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This supplementary material aims to explain in more detail the scaling of the estimation of heritability 

with pooled records of half-sibs [25,27]. For crossbreds, the heritability was calculated, per cage size, 

as: 

ℎ2∗
=

4 × 𝜎𝑠
2

𝜎𝑠
2 +  𝑛 × 𝜎𝑒∗

2   

where n was the number of hens grouped in the cage, 4 × 𝜎𝑠
2 = 𝜎𝑎

2 was the additive genetic variance 

for crossbreds; 𝜎𝑒∗
2  was the residual variance for crossbreds. 
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1. Explaining the multiplicative term “n” for the residuals 

A phenotype (P) of animal 𝑖 can be decomposed by the following formulae: 

𝑃𝑖 = 𝜇 + 𝑎𝑖 + 𝑒𝑖    (1) 

where 𝑎𝑖 is the breeding value of animal 𝑖, with 𝐚~𝑁(0, 𝐀𝜎𝑎
2) where 𝐀 is the genetic relationship 

matrix, and 𝑒𝑖 the environmental effect (or residual) with 𝐞~𝑁(0, 𝐈𝜎𝑒
2) where 𝐈 is the identity matrix. 

For animal 𝑖 born from sire j and dam k, 𝑎𝑖 =  
1

2
𝑎𝑗 +

1

2
𝑎𝑘 + 𝑀𝑆𝑖 where 𝑀𝑆𝑖 is the Mendelian sampling 

(random error due to meiosis) with variance 𝜎𝑀𝑆
2 =

1

2
𝜎𝑎

2. The heritability of the 𝑃𝑖 is: 

ℎ2 =
𝜎𝑎

2

𝜎𝑎
2 + 𝜎𝑒

2
 

 

If the observed phenotype is a pooled average from sire 𝑗 half-sibs, 𝑃∗
𝑗 =

∑ 𝑃𝑖
𝑛
𝑖=1

𝑛
, then: 

𝑃∗
𝑗 = 𝜇 +

1

2
𝑎𝑗 +

∑
1
2 𝑎𝑑𝑖

𝑛
𝑖=1 + ∑ 𝑀𝑆𝑖

𝑛
𝑖=1 + ∑ 𝑒𝑖

𝑛
𝑖=1

𝑛
   

Where 𝑑𝑖 is the index for the dam of animal 𝑖, thus applying a sire model on pooled records: 

𝑃𝑗
∗ = 𝜇 + 𝑠𝑗 + 𝑒𝑗

∗ (2) 

Where 𝑠𝑗 =
1

2
𝑎𝑗 and 𝑒𝑗

∗ =
1

𝑛
∑ (

1

2
𝑎𝑑𝑖 + 𝑀𝑆𝑖+𝑒𝑖)

𝑛
𝑖=1  

Variance components estimated in model (2) are thus: 

𝜎𝑠
2 =

𝜎𝑎
2

4
 and 𝜎𝑒∗

2 =
1

𝑛2 (
𝑛

4
𝜎𝑎

2 +
𝑛

2
𝜎𝑎

2 + 𝑛𝜎𝑒
2) =

1

𝑛
(

3

4
𝜎𝑎

2 + 𝜎𝑒
2) 

 

The heritability of the trait from variance components estimated in model (2) should then computed 

as: 

ℎ2∗
=

4𝜎𝑠
2

𝜎𝑠
2 + 𝑛𝜎𝑒∗

2

⇔ ℎ2∗
=

𝜎𝑎
2

𝜎𝑎
2

4
+

3
4

𝜎𝑎
2 + 𝜎𝑒

2

⇔ ℎ2∗
=

𝜎𝑎
2

𝜎𝑎
2 + 𝜎𝑒

2
= ℎ2

 

𝑄𝐸𝐷 

 

More information and validation with simulated situations can be found in the discussion section of 

Katrijn Peeters’ Ph.D. thesis [27]. 
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2. The calculation of heritability for pooled resilience indicator traits, that are based on 

deviations  

In the following subsections, the subscripts used are: 

Subscript Standing for 

𝑖 individual 

𝑗 sire 

𝑡 time 

𝑔 group 

𝑚 number of records (times) 

𝑛 number of individuals in the group 

Other notations are: 

