Box A.

The measure of inheritance is calculated by dividing the genetic variance by the
phenotypic variance. In this case, this will result in h?.

Box F: Individual data & half-sibs & direct genetic
model

The following model is used to analyze the data:

P, = Mu + FE + Animal; + Cage + Error,

where i refers to the animal on which the phenotype was recorded. The output
of the model is:

; ; .21 2 3 2
- The genetic variance: 0A=, Oar T3 04p
; . <2 _ 2 3 2
- The cage variance: 0¢age = 205, + (n— 2)0EI +3 [ZGADI +(n— Z)O'AI]

; ca2 2 2 4 31_ 2
- The error variance: og = og, — 20g,; + 0, + 4[ 205, + O'AI]

Phenotypic variance
Op = O4 + Ofage + Of. Consequently, of = %[cfm +(@—-1oj, | + %ciT +
oén +(n— 1)0%1. This is the same phenotypic variance as found in Box B.

The measure of inheritance is calculated by dividing the genetic variance by the
phenotypic variance. In this case, this will not result in h?, nor will it result in

the T? of experimental set-up B.
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Biscarini et al. (2008) estimated variance components for body weight in laying
hens using individual and pooled data. Individual body weight was recorded on
hens housed in cages of four. Half of the cages consisted of unrelated birds, while
the other half consisted of full-sibs. Individual body weight was analysed with a
direct animal model. Pooled body weight was calculated by adding up the
individual records within a cage. Pooled body weight was analysed with a pooled
animal model. Biscarini et al. (2008) expected individual and pooled data to yield
the same hZ2. For individual data, the h? was calculated as o4/(0% + o2). For
pooled data, the h? was calculated as 6% /[03 + (0%:/4)]. Biscarini et al. (2008),
therefore, did not take into account that the pooled phenotypic variance increased
because half of the cages consisted of full-sibs.

For body weight at 43 and 51 weeks, the h? based on individual data was 43-53%
larger than the h? based on pooled data. A decrease in h? when shifting from
individual to pooled data is caused by a decrease in genetic variance and/or an
increase in phenotypic variance:

- The decrease in h? could not be attributed to a decrease in genetic variance when
shifting from individual to pooled data. On the contrary, the genetic variance for
individual body weight was 24-27% larger than that for pooled body weight. There
are two possible reasons for this difference. First, no cage effect was fitted in the
direct animal model for individual body weight. If a random cage effect was
present, it was partly absorbed by the genetic variance. Second, the genetic
variance for individual body weight contains ciD and part of oiT (Box E and F),
while the genetic variance for pooled body weight contains oiT (Box C and D). In
most studies °1sz is larger than oiD, but the opposite has also been observed
(Wilson et al., 2011; Sartori and Mantovani,2013; Costa e Silva et al., 2013)

-The decrease in h? could be attributed to an increase in pooled error variance that
exceeded expectations. Expectations were that 0125* would be four times larger than
oé. However, oé* for pooled body weight was five times larger than oé for
individual body weight. In Chapter 4 we have shown that oé* for a pooled trait can
be predicted based on the 62,4, and of for an individual trait, i.e. 0+ = n*0g,g +
no%. This shows that as soon as a random cage effect is present, the pooled error
variance should be more than four times larger than the individual error variance.
In conclusion, Biscarini et al. (2008) expected the h? based on individual and pooled
data to be the same. However, the h? based on individual data was 43-53% larger
than the h? based on pooled data. With the presence of a random cage effect and
social interactions, | do not expect the h? based on individual and pooled data to be
the same. | propose to analyse individual body weight at 43 and 51 weeks with a
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direct-indirect genetic model (Box A-B, model includes a random cage effect). |
expect that the estimated variance components from individual and pooled data
will then no longer conflict.

6.2.5 Conclusion

The level of data collection (individual vs pooled data) and the within-group
relatedness affects the phenotypic variance. Consequently it also affects T2, which
is the total heritable variance relative to phenotypic variance. For survival time in
laying hens, a 30-40% decrease in T? is observed when using pooled data instead of
individual data. This illustrates that T2, as a measure of inheritance, should be used
with care. When comparing T?’s obtained from different experimental set-ups, the
problem can be circumvented by using a standardized T?:

Tsztandardized = O-AZAT/[O-EAT + 0-IZ:“.D + 2(1’1 - 1)GED[ + (n - 1)20-%1]-

6.3 Practical implementation

In this section | will discuss the practical implementation and coinciding hurdles of
genetically improving social interaction traits. How can we improve survival in non-
beak-trimmed group-housed laying hens? What is the impact of improper
modelling? How do we improve social interaction traits when animals are kept in
large groups?

