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Summary 

 

The improvement of eggshell strength has been an essential research question for several decades, 

and in spite of the progress made by the poultry industry during the 20th century eggshell quality is 

expected to remain a major area of study for the years to come. This tendency is not surprising given 

the projected rapid growth in global egg demand, and in light of the fact that the deficiencies related 

to poor eggshell quality not only result in substantial economic losses for the producers, but also 

pose a very serious threat to food safety. 

 

To tackle this problem, researchers have spent years experimenting with a number of approaches to 

evaluate eggshell strength, analyzing whether or not these methods are efficient, reliable, and 

practical from an industrial standpoint. Given the nature of the task, however, most of these 

approaches are inevitably destructive, such as the ones that rely on determining the weight of the 

eggshell or its thickness. Despite this, non-destructive methods have also been developed. This is the 

case for instance of non-destructive deformation, whose goal is to assess the strength of the eggshell 

by measuring its deformation under a standard load. Nevertheless, as of today little research is 

documented that evaluates the long-term effects of selection for non-destructive deformation.  

 

In this context, the main objective of this doctoral dissertation is to investigate, from different angles, 

the long-term effects of selection for non-destructive deformation on a variety of phenotypic traits. 

To this end, particular attention was paid to the analysis of genetic parameters for traits related to 

eggshell strength, egg production, and egg shape. 

 

The data used for analysis in this thesis was gathered at the National Institute of Livestock and 

Grassland Science (Tsukuba, Japan) from a selection experiment conducted in White Leghorns over 

thirty-one generations. In practice, the individuals were divergently selected into two lines based on 

low and high non-destructive deformation value, referred to as the strong line and the weak line, 

respectively.  

The analysis of the genetic parameters, e.g. genetic correlations and heritabilities, was performed by 

applying the REML (Restricted Maximum Likelihood) approach in the R computing environment, 

and the breeding values were estimated by using BLUP (Best Linear Unbiased Prediction) 

methodology under multivariate animal models.  

 

Several important results were obtained from this experiment. Firstly, the selection process 

successfully created two clearly distinct lines, providing evidence for the effectiveness of using non-

destructive deformation as a criterion for long-term selection. Furthermore, the moderately high 

heritability values estimated for non-destructive deformation indicate the potential for genetic 

improvement through selection for non-destructive deformation. It was also established that non-

destructive deformation could replace destructive methods to evaluate eggshell strength, for instance 

eggshell breaking strength, given the high genetic correlations between non-destructive deformation 

and the other eggshell traits. 

 

Secondly, this experiment revealed a small negative impact from selection for non-destructive 

deformation on egg production and sexual maturity in the strong line, suggesting the need to balance 

the selection for non-destructive deformation with that of production traits. At the same time, it was 

discovered that large egg size (or weight) is not associated with poor eggshell quality. 

 

Thirdly, rounder eggs tended to be somewhat sturdier than more elongated eggs for the range of 

values studied. This finding is important given that the traits related to the geometry of the egg, e.g. 

egg shape index, account for a substantial part of the variability in eggshell strength that remains 

after conventional factors, such as eggshell thickness and specific gravity, have been taken into 
account. 



 

In consideration of these results and the variety of perspectives addressed in this analysis, it was 

concluded that non-destructive deformation is a reliable and useful tool that can replace the 

destructive methods currently used to assess eggshell quality. 

 

Keywords: Egg production, Egg shape, Eggshell strength, Long-term selection, Non-destructive 

deformation, Poultry, White Leghorn. 
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Chapter I: Introduction 

 

 

1.1) Domestication and development of chicken breeds 

 

At its beginnings, the history of domestication of chickens, which started with chickens of 

Indian origin, had little to do with egg and meat production, as fowls were raised back then primarily 

for cockfighting purposes throughout Asia, Africa, and Europe (Encyclopædia Britannica, 2014); 

however, it is no mystery that the breeds of chickens which are raised in this day and age for the 

needs of human consumption have evolved with respect to phenotypic traits, such as body size or 

egg production, in order to best meet the ever-increasing global demand and the conditions of the 

world’s markets. Despite this, and even though it is largely recognized in the field of animal science 

that the history of the domestication of chickens dates back several thousand years (West & Zhou, 

1989; Nozawa, 1986), it is usually not known of the public that the domestic fowls which are raised 

today for meat and egg production are considered to have a common ancestor, the Red Jungle Fowl 

Gallus gallus (West & Zhou, 1989; Siegel et al., 1992; Yamashita et al., 1994). Interestingly enough, 

however, this wild ancestor now differs significantly from its domesticated descendant Gallus gallus 

domesticus with regard to a variety of phenotypic traits of major significance to humans, because of 

the long domestication process which has taken place all around the world.  

To give a few examples of such traits, some of the most distinctive phenotypic differences which 

have been identified in the domestic fowl in comparison with the Red Jungle Fowl include: plumage 

color, increase in body size (twofold or more), changes in the size of organs and other body parts 

(e.g. overall decrease in brain size), earlier onset of sexual maturity, increase in egg weight and egg 

production, high feed efficiency, rapid growth, as well as changes in behavior (Jackson & Diamond, 

1996; Andersson et al., 2000; Schütz & Jensen, 2001; Schütz et al., 2001; Jensen, 2006).  

 

Although a change in most of these traits can be expected given the fact that domestic breeds are 

typically selected for egg and meat production, the sheer magnitude of the genetic evolution which 

has occurred throughout the domestication process is compelling. The extent of this development is 

illustrated for instance by the difference between the egg production of the White Leghorn, which is 

an efficient egg-laying breed usually selected for its ability to lay a maximum of eggs for a minimum 

food intake, and that of its wild ancestor, the Red Jungle Fowl. According to a study conducted by 

Kerje et al. (2003), the average egg weight was found to be approximately 23 g for Red Jungle 

Fowls, for a total egg weight of 97.3 g per week, translating into an average of 4.23 eggs per week. 
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In comparison, White Leghorns would lay eggs of 57.5 g on average, for a weekly total of 367.1 g 

(6.38 eggs per week on average). Not only does that study reveal a 150% increase in egg weight for 

White Leghorns, it shows at the same time an increase in egg production by more than 50%, even 

after accounting for the increase in egg weight. Such figures illustrate very well the extent to which 

the domestication process of chicken breeds has influenced their genetic structure, and implicitly 

raise questions of critical importance for the future of poultry farming, notably with respect to the 

theoretical limits to this genetic evolution. 

 

 

1.2) Aim of this dissertation 

 

In the context of this evolution of the genetic structure of chicken breeds, the main goal of this 

dissertation is to examine and precisely quantify the effects of long-term selection for eggshell 

strength in White Leghorns. Naturally, eggshell strength has been abundantly studied in the past 

given that it is an essential attribute for the poultry industry. Nevertheless, surprisingly little research 

is documented that addresses the long-term effects of selection for non-destructive deformation 

(Nirasawa et al., 1998). 

 

The present study aims to fill this gap and bring new knowledge to the field by thoroughly analyzing 

a two-way selection experiment for non-destruction deformation that has been conducted for several 

decades at the National Institute of Livestock and Grassland Science (Tsukuba, Japan). In particular, 

this research evaluates the effects of single-trait selection for non-destructive deformation on the 

three following aspects: 

 Traits related to eggshell strength (Chapter IV, Research Article I) 

 Traits related to egg production (Chapter V, Research Article II) 

 Traits related to egg shape (Chapter VI, Research Article III) 

 

While details about the experiment, the models, and the methods used are provided in Chapter II, it 

is necessary to state that the scope of this dissertation is limited to the three points above, and will 

therefore not address other aspects of egg quality, such as issues related to the internal quality of the 

egg. 

 

Given that this dissertation is meant to be useful, not only for academic research purposes but also 

for the future development of breeding programs, the core of the analysis will focus on estimating 

genetic parameters (e.g. variance components and heritabilities) and breeding values, and on 

examining their evolution over time. To this end, widely established methods will be applied, such as 
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Restricted Maximum Likelihood (REML; Patterson & Thompson, 1971) and Best Linear Unbiased 

Prediction (BLUP; Henderson, 1975a). These approaches allow the use of pedigree information and 

fit the purposes of this thesis as they account for genetic trends and selection, and because it is 

possible to correct for environmental deviations by adding fixed effects to the model. 

 

As an introduction to these methods, the next section of this opening chapter provides a brief 

background of the field of animal breeding and genetics. However, rather than delving into the 

theoretical details of the models used throughout this dissertation (which will be fully explained in 

Chapter II), stress will be laid on the evolution of the methodology since the 19th century. This 

chapter will then be concluded by a short discussion of the social contribution of this dissertation. 

 

After the chapter devoted to the methods and model theory, Chapter III will present a basic statistical 

analysis of the experiment reviewed in this dissertation. This step is essential, not only to gain a 

broad understanding of the general outcomes of the experiment, but also to be able to understand the 

subsequent analysis of the genetic parameters and breeding values from the three perspectives 

covered in the present study (Chapters IV, V, and VI). 

 

Lastly, as the concluding chapter of this dissertation, Chapter VII will summarize the major 

conclusions of this dissertation and include a brief discussion of the main implications of these 

findings for the poultry industry. 

 

 

1.3)  A brief history of animal breeding and genetics 

 

The field of animal breeding and genetics as it is generally considered today has a relatively 

short history. Setting aside traditional methods used around the 17th and 18th century, it appears that 

little scientific advancement was made before the second half of the 19th century and the publication 

of On the Origin of Species by Charles Darwin (1859), which explains natural selection and lays the 

foundations of evolutionary biology. It was also then that Gregor Mendel published his works on 

hybridization, Experiments on Plant Hybridization (1866), which, albeit eclipsed by Darwin’s theory 

of evolution, were rediscovered in the early 1900s, most prominently by Correns (1900), de Vries 

(1900), and Tschermak (1900), thereby giving birth to the so-called Mendelian laws of inheritance. 

Because of these advances, tremendous progress was made during the 20th century, which most 

notably saw the emergence of powerful methods and models for the estimation of variance 

components and the prediction of random effects like breeding values. During the first part of the 

20th century, the research of Jay L. Lush and Sewall Wright, who had developed path coefficient and 
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selection index methods (Wright, 1921, 1934), constituted a solid foundation for the implementation 

of breeding programs, alongside the fixed effect linear models established by Ronald A. Fisher and 

Frank Yates; these works were utilized by animal breeders around the late 1930s and early 1940s 

(Van Vleck, 1998).  

 

However, what stands out the most throughout this evolution of the field of animal breeding and 

genetics is assuredly the contributions made around the middle of the century (1950s~1970s) by 

Charles Roy Henderson, who has been unequivocally recognized by all prominent researchers in the 

field, such as Kennedy (1991), Searle (1991), or Freeman (1991); the many honors and distinctions 

that he was awarded throughout his life, such as the Borden Award (in 1964), the J.L. Lush Award 

(in 1982), and the Morrison Award (in 1971) (American Dairy Science Association, 2014; American 

Society of Animal Science, 2014), as well as his election to the American National Academy of 

Sciences in 1985 (National Academy of Sciences, 2014), bear witness of his influence in the field.  

Henderson was even referred to as “the leading world authority” by the Journal of Dairy Science 

(1989).  

Building on the achievements of the first half of the 20th century mentioned above, but using a 

different approach, Henderson actually managed during the following decades to establish a single 

model for the analysis of fixed and random effects, which is nowadays more commonly known as 

Henderson’s Mixed Model Equations (MMEs) (Gilmour, 2009)1. Although as aforementioned 

methods already existed to estimate fixed effects, this result is of essential importance since animal 

breeders are typically interested in the prediction of breeding values and other genetic parameters 

(i.e. random effects) rather than in the fixed effects for the development of breeding plans (Van 

Vleck, 1998); no one before Henderson had been able to find a simple but powerful and 

computationally feasible method to estimate the BLUP.  

 

As a matter of fact, as described for instance by Van Vleck (Ibid.), before Henderson discovered the 

MMEs, and given the following general model 

 𝑦 = 𝑋𝛽+∈ (1.1) 

where 

       𝑦 is a vector of observations 

       𝛽 is a vector of fixed effects 

1 The main point of the MMEs is to efficiently and accurately calculate the Best Linear Unbiased 

Estimator (BLUE), for fixed effects, and determine at the same time the Best Linear Unbiased 

Predictor (BLUP), for random effects. 
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       𝑋 is the design matrix for the fixed effects, and 

       ∈ is a vector of random effects (𝐸(∈) = 0), 

 

finding a BLUE solution for 𝛽 required solving 

 (𝑋′𝑉−1𝑋)�̂� = 𝑋′𝑉−1𝑦 (1.2) 

which in turn required calculating 𝑉−1, the inverse of the variance of the observation vector 𝑦, 

defined as 𝑉 = 𝑉𝑎𝑟(𝑦) = 𝑉𝑎𝑟(∈). This was in practice not possible because the correlations among 

the elements of ∈ (which would not otherwise exist had there been no random effects) give 𝑉 a 

non-trivial structure (i.e. 𝑉 is non-diagonal), thereby making it too demanding computationally to 

calculate its inverse.  

 

However, Henderson, Kempthorne, Searle, and von Krosigk (1959) were able to prove that, for the 

model 

 𝑦 = 𝑋𝛽 + 𝑍𝑢 + 𝑒 (1.3) 

where 

       𝑢 is a vector of random effects 

       𝑍 is the design matrix for the random effects, and 

       𝑒 is the vector of model residual (𝐸(𝑒) = 0) 

 

which, in other words, is the same model as defined in equation (1.1) with ∈ = 𝑍𝑢 + 𝑒, the matrix 

𝑉−1 could be calculated according to equation (1.4) below, 

 𝑉−1 = 𝑅−1 − 𝑅−1𝑍(𝑍′𝑅−1𝑍 + 𝐺−1)−1𝑍′𝑅−1 (1.4) 

which in simpler terms is equivalent to 𝑉 = 𝑍𝐺𝑍′ + 𝑅, where 

𝑅 = 𝑉𝑎𝑟(𝑒) (since the elements of 𝑒 have equal variance and are not mutually correlated, 𝑅 

is a diagonal matrix with all of its elements equal) 

        𝐺 is the variance-covariance matrix for the random effects 𝑢, and 

        𝐶𝑜𝑣(𝑢, 𝑒′) = 0. 

 

These findings by Henderson and his colleagues have radically changed the way animal breeders 

perform the evaluation of genetic parameters, because the structures of the variance-covariance 
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matrices 𝑅−1 and 𝐺−1make them relatively easy to compute and solve, even for a very large 

number of equations. In other words, what had seemed practically impossible to solve before the 

discoveries made by Henderson had suddenly turned into a fairly simple set of equations; the MMEs 

have allowed animal breeders to assess breeding values accurately (find the BLUP), and have 

therefore empowered them to develop selection and breeding methods based on efficient and reliable 

statistical information, even with unbalanced data or with missing records. This explains the success 

of BLUP and why it quickly became extensively used by animal breeders (and still is today)2. In this 

manner, Henderson’s MMEs have become the foundation for mixed model analysis, and, as 

discussed in the second chapter of this dissertation, have led to the development of complex methods 

for variance component estimation –namely Maximum Likelihood (ML) and Restricted Maximum 

Likelihood (REML). This clearly shows the extent and impact of Henderson’s work and results on 

the following decades of research in animal breeding and genetics. 

Furthermore, a number of substantial improvements to the MMEs were made in the following years; 

one example of this is the discovery of efficient and practical ways to compute the numerator 

relationship matrix (also known as the “A matrix”) and its inverse (Henderson, 1976), thereby 

effectively incorporating pedigree data easily into the MMEs to take into account records from close 

relatives. Another example of this is the design of the Restricted Maximum Likelihood (REML) 

procedure to estimate the variance parameters assumed to be known in the MMEs (Patterson & 

Thompson, 1971). On a slightly different note, it is important to mention that alongside these 

improvements made on the statistical models used for data analysis, the rapid advances of computer 

technology which have taken place since the 1980s have not only enabled researchers and animal 

breeders to implement more computationally demanding procedures (e.g. analyses of larger data 

sets), they have also created the ideal conditions for the animal model to spread around the world 

(Sigurdsson, Banos & Philipsson, 1992). 

 

Beside the MMEs and BLUP, a more recent development has seen the appearance of new techniques 

for genetic selection in animal breeding, notably quantitative trait loci (QTL) experiments and scans, 

whose use has expanded dramatically since 1994, after the discovery by Andersson et al. (1994) of 

the first QTL for fat deposition in pigs (Rothschild, Hu, & Jiang, 2007). Although the techniques 

used at the time allowed the detection of some QTL, Meuwissen, Hayes, and Goddard managed to 

create a simulation showing the potential of genome-wide, high-density mapping procedures to 

predict the total genetic value (2001). Such results were also later supported by Schaeffer (2006), 

who is said to be one of the successors of Henderson (Nagamine, 2011), thereby increasing the 

worldwide acceptance and acknowledgement of high-density SNP genotyping, and pushing for the 

2 As a side note, although it was Henderson who discovered the BLUP, it appears that the term 

“BLUP” itself was coined by Goldberger (1962). 
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extensive application of genomic selection. Nevertheless, in spite of the potential of these methods 

and the higher accuracy that they provide, many studies, such as Visscher et al. (2007), highlight that 

explaining genetic values from the information extracted from high-density SNP genotyping is a 

complex task. This may explain why most breeding programs still rely on mixed model 

methodology to predict breeding values (Dekkers, 2012). 

 

 

1.4) The economic impact of poor egg quality 

 

Before delving into the chapter of this dissertation devoted to clarifying model theory and the 

methods used for analysis, it is necessary to take a moment to examine how the results achieved 

through this study concretely –albeit modestly– contribute to the long-term improvement of the 

breeding practices of our societies. As aforementioned, this thesis focuses predominantly on the 

evaluation of breeding values and genetic parameters in the White Leghorn, which is an efficient 

egg-laying breed, in order to improve knowledge and understanding of issues related to the 

development of breeding programs, and egg quality in general. Since these elements are directly 

linked to factors such as egg production and egg loss (which is among others a result of poor egg 

shell quality), it therefore ensues that one of the most evident and logical ways to interpret the results 

obtained in this paper is from an economic perspective. 

 

In order to better understand the scale of the industry as well as the significance and impact of egg 

quality on the economy, it is first necessary to provide a brief overview of the current situation, in 

simple terms. In some of the world’s most powerful economies it can be summarized as follows.  

 

In the United States of America, approximately 83.66 billion eggs for consumption were produced in 

2013 (USDA, 2014), which, at an estimated average price of $1.247 per dozen (Mathews & Haley, 

2014), represents a yearly revenue in the region of $8.69 billion. In Japan, the Ministry of 

Agriculture, Forestry and Fisheries estimated the gross value of output for eggs to amount to about 

¥441.9 billion3 for the year 2010 (Ministry of Agriculture, Forestry and Fisheries, 2012). Similarly, 

the production of eggs for consumption in the European Union4 in 2013 reached 6.521 million tons 

(European Commission, 2014a), which translates into a revenue of approximately €8.42 billion5 for 

an average price calculated for that year to be about €129.05 per 100 kg (European Commission, 

2014b).  

3 Approximately $4 billion (for an exchange rate of $1 = ¥110). 
4 In this case, the figures include data from only 27 member states, as Croatia joined the European 

Union on July 1, 2013. The European Union comprises 28 member states as of 2014.  
5 Approximately $11 billion (for an exchange rate of $1 = €0.765). 
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With this in mind, it seems relevant to ask what the financial costs owing to poor egg quality actually 

are. Many researchers have already tried to answer this complex question, and although the exact 

percentage of the egg production lost because of poor egg quality is difficult to assess, it seems clear 

that this represents a significant amount. For instance, some studies have calculated that poor 

eggshell quality made about 6% of the production uncollectible (Roland, 1977), while other 

estimated that before reaching the consumer, egg loss due to poor eggshell quality could amount to 

13% of the eggs produced (Roland, 1988). Moreover, the problems related to eggshell quality, such 

as shell breakage, which is an element of central element of concern in this dissertation, have been 

reported to account for about 80% to 90% of egg deficiencies (Pavlovski et al., 2012). 