𝐸𝑃𝑖𝑡 is the eggs production of animal 𝑖 at time 𝑡, 𝐸𝑃𝑖𝑡 =  𝜇𝑡 + 𝑎𝑖 + 𝑒𝑖𝑡 

𝜇𝑡 is the flock’s weekly average EP, 

𝐷𝑒𝑣𝑖𝑡 = 𝐸𝑃𝑖𝑡 − 𝜇𝑡 = 𝑎𝑖 + 𝑒𝑖𝑡 is the deviation of animal 𝑖 at time 𝑡, 

𝐷𝑒𝑣̅̅ ̅̅ ̅
𝑖 =

1

𝑚
∑ 𝐷𝑒𝑣𝑖𝑡

𝑚
𝑡=1  is the average deviation for animal 𝑖, 

𝐷𝑒𝑣𝑖𝑡 − 𝐷𝑒𝑣̅̅ ̅̅ ̅
𝑖 = 𝑒𝑖𝑡, 

𝜎𝐷𝑒𝑣,𝑖
2 =

∑ (𝐷𝑒𝑣𝑖𝑡−𝐷𝑒𝑣̅̅ ̅̅ ̅̅ 𝑖)2𝑚
𝑡=1

𝑚−1
=

∑ (𝑒𝑖𝑡)2𝑚
𝑡=1

𝑚−1
 is the variance of the deviation for animal 𝑖, 

For pooled records, let’s consider a group 𝑔 of 𝑛 half-sibs of sire 𝑗: 

𝐸𝑃𝑗𝑡
∗ =

∑ 𝐸𝑃𝑖𝑡𝑖∈𝑔

𝑛
 is the egg production calculated as pooled records for sire 𝑗 at time 𝑡, 

And: 𝐸𝑃𝑗𝑡
∗ = 𝜇𝑡 +

1

𝑛
(∑ 𝑎𝑖𝑖∈𝑔 + ∑ 𝑒𝑖𝑡𝑖∈𝑔 ) 

Thus: 𝐸𝑃𝑗𝑡
∗ = 𝜇𝑡 +

1

2
𝑎𝑗 +

1

𝑛
∑ (

1

2
𝑎𝑑𝑖 + 𝑀𝑆𝑖 + 𝑒𝑖𝑡)𝑖∈𝑔 , 

𝐷𝑒𝑣𝑗𝑡
∗ = 𝐸𝑃𝑗𝑡

∗ − 𝜇𝑡 is the deviation for sire 𝑗 at time 𝑡, 

𝐷𝑒𝑣̅̅ ̅̅
𝑗̅
∗ is the average deviation for sire 𝑗,  

𝐷𝑒𝑣̅̅ ̅̅
𝑗̅
∗ =

1

𝑚
∑ 𝐷𝑒𝑣𝑗𝑡

∗𝑚
𝑡=1 =

1

2
𝑎𝑗 +

1

𝑛
∑ (

1

2
𝑎𝑑𝑖 + 𝑀𝑆𝑖)

𝑛
𝑖=1 +

1

𝑛𝑚
∑ ∑ 𝑒𝑖𝑡𝑖∈𝑔

𝑚
𝑡=1 , 

𝐷𝑒𝑣𝑗𝑡
∗ − 𝐷𝑒𝑣̅̅ ̅̅

𝑗̅
∗ =

∑ 𝑒𝑖𝑡𝑖∈𝑔

𝑛
  

We note 𝜎𝐷𝑒𝑣∗,𝑗
2  the variance of the deviation for sire 𝑗 based on pooled records 

  



2.1. LNVAR 

Let’s consider repeated observations on animals, recorded at the individual scale and as pooled records 

of half-sibs groups. Traits are defined as: 

𝑳𝑵𝑽𝑨𝑹𝒊𝒏𝒅 𝑳𝑵𝑽𝑨𝑹𝒑𝒐𝒐𝒍 

𝐿𝑁𝑉𝐴𝑅𝑖𝑛𝑑,𝑖 = 𝑙𝑛(𝜎𝐷𝑒𝑣,𝑖
2 ) = 𝑙𝑛 (

∑ (𝑒𝑖𝑡)2𝑚
𝑡=1

𝑚 − 1
) 

 