6.3.1 Improving survival

Trait definition

The trait we aim to improve is survival time in non-beak-trimmed group-housed
laying hens. This trait differs from survival time in beak-trimmed laying hens or
survival time in individually housed laying hens. When hens are beak-trimmed or
housed individually, survival time mainly reflects the robustness against bacterial,
viral and parasitic diseases (Fossum et al., 2009). Most pure line animals are
housed individually. In addition, most crossbred group-housed animals are beak-
trimmed. Because the majority of the survival time records do not reflect the
consequences of feather pecking or cannibalistic behaviour, selection for improved
survival time would mainly improve robustness against diseases. If we aim to
decrease mortality due to feather pecking and cannibalistic behaviour, survival
time in non-beak-trimmed group-housed laying hens should be treated as a
separate trait.
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Using feather condition score as an indicator trait

In Chapter 3 we have shown that if a line or cross has a low mortality rate, this
implies low phenotypic variation for survival time and a high percentage of
censored records. If a large part of the laying hens has the same phenotype, it
becomes difficult to determine which bird has the best breeding value.
Alternatively, feather condition score can be used (Biscarinni et al., 2010; Brinker et
al., 2014). Nipped feathers and denuded areas on the back, rump and belly are
good indicators that the bird was targeted by feather peckers and cannibals (Figure
6.2; Bil¢ik and Keeling, 2000). The back, rump and belly are chosen as informative
areas because these areas are less affected by abrasion. Even if a line or cross has a
low mortality rate, birds will still show variation in feather condition score, allowing
us to determine which bird has the best breeding value.

To quantify how effective selection for improved feather condition score would be
to improve survival time, | propose to estimate the (direct, indirect and total)
genetic correlations between both traits.

L1
L
Underneck }1\

Figure 6.2 Areas where feather condition score can be recorded
(Bil¢ik and Keeling, 2000); feather condition score in the red areas
are informative indicator traits for feather pecking and cannibalistic
behaviour
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6.3.2 Improper modelling of social interaction traits

With social interactions, an individual has a direct (genetic) effect on its own
phenotype and an indirect (genetic) effect on the phenotypes of its group mates.
Traditionally, geneticists only model direct genetic effects, while the indirect
genetic effects remain ignored. When group members are unrelated, a classic
direct animal model would estimate an animals’ direct breeding value. In Chapter 2
we have shown the consequences of selecting unrelated group members based on
their estimated direct breeding value for survival time. In the pure lines, this would
result in a realized heritability of 0.08 for W1 and 0.06 for WB. In the reciprocal
cross, this would result in a realized heritability of 0.00 in W1xWB and -0.06 in
WBxW1. Thus, crossbreds would fail to respond to selection or would respond in
the opposite direction due to the strong negative direct-indirect genetic
correlation. Individuals with a positive (direct) breeding value for their own survival
have, on average, a negative (indirect) breeding value for the survival of their cage
mates. Therefore, selecting animals with a high estimated direct breeding value
would imply selecting animals that, on average, show more feather pecking and
cannibalistic behaviour. To ensure positive and effective response to selection,
animals should be selected based on their estimated total breeding value.

6.3.3 Increasing group size

In this thesis, we have looked at survival time in non-beak-trimmed group-housed
laying hens that were housed in cages of four (Chapter 2, 3, 4) and five (Chapter 5).
With the shift from battery cages to floor housing and aviaries, larger groups
become reality. Often the question is raised whether the estimated direct and
indirect breeding values for survival time in smaller groups can be used to
approximate the estimated total breeding value for survival time in larger groups.
Equation 1.4, Ag =Ap, +(—1)A;, and Equation 1.5, o4, =04, +
2(n — Dop,, + (n— 1)201241' may suggest that the total genetic effect and total
genetic variance can become very large as group size increases. However, results
from smaller groups often cannot be extrapolated to larger groups (using Equation
1.4 and 1.5) due the presence of dilution and genotype by environment interaction
(GxE). Dilution is the phenomenon where indirect genetic effects get smaller as
groups get bigger (more details can be found in the next section). GXE might occur
because small and large groups not only differ in size, but are often also in distinctly
different housing systems, e.g. battery cages vs floor housing and aviaries in laying
hens.
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I do not expect selection for increased survival time in battery cages to yield
negative response to selection in larger housing systems. It will, however, yield
suboptimal response to selection, because the genetic correlation between total
breeding values in small vs larger groups is probably smaller than one. Therefore |
propose to investigate the impact of group size on indirect genetic effects further.
As a first step | would advise to estimate the genetic correlations between direct,
indirect and total genetic effects in cages of four and cages of 12. This will help gain
insight into the magnitude and nature of indirect genetic effects in different group
sizes. Accurate estimation of these correlations will require fairly large data sets.
Based on the obtained knowledge of indirect genetic effects in different group sizes
a selection experiment can be set up, thereby investigating whether results from
smaller groups can be extrapolated to larger groups.