In broad terms, and based on the figures described above for some of the world’s biggest markets, 

this 6%~13% percentage range is roughly equivalent to a loss of between $521 million and $1.13 

billion in North America, between €505 million and €1.09 billion6 in Europe, and between ¥26.5 

billion and ¥57.5 billion7 in Japan for the corresponding years. On top of this cost, even for eggs 

which make it to the consumers, it often happens that poor eggshell quality leads to downgrading 

(Hunton, 1982). In practice, this means that producers incur an additional loss of income given that 

the retail price of eggs increases with grade (Perez, Weimar, & Cromer, 1991). In any case, 

regardless of the exact sum such losses amount to, Bell reminds us of a simple but clear fact, “the 

significant economic impact of 1% egg breakage on overall profits in the egg industry” (1998). 

 

Furthermore, from a different perspective, the Food and Agriculture Organization expects global 

demand to continue to increase at a fast pace throughout the 21st century, in particular in 

industrializing countries located in Sub-Saharan Africa and South Asia; for example, for the period 

from 1990 to 2050, it is estimated that egg demand in these two regions will increase by factors of 

more than ten and eight, respectively (Bouwman, 1997). Even though this general trend can be 

explained by a combination of global population growth and a rapidly increasing demand per capita, 

it will be essential for the population of egg-laying hens to grow in all parts of the world to meet 

these ever-increasing needs. 

 

In light of the tendency described above regarding future global demand for poultry eggs, it appears 

that the economic aspects associated with egg quality constitute strong arguments for the promotion 

of research in animal breeding. In this regard, the most substantial contribution of this dissertation in 

the field lies in providing certain insight into a number of factors affecting egg quality, in particular 

by improving the understanding of the genetic parameters and breeding values of chicken breeds 

through selection for eggshell strength. 

6 Between approximately $660 million and $1.42 billion (for an exchange rate of $1 = €0.765). 
7 Between approximately $240 million and $523 million (for an exchange rate of $1 = ¥110). 
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Chapter II: Methods and Model Theory 

 

2.1) Data collection and selection methods 

 

The results presented in this dissertation are essentially based on the analysis of a set of 12,422 

records of White Leghorns (Gallus gallus domesticus), gathered at the National Institute of 

Livestock and Grassland Science, located in Tsukuba, Ibaraki, Japan. Detailed information about 

these records is given below (Table 2.1).  

 

In terms of methods, the White Leghorn population underwent a two-way selection process for 

eggshell strength during the first thirteen generations; in practice, eighty females and ten males were 

selected from each generation depending on their performance1 and used as the parent population to 

produce the following generation. However, given the fact that the total population is constituted of a 

somewhat small number of individuals per generation (more precisely, this number was 

progressively reduced from the thirteenth generation on), and to prevent the coefficient of inbreeding 

from increasing, the following four generations (generations 14 to 17) were selected using a 

within-family selection procedure, i.e. choosing a single –but genetically superior– individual per 

family. From generation 18 onward, individuals were randomly chosen and mated within their lines. 

In other words, selection was somewhat relaxed after generation 14 and suspended at generation 18. 

Nevertheless, the lines were both maintained until generation 31. 

Overall, there were therefore thirty-one generations of White Leghorns which were divergently 

selected into two lines based on low and high non-destructive deformation values, referred to as the 

strong line and the weak line, respectively. There were in total 6,519 records for the strong line and 

5,903 records for the weak line, as indicated in Table 2.1. Non-destructive deformation was used as 

the only selection criterion for all of the generations except the first one, for which breaking strength 

had to be used instead due to technical difficulties. 

 

On a complementary note, it is important to mention that the base population –corresponding to 

generation 0– was only used for pedigree information and that the first generation, which is 

composed of 427 individuals, was therefore used to initiate the two-way selection process and is as a 

consequence exactly the same for both lines. As a result, each line consists of thirty generations of 

separate and unique records. 

1 Males were evaluated on the basis of the full-sib mean given that they do not have individual 

records. 

9



Table 2.1. Description of the number of individuals and records per generation. 

 

 

Each of these individual records consists of a series of measurements regarding the following 

phenotypic traits: egg weight, non-destructive deformation, eggshell breaking strength, eggshell 

thickness, eggshell weight, egg production, sexual maturity, egg width, egg length, as well as egg 

shape index (the egg width to length ratio). Although the measurements for egg production and 

sexual maturity could only be obtained for the first seventeen generations, the other traits were 

measured for all of the generations. Non-destructive deformation, as an exception, was measured for 

all of the generations aside from generation 1. Detailed information and additional notes about the 

measurements performed are presented in Table 2.2 below. 

Generation Females Males Total Records Females Males Total Records

1 412 15 427 412 412 15 427 412

2 300 8 308 300 284 11 295 284

3 268 10 278 268 275 10 285 275

4 258 11 269 258 266 10 276 266

5 280 10 290 280 301 10 311 301

6 291 11 302 291 297 11 308 297

7 271 10 281 271 290 10 300 290

8 265 10 275 265 288 10 298 288

9 283 10 293 283 292 9 301 292

10 277 10 287 277 288 10 298 288

11 250 10 260 250 248 10 258 248

12 250 67 317 250 254 68 322 254

13 187 70 257 187 198 77 275 198

14 136 69 205 136 130 76 206 130

15 129 67 196 129 136 76 212 136

16 140 68 208 140 146 74 220 146

17 97 34 131 97 150 69 219 150

18 91 23 114 91 135 56 191 135

19 132 65 197 132 146 63 209 146

20 82 52 134 82 118 66 184 118

21 121 72 193 121 123 113 236 123

22 66 139 205 66 114 234 348 114

23 175 75 250 175 250 86 336 250

24 185 90 275 185 218 96 314 218

25 104 55 159 104 160 81 241 160

26 193 109 302 193 228 73 301 228

27 124 63 187 124 215 100 315 215

28 135 110 245 135 137 101 238 137

29 167 99 266 167 161 84 245 161

30 160 96 256 160 146 92 238 146

31 74 51 125 74 113 77 190 113

Total 5,903 1,589 7,492 5,903 6,519 1,878 8,397 6,519

Weak line Strong line
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Table 2.2. Additional information about the phenotypic traits measured. 

 

 

While more comprehensive statistics and figures will be provided about this data set in the following 

chapters, it is important to mention a few more words about the relevance and significance of this 

dissertation before moving on to the next section. 

 

In the field of animal science, studies based on extremely large sets of data are conducted very 

frequently, most prominently in relation to dairy cattle (notably Holstein-Friesian cattle), with data 

sets often containing hundreds of thousands –if not millions– of records, such as in Misztal et al. 

(1993), Hansen et al. (2004), and Oseni et al. (2003). Likewise, in the case of poultry farming, it is 

not uncommon to find studies where divergent selection is used over several generations, among 

others for the purpose of multiple-trait analysis; this is for example the case in Mielenz et al. (1994), 

Anang et al. (2000), and Sharma et al. (1996), who analyzed data sets gathered from White Leghorn 

populations over seven, nine, and sixteen generations, respectively. Studies also exist that were 

conducted over even longer periods of time –tens of generations–, such as Dunnington and Siegel 

(1996), who analyzed an experiment carried out on divergently selected White Plymouth Rock 

chickens over thirty-eight generations. 

 

At the same time, it can be seen quite clearly from Hunton’s overview of poultry genetics (2006) that 

much of the research conducted in poultry science focuses specifically on egg production, as 

Trait

Egg weight

Non-destructive deformation

Eggshell breaking strength

Eggshell thickness

Eggshell weight

Egg width & Egg length

Egg shape index

Egg production

Sexual maturity
Sexual maturity refers to the age of the hen (in

days) on the day when she laid her first egg.

Generation 2 to 31

Generation 1 to 31

Generation 1 to 31

Generation 1 to 31

Generation 1 to 17

Generation 1 to 17

Measurement of deformation for a load of 1 kg

(in μm/kg).

Measured in kg.

Measured in μm, before drying (see Eggshell

weight).

Eggshell weight (including eggshell membrane)

in g, after drying for one hour at about 102°C.

Number of eggs laid per female per 100 days

(for hens between 181 and 270 days of age).

Generation 1 to 31 Measured in cm.

Generation 1 to 31
Calculated as the egg width to length

ratio (in %).

Measurement period Comments

Generation 1 to 31 Measured in g.
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illustrated by the studies mentioned above; this is not surprising given the fact that one of the main 

objectives of research related to animal breeding is to improve breeding plans, and that egg 

production is an essential selection criterion for commercial poultry breeders. 

 

Nevertheless, although this by no means implies that only little attention has been paid to issues 

related to the structure of eggshells, to eggshell strength, eggshell breakage, or non-destructive 

deformation –as numerous studies address the matter (Pevzner, Friars, Orr, & Reinhart, 1976; Hunt, 

Voisey, & Thompson, 1977; Hamilton, Thompson, & Voisey, 1979; Voisey, Hamilton, & Thompson, 

1979)–, to the knowledge of the author, little research is documented on long-term selection for 

eggshell strength through non-destructive deformation, apart from a study by Nirasawa et al. (1998) 

which was conducted on ten generations of White Leghorns. A longer time frame is however needed 

in order to further investigate the genetic trends displayed in that study, to determine the selection 

limits with regard to eggshell strength, as well as to provide more accurate breeding values for the 

phenotypic traits considered: This perspective is what this thesis aims to provide. 

 

 

2.2) Mixed linear models 

 

In order to comprehend the theoretical concepts introduced in this dissertation, it is necessary to 

devote an entire section to the development and understanding of mixed linear models, upon which 

the analyses conducted throughout this paper rely. Although mixed models have been widely 

explored and are often used in many research areas, it is essential, before proceeding to a deeper 

analysis of the data set presented above, to clearly define and delimit the scope of the theoretical 

framework, as well as explain how mixed linear models contribute to the present research.  

The first part of this section is devoted to the derivation of the mixed model equations (MMEs) 

developed by Henderson, and to demonstrating that they indeed yield the BLUE and BLUP, for fixed 

and random effects, respectively. A few notes also cover some of the advantages of the MMEs over 

older methods. Parts 2.2.2 and 2.2.3 are needed to give details about how these MMEs can be 

expanded and further developed to yield a model which is both adequate and practical to accomplish 

the analyses required to fulfill the aims defined in the first chapter of this dissertation. 

 

2.2.1) The Mixed Model Equations of Henderson 

 

As mentioned in the first chapter, the MMEs discovered by Henderson around the middle of the 20th 

century represent a practical way to compute the BLUP and therefore accurately predict the genetic 

values necessary to the development of effective breeding programs. For that reason, the main 
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objective of this section is to explain in detail the mixed model theory on which most of the analysis 

performed throughout this paper is founded.  

 

To start simply, even the most elementary mixed model which can be used to describe a given 

phenotypic trait (or observation) in an animal has to include two main variables: the effects related to 

the environment of the individual, and the effects related to the genes that the individual possesses. 

In mathematical terms, this is represented by equation (2.1) below, 

 𝑦𝑖𝑗 = 𝜇𝑖 + 𝑔𝑖 + 𝑒𝑖𝑗 (2.1) 

where 

𝑦𝑖𝑗 is the 𝑗th observation on the 𝑖th individual, 

𝜇𝑖 represents the fixed environmental effects of the 𝑖th individual, 

𝑔𝑖 represents the (random) genetic effects of the 𝑖th individual, and 

𝑒𝑖𝑗 refers to random residual effects affecting the 𝑗th observation on the 𝑖th 

individual. 

 

It is important to note that although the fixed environmental effects are generally easily identifiable 

(this may be for instance the sex, year of birth, or generation of any given individual), the genetic 

component, 𝑔𝑖, comprises three different values: the additive genetic value, the dominance genetic 

value, and the epistatic genetic value. As explained for example by Mrode (1996), the additive 

genetic value refers to the average additive effects of the genes that an individual receives from both 

parents (in other terms, it is the individual’s breeding value), and because it is the only component 

which can be selected for2, it is the key factor of interest for the development of any breeding 

program. In comparison to the additive genetic value, the dominance and epistatic genetic values, 

which refer to the value of intralocus and interlocus interactions among genes, respectively, are often 

considered to be negligible, therefore explaining why they are most often included in the model as 

part of the residual effect term 𝑒𝑖𝑗 (Ibid.). The present dissertation is also an illustration of this since 

one of the main points of interest lies in determining the breeding values for thirty-one generations 

of two-way selected White Leghorns; the only random effect considered was therefore the additive 

genetic value of each individual. 

 

In matrix form, the model described above in equation (2.1) can be generalized, thereby expanding 

to a slightly more sophisticated form, as indicated by equation (2.2) below. 

2 This is because the additive genetic value of an individual is the sum of the average effects of the 

genes transmitted from both parents, and is thus a function of the genes transmitted from the parents. 
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(

𝑦1

𝑦2

⋮
𝑦𝑛

) = 𝑋 (

𝑏1

⋮
𝑏𝑝

) + 𝑍 (

𝑢1

⋮
𝑢𝑞

) + (

𝑒1

𝑒2

⋮
𝑒𝑛

) 
(2.2) 

This model can be rewritten more simply as 

 𝑦 = 𝑋𝑏 + 𝑍𝑢 + 𝑒 (2.3) 

where 

𝑦 is a 𝑛 × 1 vector of observations (𝑛 being the total number of records), 

𝑏 is a 𝑝 × 1 vector of fixed effects (𝑝 being the number of levels for fixed effects), 

𝑋 is the 𝑛 × 𝑝 incidence matrix for 𝑏, relating it to the observation vector 𝑦, 

𝑢 is a 𝑞 × 1 vector of random effects (𝑞 being the number of levels for random effects), 

𝑍 is the 𝑛 × 𝑞 incidence matrix for 𝑢, relating it to the observation vector 𝑦, and 

𝑒 refers to a vector of random residual effects associated with each individual record. 

 

The model described in equation (2.3) has been widely used (e.g. Searle 1997a) and is usually 

referred to as a mixed model because of its accounting for both fixed and random effects (Eisenhart, 

1947). By definition, the expected values of the variables are 𝐸(𝑒) = 0 and 𝐸(𝑢) = 0, which 

consequently leads to 𝐸(𝑦) = 𝐸(𝑋𝑏 + 𝑍𝑢 + 𝑒) = 𝑋𝑏. Defining the variance of random effects and 

random residual effects (which as aforementioned also include non-additive genetic effects) as 

𝑣𝑎𝑟(𝑢) = 𝐺 and 𝑣𝑎𝑟(𝑒) = 𝑅, respectively, this logically implies that  

 
𝑣𝑎𝑟(𝑦) = 𝑣𝑎𝑟(𝑋𝑏 + 𝑍𝑢 + 𝑒) 

= 𝑣𝑎𝑟(𝑍𝑢 + 𝑒) 

= 𝑣𝑎𝑟(𝑍𝑢) +  𝑣𝑎𝑟(𝑒) + 𝑐𝑜𝑣(𝑍𝑢, 𝑒) + 𝑐𝑜𝑣(𝑒, 𝑍𝑢) 

= 𝑍𝑣𝑎𝑟(𝑢)𝑍′ +  𝑣𝑎𝑟(𝑒) + 𝑍𝑐𝑜𝑣(𝑢, 𝑒) + 𝑐𝑜𝑣(𝑒, 𝑢)𝑍′ 

(2.4) 

As already described in the first chapter, this yields, for  𝑣𝑎𝑟(𝑦) = 𝑉, and under the assumption in 

this case that 𝑐𝑜𝑣(𝑢, 𝑒′) = 0 (i.e. 𝑢 and 𝑒 are uncorrelated),  

 𝑉 = 𝑍𝐺𝑍′ + 𝑅 (2.5) 

It is also assumed that the variance matrices 𝐺 and 𝑅 are known. With regard to the general model 

defined through equation (1.1) (i.e. 𝑦 = 𝑋𝑏+∈), it has been known for a long time –from what are 

known as the “Aitken equations” (Hinkelmann, 1997; Aitken, 1935)– that, if 𝑉 is non-singular, the 

normal equations obtained from the generalized least squares procedure are 
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 (𝑋′𝑉−1𝑋)�̂� = 𝑋′𝑉−1𝑦 (2.6) 

with 𝑉 = 𝑣𝑎𝑟(∈), and with solution 

 �̂� = (𝑋′𝑉−1𝑋)−𝑋′𝑉−1𝑦 (2.7) 

From equation (2.7), the generalized least squares estimator (GLSE) of 𝑋𝑏, which is also the BLUE 

of 𝑋𝑏, is therefore given by 

 𝐵𝐿𝑈𝐸(𝑋𝑏) = 𝐺𝐿𝑆𝐸(𝑋𝑏) = 𝑋�̂� = 𝑋(𝑋′𝑉−1𝑋)−𝑋′𝑉−1𝑦 (2.8) 

Additionally, from equations (2.5) and (2.6), then �̂�, the estimator of 𝑏, and solution to 𝑦 = 𝑋𝑏 +

𝑍𝑢 + 𝑒, can be obtained from equation (2.9) below 

 𝑋′(𝑍𝐺𝑍′ + 𝑅)−1𝑋�̂� = 𝑋′(𝑍𝐺𝑍′ + 𝑅)−1𝑦 (2.9) 

Therefore, although it was mentioned in the first chapter that solving the model by inverting 𝑉 is 

often not feasible computationally, equation (2.6) should still hold for any attempt to find a BLUE 

solution to equation (2.3). Also, from the definitions and assumptions made about the model (2.3),  

 𝑐𝑜𝑣(𝑦, 𝑢) = 𝑐𝑜𝑣(𝑍𝑢 + 𝑒, 𝑢) 

= 𝑐𝑜𝑣(𝑍𝑢, 𝑢) + 𝑐𝑜𝑣(𝑒, 𝑢) 

= 𝑍𝑐𝑜𝑣(𝑢, 𝑢) 

= 𝑍𝐺 

(2.10) 

From these deductions it is possible to find an estimate �̂� for 𝑢, which is, as underlined by Searle 

(1997b), an estimator of the conditional mean of 𝑢 given 𝑦, i.e. 𝐸(𝑢|𝑦), from which the following 

expression can be derived: 

 
�̂� = 𝐸(𝑢|𝑦) = 𝐸(𝑢) + 𝑐𝑜𝑣(𝑢, 𝑦′)[𝑣𝑎𝑟(𝑦)]−1[𝑦 − 𝐸(𝑦)] 

= 𝐺𝑍′𝑉−1(𝑦 − 𝑋𝑏) 

(2.11) 

Similarly to the fact that equation (2.6) should hold for any attempt to find a BLUE solution to the 

model described through equation (2.3), equation (2.11) should remain true for any estimate of 𝑢 to 

actually be the BLUP of 𝑢. 

In the development of the MMEs, one of the turning points was achieved when Henderson found a 

way to calculate what he called at the time the “joint maximum likelihood estimates” 
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of 𝑏 and 𝑢 (Henderson, 1950), although he suggested later (Henderson, 1973; Robinson, 1991) that 

these estimates should not be called so because �̂� and �̂� are derived by maximizing the joint density 

function of 𝑦 and 𝑢 with respect to 𝑏 and 𝑢, and therefore do not represent a likelihood.  

Although it was discovered later that normality is not a requirement for the MMEs to hold true 

(Robinson, 1991), Henderson’s calculations were first made under the assumption that 𝑒 and 𝑢 are 

normally distributed with variance matrices  𝑅 and  𝐺, respectively. In simpler terms, 

𝑒 ~ 𝑁(0, 𝑅) and 𝑢 ~ 𝑁(0,𝐺). As summarized by Searle (1997b), for this model, the joint density 

function is 

 
𝑓(𝑦, 𝑢) = 𝑔(𝑦|𝑢)ℎ(𝑢) 

= 𝐶𝑒{−
1
2
(𝑦−𝑋𝑏−𝑍𝑢)′𝑅−1(𝑦−𝑋𝑏−𝑍𝑢)}𝑒{−

1
2
𝑢′𝐺−1𝑢}

 

(2.12) 

where 𝐶 is a constant. Maximizing equation (2.12) is equivalent to maximizing the following 

expression, 

 log 𝑓(𝑦, 𝑢) ∝  −
1

2
{(𝑦 − 𝑋𝑏 − 𝑍𝑢)′𝑅−1(𝑦 − 𝑋𝑏 − 𝑍𝑢) + 𝑢′𝐺−1𝑢} (2.13) 

which in turn requires minimizing 

 (𝑦 − 𝑋𝑏 − 𝑍𝑢)′𝑅−1(𝑦 − 𝑋𝑏 − 𝑍𝑢) + 𝑢′𝐺−1𝑢 (2.14) 

This can be achieved through differentiation with respect to 𝑏 and 𝑢, leading to expressions (2.15) 

and (2.16) respectively. 