𝐿𝑁𝑉𝐴𝑅𝑝𝑜𝑜𝑙,𝑗 = 𝑙𝑛(𝜎𝐷𝑒𝑣∗,𝑗
2 )  

The relationship between individual and pooled 

records can be approximated as: 

𝐿𝑁𝑉𝐴𝑅𝑝𝑜𝑜𝑙,𝑗 = 𝑙𝑛 ([
1+(𝑛−1)(¼ℎ𝑔

2 +𝑐𝑔
2)

𝑛
] 𝜎𝐷𝑒𝑣,𝑗

2 )  

=  𝑙𝑛 ([
1+(𝑛−1)(¼ℎ𝑔

2+𝑐𝑔
2)

𝑛
]) +  𝑙𝑛(𝜎𝐷𝑒𝑣,𝑗

2 )  

= 𝐾 + 𝐿𝑁𝑉𝐴𝑅𝑖𝑛𝑑,𝑗  

where (¼ℎ𝑔
2 + 𝑐𝑔

2) is the resemblance of half-sib 

cage mates due to genetics and a possible 

common cage effects (𝑐𝑔
2). ℎ𝑔

2 is the heritability 

of 𝜎𝐷𝑒𝑣,𝑗
2  (prior to the ln-transformation). 

This shows that 𝐿𝑁𝑉𝐴𝑅𝑝𝑜𝑜𝑙 ≠ 𝐿𝑁𝑉𝐴𝑅𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 

The trait analyzed based on pooled records 

(𝐿𝑁𝑉𝐴𝑅𝑝𝑜𝑜𝑙) differs from the trait analysed 

based on individual records (𝐿𝑁𝑉𝐴𝑅𝑖𝑛𝑑) with a 

factor 𝐾. The magnitude of 𝐾 depends upon 𝑛 

(number of cage mates), the heritability of the 

trait (ℎ𝑔
2) and the presence of common 

environmental (group) effects (𝑐𝑔
2).  

𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒊𝒏𝒈 𝒉𝟐 𝒇𝒐𝒓 𝑳𝑵𝑽𝑨𝑹𝒊𝒏𝒅 𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒊𝒏𝒈 𝒉𝟐 𝒇𝒐𝒓 𝑳𝑵𝑽𝑨𝑹𝒑𝒐𝒐𝒍 

Animal model: 

𝐿𝑁𝑉𝐴𝑅𝑖𝑛𝑑𝑖
= 𝜇𝐿𝑁 + 𝑎𝐿𝑁𝑖 + 𝑒𝐿𝑁𝑖 

thus: 

ℎ𝐿𝑁𝑉𝐴𝑅𝑖𝑛𝑑
2 =

𝜎𝑎𝐿𝑁
2

𝜎𝑎𝐿𝑁
2 + 𝜎𝑒𝐿𝑁

2  

Sire model: 

𝐿𝑁𝑉𝐴𝑅𝑝𝑜𝑜𝑙𝑗𝑔
= 𝜇𝐿𝑁𝑝 + 𝑠𝐿𝑁𝑝𝑗 + 𝑒𝐿𝑁𝑝𝑗𝑔 

As a constant, 𝐾 will not contribute to variation 

but to the overall mean 𝜇𝐿𝑁𝑝.  

ℎ𝐿𝑁𝑉𝐴𝑅𝑝𝑜𝑜𝑙
2 =

4𝜎𝑠𝐿𝑁𝑝
2

𝜎𝑠𝐿𝑁𝑝
2 + 𝜎𝑒𝐿𝑁𝑝

2  
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2.2. AUTO-R 

Let’s consider repeated observations on animals, recorded at the individual scale and as pooled records 

of half-sibs groups. Traits are defined as: 

𝑨𝑼𝑻𝑶𝑹𝒊𝒏𝒅 𝑨𝑼𝑻𝑶𝑹𝒑𝒐𝒐𝒍 

 𝐴𝑈𝑇𝑂𝑅𝑖𝑛𝑑,𝑖 =  
𝑐𝑜𝑣(𝑒𝑖𝑡, 𝑒𝑖𝑡+1)