Dilution
As groups get bigger, an animal can probably spend less time interacting with each
of its group mates. Therefore, the indirect genetic effect that an animal has on the
phenotype of each of its group mates might become smaller in larger groups. The
phenomenon, where indirect breeding values get smaller as groups get bigger, is
known as dilution. Dilution is expected to be of importance for social interaction
traits that involve physical contact between animals, e.g. feather pecking in laying
hens, tail biting in pigs, cannibalism in fish or aggression in mink. Dilution is
expected to be negligible for social interaction traits that do not involve physical
contact among animals, e.g. alarm calling, airborne infectious diseases or traits
affected by pheromones. The dilution of A; can be modelled by expressing indirect
genetic effects as a function of group size in the direct-indirect animal model
(Bijma, 2010; Canario et al., 2010):

n—1\¢
Ai(n) = (m) A,
where d is the dilution coefficient (ranging from 0 till 1), n is the group size, 1 is the
average group size and Ay is the indirect genetic effect expressed in a group of
averge size. When d is 0, the indirect genetic effect is independent of group size,
and the total genetic effect increases with increasing group size (Equation 1.4).
When d is 1, the indirect genetic effect decreases with increasing group size, and
the total genetic effect remains constant.
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Few studies estimated the dilution coefficient. Canario et al. (2010) estimated
direct and indirect genetic effects for average daily gain in pigs. Group size varied
between five and 15 boars. Complete dilution (d=1) gave the highest likelihood.
The indirect genetic effect decreased and the total breeding value remained
constant when group size increased. Duijvesteijn et al. (2012) estimated direct and
indirect genetic effects for androstenone in boars. Androstenone is a pheromone
that boars excrete to attract sows and is one of the components that causes boar
taint in meat. Group size varied between three and 11 boars. Absence of dilution
(d =0) gave the highest likelihood. The indirect genetic effect remained constant
and the total breeding value increased as group size increased. The difference in
dilution coefficient between both studies is in line with expectations when
considering the biological background of the traits. For average daily gain, animals
influence one another’s phenotype through physical contact. As groups get bigger,
animals spend less time interacting with each individual group mate. The effect
that an animal had on a group members’ daily gain therefore decreases with
increasing group size. For androstenone, animals influence one another’s
phenotype without physical contact. Therefore, the effect that animals had on a
group members’ androstenone level was independent of group size.

For survival time in non-beak-trimmed group-housed laying hens, | expect that
indirect genetic effects get smaller as groups get bigger. However, | do not expect
complete dilution, as feather pecking and cannibalistic behaviour is a bigger
problem in alternative housing systems, such as floor housing and aviaries, than in
conventional battery-cages. In bigger groups feather peckers and cannibals have
more potential victims to target. Therefore, the relative impact of indirect genetic
effects on the total genetic effect will probably be larger in larger groups.

6.3.4 Conclusions

Throughout this thesis it became clear that survival time in non-beak-trimmed
group-housed laying hens has substantial heritable variance. Selection for
increased survival time due to reduced feather pecking and cannibalistic behaviour
is possible, given a clear trait definition and the use of a proper model. With the
shift from battery cages to floor housing and aviaries, more research is needed on

the impact of increased group size on indirect genetic effects for survival time.
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Social interactions among individuals are widespread, both in wild and domestic
populations. By interacting, individuals might positively or negatively affect one
another’s phenotype. The effect of an animal on its own phenotype is referred to
as a direct effect, while the effect of an animal on the phenotype of a conspecific is
referred to as an indirect effect. These effects can have a genetic component. To
genetically improve a social interaction trait, animals should be selected based on
their total breeding value, which is a combination of an animal’s direct and indirect
breeding value. The variance of the total breeding values is known as the total
genetic variance and shows the potential of a social interaction trait to respond to
selection. Traditionally, geneticists often only modelled direct genetic effects, while
the indirect genetic effects remained ignored. The available total heritable
variation is, therefore, not exploited to its fullest.

Mortality due to feather pecking and cannibalistic behaviour is a major economic
and welfare problem in non-beak-trimmed group-housed laying hens. The trait is a
well-known example of a social interaction trait, as a bird’s chance to survive not
only depends on the tendency of the bird to become a victim, ie. the direct
(genetic) effect, but also on the tendency of its cage mates to be aggressors, i.e. the
indirect (genetic) effect. The first aim of this thesis was to gain more insight into
direct, indirect and total genetic effects for survival time in laying hens.