 
𝛿 log𝑓

𝛿𝑏
∝  𝑋′𝑅−1(𝑦 − 𝑋𝑏 − 𝑍𝑢)                    (2.15) 

 
𝛿 log𝑓

𝛿𝑢
∝  −𝑍′𝑅−1(𝑦 − 𝑋𝑏 − 𝑍𝑢) + 𝐺−1𝑢 (2.16) 

Setting these two expressions to zero gives the following set of equations, whose 

solutions �̃� and �̃� are, as will be demonstrated in the following pages, BLUE and BLUP estimates 

of 𝑏 and 𝑢, respectively, for the model defined through equation (2.3). 

 𝑋′𝑅−1𝑦 =  𝑋′𝑅−1𝑋�̃� + 𝑋′𝑅−1𝑍�̃� (2.17) 

 𝑍′𝑅−1𝑦 = 𝑍′𝑅−1𝑋�̃� + (𝑍′𝑅−1𝑍 + 𝐺−1)�̃� (2.18) 

Although Henderson first presented this set of equations in 1950 in summation form (Henderson, 

1950), these mixed model equations have become more popular in the following years in matrix 
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form; rewriting equation (2.17) and (2.18) yields Henderson’s MMEs as they are known today: 

 [𝑋′𝑅−1𝑋 𝑋′𝑅−1𝑍
𝑍′𝑅−1𝑋 𝑍′𝑅−1𝑍 + 𝐺−1] [�̃�

�̃�
] = [

𝑋′𝑅−1𝑦

𝑍′𝑅−1𝑦
] (2.19) 

One advantage of equation (2.17) over equation (2.6) is that the matrix calculations involved are 

much easier to compute; as a matter of fact, whereas the covariance matrix  𝑉, and thus its 

inverse 𝑉−1, had dimensionality 𝑛 × 𝑛, the dimensionality of the matrix on the left-hand side of the 

MMEs (which needs to be inverted to find a solution for �̃� and �̃�) is only (𝑝 + 𝑞) × (𝑝 + 𝑞), which 

is in most cases far smaller (Henderson, 1973). Another advantage of the MMEs is that they also 

yield the BLUP along with the BLUE, as it is only one set of equations.  

 

Before moving on to the next step, however, it is important to give the mathematical demonstration 

that the �̃� estimator found in equation (2.19) actually is the same as �̂� in equation (2.7), i.e. that it is 

the BLUE of 𝑏, and that �̃� in (2.19) indeed is the BLUP of 𝑢, as indicated in equation (2.11). These 

proofs, which were first given by Henderson, Kempthorne, Searle, and von Krosigk (1959) and 

Henderson (1963), can be derived as follows. From equation (2.18) –or from the second equation of 

(2.19) (bottom part)–, it is possible to rewrite �̃� as 

 �̃� = (𝑍′𝑅−1𝑍 + 𝐺−1)−1(𝑍′𝑅−1𝑦 − 𝑍′𝑅−1𝑋�̃�) 

= (𝑍′𝑅−1𝑍 + 𝐺−1)−1𝑍′𝑅−1(𝑦 − 𝑋�̃�) 

(2.20) 

This equivalence for �̃�, when substituted into equation (2.17) –or from the first equation of (2.19) 

(upper part)–, gives 

 𝑋′𝑅−1𝑋�̃� + 𝑋′𝑅−1𝑍(𝑍′𝑅−1𝑍 + 𝐺−1)−1𝑍′𝑅−1(𝑦 − 𝑋�̃�) = 𝑋′𝑅−1𝑦 (2.21) 

which, for 𝑊 = (𝑍′𝑅−1𝑍 + 𝐺−1)−1, yields, as explained by Mrode (1996) 

 𝑋′𝑅−1𝑋�̃� − 𝑋′𝑅−1𝑍𝑊𝑍′𝑅−1𝑋�̃� = 𝑋′𝑅−1𝑦 − 𝑋′𝑅−1𝑍𝑊𝑍′𝑅−1𝑦 (2.22) 

 𝑋′(𝑅−1 − 𝑅−1𝑍𝑊𝑍′𝑅−1)𝑋�̃� = 𝑋′(𝑅−1 − 𝑅−1𝑍𝑊𝑍′𝑅−1)𝑦 (2.23) 

For  𝑉−1 = 𝑅−1 − 𝑅−1𝑍𝑊𝑍′𝑅−1, this is equivalent to 

 𝑋′𝑉−1𝑋�̃� = 𝑋′𝑉−1𝑦 (2.24) 

which, as aforementioned, is the generalized least square solution for 𝑏. However, in order to 

demonstrate that the �̃� estimator from the MMEs is a generalized least square (GLS) solution of 𝑏 it 
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must be proved, to be consistent with the assumptions made so far, i.e. that  𝑉−1 = 𝑅−1 −

𝑅−1𝑍𝑊𝑍′𝑅−1 is indeed the inverse of  𝑉 = 𝑍𝐺𝑍′ + 𝑅, as defined in equation (2.5). This was 

showed by Henderson, Kempthorne, Searle, and von Krosigk (1959), who proved that the identity 

(𝑍𝐺𝑍′ + 𝑅)𝑉−1 = 𝐼 is true; the proof is given below. 

 (𝑍𝐺𝑍′ + 𝑅)𝑉−1 = (𝑍𝐺𝑍′ + 𝑅)(𝑅−1 − 𝑅−1𝑍𝑊𝑍′𝑅−1) 

= 𝐼 + 𝑍𝐺𝑍′𝑅−1
− 𝑍𝑊𝑍′𝑅−1

− 𝑍𝐺𝑍′𝑅−1
𝑍𝑊𝑍′𝑅−1

 

  = 𝐼 + 𝑍𝐺𝑍′𝑅−1 − 𝑍(𝐼 + 𝐺𝑍′𝑅−1𝑍)(𝑍′𝑅−1𝑍 + 𝐺−1)−1𝑍′𝑅−1 

(2.25) 

                               = 𝐼 + 𝑍𝐺𝑍′𝑅−1 − 𝑍𝐺(𝐺−1 + 𝑍′𝑅−1𝑍)(𝑍′𝑅−1𝑍 + 𝐺−1)−1𝑍′𝑅−1 

= 𝐼 + 𝑍𝐺𝑍′𝑅−1 − 𝑍𝐺𝑍′𝑅−1 

= 𝐼 

This proves that  �̃�, the solution for 𝑏 obtained from the MMEs is equal to �̂�, the GLS solution found 

in equation (2.6). Additionally, as demonstrated by Searle (1997a), from equation (2.20), �̃� from the 

MMEs is equal to  

 �̃�  = (𝑍′𝑅−1𝑍 + 𝐺−1)−1𝑍′𝑅−1(𝑦 − 𝑋�̃�) 

= (𝑍′𝑅−1𝑍 + 𝐺−1)−1𝑍′𝑅−1𝑉𝑉−1(𝑦 − 𝑋�̃�) 

= (𝑍′𝑅−1𝑍 + 𝐺−1)−1𝑍′𝑅−1(𝑍𝐺𝑍′ + 𝑅)𝑉−1(𝑦 − 𝑋�̃�) 

= (𝑍′𝑅−1𝑍 + 𝐺−1)−1(𝑍′𝑅−1𝑍𝐺𝑍′ + 𝑍′)𝑉−1(𝑦 − 𝑋�̃�) 

= (𝑍′𝑅−1𝑍 + 𝐺−1)−1(𝑍′𝑅−1𝑍 + 𝐺−1)𝐺𝑍′𝑉−1(𝑦 − 𝑋�̃�) 

= 𝐺𝑍′𝑉−1(𝑦 − 𝑋�̃�) 

(2.26) 

With �̃� being the BLUE of 𝑏, this means that �̃� is the same as �̂� in equation (2.11), and is therefore 

the BLUP of 𝑢. This shows that the MMEs as defined in (2.19) are an efficient way to calculate the 

BLUE of 𝑏 and BLUP of 𝑢. 

 

2.2.2) The Numerator Relationship Matrix 

 

The MMEs derived in part 2.2.1 represent the basic form of the BLUE and BLUP solutions for the 

model 𝑦 = 𝑋𝐵 + 𝑍𝑢 + 𝑒; however, depending on the methods used for data collection, and on the 

data itself, it is possible to adapt them to best fit the analytical needs of the user. One of the valuable 

findings of Henderson lies in accounting for pedigree information (genetic relationships among 

individuals) through the insertion in the model of what is called the numerator relationship matrix 

(NRM), commonly defined as 𝐴, or, more precisely, of its inverse,  𝐴−1. As a matter of fact, even 

though the principles behind the 𝐴 matrix itself are not a discovery attributed to Henderson –Wright 
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for example published studies on how to evaluate coefficients of inbreeding (1922)–, he is the one 

who initially used the 𝐴 matrix as a concrete means to use available information about relatives for 

the estimation of breeding values.  

More importantly, Henderson also and above all found practical and efficient ways to directly 

compute the inverse, which is needed for the model, without calculating and inverting the 𝐴 matrix 

itself (Henderson, 1976). This is of the greatest significance, because as will be seen in the coming 

pages, it is 𝐴−1, and not  𝐴, which must be known to solve the MMEs, and given the dimensionality 

of the matrix (𝑛 × 𝑛), it is as computationally demanding to calculate its inverse as it was to 

obtain 𝑉−1 from 𝑉 (cf. Chapter I, Section 1.3). Since the main analysis of the data set used 

throughout this dissertation relies almost entirely on pedigree information for the calculation of 

breeding values, a part of this chapter is devoted to clarifying the assumptions –as well as the actual 

computations– behind the contribution of the numerator relationship matrix to the model. 

 

The most common case is that of the animal model, i.e. a model which predicts the breeding value 

(or in other words, the additive genetic effects) of each animal; it is frequently assumed that the 

variance of residual effects is the same for all individuals and that there is no correlation with any 

other residual effects. This typical assumption allows the simplification  𝑅 = 𝜎𝐸
2𝐼 , where 𝜎𝐸

2 

represents the variance of residual effects, and implies as a direct consequence 

 𝑅−1 = 𝜎𝐸
−2𝐼 (2.27) 

In the animal model, the main interest is the prediction of the breeding values of the individuals, 

which is a random effect and is therefore represented by vector 𝑢 in the model. As a consequence, 

the corresponding covariances can be obtained from the additive genetic covariance between 

relatives. The numerator relationship matrix 𝐴 is the matrix which indicates this additive genetic 

relationship3, and the individuals appearing in the pedigree (from 1 to 𝑛) are ordered in such way 

that the parents appear before their progeny, starting with the base population4. 

 

To understand how the 𝐴 matrix fits into the model, it is necessary to recall that the additive genetic 

relationship between two individuals is equal to twice their coancestry (Falconer, 1960); as a 

consequence, this entails that the variance-covariance matrix can be obtained by multiplying this 

value by 𝜎𝐴
2, the additive genetic variance in the base population, leading to 𝐺 = 𝜎𝐴

2𝐴. As a direct 

result of this, 

3 For this reason, the 𝐴 matrix is sometimes also called the additive genetic relationship matrix. 
4 The words “base population” generally refer to a population of individuals assumed to be 

genetically unrelated to each other. 
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 𝐺−1 = 𝜎𝐴
−2𝐴−1 (2.28) 

With this in mind, the MMEs of Henderson as presented in equation (2.19) can therefore be 

rewritten, because of (2.27), as  

 [
𝜎𝐸

−2𝑋′𝑋 𝜎𝐸
−2𝑋′𝑍

𝜎𝐸
−2𝑍′𝑋 𝜎𝐸

−2𝑍′𝑍 + 𝐺−1] [�̃�
�̃�
] = [

𝜎𝐸
−2𝑋′𝑦

𝜎𝐸
−2𝑍′𝑦

] (2.29) 

which then gives, because of equation (2.28) 

 [
𝜎𝐸

−2𝑋′𝑋 𝜎𝐸
−2𝑋′𝑍

𝜎𝐸
−2𝑍′𝑋 𝜎𝐸

−2𝑍′𝑍 + 𝜎𝐴
−2𝐴−1] [�̃�

�̃�
] = [

𝜎𝐸
−2𝑋′𝑦

𝜎𝐸
−2𝑍′𝑦

] (2.30) 

Multiplying both sides of (2.30) by  𝜎𝐸
2 yields  

 [
𝑋′𝑋 𝑋′𝑍
𝑍′𝑋 𝑍′𝑍 + 𝜎𝐸

2 𝜎𝐴
2⁄ 𝐴−1] [�̃�

�̃�
] = [

𝑋′𝑦

𝑍′𝑦
] (2.31) 

which is equivalent to 

 [𝑋′𝑋 𝑋′𝑍
𝑍′𝑋 𝑍′𝑍 + 𝜆𝐴−1] [

�̃�
�̃�
] = [

𝑋′𝑦

𝑍′𝑦
] (2.32) 

for 𝜆 = 𝜎𝐸
2 𝜎𝐴

2⁄ = (1 − ℎ2) ℎ2⁄ , with  ℎ2 denoting the heritability. Theoretically, the 

variances  𝜎𝐸
2 and  𝜎𝐴

2 are assumed to be known for the base population, or at least their 

proportionality, in order to solve the MMEs as presented in equation (2.32). While this is never the 

case in practice, it is possible to use methods such as restricted maximum likelihood (REML) to 

estimate them, as described in the following section. 

Regarding the actual computation of the inverse of the 𝐴 matrix, it can be noted that soon after 

Henderson’s original releases (1975b, 1976), a number of research papers by other authors were 

published in order to find the best decomposition method and describe possible variants on the 

model (Thompson, 1977; Quaas, 1976), and much of the subsequent research focused on improving 

the algorithm to increase computational speed (Hudson, Quaas, & Van Vleck, 1982; Tier, 1990; 

Meuwissen & Luo, 1992).  

Overall, one of the most significant results can be obtained from the decomposition of the 𝐴 matrix 

as  

 𝐴 = 𝑇𝐷𝑇′ (2.33) 

which instantly yields the following expression for 𝐴−1 , given the fact that   𝑇 and  𝐷 are 
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non-singular matrices: 

 𝐴−1 = (𝑇−1)′𝐷−1𝑇−1 (2.34) 

The advantage of using this decomposition is that the 𝑇−1 matrix in this equation has a very simple 

structure; indeed, it is a lower triangular matrix of the order of animals in the pedigree whose 

diagonal elements are all 1, and with all of the elements to the left of the diagonal being 0 except for 

those corresponding to the row of animal 𝑖 and the columns of the known parents, in which case they 

take the value −0.5. In mathematical terms, defining 𝑡𝑖𝑗 any element of  𝑇−1 (with 𝑖, 𝑗 = 1,2,… , 𝑛), 

this means that 𝑡𝑖𝑖 = 1  and, calling animal 𝑑 and animal 𝑠 the dam and the sire of animal 𝑖 , 

respectively (with 𝑑 < 𝑖  and 𝑠 < 𝑖, given the fact that parents appear before their progeny in the 

matrix, starting with the base population), 𝑡𝑖𝑑 = 𝑡𝑖𝑠 = −0.5. This matrix can be further simplified 

under the form 𝐼 − 𝑀, where 𝑀 is a matrix representing the contribution of gametes from parents to 

progeny (Kennedy, 1989), with value 0.5 where 𝑇−1 had −0.5, and 0 otherwise. 

Although the calculations involved are more complicated in case of inbreeding, the structure 

of  𝐷−1 is also simple, as it is the inverse of the diagonal variance matrix 𝐷 for Mendelian sampling, 

whose diagonal elements can be calculated as follows (Mrode, 1996): If both parents of animal 𝑖 are 

known,  

 𝑑𝑖𝑖 = 0.5 − 0.25(𝐹𝑑 + 𝐹𝑠) (2.35) 

if only one parent is known (say the dam),  

 𝑑𝑖𝑖 = 0.75 − 0.25(𝐹𝑑) (2.36) 

and lastly, if no parent of animal 𝑖 is known, then 

 𝑑𝑖𝑖 = 1 (2.37) 

where 𝐹𝑑 and 𝐹𝑠 represent the coefficients of inbreeding of the dam and sire, respectively (Wright, 

1922).  

The major difficulty with these expressions lies in the fact that the calculation of the coefficient of 

inbreeding for a given individual is influenced by all of its common ancestors, also explaining why 

the value of  𝑑𝑖𝑖  in the (2.35), (2.36), and (2.37) reduces to 0.5, 0.75, and 1, respectively, when 

ignoring the effect of inbreeding. While more fine points about the available computation methods 

can be found for instance in Henderson (1975b, 1976), the present part shows that in spite of the 
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apparent complexity of the 𝐴 matrix, it is possible to adapt and decompose the MMEs in such a way 

that practical and computable solutions exist which take full advantage of pedigree information, even 

for populations with hundreds of thousands or millions of individuals. 

 

2.2.3) The multivariate animal model 

 

One of the assumptions made so far concerning the model described with equation (2.3) is that only 

a single trait 𝑦 is recorded and used as a base for analysis to determine the breeding value (or BLUP) 

of each animal. In the case where records are taken for several traits, although it is possible to 

perform several single-trait (univariate) analyses to obtain breeding values for each trait, combining 

the traits into a single model, so called multivariate animal model, gives more accurate values, as 

originally described by Henderson & Quaas (1976). This gain in accuracy can be explained by the 

fact that the simultaneous estimation of breeding values for several traits takes into account the 

(phenotypic and genetic) correlation between these traits. However, one of the main drawbacks of 

multiple-trait evaluations is the increased computational cost, as well as the need to accurately 

estimate the (phenotypic and genetic) correlation between the traits5.  

 

For 𝑘 traits recorded on a set of 𝑛 individuals, assuming that a single measurement is recorded per 

individual per trait, equation (2.3) would become 

 
(

𝑦1

𝑦2

⋮
𝑦𝑘

) = (

𝑋1 0 ⋯ 0
0 𝑋2 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑋𝑘

)(

𝑏1

𝑏2

⋮
𝑏𝑘

) + (

𝑍1 0 ⋯ 0
0 𝑍2 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑍𝑘

)(

𝑢1

𝑢2

⋮
𝑢𝑘

) + (

𝑒1

𝑒2

⋮
𝑒𝑘

) (2.38) 

where 

𝑦𝑖 are 𝑛 × 1 vectors of observations on the 𝑖th trait in the 𝑗th individual (with 𝑗 from 1 to 𝑛), 

𝑏𝑖  are 𝑝 × 1 vectors of fixed effects on the 𝑖th trait (𝑝 being the number of levels for fixed 

effects), 

𝑋𝑖 are 𝑛 × 𝑝 incidence matrices relating 𝑏𝑖  vectors to the observation vectors 𝑦𝑖, 

𝑢𝑖 are 𝑞 × 1 vectors of random effects on the 𝑖th trait (𝑞 being the number of levels for random 

effects), 

𝑍𝑖 are 𝑛 × 𝑞 incidence matrices relating 𝑢𝑖  vectors to the observation vectors 𝑦𝑖, and 

𝑒𝑖 refers to the vectors of random residual effects associated with each individual on the 𝑖th 

trait. 