𝜎𝑒𝑖
2  

 𝐴𝑈𝑇𝑂𝑅𝑖𝑛𝑑,𝑖 =  
∑ (𝐷𝑒𝑣𝑖𝑡−𝐷𝑒𝑣̅̅ ̅̅ ̅̅ 𝑖)(𝐷𝑒𝑣𝑖𝑡+1−𝐷𝑒𝑣̅̅ ̅̅ ̅̅ 𝑖)𝑚−1

𝑡=1

∑ (𝐷𝑒𝑣𝑖𝑡−𝐷𝑒𝑣̅̅ ̅̅ ̅̅ 𝑖)2𝑚
𝑡=1

  

𝐴𝑈𝑇𝑂𝑅𝑝𝑜𝑜𝑙,𝑗 =  
𝑐𝑜𝑣 (

∑ 𝑒𝑖𝑡𝑖∈𝑔

𝑛 ,
∑ 𝑒𝑖𝑡+1𝑖∈𝑔

𝑛 )

𝑣𝑎𝑟 (
∑ 𝑒𝑖𝑡𝑖∈𝑔

𝑛 ) 

 

With a homogeneous residual variance 𝜎𝑒
2 for 

half-sibs: 

𝐴𝑈𝑇𝑂𝑅𝑝𝑜𝑜𝑙,𝑗 =  

1
𝑛2 ∑ 𝑐𝑜𝑣(𝑒𝑖𝑡, 𝑒𝑖𝑡+1)𝑖∈𝑔

𝜎𝑒
2

𝑛  

=
∑ 𝑐𝑜𝑣(𝑒𝑖𝑡, 𝑒𝑖𝑡+1)𝑖∈𝑔

𝑛𝜎𝑒
2

=
1

𝑛
∑ 𝐴𝑈𝑇𝑂𝑅𝑖𝑛𝑑 =

𝑖𝜖𝑔

𝐴𝑈𝑇𝑂𝑅𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

Meaning that calculating AUTO-R on the pool 

performance of a group (mean) is identical to the 

mean of the individual AUTO-R of the group.  

𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒊𝒏𝒈 𝒉𝟐 𝒇𝒐𝒓 𝑨𝑼𝑻𝑶𝑹𝒊𝒏𝒅 𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒊𝒏𝒈 𝒉𝟐 𝒇𝒐𝒓 𝑨𝑼𝑻𝑶𝑹𝒑𝒐𝒐𝒍 

Animal model: 

𝐴𝑈𝑇𝑂𝑅𝑖𝑛𝑑𝑖
= 𝜇𝐴𝐶 + 𝑎𝐴𝐶𝑖 + 𝑒𝐴𝐶𝑖 

thus: 

ℎ𝐴𝐶𝑖𝑛𝑑
2 =

𝜎𝑎𝐴𝐶
2

𝜎𝑎𝐴𝐶
2 + 𝜎𝑒𝐴𝐶

2  

Sire model: 

𝐴𝑈𝑇𝑂𝑅𝑝𝑜𝑜𝑙𝑗𝑔
= 𝜇𝐴𝐶𝑝 + 𝑠𝐴𝐶𝑝𝑗 + 𝑒𝐴𝐶𝑝𝑗𝑔 

Given that 

𝐴𝑈𝑇𝑂𝑅𝑝𝑜𝑜𝑙 = 𝐴𝑈𝑇𝑂𝑅𝑖𝑛𝑑𝑖𝑣
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 

ℎ𝐴𝐶𝑝𝑜𝑜𝑙
2 =

4𝜎𝑠𝐴𝐶𝑝
2

𝜎𝑠𝐴𝐶𝑝
2 +  𝑛𝜎𝐴𝐶𝑝

2  

As explained in section 1 

  



2.3. SKEW 

Let’s consider repeated observations on animals, recorded at the individual scale and as pooled records 

of half-sibs groups. Traits are defined as: 

𝑷 = 𝑺𝑲𝑬𝑾𝒊𝒏𝒅 𝑷∗ = 𝑺𝑲𝑬𝑾𝒑𝒐𝒐𝒍 

𝑆𝐾𝐸𝑊𝑖𝑛𝑑,𝑖

=
𝑚

(𝑚 − 1)(𝑚 − 2)
∑ (

𝐷𝑒𝑣𝑖𝑡 − 𝐷𝑒𝑣̅̅ ̅̅ ̅
𝑖

𝜎𝑒
)