In Chapter 2, direct and indirect genetic effects were estimated for survival time in
two purebred lines and their reciprocal cross. Hens were not beak-trimmed.
Unrelated hens of the same line or cross were kept in groups of four. We found
that indirect genetic effects contributed around half of the total heritable variation
in purebreds (65% and 44%) and contributed the majority of the total heritable
variation in crossbreds (87% and 72%). The direct-indirect genetic correlations
were close to zero in purebreds (0.20 + 0.21 and -0.28 + 0.18) and moderately to
highly negative in crossbreds (-0.37 + 0.17 and -0.83 * 0.10). Based on these
estimates, it is predicted that crossbreds would fail to respond to selection or
would respond in the opposite direction. We also estimated the genetic
correlations between crosses. The direct genetic correlation was high (0.95 + 0.23),
whereas the indirect genetic correlation was moderate (0.42 + 0.26). Thus, for
indirect genetic effects, it mattered which parental line provided the sire and which
provided the dam. This indirect parent-of-origin effect appeared to be paternally
transmitted and is probably Z-chromosome linked.
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In Chapter 3, total genetic effects were estimated for survival time in the crossbred
offspring of three sire lines using single-step genomic BLUP. Hens were not beak-
trimmed. Paternal half sibs of the same cross were kept in groups of five and no
dam information was available. This data structure did not allow the estimation of
direct and indirect genetic effects, but total genetic effects could be estimated. We
also investigated whether the use of genotype information on the sires would
increase the accuracy of their estimated breeding value. Cross validation showed
that genotyped sires without progeny information had a 20 up to 110% increase in
the accuracy of their estimated total breeding value, showing the added value of
genomic selection.

Survival time in laying hens is recorded on individual birds. However, most
production traits in laying hens are recorded at group level, resulting in pooled
rather than individual records. The second aim of this thesis was to evaluate
whether and how pooled data can be used to analyse social interaction traits. It
was unclear whether indirect genetic effects can be estimated from pooled records
(Chapter 4). Moreover, it was unclear how individual and pooled records on social
interaction traits can be modelled multivariately (Chapter 5).

In Chapter 4, we investigated whether data collected at group level (pooled data)
can be used to estimate direct, indirect and total genetic variances. In addition, we
determined the optimal group composition, i.e. the optimal number of families
represented in a group to minimize the standard error of the estimates. Through
theoretical derivations and simulations we showed that the total genetic variance
can be estimated from pooled data, but the underlying direct and indirect genetic
(co)variances cannot. Moreover, we showed that with pooled data the most
accurate estimate of the total genetic variance is obtained when group members
belong to the same family. While quantifying the direct and indirect genetic effects
is interesting from a biological perspective, estimating the total genetic effect is
most important for genetic improvement. Therefore, when it is too difficult or
expensive to obtain individual data, pooled data can be used to improve social
interaction traits.

In Chapter 5, we aimed to find a model that yields unbiased genetic parameter
estimates for a bivariate analysis of individual and pooled data on social interaction
traits. Bivariate analysis of individual and pooled data can introduce an issue with
the non-genetic correlation between both traits. For individual data, direct and
indirect environmental effects are captured by two model terms: a random group
effect and the residual. For pooled data, however, direct and indirect
environmental effects are captured by the residual only. Most statistical software
programs cannot fit a correlation between the random group effect of the
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individual trait and the residual of the pooled trait. This can result in biased genetic
parameter estimates. We showed that, to obtain unbiased genetic parameter
estimates, a random group effect for the pooled trait needs to be added and
correlated to the random group effect of the individual trait. The variance of the
random group effect of the pooled trait needs to be set to a fixed value to avoid
over-parameterization.

The general discussion (Chapter 6) addressed two topics. First, | discussed the
interpretation of T2 as a measure of inheritance for social interaction traits. For
non-social interaction traits, the heritability (h?) is used as a measure of
inheritance, where the direct genetic variance is expressed relative to the
phenotypic variance. Analogously, for social interaction traits, T? is used as a
measure of inheritance, where the total genetic variance is expressed relative to
the phenotypic variance. Throughout this thesis it became clear that, for social
interaction traits, the level of data collection (individual vs pooled data) and the
within-group relatedness affect the phenotypic variance. Consequently it also
affects T2. Therefore, T? can differ between experimental set-ups, even though the
underlying genetic parameters are the same. For survival time in laying hens, a 30
up to 40% decrease in T? is observed when using pooled data instead of individual
data. This illustrates that T2, as a measure of inheritance, should be used with care.
Second, | discussed the practical implementation and coinciding hurdles of
genetically improving social interaction traits, where one of the hurdles will be
improving survival time in housing systems where animals are kept in larger groups.
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