5 Indeed, if the traits are assumed to be uncorrelated, then the multivariate model is equivalent to 

performing a univariate analysis for each trait. It is therefore critical to choose traits which are 

thought (or known) to be correlated. 
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Many assumptions could be made about this model, but for explanatory purposes it is convenient to 

assume that there are no missing records and that the incidence matrices 𝑋𝑖  and 𝑍𝑖  are equal for 

all  𝑖 (that is,  𝑋1 = 𝑋2 = ⋯ = 𝑋𝑘  , and  𝑍1 = 𝑍2 = ⋯ = 𝑍𝑘 ). Although the correlation between 

the 𝑘 traits for a single individual greatly increases the complexity of the variance-covariance 

matrices 𝑅 and 𝐺, and therefore the MMEs themselves, for  𝑢′ = [𝑢′1 𝑢′2 ⋯ 𝑢′𝑘] and  𝑒′ =

[𝑒′1 𝑒′2 ⋯ 𝑒′𝑘], these assumptions lead to the following results (Szwaczkowski, 2003): 

 𝑣𝑎𝑟 [
𝑢
𝑒
] = [

𝐺 0
0 𝑅

] (2.39) 

where  𝑅 = 𝑅0 ⊗ 𝐼𝑛 and  𝐺 = 𝐺0 ⊗ 𝐴 , in Kronecker product notation.  𝑅0 represents the 𝑘 ×

𝑘 variance-covariance matrix for residuals, in other words, 

 
𝑅0 = [

𝑟11 𝑟12 ⋯ 𝑟1𝑘

𝑟21 𝑟22 ⋯ 𝑟2𝑘

⋮ ⋮ ⋱ ⋮
𝑟𝑘1 𝑟𝑘2 ⋯ 𝑟𝑘𝑘

] 
(2.40) 

for  𝑟𝑖𝑗 referring to the (co)variances between traits  𝑖 and  𝑗 . Similarly, 𝐺0 represents the 𝑘 ×

𝑘 variance-covariance matrix for additive genetic effects: 

 
𝐺0 = [

𝑔11 𝑔12 ⋯ 𝑔1𝑘

𝑔21 𝑔22 ⋯ 𝑔2𝑘

⋮ ⋮ ⋱ ⋮
𝑔𝑘1 𝑔𝑘2 ⋯ 𝑔𝑘𝑘

] 
(2.41) 

From these equations, expressions for 𝑅−1 and 𝐺−1 can immediately be obtained.  

 𝑅−1 = 𝑅0
−1 ⊗ 𝐼𝑛  (2.42) 

 𝐺−1 = 𝐺0
−1 ⊗ 𝐴−1  (2.43) 

This is a convenient result, since  𝐴−1 is already known, and the variance-covariance 

matrices 𝑅0 and 𝐺0 are only small 𝑘 × 𝑘 matrices whose inverses can be computed instantly, 𝑘 being 

the number of traits. Under the assumption that matrices 𝑅 and 𝐺 are known, this implies that the 

MMEs of Henderson (cf. equation (2.19)) become 

 [
𝑋′(𝑅0

−1 ⊗ 𝐼𝑛)𝑋 𝑋′(𝑅0
−1 ⊗ 𝐼𝑛)𝑍

𝑍′(𝑅0
−1 ⊗ 𝐼𝑛)𝑋 𝑍′(𝑅0

−1 ⊗ 𝐼𝑛)𝑍 + 𝐺0
−1 ⊗ 𝐴−1

] [�̂�
�̂�
] = [

𝑋′(𝑅0
−1 ⊗ 𝐼𝑛)𝑦

𝑍′(𝑅0
−1 ⊗ 𝐼𝑛)𝑦

] (2.44) 

for 𝑋 = (

𝑋1 0 ⋯ 0
0 𝑋2 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑋𝑘

).  
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In a more explicit form, under the assumption made above that 𝑋𝑖  and 𝑍𝑖  are equal for all 𝑖, and 

renaming these 𝑋𝑖  and 𝑍𝑖  matrices 𝑋 and 𝑍 for convenience purposes for the description below, the 

leftmost matrix of equation (2.44), which must be inverted to find BLUE and BLUP estimates, can 

be written as 

[
 
 
 
 
 
 
 
𝑋′𝑋𝑟11 𝑋′𝑋𝑟12 ⋯ 𝑋′𝑋𝑟1𝑘 𝑋′𝑍𝑟11 𝑋′𝑍𝑟12 ⋯ 𝑋′𝑍𝑟1𝑘

𝑋′𝑋𝑟21 𝑋′𝑋𝑟22 ⋯ 𝑋′𝑋𝑟2𝑘 𝑋′𝑍𝑟21 𝑋′𝑍𝑟22 ⋯ 𝑋′𝑍𝑟2𝑘

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮
𝑋′𝑋𝑟𝑘1 𝑋′𝑋𝑟𝑘2 ⋯ 𝑋′𝑋𝑟𝑘𝑘 𝑋′𝑍𝑟𝑘1 𝑋′𝑍𝑟𝑘2 ⋯ 𝑋′𝑍𝑟𝑘𝑘

𝑍′𝑋𝑟11 𝑍′𝑋𝑟12 ⋯ 𝑍′𝑋𝑟1𝑘 𝑍′𝑍𝑟11 + 𝐴−1𝑔11 𝑍′𝑍𝑟12 + 𝐴−1𝑔12 ⋯ 𝑍′𝑍𝑟1𝑘 + 𝐴−1𝑔1𝑘

𝑍′𝑋𝑟21 𝑍′𝑋𝑟22 ⋯ 𝑍′𝑋𝑟2𝑘 𝑍′𝑍𝑟21 + 𝐴−1𝑔21 𝑍′𝑍𝑟22 + 𝐴−1𝑔22 ⋯ 𝑍′𝑍𝑟2𝑘 + 𝐴−1𝑔2𝑘

⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮
𝑍′𝑋𝑟𝑘1 𝑍′𝑋𝑟𝑘2 ⋯ 𝑍′𝑋𝑟𝑘𝑘 𝑍′𝑍𝑟𝑘1 + 𝐴−1𝑔𝑘1 𝑍′𝑍𝑟𝑘2 + 𝐴−1𝑔𝑘2 ⋯ 𝑍′𝑍𝑟𝑘𝑘 + 𝐴−1𝑔𝑘𝑘]

 
 
 
 
 
 
 

 

for 𝑟𝑖𝑗  elements of 𝑅0
−1 and 𝑔𝑖𝑗 elements of 𝐺0

−1
. Similarly, the right-hand side of the equation can 

be expressed as 

[
 
 
 
 
 
 
 
 
𝑋′𝑟11𝑦1 + 𝑋′𝑟12𝑦2 + ⋯+ 𝑋′𝑟1𝑘𝑦𝑘

𝑋′𝑟21𝑦1 + 𝑋′𝑟22𝑦2 + ⋯+ 𝑋′𝑟2𝑘𝑦𝑘

⋮
𝑋′𝑟𝑘1𝑦1 + 𝑋′𝑟𝑘2𝑦2 + ⋯+ 𝑋′𝑟𝑘𝑘𝑦𝑘

𝑍′𝑟11𝑦1 + 𝑍′𝑟12𝑦2 + ⋯+ 𝑍′𝑟1𝑘𝑦𝑘

𝑍′𝑟21𝑦1 + 𝑍′𝑟22𝑦2 + ⋯+ 𝑍′𝑟2𝑘𝑦𝑘

⋮
𝑍′𝑟𝑘1𝑦1 + 𝑍′𝑟𝑘2𝑦2 + ⋯+ 𝑍′𝑟𝑘𝑘𝑦𝑘 ]

 
 
 
 
 
 
 
 

 

As these explicit forms show, these MMEs quickly become enormous as the number of trait 

measured increases; as a matter of fact, the dimensionality of the two matrices above are (𝑞𝑘 +

𝑛𝑘) × (𝑞𝑘 + 𝑛𝑘)and (𝑞𝑘 + 𝑛𝑘) × 1, respectively, illustrating why multiple-trait analyses remained 

for some time practically impossible to perform for a large number of individuals and traits. It is 

nonetheless possible to use a canonical transformation on the correlated traits in order to create a 

new vector of uncorrelated variables, from which breeding values can be estimated using single-trait 

analyses; these variables can then be transformed back into their original form (Lynch & Walsh, 

1998; Thompson, 1977; Ducrocq & Besbes, 1993). 

 

 

2.3) Estimation of variance and genetic parameters 

 

As discussed in the previous section, the MMEs represent a convenient way to compute the 

BLUE of 𝑏 and the BLUP of 𝑢 (i.e. breeding values) for both univariate and multivariate animal 

models, and are a flexible tool as well, enabling for example to take into account pedigree 

information. However, one of the underlying assumptions made so far is that the variance-covariance 
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matrices  𝑅 and 𝐺 (alternatively,  𝑅0 and  𝐺0 ) are known. Since it is impossible in practice to 

determine these values exactly, many research papers have been published which focus on 

developing workable methods to estimate variance and covariance components as accurately as 

possible, depending on the many possible assumptions which can be made about the model 

(Henderson, 1953; Searle, 1968, 1970; Harvey, 1970; Harville, 1977; Schaeffer, Wilton, & 

Thompson, 1978; Meyer, 1985, 1989). This development can also be explained by the fact that, at 

the same time, conventional and well-established methods such as ANOVA, which provide unbiased 

estimates even if the data is not normally distributed, include several requirements which are often 

problematic in the case of the animal model, such as independence between observations, or 

balanced sample size; this is a serious issue when working with real sets of records, measured on 

relatives, and with unbalanced data. 

As a potential solution to this issue, Hartley and Rao (1967) first introduced the idea of maximum 

likelihood (ML) estimation, and a few years later Patterson and Thompson (1971) made 

improvements on ML to develop what is known as restricted maximum likelihood (REML), a 

procedure which maximizes the part of the likelihood which does not depend on the fixed effects, 

thereby removing bias existing with ML (Corbeil & Searle, 1976). This explains why REML has 

become the preferred method for estimation of variance components. In order to explain clearly the 

concept of REML, however, it is initially indispensable to understand the mechanism behind ML 

estimation, as REML is essentially derived from ML. 

 

Recalling that for 𝑥𝑖  with mean 𝜇𝑖  and variance 𝜎𝑖
2, multivariate normal distributions are of the 

general form 

 
𝑝(𝑥) = (2𝜋)−

𝑛
2 (∏𝜎𝑖

𝑛

𝑖=1

)

−1

𝑒𝑥𝑝 {−∑
(𝑥𝑖 − 𝜇𝑖)

2

2𝜎𝑖
2

𝑛

𝑖=1

} 
(2.45) 

or, in matrix notation, 

 𝑝(𝑥) = (2𝜋)−
𝑛
2|𝑉|−

1
2𝑒𝑥𝑝 {−

1

2
(𝑥 − 𝜇)′𝑉−1(𝑥 − 𝜇)} (2.46) 

for 𝑉 being the variance-covariance matrix6. As a consequence, for the general mixed model 

described through equation (2.3), with 𝑋𝑏 as mean, the log-likelihood of 𝑏 and 𝑉 given the observed 

data is 

6  In the case of 𝑛 independent variables,  𝑉 is simply a diagonal matrix with  𝑑𝑖𝑎𝑔(𝑉) =
{𝜎1

2, 𝜎2
2, … , 𝜎𝑛

2}. 
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 𝐿(𝑏, 𝑉|𝑋, 𝑦) = −
𝑛

2
ln (2𝜋) −

1

2
ln (|𝑉|) −

1

2
(𝑦 − 𝑋𝑏)′𝑉−1(𝑦 − 𝑋𝑏)   (2.47) 

Differentiating with respect to 𝑏, the vector of fixed effects, and setting to zero instantly yields 

expression (2.48)  

 �̂� = (𝑋′�̂�−1𝑋)−1𝑋′�̂�−1𝑦 (2.48) 

which is the BLUE of 𝑏 found previously. The main point of interest, however, lies in determining 

the ML estimators for the variance components, which can be obtained similarly, by deriving 

expression (2.47) with respect to 𝜎𝐴 and 𝜎𝐸 and setting to zero; naturally, these two components are 

included in 𝑉, since 𝑉 = 𝑍𝐺𝑍′ + 𝑅 = 𝜎𝐴𝑍𝐴𝑍′ + 𝜎𝐸𝐼, for 𝐺 = 𝜎𝐴𝐴 and 𝑅 = 𝜎𝐸𝐼 . This procedure 

leads to the following ML estimators (for mathematical details, refer to Lynch & Walsh, 1998): 

 𝑡𝑟(�̂�−1) =  𝑦′�̂��̂�𝑦               𝑓𝑜𝑟   𝜎𝐸
2 

𝑡𝑟(�̂�−1𝑍𝐴𝑍′) =  𝑦′�̂�𝑍𝐴𝑍′�̂�𝑦      𝑓𝑜𝑟   𝜎𝐴
2 

(2.49) 

with 

 𝑃 = 𝑉−1 − 𝑉−1𝑋(𝑋′𝑉−1𝑋)−1𝑋′𝑉−1 (2.50) 

The main difficulty with this result lies in the fact that finding solutions requires estimating the 

inverse of the covariance matrix 𝑉; since no linear function for these solutions exists, the only way 

to proceed is to use an iterative procedure. 

 

As aforementioned, the advantage of REML compared to ML is to remove the bias which arises by 

including the fixed effects. Therefore, based on the ML procedure introduced above, REML 

estimates can be found by performing a transformation on the model (2.3) in order to obtain a new 

model without fixed effects, solving to find ML estimates for the new variables, and then 

transforming these back into the original scale of measurement. These steps lead to the following 

REML estimators (Lynch & Walsh, 1998) 

 𝑡𝑟(�̂�) =  𝑦′�̂��̂�𝑦               𝑓𝑜𝑟   𝜎𝐸
2 

𝑡𝑟(�̂�𝑍𝐴𝑍′) =  𝑦′�̂�𝑍𝐴𝑍′�̂�𝑦      𝑓𝑜𝑟   𝜎𝐴
2 

(2.51) 

Extension to multivariate models follows logically by using  𝑋  from (2.38) in (2.47) and 

replacing 𝑉 in (2.47) by 𝑉 = 𝐺 + 𝑅 = 𝐺0 ⊗ 𝐴 + 𝑅0 ⊗ 𝐼𝑛, and by subsequently differentiating with 

respect to each variance component. Although computationally demanding, several canonical 
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transformations and various iterative procedures have been developed to streamline these 

calculations (additional technical details can be found in: Schaeffer, 1986; Smith & Graser, 1986; 

Jensen & Mao, 1988; Meyer, 1991; Searle et al., 1992).  

 

 

2.4) Programming environment: RStudio and ASReml-R 

 

In parallel with the development of the theoretical models described above, major 

improvements have been made in computer science, which have made it possible to solve extremely 

complex systems of equations. These advances have been adopted in a variety of fields, and animal 

science is no exception. A wide range of statistical tools is now available to researchers to perform 

data analysis such as multivariate analysis; two of the most prominent examples of such tools, which 

are widely recognized, and applied in research centers and in the academic sphere, are SAS7, a 

statistical piece of software whose development started as early as the 1960s in order to meet the 

growing needs for analysis of vast amounts of agricultural data (SAS Institute Inc., 2014), and SPSS8, 

which was originally developed during the same period for the analysis of social science data, and 

has since then expanded to many other market segments (SPSS Inc., 2009), before its acquisition by 

IBM in 2009 (International Business Machines Corporation). 

 

However, the 1990s have also seen the development of R, a language and computing environment 

whose design is particularly adapted to statistical data analysis. R has drawn much attention since its 

launch under the terms of the Free Software Foundation’s GNU general license in 1995 (R Core 

Team, 2014), and is now widely used by students, researchers, statisticians, and engineers all around 

the world. It was chosen over the other more conventional alternatives as the main tool for data 

analysis in this dissertation for the following reasons: 

 It is an intuitive environment for importing, manipulating, and analyzing data, and for 

statistical modelling in general; 

 There is a wide variety of packages available which are often designed for a specific 

discipline and make the language very flexible; 

 R provides powerful tools for the graphical visualization of data, which is a critical 

element for researchers, who are expected to present clear and concise reports about the 

analysis of large and complex data sets; 

 Such graphs are easy to customize and export in several different formats; 

7 SAS stands for “Statistical Analysis System”. 
8 SPSS stands for ”Statistical Package for the Social Sciences”. 
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 R was originally designed to be a practical and user-friendly environment9; 

 Much potential exists for further expansion in the future as the community and interest 

grows for R, especially when considering the fact that it has been released only relatively 

recently (in comparison to SAS for instance); 

 It is a free and open-source computing environment, which is a key element for the 

spreading of science and to ensure that the results obtained are easily reproducible by other 

researchers; 

 R is available on all of the major platforms. 

 

For the above reasons, RStudio, which is an integrated development environment (IDE) for R, 

appeared to provide the ideal conditions for the computations necessary to the completion of this 

dissertation. More specifically, because RStudio is made up of four different work areas (a console, a 

source editor, a workspace, as well as a work area for the management of files, packages, and plots), 

navigating through the R environment becomes more practical and efficient in comparison with what 

can be obtained with the original R console only; indeed, RStudio enables the clear organization of 

data and the concrete visualization of computations, thereby facilitating the programming process 

and the correction of errors as the project progresses.  

 

Nevertheless, as aforementioned, R is an IDE, and additional packages were used for more advanced 

calculations and computations; as a matter of fact, since this dissertation deals with complex models 

and a large amount of data, specific procedures are required for computational efficiency. Even 

though several conventional packages available for R were used sporadically for the completion of 

this dissertation, in this case, a more complete package was used for key computations: ASReml-R 

(Version 3) (Butler, 2009)10. This package enables the user to perform multivariate analyses 

efficiently, to estimate variance components by REML, to handle large amounts of data, as well as to 

take into account pedigree information. While this may reveal some of the drawbacks of R at this 

stage, such as the fact that the (free) packages which initially come with the IDE may sometimes 

appear ill-adapted to performing specific and/or complex analyses, this shows at the same time the 

flexibility of this IDE and its capacity to adapt to statistical tools which would otherwise not be 

available. 

 

 

 

9 The convenience provided by RStudio in particular made it the environment of choice for this 

dissertation 
10 As a side note, it should be noted that ASReml is an independent piece of software, and that 

ASReml-R is a version which enables the use of ASReml in an R environment. 
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Chapter III: Phenotypic Data Analysis 

 

3.1) General information 

 

In the previous chapter, which focused primarily on the methods, models, and theoretical concepts 

used throughout this thesis, only a few brief and simple paragraphs were devoted to the description 

of the actual data. By contrast, this chapter consists of a thorough introduction of the data, which is 

meant to give the readers a general picture of the evolution of the phenotypic traits analyzed. The 

information presented in this chapter therefore mainly contains basic statistics about the population 

considered, from means and standard deviations for each generation of White Leghorn, to the 

population distributions for each trait, to the phenotypic correlations between the traits, to the 

selection differentials and selection responses for each line.  

 

Although some of these statistics may appear quite rudimentary, the analysis of phenotypic traits 

presented here does provide essential information; this step is not only necessary to appreciate the 

effectiveness of the two-way selection process for non-destructive deformation and assess the extent 

to which this affected the other phenotypic traits, but it is also a prerequisite to understanding the 

analysis of breeding values and other genetic components presented in later chapters. 

 

Given the fact that the analysis of breeding values using the models detailed in Chapter II was 

performed separately for each of the two lines and implied the use of pedigree information, the data 

was organized in the following manner.  

One spreadsheet was used per line, one for the strong line and one for the weak line. Since selection 

took place based on the values measured for non-destructive deformation, the strong line logically 

corresponds to the line for which non-destructive deformation values were low, and vice-versa for 

the weak line. Moreover, pedigree information was included in the spreadsheet containing the 

measurements, by inserting three different columns, one containing the number of the individual to 

which the measurements corresponds, and two additional columns indicating the numbers of the 

corresponding dam and sire.  

As illustrated by Figure 3.1, the spreadsheets also include information about the line to which the 

individual belongs (1 for the weak line and 2 for the strong line), the generation number, as well as a 

number corresponding to the sex of the individual (1 for female and 2 for male). There are several 

reasons for adding these columns. Firstly, this facilitates counting, for example finding the number 

of individuals per generation or the number of females. Secondly, it is helpful when handling the 
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data, for example if one wants to organize it in the form of a list of individuals by generation and sex, 

and thereby helps keep track of the records. Thirdly, this information also simplifies programming 

procedures. 