3𝑚

𝑡=1

=  𝑀 ∑ (
𝑒𝑖𝑡

𝜎𝑒
)

3
𝑚

𝑡=1

 

where: 

𝑀 =
𝑚

(𝑚 − 1)(𝑚 − 2)
 

 

𝑆𝐾𝐸𝑊𝑝𝑜𝑜𝑙,𝑗 = 𝑆𝐾𝐸𝑊 (
∑ 𝑒𝑖𝑡𝑖∈𝑔

𝑛
) =

𝑆𝐾𝐸𝑊(∑ 𝑒𝑖𝑡𝑖∈𝑔 )  

According to Eriksson (p.29, eq.20) [52] for the 

skewness of 𝑛 independent variables  

𝑆𝐾𝐸𝑊(∑ 𝑒𝑖𝑡𝑖∈𝑔 ) =
∑ 𝜇3𝑖𝑖∈𝑔

(∑ 𝜎𝑒𝑖
2

𝑖∈𝑔 )
3/2  

Where 𝜇3𝑖 =
1

𝑚
∑ 𝑒𝑖𝑗

3𝑚
𝑡=1   

With the same residual variance for all half-sibs 

in group g, (𝜎𝑒𝑖

2 = 𝜎𝑒
2), we obtain: 

𝑆𝐾𝐸𝑊(∑ 𝑒𝑖𝑡𝑖∈𝑔 ) =
∑ 𝜇3𝑖𝑖∈𝑔

(𝑛×𝜎𝑒
2)

3
2

  

𝑆𝐾𝐸𝑊(∑ 𝑒𝑖𝑡𝑖∈𝑔 ) =
1

𝑛3/2

∑ 𝜇3𝑖𝑖∈𝑔

(𝜎𝑒
2)

3
2

  

𝑆𝐾𝐸𝑊(∑ 𝑒𝑖𝑡𝑖∈𝑔 ) =
1

√𝑛
×

∑ 𝑆𝐾𝐸𝑊𝑖𝑛𝑑,𝑖𝑖∈𝑔

𝑛
  

Thus the relationship between individual and 

polled records is: 

𝑆𝐾𝐸𝑊𝑝𝑜𝑜𝑙,𝑗 =
1

√𝑛
× 𝑆𝐾𝐸𝑊𝑖𝑛𝑑,𝑖

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 

Meaning that calculating SKEW on the pool 

performance of a group (mean) is identical to the 

mean of the individual SKEW of the group.  

The multiplicative term 
1

√𝑛
 is a characteristics of 

skewness: due to the central limit theorem, large 

n leads to a symmetric normal distribution (non-

skewed).  
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𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒊𝒏𝒈 𝒉𝟐 𝒇𝒐𝒓 𝑺𝑲𝑬𝑾𝒊𝒏𝒅 𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒊𝒏𝒈 𝒉𝟐 𝒇𝒐𝒓 𝑺𝑲𝑬𝑾𝒑𝒐𝒐𝒍 

Animal model: 

𝑆𝐾𝐸𝑊𝑖𝑛𝑑𝑖
= 𝜇𝑆𝐾 + 𝑎𝑆𝐾𝑖 + 𝑒𝑆𝐾𝑖 

thus: 

ℎ𝑆𝐾𝑖𝑛𝑑
2 =

𝜎𝑎𝑆𝐾
2

𝜎𝑎𝑆𝐾
2 + 𝜎𝑒𝑆𝐾

2  

Sire model: 

𝑆𝐾𝐸𝑊𝑝𝑜𝑜𝑙𝑗𝑔
= 𝜇𝑆𝐾𝑝 + 𝑠𝑆𝐾𝑝𝑗 + 𝑒𝑆𝐾𝑝𝑗𝑔 

Given that 𝑆𝐾𝐸𝑊𝑝𝑜𝑜𝑙𝑗𝑔
=

1

√𝑛
× 𝑆𝐾𝐸𝑊𝑖𝑛𝑑

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ,  

ℎ𝑆𝐾𝑝𝑜𝑜𝑙
2 =

4𝜎𝑠𝑆𝐾𝑝
2

𝜎𝑠𝑆𝐾𝑝
2 +  𝑛𝜎𝑒𝑆𝐾𝑝

2  

As explained in section 1 

 