 

 

Fig. 3.1. Screenshot of the spreadsheet containing individual records for the strong line, including 

pedigree information (from column A to C). 

 

Figure 3.1 above is meant to give a general idea about how the records were organized before 

analysis. Naturally, this figure only shows a tiny part of the actual data; not only does the original 

spreadsheet contain thousands of lines, but many more columns containing the measurements of the 

remaining traits are not represented in this screenshot. Attentive readers may have noticed that the 

lines with no records (lines 2094 and 2099 in Figure 3.1) correspond to males (i.e. Sex = 2), and are 

therefore not missing records. In this regard, indicating information such as the sex of the individual 

facilitates the quick identification of potential errors and missing records. 

 

The statistical analysis detailed in the following sections is based on the data put together in 

spreadsheets as explained above, with the aim to make its meaning more explicit than the many rows 

of numbers shown in Figure 3.1. 

 

 

3.2) Means, standard deviations, and coefficients of variation 

 

3.2.1) Generation means 

 

In order to introduce the data simply, it is essential as a first step to provide a graphic perspective on 

the evolution of the phenotypic values over the course of the experiment –i.e. the 31 generations– for 

30



each of the eleven traits measured, for both lines. By displaying the whole data set, this first part 

aims to show some of the most direct effects of the selection process for non-destructive deformation 

and gives clues about its usefulness on a long-term perspective. At the same time, this part is also 

helpful to identify potential drawbacks from using a selection method based solely on a single 

eggshell trait.  

To facilitate visualization and familiarization with the data, the generation means for all of the 

phenotypic traits throughout the 31 generations of the experiment, for both lines, are presented 

below (Table 3.1 and Table 3.2).  

 

Table 3.1. Generation means for all of the phenotypic traits measured (strong line). 

 
1 Gen, Generation; n, number of records; NDD, Non-destructive deformation (μm/kg); BS, Eggshell 

breaking strength (kg); ST, Eggshell thickness (μm); SW, Eggshell weight (g); EW, Egg weight (g); SP, 

Eggshell percentage (%); W, Egg width (cm); L, Egg length (cm); SI, Shape index (%); EP, Egg 

production (eggs/100 days); SM, Sexual maturity (days); N/A, Not available. 

2 The values for non-destructive deformation for generations 12, 30, and 31, were calculated using 

multiple-regression analysis, based on the other eggshell traits. 

 

Gen 
1 n NDD BS ST SW EW SP W L SI EP SM

1 412 N/A 2.98 326.4 5.1 58.6 8.7 4.19 5.91 71.1 87.0 143.8

2 284 59.9 2.95 319.4 5.0 58.0 8.7 4.22 5.78 73.1 83.9 138.9

3 275 54.9 2.97 320.4 5.0 57.3 8.8 4.25 5.75 74.0 83.7 137.8

4 266 61.2 3.13 329.9 5.0 56.4 8.9 4.18 5.70 73.5 81.9 141.6

5 301 55.1 3.44 344.4 5.4 58.3 9.3 4.22 5.74 73.6 79.0 143.4

6 297 54.4 3.52 335.9 5.3 57.1 9.2 4.18 5.70 73.3 80.0 149.0

7 290 54.2 3.60 344.7 5.2 55.5 9.5 4.13 5.67 72.8 80.2 143.2

8 288 49.9 3.65 354.1 5.4 55.6 9.7 4.14 5.65 73.4 75.7 157.3

9 292 53.4 3.61 339.0 5.1 54.2 9.4 4.11 5.59 73.5 77.0 153.6

10 288 49.6 3.68 352.9 5.4 55.4 9.8 4.12 5.69 72.4 71.8 154.6

11 248 51.9 3.76 357.3 5.3 53.1 10.0 4.05 5.60 72.3 73.0 151.6

12 254 47.1 
2 3.84 359.3 5.4 53.9 10.1 4.08 5.61 72.8 71.4 158.7

13 198 43.6 4.00 363.3 5.4 53.3 10.2 4.07 5.58 73.1 73.4 153.4

14 130 42.0 3.95 364.8 5.5 53.5 10.4 4.09 5.58 73.2 75.7 157.3

15 136 41.4 3.95 365.9 5.4 52.3 10.3 4.05 5.54 73.3 68.4 159.6

16 146 41.4 4.00 363.3 5.3 51.4 10.3 4.03 5.47 73.8 72.7 157.1

17 150 41.7 4.25 369.2 5.4 51.5 10.5 4.06 5.46 74.4 70.5 162.6

18 135 37.7 4.43 378.7 5.5 50.8 10.8 4.07 5.40 75.5 N/A N/A

19 146 38.8 4.43 378.2 5.6 52.3 10.8 4.16 5.47 76.0 N/A N/A

20 118 40.0 4.34 372.5 5.6 52.6 10.6 4.15 5.51 75.5 N/A N/A

21 123 39.8 4.53 370.8 5.4 50.3 10.8 4.10 5.38 76.1 N/A N/A

22 114 40.1 4.48 379.2 5.5 51.3 10.8 4.10 5.44 75.4 N/A N/A

23 250 38.9 4.61 377.7 5.5 51.2 10.7 4.10 5.43 75.5 N/A N/A

24 218 43.9 4.45 371.1 5.5 52.5 10.5 4.14 5.49 75.4 N/A N/A

25 160 43.9 4.42 367.1 5.5 52.6 10.4 4.08 5.58 73.1 N/A N/A

26 228 44.3 4.40 371.9 5.7 54.2 10.5 4.11 5.65 72.7 N/A N/A

27 215 42.7 4.42 369.3 5.6 53.1 10.5 4.08 5.60 72.9 N/A N/A

28 137 44.0 4.61 370.3 5.5 52.7 10.5 4.07 5.57 73.1 N/A N/A

29 161 39.7 4.85 381.4 5.6 51.6 10.9 4.04 5.49 73.7 N/A N/A

30 146 39.6 
2 4.72 380.0 5.6 51.7 10.8 4.03 5.55 72.6 N/A N/A

31 113 40.6 
2 4.61 374.0 5.6 52.3 10.8 4.09 5.51 74.1 N/A N/A

Mean 210 45.9 4.02 359.7 5.4 53.7 10.1 4.11 5.58 73.7 76.8 150.8
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Table 3.2. Generation means for all of the phenotypic traits measured (weak line). 

 
1 Gen, Generation; n, number of records; NDD, Non-destructive deformation (μm/kg); BS, Eggshell 

breaking strength (kg); ST, Eggshell thickness (μm); SW, Eggshell weight (g); EW, Egg weight (g); SP, 

Eggshell percentage (%); W, Egg width (cm); L, Egg length (cm); SI, Shape index (%); EP, Egg 

production (eggs/100 days); SM, Sexual maturity (days); N/A, Not available. 

2 The values for non-destructive deformation for generations 12, 30, and 31, were calculated using 

multiple-regression analysis, based on the other eggshell traits. 

 

Non-destructive deformation 

Given that it was the selection criterion used for the experiment, let us begin the analysis of 

phenotypic values with non-destructive deformation. From Figure 3.2a, which displays the entire 

data, the phenotypic values of the weak line exhibit a gradual increase, as compared to a decrease in 

the strong line. Even though this was expected given the selection process, which consisted in 

choosing the individuals with the highest deformation values as parents for the following generation 

in the weak line, and vice-versa for the strong line, it is already at this stage possible to conclude that 

the selection experiment itself was successful, given that two lines were created which are visibly 

distinct and evolved independently of each other. 

Gen 
1 n NDD BS ST SW EW SP W L SI EP SM

1 412 N/A 2.98 326.4 5.1 58.6 8.7 4.19 5.91 71.1 87.0 143.8

2 300 64.7 2.77 307.8 4.8 57.0 8.4 4.19 5.77 72.7 84.0 137.5

3 268 60.7 2.75 306.7 4.7 55.5 8.5 4.21 5.72 73.6 85.5 139.2

4 258 68.7 2.81 313.7 4.6 54.1 8.4 4.11 5.64 73.0 85.3 139.3

5 280 69.0 2.83 312.2 4.8 56.4 8.5 4.17 5.71 73.0 84.1 139.9

6 291 72.5 2.68 294.9 4.5 55.0 8.1 4.12 5.69 72.5 89.1 145.4

7 271 76.5 2.62 295.3 4.3 53.7 8.1 4.09 5.63 72.6 90.9 135.4

8 265 75.1 2.50 293.1 4.4 53.9 8.1 4.11 5.60 73.4 88.4 144.0

9 283 81.9 2.46 279.9 4.1 52.7 7.7 4.07 5.56 73.3 89.9 138.7

10 277 90.1 2.22 264.2 3.8 51.8 7.4 4.04 5.60 72.1 85.0 135.2

11 250 100.6 2.17 257.7 3.7 50.5 7.3 4.01 5.53 72.6 88.0 132.5

12 250 97.6 
2 2.03 251.7 3.6 50.5 7.1 4.02 5.53 72.7 85.6 131.1

13 187 101.0 1.98 248.2 3.5 50.3 7.0 4.01 5.52 72.7 88.1 138.7

14 136 98.5 1.97 248.2 3.6 52.3 6.9 4.07 5.61 72.5 92.0 142.0

15 129 105.4 1.83 240.6 3.4 51.0 6.6 4.03 5.58 72.4 85.5 135.5

16 140 107.6 1.81 238.4 3.4 50.4 6.7 4.00 5.58 71.9 89.3 135.2

17 97 98.5 2.15 249.3 3.5 50.4 7.0 4.04 5.52 73.2 87.1 140.4

18 91 88.9 2.32 262.1 3.7 50.6 7.3 4.08 5.47 74.6 N/A N/A

19 132 95.5 2.14 251.1 3.7 51.7 7.1 4.17 5.51 75.8 N/A N/A

20 82 95.4 2.16 248.5 3.6 51.2 7.1 4.15 5.50 75.6 N/A N/A

21 121 95.1 2.22 253.8 3.6 49.1 7.3 4.10 5.40 75.9 N/A N/A

22 66 97.7 2.08 250.5 3.5 48.6 7.1 4.05 5.40 75.1 N/A N/A

23 175 94.8 2.18 255.1 3.5 49.7 7.1 4.07 5.49 74.2 N/A N/A

24 185 105.5 2.14 250.2 3.5 49.9 7.1 4.09 5.48 74.8 N/A N/A

25 104 100.3 2.19 255.3 3.6 50.8 7.2 4.05 5.56 72.9 N/A N/A

26 193 103.2 2.23 254.4 3.7 52.0 7.1 4.07 5.63 72.4 N/A N/A

27 124 100.1 2.24 252.3 3.6 49.9 7.2 4.01 5.54 72.4 N/A N/A

28 135 97.9 2.28 258.3 3.8 52.2 7.2 4.06 5.64 72.1 N/A N/A

29 167 90.5 2.40 264.6 3.8 50.6 7.5 4.04 5.52 73.2 N/A N/A

30 160 93.3 
2 2.36 259.7 3.7 50.6 7.3 4.01 5.60 71.6 N/A N/A

31 74 92.6 
2 2.41 259.4 3.7 50.4 7.4 4.03 5.56 72.5 N/A N/A

Mean 190 90.6 2.32 267.9 3.9 52.0 7.5 4.08 5.58 73.2 87.3 138.5
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Fig. 3.2a. Evolution of the phenotypic values for non-destructive deformation over time. 

 

From the original data (Figure 3.2a), it appears that the values of the individuals from generations 12, 

30, and 31 –corresponding approximately to individuals 2750 to 3000 and 5250 to 5500 for the weak 

line, and individuals 2800 to 3050 and 5850 to 6100 for the strong line–, lie above the values which 

could be expected in their respective lines. These biased values arose because the measurements had 

to be made with a different machine for these generations due to technical difficulties. To obtain 

more realistic values, a multiple-regression analysis was performed based on the other eggshell traits. 

Though more detail will be given in the following section, these new values were used to calculate 

the generation means presented below (Figure 3.2b).  

 

 

Fig. 3.2b. Evolution of the generation mean for non-destructive deformation over time.  
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The generation means represented by Figure 3.2b show more clearly the trend observed with Figure 

3.2a. To facilitate understanding of the evolution of the phenotypic values, two regression lines were 

added to each line, one covering generations 1 to 13, period during which selection was intensive, 

and the other covering generations 14 to 31, after selection was relaxed and then stopped. The 

regression coefficients of the generation means were –1.22 μm/kg (P < 0.001) for the strong line and 

3.80 μm/kg (P < 0.0001) for the weak line from generation 1 to generation 13, and 0.07 μm/kg (P > 

0.1) for the strong line and –0.31 μm/kg (P > 0.1) for the weak line (Figure 3.2b) from generations 

14 to 31. Concretely, these results imply that the response to intensive selection was asymmetric for 

non-destructive deformation, and that the phenotypic values stabilized after generation 14. 

 

Eggshell breaking strength 

One of the reasons for experimenting with non-destructive deformation in the first place is to 

evaluate whether or not it is a suitable indicator of eggshell strength, and in turn attempt to determine 

whether it could be used on a large scale instead of eggshell breaking strength, whose major 

drawback lies in the destruction of the eggs to assess their strength. In this regard, the effect of 

selection for non-destructive deformation on eggshell breaking strength is critical in this analysis, 

and it is necessary to closely examine the evolution of the phenotypic values of that trait over time. 

As shown in Figure 3.3a, the selection process was effective and the two lines are unmistakably 

distinct from each other. Note that whereas the phenotypic values for non-destructive deformation 

declined over time in the strong line, as low deformation values indicate a strong eggshell, the trend 

is actually the opposite for eggshell breaking strength, which instead exhibits increasing values. This 

is simply because the stronger the eggshell, the higher the strength needed to break it. There is 

therefore a negative correlation between these two traits. 

 

 

Fig. 3.3a. Evolution of the phenotypic values for eggshell breaking strength over time. 
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With respect to the generation means (Figure 3.3b), the trends detected are somewhat different to the 

observations made for non-destructive deformation. As a matter of fact, the regression coefficients 

for the period of intensive selection were 0.087 kg (P < 0.0001) for the strong line and –0.081 kg (P 

< 0.0001) for the weak line, and therefore response was symmetric, contrary to the observations 

made on non-destructive deformation. However, from generation 14 onward, while the generation 

means for non-destructive deformation had stabilized, i.e. displayed non-significant regression 

coefficients, with regard to eggshell breaking strength the mean of the strong line continued to 

increase (0.0388 kg, P < 0.0001) whereas that of the weak line started to move back toward the 

mean of the initial population (0.0253 kg, P < 0.0001). In other words, the response to selection was 

asymmetric in this case as well. 

 

 

Fig. 3.3b. Evolution of the generation mean for eggshell breaking strength over time. 

 

Other eggshell traits 

Besides eggshell breaking strength, three other eggshell traits were measured to reflect the impact of 

selection on the strength of the eggshell: eggshell thickness, eggshell weight, and eggshell 

percentage. Similarly to eggshell breaking strength, the effect of selection is visible through the 

phenotypic values of the weak and strong lines, which diverged as the experiment progressed. More 

specifically, eggshell thickness, eggshell weight and eggshell percentage increased for the strong line, 

and decreased for the weak line 

From generation 1 to 13, for eggshell thickness (Figure 3.4a and Figure 3.4b) and eggshell weight 

(Figure 3.5a and Figure 3.5b), the evolution of the data shows that the response to selection was 

similar to the movement displayed by non-destructive deformation, i.e. response was asymmetric. 
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1.5

2

2.5

3

3.5

4

4.5

5

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

E
g
g
sh

el
l 

B
re

a
k

in
g
 S

tr
en

g
th

 

(k
g
)

Generation

35



compared with –6.37 μm (P < 0.0001) for that of the weak line (Figure 3.4b). For eggshell weight, 

the regression coefficients were 0.033 g (P < 0.01) and –0.13 g (P < 0.0001) for the strong and weak 

lines, respectively (Figure 3.5b). Nevertheless, interestingly enough, from generation 14 onward 

(after selection was relaxed), the regression coefficients displayed the same tendency as did the 

phenotypic values of eggshell breaking strength, the strong line getting stronger, and the weak line 

moving back toward the mean of the initial population. Concretely, the regression coefficients were 

respectively 0.473 μm (P < 0.06) and 0.908 μm (P < 0.001) for the strong and weak lines for 

eggshell thickness, and 0.0114 g (P < 0.01) and 0.0142 g (P < 0.01) for eggshell weight. 

 

 

Fig. 3.4a. Evolution of the phenotypic values for eggshell thickness over time. 

 

 

Fig. 3.4b. Evolution of the generation mean for eggshell thickness over time. 
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Fig. 3.5a. Evolution of the phenotypic values for eggshell weight over time. 

 

 

Fig. 3.5b. Evolution of the generation mean for eggshell weight over time. 

 

For eggshell percentage (Figure 3.6a and Figure 3.6b), the phenotypic values displayed the same 

tendency already observed for eggshell breaking strength from generation 1 to 13. The regression 

coefficients for the period of intensive selection were similar for both lines: 0.135% (P < 0.0001) for 

the strong line and –0.147% (P < 0.0001) for the weak line. However, the response observed after 

relaxing and ceasing selection was asymmetric in this case as well, as the regression coefficients for 

generation 14 onward were 0.016% (P < 0.07) for the strong line and –0.031% (P < 0.001) for the 

weak line. 
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Fig. 3.6a. Evolution of the phenotypic values for eggshell percentage over time. 

 

 

Fig. 3.6b. Evolution of the generation mean for eggshell percentage over time. 
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deformation as a criterion for selection. First of all, the measurements made were precise enough to 

enable an effective selection process. Secondly, selection for non-destructive deformation proved to 

be an efficient tool for the creation of two lines according to the strength of their eggshell, thereby 

enabling the establishment of populations with stronger eggshells. In this regard, non-destructive 

deformation appeared to have the potential to replace other eggshell traits widely used for selection, 

such as eggshell breaking strength.  
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Nevertheless, as detailed above, the selection process did not have the same impact on all eggshell 

traits: not only did they respond differently to intensive selection, but the responses observed within 

each line after the end of the selection process also raise questions about the actual genetic 

improvement of the population of White Leghorn considered, which is one of the main goals of the 

experiment. To answer these questions, the coming chapters will provide a thorough analysis of the 

evolution of the breeding values and genetic parameters for these traits over the course of the 

experiment. 

 

Egg weight 

Plotting the data relative to egg weight revealed that selection for non-destructive deformation did 

not have the same effect on traits not directly related to the eggshell. As a matter of fact, as 

illustrated by Figure 3.7a, the measurements displayed a decline in egg weight for both lines, which 

is particularly conspicuous over the period of intensive selection. This may suggest that the selection 

process had little influence on egg weight, but there are other potential explanations for this 

phenomenon. Since egg-laying breeds like White Leghorns are generally selected for egg size or egg 

weight, it may be so that the base population used for this experiment, which stems from a larger 

population selected for commercial purposes, was intensively selected for egg weight. If the true 

genetic correlation between non-destructive deformation and egg weight is low, it is then possible 

that the selection process for non-destructive deformation allowed this population of White Leghorn 

to move back toward smaller phenotypic values for egg weight. 

 

 

Fig. 3.7a. Evolution of the phenotypic values for egg weight over time. 
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strong line, while it was –0.65 g per generation (P < 0.0001) for the weak line. However, after 

selection was relaxed, the regression coefficients changed to 0.03 g (P > 0.1) for the strong line and –

0.02 g (P > 0.1) for the weak line. Analysis of the genetic parameters is necessary to determine the 

reason for this trend. 

Furthermore, from Figure 3.7b, it appears that the difference in egg weight between the weak and 

strong lines is comprised between 1 and 3 g, the strong line displaying higher values. Given the 

analysis of eggshell weight above (Figure 3.5b), it is possible to infer that most of the difference in 

egg weight between the lines is due to the difference in eggshell weight. 

 

 

Fig. 3.7b. Evolution of the generation mean for egg weight over time. 

 

Egg width, egg length, and egg shape index 

The evolution of the generation means for egg width and egg length is presented below (Figure 3.8 

and Figure 3.9). 

 

 

Fig. 3.8. Evolution of the generation mean for egg width over time. 
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Fig. 3.9. Evolution of the generation mean for egg length over time. 

 

These two graphs reveal a decrease in both egg width and egg length, in both lines. For generation 1 

to generation 13, the regression coefficients for egg width were –0.0148 (P < 0.0001) for the strong 

line and –0.0174 (P < 0.0001) for the weak line. For egg length, these values were –0.0208 (P < 

0.0001) for the strong line and –0.0262 (P < 0.0001) for the weak line. This trend, which indicates a 

decrease in egg size, is consistent with the decrease of the values observed for egg weight. Also, the 

evolution of the generation mean for the shape index revealed that both lines displayed similar trends 

(Figure 3.10). Further analysis is however needed to make relevant comments about this trend. 

 

 

Fig. 3.10. Evolution of the generation mean for shape index over time. 
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As illustrated by the plot representing the evolution of the number of eggs produced per individual 

per 100 days (Figure 3.11a), the strong line noticeably declined over time, implying that selection for 

strong eggshell had a negative impact on egg production traits. The trend is however much less 

apparent for the weak line. 

 

 

Fig. 3.11a. Evolution of the phenotypic values for egg production over time. 

 

Figure 3.11b gives a better picture of the evolution of egg production over time. As aforementioned, 

the strong line displays a visible decline, with a regression coefficient of –1.24 eggs/100days (P < 

0.0001) for generation 1 to 13. By contrast, the tendency for the weak line is much less pronounced, 

with a slight and non-significant increase of 0.19 eggs/100days per generation (P > 0.1). Although it 

is too early at this stage to draw any conclusions from these results, this may suggest that the 

population of White Leghorn considered is close to the selection limit, and may physiologically not 

be able to reach average levels of over 100 eggs per 100 days. 

 

 

Fig. 3.11b. Evolution of the generation mean for egg production over time. 
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Sexual maturity 

Sexual maturity is another factor of importance; it is a so-called production trait given the fact that 

chickens only start producing eggs after the onset of sexual maturity. Changes in sexual maturation 

can therefore have substantial repercussions on the number of eggs produced during the lifetime of 

an individual, and differences from one population to the other should not be overlooked. With this 

in mind, the current experiment revealed that selection for non-destructive deformation had an 

unmistakable impact on sexual maturity for both lines (Figure 3.12a and Figure 3.12b). 

 

 

Fig. 3.12a. Evolution of the phenotypic values for sexual maturity over time. 

 

 

Fig. 3.12b. Evolution of the generation mean for sexual maturity over time. 

 

As illustrated by Figure 3.12b above, the data displays an asymmetric response in this case as well, 

the regression coefficients being 1.53 days (P < 0.001) for the strong line and –0.58 days (P < 0.05) 

for the weak line for generations 1 to 13. 
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(from an industrial perspective) impacts of selection for stronger eggshell were also visible, in 

particular with regard to egg production traits. A more detailed analysis is however necessary, not 

only to better understand the reasons behind the evolution of the phenotypic values presented in this 

section, but also to quantify the extent of the effects of selection for non-destructive deformation on 

the various egg traits. These aspects will be examined in the following chapters. 

 

3.2.2) Standard deviations and coefficients of variation 

 

The standard deviations for both lines are summarized in Table 3.3 and Table 3.4. 

 

Table 3.3. Standard deviations per generation for all of the phenotypic traits measured (strong line). 

 
1 Gen, Generation; n, number of records; NDD, Non-destructive deformation (μm/kg); BS, Eggshell 

breaking strength (kg); ST, Eggshell thickness (μm); SW, Eggshell weight (g); EW, Egg weight (g); SP, 

Eggshell percentage (%); W, Egg width (cm); L, Egg length (cm); SI, Shape index (%); EP, Egg 

production (eggs/100 days); SM, Sexual maturity (days); N/A, Not available. 

2 The values for non-destructive deformation for generations 12, 30, and 31, were calculated using 

multiple-regression analysis, based on the other eggshell traits. 

Gen 
1 n NDD BS ST SW EW SP W L SI EP SM

1 412 N/A 0.51 23.8 0.50 3.9 0.64 0.11 0.18 2.3 8.0 9.8

2 284 10.4 0.45 23.3 0.45 3.9 0.59 0.11 0.20 2.5 8.7 9.2

3 275 9.5 0.43 21.8 0.44 3.8 0.59 0.10 0.20 2.5 9.9 10.6

4 266 8.3 0.38 17.4 0.37 3.6 0.52 0.10 0.17 2.2 7.3 10.3

5 301 7.3 0.43 20.3 0.40 3.3 0.56 0.09 0.16 2.3 7.9 8.0

6 297 7.0 0.44 20.3 0.43 3.9 0.56 0.11 0.17 2.1 7.7 8.8

7 290 7.2 0.43 20.3 0.40 3.4 0.56 0.10 0.16 2.1 6.7 11.7

8 288 5.6 0.40 20.1 0.41 3.7 0.55 0.10 0.18 2.0 7.5 10.8

9 292 7.1 0.43 19.8 0.36 2.9 0.54 0.08 0.15 1.9 8.5 10.5

10 288 6.7 0.45 20.6 0.44 3.8 0.56 0.12 0.19 2.5 10.2 15.2

11 248 6.2 0.46 19.1 0.37 3.2 0.55 0.10 0.17 2.2 9.5 13.0

12 254 5.1 
2 0.43 18.8 0.35 3.0 0.50 0.09 0.16 2.1 9.2 15.2

13 198 5.2 0.45 17.6 0.33 2.9 0.48 0.09 0.15 2.2 10.0 10.3

14 130 4.3 0.38 17.4 0.37 3.1 0.51 0.09 0.16 1.9 7.7 9.2

15 136 6.3 0.49 22.2 0.38 2.6 0.62 0.09 0.15 2.4 11.4 10.8

16 146 4.7 0.42 16.7 0.33 3.0 0.50 0.09 0.14 2.0 7.8 12.4

17 150 5.0 0.47 20.5 0.38 2.9 0.59 0.09 0.16 2.3 11.8 14.7

18 135 4.6 0.55 20.6 0.39 2.9 0.62 0.09 0.15 2.2 N/A N/A

19 146 4.7 0.53 20.5 0.38 3.0 0.63 0.10 0.14 2.0 N/A N/A

20 118 6.7 0.49 22.4 0.41 3.0 0.69 0.09 0.16 2.1 N/A N/A

21 123 4.9 0.51 20.4 0.39 3.0 0.60 0.10 0.14 2.2 N/A N/A

22 114 5.0 0.53 20.0 0.38 2.8 0.53 0.09 0.16 2.2 N/A N/A

23 250 4.1 0.47 22.7 0.36 3.0 0.55 0.10 0.14 2.0 N/A N/A

24 218 7.6 0.55 22.2 0.44 3.5 0.68 0.11 0.15 2.1 N/A N/A

25 160 8.1 0.58 25.9 0.44 3.1 0.71 0.10 0.18 2.6 N/A N/A

26 228 7.6 0.57 22.6 0.41 3.1 0.65 0.09 0.16 2.2 N/A N/A

27 215 7.3 0.60 23.1 0.44 3.5 0.64 0.11 0.18 2.4 N/A N/A

28 137 6.5 0.56 22.3 0.43 3.2 0.66 0.10 0.16 2.3 N/A N/A

29 161 4.3 0.51 17.2 0.39 3.1 0.47 0.09 0.15 2.0 N/A N/A

30 146 4.8 
2 0.59 20.1 0.40 3.1 0.53 0.10 0.15 2.2 N/A N/A

31 113 5.1 
2 0.48 17.7 0.33 2.9 0.66 0.08 0.15 2.1 N/A N/A

Mean 210 6.2 0.48 20.6 0.40 3.2 0.58 0.10 0.16 2.2 8.8 11.2
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Table 3.4. Standard deviations per generation for all of the phenotypic traits measured (weak line). 

 
1 Gen, Generation; n, number of records; NDD, Non-destructive deformation (μm/kg); BS, Eggshell 

breaking strength (kg); ST, Eggshell thickness (μm); SW, Eggshell weight (g); EW, Egg weight (g); SP, 

Eggshell percentage (%); W, Egg width (cm); L, Egg length (cm); SI, Shape index (%); EP, Egg 

production (eggs/100 days); SM, Sexual maturity (days); N/A, Not available. 

2 The values for non-destructive deformation for generations 12, 30, and 31, were calculated using 

multiple-regression analysis, based on the other eggshell traits. 

 

The values presented in these tables are a valuable indication of the variability of the data for a given 

trait and generation. However, in this case, it is also important to keep in mind that using the 

standard deviations only is not sufficient to enable a proper comparison between the different 

generations for a specific phenotypic trait. Given that the generation means significantly changed 

over the course of the experiment for all of the phenotypic traits considered, it is usually considered 

that the coefficient of variation, calculated as the ratio of the standard deviation to the mean, should 

be used instead, as it takes into account the value of the mean and therefore provides a better 

estimate of the variability of the population over time.  

For instance, although Table 3.3 indicates that the standard deviation for non-destructive 

Gen 
1 n NDD BS ST SW EW SP W L SI EP SM

1 412 N/A 0.51 23.8 0.50 3.9 0.64 0.11 0.18 2.3 8.0 9.8

2 300 11.8 0.45 22.8 0.45 3.7 0.58 0.10 0.18 2.4 9.2 8.1

3 268 10.9 0.42 21.1 0.40 3.7 0.61 0.11 0.19 2.7 10.2 9.2

4 258 9.9 0.34 19.5 0.40 3.5 0.51 0.11 0.17 2.3 8.5 9.0

5 280 10.0 0.40 21.5 0.44 3.8 0.55 0.11 0.17 2.4 10.3 10.9

6 291 11.2 0.37 20.9 0.41 3.4 0.57 0.10 0.19 2.6 10.0 10.9

7 271 11.1 0.42 19.7 0.38 3.4 0.57 0.11 0.17 2.5 7.4 9.9

8 265 10.6 0.39 20.1 0.39 3.3 0.52 0.11 0.14 2.1 8.9 8.6

9 283 11.9 0.41 20.2 0.36 3.3 0.52 0.12 0.16 2.6 9.5 9.7

10 277 12.0 0.33 19.3 0.31 3.2 0.47 0.11 0.16 2.4 8.9 6.2

11 250 13.4 0.34 17.1 0.32 3.3 0.48 0.11 0.16 2.3 8.6 7.0

12 250 8.6 
2 0.30 14.9 0.29 3.0 0.42 0.10 0.15 2.1 10.7 7.6

13 187 12.2 0.26 14.9 0.26 2.7 0.47 0.09 0.14 2.1 8.1 10.5

14 136 12.3 0.27 15.4 0.30 3.1 0.44 0.11 0.15 2.4 6.6 8.6

15 129 13.9 0.30 15.8 0.30 3.5 0.46 0.11 0.18 2.6 9.2 9.5

16 140 16.4 0.29 17.5 0.30 3.1 0.52 0.10 0.17 2.6 8.3 11.9

17 97 15.2 0.33 17.3 0.30 2.8 0.49 0.09 0.16 2.2 12.5 11.3

18 91 14.0 0.35 18.4 0.37 3.3 0.54 0.11 0.18 3.0 N/A N/A

19 132 14.0 0.39 17.4 0.32 3.3 0.49 0.10 0.17 2.5 N/A N/A

20 82 14.1 0.37 17.7 0.30 3.1 0.57 0.11 0.18 2.7 N/A N/A

21 121 15.9 0.37 17.4 0.29 3.4 0.57 0.11 0.20 3.0 N/A N/A

22 66 13.6 0.33 14.9 0.24 3.4 0.45 0.16 0.17 3.2 N/A N/A

23 175 12.9 0.30 15.7 0.29 3.1 0.47 0.10 0.16 2.4 N/A N/A

24 185 13.8 0.31 16.8 0.29 3.1 0.46 0.10 0.19 2.9 N/A N/A

25 104 17.8 0.36 20.6 0.35 3.4 0.62 0.11 0.19 2.6 N/A N/A

26 193 15.6 0.34 19.0 0.31 3.5 0.51 0.11 0.18 2.7 N/A N/A

27 124 15.0 0.34 17.3 0.28 3.4 0.52 0.11 0.20 2.9 N/A N/A

28 135 15.6 0.33 19.8 0.33 3.2 0.57 0.10 0.19 2.8 N/A N/A

29 167 13.4 0.33 17.8 0.31 3.5 0.53 0.11 0.16 2.2 N/A N/A

30 160 12.4 
2 0.33 16.6 0.31 3.2 0.50 0.10 0.18 2.6 N/A N/A

31 74 12.0 
2 0.32 17.3 0.29 2.8 0.46 0.10 0.17 2.8 N/A N/A

Mean 190 13.1 0.35 18.3 0.33 3.3 0.52 0.11 0.17 2.5 9.1 9.3
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deformation substantially decreased between generation 1 and generation 13 in the strong line, it is 

not possible to infer whether this can be attributed to a true decrease in variability, given that the 

generation mean corresponding to these values also decreased dramatically over the same period of 

time. 

For this reason, the coefficients of variation were also calculated for both lines (Table 3.5 and Table 

3.6). Although much could be said about these tables, the main comments to be made include the 

fact that the coefficients of variation decreased for eggshell traits in the strong line during the period 

of intensive selection, whereas the values for egg production increased. 

 

Table 3.5. Coefficients of variation per generation for all of the phenotypic traits measured (strong 

line). 

 
1 Gen, Generation; n, number of records; NDD, Non-destructive deformation (μm/kg); BS, Eggshell 

breaking strength (kg); ST, Eggshell thickness (μm); SW, Eggshell weight (g); EW, Egg weight (g); SP, 

Eggshell percentage (%); W, Egg width (cm); L, Egg length (cm); SI, Shape index (%); EP, Egg 

production (eggs/100 days); SM, Sexual maturity (days); N/A, Not available. 

2 The values for non-destructive deformation for generations 12, 30, and 31, were calculated using 

multiple-regression analysis, based on the other eggshell traits. 

Gen 
1 n NDD BS ST SW EW SP W L SI EP SM

1 412 N/A 17.09 7.29 9.72 6.63 7.35 2.64 2.98 3.27 9.22 6.79

2 284 17.44 15.14 7.29 8.90 6.79 6.77 2.54 3.48 3.36 10.40 6.63

3 275 17.29 14.64 6.79 8.82 6.55 6.77 2.31 3.44 3.38 11.87 7.71

4 266 13.64 12.17 5.28 7.44 6.41 5.83 2.46 2.92 2.95 8.87 7.25

5 301 13.24 12.41 5.89 7.46 5.68 6.03 2.25 2.87 3.06 10.03 5.56

6 297 12.88 12.45 6.04 8.11 6.79 6.05 2.67 2.96 2.85 9.61 5.90

7 290 13.31 11.97 5.90 7.54 6.10 5.88 2.42 2.78 2.85 8.30 8.17

8 288 11.19 11.03 5.67 7.49 6.66 5.69 2.49 3.10 2.66 9.88 6.84

9 292 13.25 12.00 5.85 7.06 5.30 5.73 2.04 2.63 2.63 11.10 6.83

10 288 13.49 12.31 5.84 8.10 6.94 5.68 2.89 3.27 3.39 14.25 9.84

11 248 12.01 12.38 5.34 6.92 6.07 5.52 2.36 3.00 3.02 13.09 8.56

12 254 10.83 
2 11.10 5.22 6.50 5.55 4.99 2.22 2.81 2.90 12.91 9.57

13 198 11.98 11.22 4.85 6.16 5.36 4.66 2.23 2.67 3.00 13.61 6.74

14 130 10.22 9.64 4.77 6.62 5.72 4.90 2.09 2.85 2.60 10.11 5.84

15 136 15.23 12.45 6.08 7.02 4.93 5.98 2.10 2.70 3.28 16.66 6.79

16 146 11.43 10.55 4.60 6.29 5.80 4.81 2.30 2.56 2.69 10.73 7.88

17 150 11.97 11.00 5.56 7.09 5.68 5.66 2.25 2.90 3.04 16.70 9.07

18 135 12.14 12.33 5.44 7.03 5.67 5.72 2.25 2.77 2.92 N/A N/A

19 146 12.12 11.85 5.41 6.79 5.78 5.81 2.38 2.51 2.57 N/A N/A

20 118 16.65 11.22 6.00 7.28 5.67 6.53 2.17 2.92 2.80 N/A N/A

21 123 12.34 11.17 5.51 7.08 5.98 5.55 2.56 2.58 2.94 N/A N/A

22 114 12.40 11.92 5.27 6.86 5.42 4.91 2.12 2.94 2.96 N/A N/A

23 250 10.64 10.28 6.02 6.58 5.89 5.09 2.42 2.61 2.59 N/A N/A

24 218 17.33 12.39 5.99 8.05 6.67 6.49 2.70 2.74 2.84 N/A N/A

25 160 18.36 13.08 7.07 7.96 5.98 6.76 2.44 3.21 3.53 N/A N/A

26 228 17.09 12.88 6.09 7.27 5.63 6.16 2.20 2.86 2.96 N/A N/A

27 215 17.14 13.56 6.25 7.80 6.65 6.06 2.61 3.13 3.36 N/A N/A

28 137 14.84 12.11 6.03 7.70 6.06 6.23 2.41 2.89 3.15 N/A N/A

29 161 10.95 10.55 4.52 6.87 5.92 4.29 2.11 2.77 2.66 N/A N/A

30 146 12.12 
2 12.46 5.29 7.07 5.98 4.88 2.36 2.78 3.10 N/A N/A

31 113 12.56 
2 10.38 4.73 5.87 5.55 6.11 1.90 2.71 2.80 N/A N/A

Mean 210 13.54 12.12 5.74 7.34 5.99 5.77 2.35 2.88 2.97 11.61 7.41
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Table 3.6. Coefficients of variation per generation for all of the phenotypic traits measured (weak 

line). 

 
1 Gen, Generation; n, number of records; NDD, Non-destructive deformation (μm/kg); BS, Eggshell 

breaking strength (kg); ST, Eggshell thickness (μm); SW, Eggshell weight (g); EW, Egg weight (g); SP, 

Eggshell percentage (%); W, Egg width (cm); L, Egg length (cm); SI, Shape index (%); EP, Egg 

production (eggs/100 days); SM, Sexual maturity (days); N/A, Not available. 

2 The values for non-destructive deformation for generations 12, 30, and 31, were calculated using 

multiple-regression analysis, based on the other eggshell traits. 

 

 

3.3) Multiple-regression analysis 

 

As mentioned in the tables describing the generation mean for non-destructive deformation (Table 

3.1 and Table 3.2), the phenotypic values for non-destructive deformation for generations 12, 30, and 

31 were calculated using multiple-regression analysis. As a matter of fact, because of technical 

problems, a different device had to be used to make the measurements for these generations, leading 

in turn to biased values (Figure 3.13a). 

Gen 
1 n NDD BS ST SW EW SP W L SI EP SM

1 412 N/A 17.09 7.29 9.72 6.63 7.35 2.64 2.98 3.27 9.22 6.79

2 300 18.22 16.22 7.42 9.38 6.50 6.82 2.42 3.18 3.29 10.94 5.90

3 268 17.90 15.15 6.87 8.59 6.62 7.21 2.68 3.35 3.70 11.93 6.62

4 258 14.45 12.08 6.23 8.81 6.39 6.00 2.65 2.95 3.21 9.97 6.50

5 280 14.47 14.28 6.88 9.16 6.74 6.44 2.56 3.05 3.27 12.30 7.79

6 291 15.49 13.76 7.08 9.18 6.22 6.97 2.53 3.29 3.60 11.25 7.50

7 271 14.58 15.85 6.67 8.75 6.28 7.01 2.73 2.99 3.50 8.19 7.33

8 265 14.15 15.58 6.85 8.94 6.17 6.38 2.64 2.53 2.91 10.11 5.99

9 283 14.52 16.80 7.20 8.84 6.32 6.71 2.99 2.83 3.61 10.56 7.00

10 277 13.33 14.70 7.32 8.02 6.15 6.39 2.67 2.87 3.40 10.43 4.59

11 250 13.31 15.88 6.62 8.53 6.56 6.54 2.65 2.91 3.19 9.72 5.28

12 250 8.81 
2 14.58 5.92 8.09 5.94 5.89 2.39 2.68 2.95 12.45 5.81

13 187 12.09 13.12 6.00 7.38 5.46 6.76 2.30 2.59 2.87 9.17 7.58

14 136 12.50 13.93 6.21 8.37 6.01 6.33 2.65 2.60 3.28 7.22 6.03

15 129 13.18 16.20 6.57 8.74 6.78 6.95 2.80 3.16 3.53 10.72 7.01

16 140 15.29 16.09 7.33 9.07 6.09 7.77 2.50 3.04 3.58 9.32 8.80

17 97 15.42 15.47 6.93 8.41 5.60 7.03 2.14 2.85 2.99 14.35 8.06

18 91 15.72 15.20 7.02 9.92 6.51 7.43 2.82 3.22 4.00 N/A N/A

19 132 14.62 18.04 6.92 8.62 6.42 6.91 2.44 3.08 3.24 N/A N/A

20 82 14.78 17.15 7.11 8.21 6.02 7.96 2.61 3.23 3.52 N/A N/A

21 121 16.73 16.79 6.84 8.00 6.88 7.78 2.73 3.77 3.95 N/A N/A

22 66 13.91 15.76 5.95 7.02 7.01 6.32 3.88 3.11 4.21 N/A N/A

23 175 13.56 13.82 6.14 8.20 6.22 6.60 2.41 2.91 3.17 N/A N/A

24 185 13.13 14.68 6.71 8.21 6.24 6.56 2.43 3.48 3.82 N/A N/A

25 104 17.74 16.61 8.08 9.58 6.67 8.60 2.68 3.42 3.60 N/A N/A

26 193 15.07 15.16 7.45 8.31 6.83 7.23 2.82 3.21 3.78 N/A N/A

27 124 15.03 15.36 6.86 7.85 6.72 7.21 2.79 3.57 4.07 N/A N/A

28 135 15.89 14.66 7.66 8.73 6.21 7.89 2.51 3.32 3.85 N/A N/A

29 167 14.83 13.62 6.73 8.16 6.99 7.12 2.76 2.98 3.07 N/A N/A

30 160 13.29 
2 13.98 6.40 8.42 6.33 6.79 2.52 3.16 3.58 N/A N/A

31 74 12.96 
2 13.39 6.68 7.69 5.57 6.18 2.40 3.04 3.92 N/A N/A

Mean 190 14.50 15.19 6.84 8.55 6.36 6.94 2.64 3.07 3.48 10.46 6.74
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Fig. 3.13a. Generation mean for non-destructive deformation with the initial values. 

 

Although this bias has no repercussion on the analysis of genetic parameters –i.e. the main analysis 

of this thesis– considering that it is absorbed as a fixed effect in a mixed animal model, 

multiple-regression methods are useful to calculate reasonably reliable estimates for these values. 

Three traits that are in general thought to have a high correlation with non-destructive deformation 

were chosen for the model: eggshell breaking strength, eggshell thickness, and eggshell percentage. 

In mathematical terms, the following regression equation was used 

 �̂� = 𝛼 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 (3.1) 

where 

�̂� is the estimate for non-destructive deformation, 

𝛼 represents the intercept, 

𝑥𝑖 represents the 𝑖th independent variable (the 𝑖th trait), and 

𝛽𝑖 represents the regression coefficients corresponding to 𝑥𝑖. 

 

Using this regression model, two equations were calculated for each line. The data from generation 1 

to generation 11 was used to estimate generation 12, while generations 30 and 31 were estimated 

based on the data collected for generations 18 to 29. Because the intensity of selection and the 

properties of the eggshell changed as the experiment progressed, it was deemed necessary to 

calculate two equations per line in order to account for the slight changes in the relationship between 

the traits that may have occurred over the course of the experiment. As mentioned at the beginning 
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of Chapter II, although the individuals were intensively selected during the first thirteen generations, 

a within-family selection procedure was used from generation 14 to 17, and from generation 18 

onward, individuals were randomly chosen and mated within their lines. 

The new generation means, which were calculated based on the estimated phenotypic value of each 

individual for these generations, are presented below (Figure 3.12b). Note that these values are 

identical to those presented in Figure 3.2b. 

 

 

Fig. 3.13b. Generation mean for non-destructive deformation with the values obtained through 

multiple-regression analysis. 

 

 

3.4) Relationship between traits 

 

Now that the foundations have been laid and that the phenotypic influence of selection for 

non-destructive deformation on each of the traits measured has been clarified, it is possible to delve 

more deeply into the statistical analysis of the experiment. However, before performing a detailed 

analysis of the breeding values and genetic parameters, as well as examining their evolution over 

time, it appears relevant to review the relationship between the various phenotypic traits to gain 

clues as to the emergence of patterns among them. In this respect, it seems essential to examine the 

relationship between all of the other traits measured from two different perspectives: the first one is 

based on the evolution of the generation means over time, and the other one consists in looking at 

how the traits relate to each other within specific generations. In other words, the former denotes an 

inter-generational analysis of the phenotypic data, whereas the latter refers to an intra-generational 

analysis of the data. 

35

45

55

65

75

85

95

105

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

N
o
n

-D
es

tr
u

ct
iv

e 
D

ef
o
rm

a
ti

o
n

 

(μ
m

/k
g
)

Generation

Weak line Strong line

49



3.4.1) Inter-generational analysis (all data & generation means only) 

 

Given that this dissertation focuses on the impact of long-term selection for non-destructive 

deformation on three different aspects of egg quality, namely eggshell strength, egg production, and 

egg shape, this section is further divided into three short parts, in order to shed light on the 

relationship between non-destructive deformation and each aspect. 

 

Non-destructive deformation and other eggshell traits 

The relationship between non-destructive deformation and other eggshell traits is illustrated through 

the four scatter plots below (Figures 3.14, 3.15, 3.16, and 3.17). 

 

 

Fig. 3.14. Relationship between the generation means of non-destructive deformation and eggshell 

breaking strength in both lines. 

 

 

Fig. 3.15. Relationship between the generation means of non-destructive deformation and eggshell 

thickness in both lines. 
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Fig. 3.16. Relationship between the generation means of non-destructive deformation and eggshell weight 

in both lines. 

 

 

Fig. 3.17. Relationship between the generation means of non-destructive deformation and eggshell 

percentage in both lines. 

 

These figures, which combine the strong and weak lines together, show that the value of 

non-destructive deformation tended to shape the rate of change (i.e. the regression coefficient) of the 

eggshell traits considered, and lead to another interesting observation: that the relationship also 

seemed to depend on the parameter considered. It may be so that the relationship between 

non-destructive deformation and is linear for some traits (as seems to be the case for eggshell 

thickness) and non-linear for other (for eggshell breaking strength for instance). 

 

Non-destructive deformation and production traits 

The relationship between non-destructive deformation and egg production traits was as described 

below (Figures 3.18, 3.19, and 3.20). 
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Fig. 3.18. Relationship between the generation means of non-destructive deformation and egg production 

in both lines. 

 

 

Fig. 3.19. Relationship between the generation means of non-destructive deformation and sexual maturity 

in both lines. 

 

 

Fig. 3.20. Relationship between the generation means of non-destructive deformation and egg weight in 

both lines. 
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Based on the figures above, the relationship between eggshell strength –as expressed as a measure of 

the non-destructive deformation of the eggshell– and egg production traits appears to be curvilinear; 

the regression coefficients were indeed visibly different in the weak and strong lines. However, it 

may be so that specific reasons exist that explain the drop in egg weight that was observed in both 

lines. The detailed analysis of the following chapters will provide more clues about the underlying 

reasons causes for these changes. 

 

Non-destructive deformation and egg shape 

The relationship between non-destructive deformation and egg shape is illustrated through the scatter 

plots below (Figures 3.21, 3.22, and 3.23). 

 

 

Fig. 3.21. Relationship between the generation means of non-destructive deformation and egg width in 

both lines. 

 

 

Fig. 3.22. Relationship between the generation means of non-destructive deformation and egg length in 

both lines. 
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The two graphs above, which display the relationship between non-destructive deformation and egg 

width (respective egg length), are similar to Figure 3.20. This is not surprising given that both egg 

weight and egg width (and length) are a measurement of the size of the egg. 

 

 

Fig. 3.23. Relationship between the generation means of non-destructive deformation and egg shape 

index in both lines. 

 

In the case of egg shape index, although the phenotypic data obtained from this experiment revealed 

that more elongated eggs seem to be somewhat sturdier (i.e. have lower non-destructive deformation 

values), this relationship may not be linear. The analysis of genetic parameters will provide more 

information about this point as well. 

 

3.4.2) Intra-generational analysis 

 

One of the primary objectives of performing an intra-generational analysis of the phenotypic data is 

to investigate whether there are any differences in the distribution of the observations between the 

micro and macro levels, i.e. within generations vs. between generations. 

For most traits, the relationship between two traits is the same at both levels; for instance, when 

observing the distribution of the generation means of non-destructive deformation with respect to 

eggshell thickness (as described above in Figure 3.15,), it appears that a large negative correlation 

exists: in other words, as non-destructive deformation values decrease, eggshell thickness values 

increase, and vice-versa. Unsurprisingly, this relationship between the two traits was also found 

within each generation. 

Nevertheless, for some traits, a different trend was observed between the micro and macro levels. In 

the strong line, in which eggshell breaking strength increased over the course of the experiment, the 

generation mean of the width of the egg decreased, indicating a negative correlation between the two 
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traits. However, within each generation, it appears that the phenotypic correlation between breaking 

strength and egg width is actually positive, as illustrated by Figure 3.24. This may indicate that 

although the correlation between the two traits is generally positive, external factor(s) have brought 

about a reduction in egg size over time. Additionally, the positive correlation between these two 

traits may suggest that greater force is required to break eggs that are wider –i.e. rounder. 

 

 

Fig. 3.24. Evolution of the generational data between eggshell breaking strength and egg width in the 

strong line. 

 

 

Fig. 3.25. Evolution of the generational data between eggshell breaking strength and egg length in the 

weak line. 
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A similar observation was made in the weak line, between eggshell breaking strength and egg length 

(Figure 3.25). At the generational level, low eggshell breaking strength values are associated with 

longer –i.e. more elongated– eggs. This negative correlation may indicate that elongated eggs are 

somewhat weaker than rounder eggs. However, over time, the average egg length decreased as 

breaking strength decreased. This finding tends to confirm the results and interpretation provided 

above for the strong line. 

 

 

3.5) Realized heritability 

 

The selection differential (cumulative), selection response (cumulative) and realized heritability for 

both lines are presented below (Table 3.7 and Table 3.8). 

 

Table 3.7. Cumulative selection differential and response, and realized heritability (strong line). 

 

1 Gen, Generation; NDD, Non-destructive deformation (μm/kg); BS, Eggshell breaking strength (kg); ST, 

Eggshell thickness (μm); SD, Cumulative selection differential; SR, Cumulative selection response; H2, 

Realized heritability; N/A, Not available. 

SD SR SD SR SD SR

1-2 N/A N/A 0.28 -0.03 15.5 -7.0

2-3 9.8 5.0 0.68 -0.01 36.7 -6.0

3-4 18.7 -1.3 1.05 0.15 54.8 3.6

4-5 26.9 4.8 1.35 0.47 69.0 18.0

5-6 33.5 5.5 1.73 0.54 85.8 9.5

6-7 40.7 5.7 2.09 0.62 105.1 18.3

7-8 45.9 10.0 2.32 0.67 117.3 27.7

8-9 51.9 6.5 2.64 0.63 136.1 12.6

9-10 59.1 10.3 2.99 0.70 156.2 26.5

10-11 65.1 8.0 3.36 0.78 174.1 30.9

11-12 71.0 12.8 3.67 0.86 189.7 32.9

12-13 74.5 16.4 4.12 1.02 199.3 36.9

13-14 78.4 17.9 4.38 0.97 211.1 38.4

14-15 80.2 18.5 4.49 0.97 215.9 39.5

15-16 83.1 18.5 4.65 1.02 224.0 37.0

16-17 84.9 18.2 4.76 1.27 229.5 42.8

17-18 87.0 22.2 4.90 1.45 237.2 52.3

H
2

Gen 
1

NDD BS ST

0.255 0.295 0.220
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Table 3.8. Cumulative selection differential and response, and realized heritability (weak line). 

 
1 Gen, Generation; NDD, Non-destructive deformation (μm/kg); BS, Eggshell breaking strength (kg); ST, 

Eggshell thickness (μm); SD, Cumulative selection differential; SR, Cumulative selection response; H2, 

Realized heritability; N/A, Not available. 

 

The realized heritability for non-destructive deformation was 0.255 in the strong line and 0.164 in 

the weak line. These figures are based on the cumulative selection differential and response 

calculated up to generation 17, after which selection was ceased. It is interesting to observe that, 

even though selection was performed solely based on a single trait –non-destructive deformation–, 

the other eggshell traits also responded positively to the process. With very few exceptions, the 

selection differentials and responses for eggshell breaking strength and eggshell thickness were 

positive, and overall gave realized heritability values of 0.295 and 0.220 in the strong line, and of 

0.163 and 0.280 in the weak line, respectively. 

 

These calculations close this chapter on phenotypic data analysis, which has provided the readers 

with a solid general overview of the most visible outcomes of this experiment. This was achieved by 

using essential statistical methods, which were applied based on the data gathered. It is however 

SD SR SD SR SD SR

1-2 N/A N/A 0.18 0.21 8.7 18.6

2-3 9.8 -4.0 0.58 0.23 30.2 19.7

3-4 21.7 4.0 0.93 0.17 49.2 12.7

4-5 32.6 4.4 1.23 0.15 68.3 14.2

5-6 43.8 7.8 1.60 0.30 90.2 31.5

6-7 55.6 11.8 1.93 0.36 109.3 31.0

7-8 65.4 10.5 2.17 0.48 123.2 33.2

8-9 78.1 17.2 2.51 0.52 144.6 46.5

9-10 91.4 25.4 2.86 0.76 164.9 62.2

10-11 105.2 35.9 3.13 0.81 182.0 68.7

11-12 119.8 32.9 3.40 0.95 197.7 74.7

12-13 126.9 36.3 3.71 1.00 209.1 78.1

13-14 137.7 33.9 3.87 1.01 219.5 78.2

14-15 142.5 40.7 3.94 1.15 224.0 85.7

15-16 147.5 42.9 4.02 1.17 229.3 88.0

16-17 148.1 33.8 4.04 0.83 229.2 77.1

17-18 147.8 24.2 4.06 0.66 229.6 64.3

H
2

Gen 
1

NDD BS ST

0.164 0.163 0.280
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necessary to go in-depth with the analysis of the variance components and other genetic parameters 

in order to be able to critically discuss and make relevant conclusions about the results obtained from 

this experiment. This will be the objective of the three following chapters, which correspond to three 

independent research articles published in international scientific journals. In order to remain faithful 

to the original articles, the text was replicated as is; only a few modifications have been made to suit 

the format of this dissertation. 
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Chapter IV 

Multiple-trait analysis of a long-term selection experiment for 

non-destructive deformation in White Leghorns: Evolution of genetic 

parameters for traits related to eggshell strength 

(Research Article I) 

 

 

Note from the author: 

This section has been abridged for copyright purposes. Please refer to the following research article 

for a comprehensive account of this chapter.  

 

Gervais, O., Nirasawa, K., Vincenot, C., Nagamine, Y., & Moriya, K. (2016). Multiple-trait analysis 

of a long-term selection experiment for non-destructive deformation in White Leghorns: Evolution 

of genetic parameters for traits related to eggshell strength. Livestock Science 189, 56-62.  

doi: 10.1016/j.livsci.2016.05.007 

 

 

Summary 

 

This chapter provides an analysis of the experiment described in the first chapters of this thesis using 

the REML methodology and the BLUP approach under a five-trait animal model. The five traits 

considered are non-destructive deformation, eggshell breaking strength, eggshell thickness, eggshell 

percentage, and eggshell weight, and the model also includes the generation effect as a fixed 

environmental effect. 

The breeding values, heritabilities, genetic correlations and other genetic parameters were estimated 

for each line, and further analysis was conducted to examine how these parameters evolved over the 

course of the experiment. 

Large genetic correlations were found between non-destructive deformation and the other eggshell 

traits, and the heritability estimates were moderately high. This indicates the potential of 

non-destructive deformation as a criterion to evaluate eggshell strength instead of more conventional 

methods, including destructive methods such as eggshell breaking strength. 
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Chapter V 

Long-term selection using a single trait criterion, non-destructive 

deformation, in White Leghorns: Effect over time on genetic parameters for 

traits related to egg production 

(Research Article II) 

 

 

Note from the author: 

This section has been abridged for copyright purposes. Please refer to the following research article 

for a comprehensive account of this chapter.  

 

Gervais, O., Nirasawa, K., Vincenot, C., Nagamine, Y., & Moriya, K. (2016). Long-term selection 

using a single trait criterion, non-destructive deformation, in White Leghorns: Effect over time on 

genetic parameters for traits related to egg production. Animal Science Journal xx, xx-xx. 

doi: 10.1111/asj.12653 

 

 

Summary 

 

This chapter provides an analysis of the first seventeen generations of the experiment described in 

the first chapters of this thesis using the REML methodology and the BLUP approach under a 

four-trait animal model. The following traits were considered: non-destructive deformation, egg 

production, egg weight, and sexual maturity. The model also includes the generation effect as a fixed 

environmental effect. 

The breeding values, heritabilities, genetic correlations and other genetic parameters were estimated 

for each line, and further analysis was conducted to examine how these parameters evolved over the 

course of the experiment. 

The selection process used in this experiment had a negative impact on egg production and sexual 

maturity. This suggests the need to use for instance a selection index to balance selection between 

eggshell and egg production traits. However, large eggs were not associated with poor eggshell 

quality. 
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Chapter VI 

Effect of Long-Term Selection for Non-Destructive Deformation  

on Egg Shape in White Leghorns 

 (Research Article III) 

 

 

Note from the author: 

This section has been abridged for copyright purposes. Please refer to the following research article 

for a comprehensive account of this chapter.  

 

Gervais, O., Nirasawa, K., Vincenot, C., Nagamine, Y., & Moriya, K. (2016). Effect of long-term 

selection for non-destructive deformation on egg shape in White Leghorns. Journal of Poultry 

Science 53(4), xx-xx. 

doi: 10.2141/jpsa.0160014 

 

 

Summary 

 

Egg geometry is an important determinant of eggshell strength. This chapter clarifies the effect of 

selection for non-destructive deformation on egg shape, by examining how this experiment impacted 

the egg shape index (the width to length ratio).  

This analysis is based on the REML methodology and uses the BLUP approach under a multivariate 

animal model. Five traits were considered: non-destructive deformation, eggshell breaking strength, 

egg width, egg length, and egg shape index. The model also includes the generation effect as a fixed 

environmental effect. The breeding values, heritabilities, genetic correlations and other genetic 

parameters were estimated for each line. 

This analysis revealed that selection for non-destructive deformation effectively influenced the egg 

shape index. The genetic correlation coefficient between eggshell breaking strength and egg shape 

index indicated that, for the range of values considered, rounder eggs tended to be sturdier than more 

elongated eggs. The results also indicate the potential to improve the shape index through genetic 

gain. 
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Chapter VII 

Discussion & Conclusion 

 

In light of the results obtained throughout the analysis of this selection experiment for 

non-destructive deformation, this concluding chapter is the opportunity to accomplish several 

important tasks. To begin with, this part provides a recapitulation of the findings presented in the 

three research articles that constitute the foundation of this thesis (Chapter IV, Chapter V, and 

Chapter VI). That summary will then be followed by a simple simulation of the economic 

implications of these results, which will also include a brief discussion of the usefulness of selection 

for a single-trait criterion in general, and for non-destructive deformation more specifically. Thirdly, 

several other elements that deserve more attention will be addressed in more details, such as the 

issues concerning the link between egg breakage and eggshell strength. This dissertation will then be 

concluded with a few final remarks about research prospects for the future. 

 

 

7.1) Summary of findings 

 

Overall, the selection process for non-destructive deformation was efficient: not only were the two 

lines created clearly divergent, but the moderately high heritability values estimated for 

non-destructive deformation for the entire data set, i.e. from generation 1 to generation 31, also 

showed that selecting for non-destructive deformation is a relevant and efficient approach to achieve 

the long-term genetic improvement of eggshell strength (depending on the model used, the value of 

the estimated heritability for non-destructive deformation for the entire data set varied from 0.381 to 

0.388 in the strong line). 

With respect to the first research article, which focused on eggshell traits, high genetic correlations 

were found between non-destructive deformation and the four other traits measured that are related 

to eggshell strength. Concretely, the genetic correlations fluctuated between –0.623 ± 0.036 and –

0.903 ± 0.015 in the strong line and between –0.730 ± 0.027 and –0.934 ± 0.010 in the weak line. 

This indicates that non-destructive deformation is a good indicator of eggshell strength in general, 

that has the potential to replace destructive methods used in the poultry industry for eggshell strength 

evaluation. 

In the second research article, which investigated the long-term impact of selection for 

non-destructive deformation on egg production traits, a statistically significant negative impact on 

egg production and sexual maturity was detected. It was therefore concluded that breeders should 
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balance the selection for non-destructive deformation with that of egg production traits. At the same 

time, the results of the experiment also suggest that selecting for eggshell strength does not have a 

deleterious effect on egg size, as measured by egg weight. In other words, it appears that large egg 

size is not related to poor eggshell quality. 

The third research paper examined the effect of long-term selection for non-destructive deformation 

on egg shape. This is an essential research question given that the traits related to the geometry of 

the egg, such as egg shape index, account for a substantial part of the variability in eggshell strength 

that remains after conventional factors –e.g. eggshell thickness and specific gravity– have been taken 

into account. In simple terms, the results showed that for the range of values studied, that is for eggs 

whose egg shape index lies between 71% and 76%, rounder eggs tended to be somewhat sturdier 

than more elongated eggs. 

 

 

7.2) Assessment of economic profit 

 

Based on the results above, it is interesting to consider the economic impact of this single-trait 

selection experiment for non-destructive deformation, and it is necessary to this end to explore the 

link between egg breakage and eggshell strength. Several studies have already tried to clarify this 

point, for example Ernst and Johnson (1977), who estimated that the linear relationship between egg 

breakage and eggshell thickness could be expressed by the following equation:  

 �̂� = 25.57 − 1506.4𝑥 (7.1) 

where 

�̂� represents egg breakage (in %), and 

𝑥 is the thickness of the eggshell (in inches) 

In the experiment analyzed throughout the current dissertation, the mean value of eggshell thickness 

for generation 1 was 326.4 μm (cf. Chapter III, Table 3.1). After converting to the relevant unit 

(inches), a simple calculation shows that this value corresponds to an estimated breakage of 6.2%, 

according to the equation above. In Chapter IV, it was found that in the strong line, the breeding 

values for eggshell thickness had increased by 61.3 μm (+18.8%) by generation 17, when selection 

was stopped. This means that the individuals of generation 17 in the strong line were expected to 

have offspring whose eggs are 387.7 μm thick on average (since 326.4 + 61.3 = 387.7). Using the 

same equation, this new value corresponds to an estimated breakage rate of 2.2%. Compared to the 

breakage percentage calculated for generation 1, this translates into an extra 4 eggs reaching the 

consumer per 100 eggs for the offspring of generation 17. 
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On the downside, it was revealed in Chapter V that the egg production had decreased as a 

consequence of the selection process for non-destructive deformation. Although initially the 

generation mean was 87.0 eggs laid per 100 days for generation 1, a detailed analysis revealed that 

the breeding values had indeed decreased by 7.6 eggs laid per 100 days by generation 17 in the 

strong line. This 8.5% decrease in egg production therefore completely offsets the 4% increase in the 

number of eggs reaching the consumer that results from improved eggshell quality, even before 

accounting for the delay of the onset of sexual maturity also detected. 

From this simple calculation, it appears that selection for a single trait does not improve shell quality 

sufficiently to make up for the negative impact estimated on the traits related to egg production, 

thereby leading to the conclusion that the best alternative for breeders is to introduce a selection 

index that balances the selection for eggshell traits with that of egg production traits. 

At the same time, in practice the comparison made above between the 4% increase in the number of 

eggs reaching the consumers and the 8.5% decrease in egg production is unlikely to translate exactly 

into a 4.5% decrease overall. As a matter of fact, while in Chapter I the percentage of eggs lost 

because of poor eggshell quality was first calculated, and the total cost for the poultry industry was 

subsequently inferred based on the price of an egg or of a dozen, it is hard to accurately assess the 

exact cost for the producers of each additional cracked or broken egg in the system. For instance, 

depending on the stage of egg processing, a broken egg may only represent the loss of one egg, but it 

may also soil an entire dozen. For this reason, with all other conditions being equal, a decrease of the 

number of broken eggs by X eggs is likely to be more profitable than an increase in production by X 

eggs, from an economic perspective. 

Such factors make the accurate estimation of the financial cost of egg breakage difficult, especially 

given that a variety of egg processing systems exist. Nevertheless, further research into this question 

would allow scholars and breeders to better quantify the actual economic benefits resulting from the 

improvement of eggshell strength. 

 

 

7.3) Further discussion and concluding remarks 

 

With regard to the relationship between egg breakage and non-destructive deformation, additional 

observations are necessary as a complement to the analysis made so far. As noted by Hamilton et al. 

(1979), the types of external stress to which eggshells are exposed in the field can be divided into 

two categories: the shocks caused by impact –i.e. the collision of the egg with another egg or object– 

and the strain on the eggshell that ensues from compression on the surface of the egg, such as when 

the eggs are stacked. Given the different nature of these forces, it is important to test for both types 

of external stress to ensure the quality of the egg. In this respect, using non-destructive deformation 
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is only useful to measure the tolerance of the eggshell to compression forces. It is therefore crucial to 

also implement at least one method to test for the tolerance of the eggshell to accidental impacts. 

Although these considerations do not alter the relevance of this dissertation, this point is of particular 

importance in light of the fact that eggs are exposed to these two types of external stress at different 

stages of the egg processing system. Identifying how each step of the process affects the eggshell 

therefore provides further insight about when increased shell strength –as measured by 

non-destructive deformation– is actually useful in the production chain. In this respect, Orr et al. 

(1977) reported that compression forces are more likely to lead to cracks or breakage during 

shipping, washing, grading, and packing. This means that although improvements in non-destructive 

deformation are very likely to induce a significant decrease in the rate of breakage during these 

stages, the increased strength may not influence as much the other steps of the production process, 

such as the initial gathering of the eggs. 

Before concluding this discussion about egg breakage in the field, it is important to mention that in 

practice the eggs may be subject to compression forces at any point on the surface of the eggshell, 

but that researchers conventionally measure non-destructive deformation on the minor axis of the 

egg rather than on the major axis, which is significantly stronger. The reason for this practice lies in 

the fact that the measurements on the minor axis are generally more reliable when it comes to 

predicting fracture force. Indeed, experimental data shows that a quite large amount of the eggs 

whose deformation was measured on the major axis crack at the smaller pole, which is supposedly 

stronger (Voisey & Hamilton, 1976). This reduces the correlation with factors such as breaking 

strength. On a similar note, Voisey & Hamilton (1976) also showed that 1 kg is the value for which 

the measurement of non-destructive deformation best predicts the breaking strength of the egg. 

Overall, the analysis conducted throughout this thesis showed both the potential and the limitations 

of using non-destructive deformation as a single criterion for selection. It would be interesting to 

perform a long-term selection experiment for non-destructive deformation that uses a selection index 

including egg production traits, and compare the results with the findings presented in this paper.  

 

Another interesting aspect that needs to be explored is the impact of long-term selection for 

non-destructive deformation on the internal quality of the egg. Although the introducing chapter of 

this dissertation mentions the fact that this aspect lies beyond the scope of this study, it does not 

mean that it is irrelevant. For instance, eggshell thickness is closely related to the moisture level 

inside of the egg, with thicker eggshells losing less moisture in comparison with eggs whose shell is 

thinner. Greater shell thickness is therefore a factor that tends to slow down the deterioration process, 

thereby allowing to preserve the eggs longer, and it also increases hatching (Rogue & Soares, 1994). 

Such effects need to be better understood and quantified to prevent contamination, minimize health 

risks, and enhance food security in the future. 

68



Literature Cited 

 

Aitken, A.C. (1935). On Least Squares and Linear Combination of Observations. Proceedings of the 

Royal Society of Edinburgh, 55, 42-48. 

 

American Dairy Science Association (ADSA) (2014). ADSA Award Winner History. ADSA Awards. 

Retrieved on December 9, 2014. 

Available from: http://www.adsa.org/Portals/0/SiteContent/docs/AwardsWinnerList.pdf 

 

American Society of Animal Science (ASAS) (2014). The Morrison Award. Past Awardees. Retrieved 

on December 9, 2014. 

Available from: https://www.asas.org/membership-services/national-awards/past-awardees 

 

Altuntaş, E., & Şekeroğlu, A. (2008). Effect of egg shape index on mechanical properties of chicken 

eggs. Journal of Food Engineering, 85(4), 606-612. 

 

Anang, A., Mielenz, N., & Schüler, L. (2000). Genetic and Phenotypic Parameters for Monthly Egg 

Production in White Leghorn Hens. Journal of Animal Breeding and Genetics, 117, 407-415. 

 

Anderson, K.E., Tharrington, J.B., Curtis, P.A., & Jones, F.T. (2004). Shell characteristics of eggs from 

historic strains of single comb white leghorn chickens and the relationship of egg shape to shell 

strength. International Journal of Poultry Science, 3(1), 17-19. 

 

Andersson, L., Haley, C.S., Ellegren, H., Knott, S.A., Johansson, M., Andersson, K., Andersson-

Eklund, L., Edfors-Lilja, I., Fredholm, M., Hansson, I., Håkansson, J., & Lundström, K. (1994). 

Genetic Mapping of Quantitative Trait Loci for Growth and Fatness in Pigs. Science, 263, 1771-1774. 

 

Andersson, M., Nordin, E., & Jensen, P. (2000). Domestication Effects on Foraging Strategies in Fowl. 

Applied Animal Behavior Science, 72, 51-62. 

 

Bain, M.M. (2005). Recent advances in the assessment of eggshell quality and their future 

application. World's Poultry Science Journal, 61(2), 268-277. 

 

Bain, M.M., Dunn, I.C., Wilson, P.W., Joseph, N., De Ketelaere, B., De Baerdemaeker, J., & 

Waddington, D. (2006). Probability of an egg cracking during packing can be predicted using a simple 

69

http://www.adsa.org/Portals/0/SiteContent/docs/AwardsWinnerList.pdf
https://www.asas.org/membership-services/national-awards/past-awardees


non-destructive acoustic test. British Poultry Science, 47(4), 462-469. 

 

Bell, D. (1998). Egg Shell Quality: Its Impact on Production, Processing and Marketing Economics. 

Biotechnology in the Feed Industry. Proceedings of the 14th Annual Symposium, 447-466. 

Nottingham University Press, Nottingham, UK. 

 

Bouwman, A.F. (1997). Long-Term Scenarios of Livestock-Crop-Land Use Interactions for the 

Assessment of Environmental Indicators in Developing Countries. Food & Agriculture Organization 

of the United Nations. 

 

Buitenhuis, A.J., Rodenburg, T.B., Wissink, P.H., Visscher, J., Koene, P., Bovenhuis, H., Ducro, B.J., 

& Van der Poel, J.J. (2004). Genetic and phenotypic correlations between feather pecking behavior, 

stress response, immune response, and egg quality traits in laying hens. Poultry Science, 83(7), 1077-

1082. 

 

Butler, D. (2009). ASReml-R. R package (Version 3.0) [Computer Software]. VSN International Ltd. 

Hemel Hempstead, UK. Retrieved on January 26, 2015. 

Available from: http://www.vsni.co.uk/ 

 

Corbeil, R.R, & Searle, S.R. (1976). Restricted Maximum Likelihood (REML) Estimation of Variance 

Components in the Mixed Model. Technometrics, 18(1), 31-38. 

 

Correns, C. (1900). G. Mendels Regel Über das Verhalten der Nachkommenschaft der Rassenbastarde 

[G. Mendel’s Law Concerning the Behavior of Progeny of Varietal Hybrids]. Berichte der Deutschen 

Botanischen Gesellschaft [Journal of the German Botanical Society], 18, 158-168. 

 

Coucke, P., Dewil, E., Decuypere, E., & De Baerdemaeker, J. (1999). Measuring the mechanical 

stiffness of an eggshell using resonant frequency analysis. British Poultry Science, 40(2), 227-232. 

 

Darwin, C.R. (1859). On the Origin of Species by Means of Natural Selection, or the Preservation of 

Favored Races in the Struggle for Life. John Murray. London, UK. 

 

Dekkers, J.C. (2012). Application of Genomics Tools to Animal Breeding. Current Genomics, 13(3), 

207-212. 

 

De Ketelaere, B., Govaerts, T., Coucke, P., Dewil, E., Visscher, J., Decuypere, E., & De 

70

http://www.vsni.co.uk/


Baerdemaeker, J. (2002). Measuring the eggshell strength of 6 different genetic strains of laying 

hens: Techniques and comparisons. British Poultry Science, 43(2), 238-244. 

 

De Ketelaere, B., Vanhoutte, H., & De Baerdemaeker, J. (2003). Parameter estimation and 

multivariable model building for the non-destructive, on-line determination of eggshell 

strength. Journal of Sound and Vibration, 266(3), 699-709. 

 

De Vries, H. (1990). Das Spaltungsgesetz der Bastarde [The Law of Segregation of Hybrids]. Berichte 

der Deutschen Botanischen Gesellschaft [Journal of the German Botanical Society], 18, 83-90. 

 

Ducrocq, V., & Besbes, B. (1993). Solutions of Multiple Trait Animal Models with Missing Data on 

Some Traits. Journal of Animal Breeding and Genetics, 110(1-6), 81-92. 

 

Dunn, I.C. (2012). Genetic variability of egg quality and prospects for selection, in: Proceedings of 

24th World’s Poultry Congress. 5-9 August 2012. Salvador, Bahia, Brazil. 

 

Dunn, I.C., Bain, M., Edmond, A., Wilson, P.W., Joseph, N., Solomon, S., Ketelaere, B.D., De 

Baerdemaeker, J., Schmutz, M., Preisinger, R., & Waddington, D. (2005). Heritability and genetic 

correlation of measurements derived from acoustic resonance frequency analysis; a novel method of 

determining eggshell quality in domestic hens. British Poultry Science, 46(3), 280-286. 

 

Dunnington, E.A., & Siegel, P.B. (1996). Long-Term Divergent Selection for Eight-Week Body 

Weight in White Plymouth Rock Chickens. Poultry Science, 75(10), 1168-1179. 

 

Eisenhart, C. (1947). The Assumptions Underlying the Analysis of Variance. Biometrics, 3(1), 1-21. 

 

Encyclopædia Britannica (2014). Encyclopædia Britannica Inc. Chicago. 

 

Ernst, R. A., & Johnston, G. W. (1977). Shell damage in mechanical egg gathering systems--a 

California study. Progress in poultry through research. 

 

European Commission (2014a). EU Market Situation for Eggs. Committee for the Common 

Organization of the Agricultural Markets. October 23, 2014. European Commission. Retrieved on 

November 27, 2014.  

Available from: http://www.eepa.info/Statistics.aspx 

 

71

http://www.eepa.info/Statistics.aspx


European Commission (2014b). Weekly Price Report on Eggs Prices in the EU. Directorate-General 

for Agriculture and Rural Development. C3. Animal Products. European Commission. Retrieved on 

November 27, 2014. 

Available from: http://www.eepa.info/Statistics.aspx 

 

Falconer, D.S. (1960). Introduction to Quantitative Genetics (1st edn). Oliver & Boyd, 

Edinburgh/London. 

 

Falconer, D.S., & Mackay, T.F.C. (1996). Selection: II. The results of experiments, in: Introduction to 

Quantitative Genetics (4th edition). Longmans Green, Harlow, Essex, UK, pp. 208-226.  

 

Frank, F.R., Swanson, M.H., & Burger, R.E. (1964). The relationships between selected physical 

characteristics and the resistance to shell failure of Gallus domesticus eggs. Poultry Science, 43(5), 

1228-1235. 

 

Freeman, A.E. (1991). C.R. Henderson: Contributions to the Dairy Industry. Journal of Dairy Science, 

74(11), 4045-4051. 

 

Gilmour, A.R. (2009). Mixed Models in Animal Breeding: Where to Now? Proceeding of the 

Association for the Advancement of Animal Breeding and Genetics, 18, 394-397. 

 

Goldberger, A.S. (1962). Best Linear Unbiased Prediction in the Generalized Linear Regression Model. 

Journal of the American Statistical Association, 57(298), 369-375. 

 

Grunder, A.A., Hamilton, R.M.G., Fairfull, R.W., & Thompson, B.K. (1989). Genetic parameters of 

egg shell quality traits and percentage of eggs remaining intact between oviposition and 

grading. Poultry Science 68(1), 46-54. 

 

Hamilton, R. M. J., Hollands, K. G., Voisey, P. W., & Grunder, A. A. (1979). Relationship between 

egg shell quality and shell breakage and factors that affect shell breakage in the field–a review. World's 

Poultry Science Journal, 35(03), 177-190. 

 

Hamilton, R.M.G., Thompson, B.K., & Voisey, P.W. (1979). The Effects of Age and Strain on the 

Relationships between Destructive and Non-Destructive Measurements of Eggshell Strength for 

White Leghorn Hens. Poultry Science, 58(5), 1125-1132. 

 

72

http://www.eepa.info/Statistics.aspx


Hansen, M., Misztal, I., Lund, M.S., Pedersen, J., & Christensen, L.G. (2004). Undesired Phenotypic 

and Genetic Trend for Stillbirth in Danish Holsteins. Journal of Dairy Science, 87(5), 1477-1486. 

 

Hartley, H.O., & Rao, J.N.K. (1967). Maximum-Likelihood Estimation for the Mixed Analysis of 

Variance Model. Biometrika, 54(1-2), 93-108. 

 

Harvey, W.R. (1970). Estimation of Variance and Covariance components in the Mixed Model. 

Biometrics, 26(3), 485-504. 

 

Harville, D.A. (1977). Maximum Likelihood Approaches to Variance Component Estimation and to 

Related Problems. Journal of the American Statistical Association, 72(358), 320-338. 

 

Havlíček, M., Nedomová, Š., Simeonovová, J., Severa, L., & Křivánek, I. (2008). On the evaluation 

of chicken egg shape variability. Acta Universitatis Agriculturae et Silviculturae Mendelianae 

Brunensis, 56(5), 69-74. 

 

Henderson, C.R. (1950). Estimation of Genetic Parameters (Abstract). The Annals of Mathematical 

Statistics, 21, 309-310. 

 

Henderson, C.R. (1953). Estimation of Variance and Covariance Components. Biometrics, 9(2), 226-

252. 

 

Henderson, C.R. (1963). Selection Index and Expected Genetic Advance. Hanson W.D. & Robinson 

H.F. (Eds.), Statistical Genetics and Plant Breeding, 982, 141-163. National Academy of Science, 

Washington D.C. 

 

Henderson, C.R. (1973). Sire Evaluation and Genetic Trends. Proceedings of the Animal Breeding and 

Genetics Symposium in Honor of Dr. Jay L. Lush, 10-41. American Society of Animal Science, 

American Dairy Science Association, & Poultry Science Association. Champaign, Illinois 

 

Henderson, C. R. (1975a). Best linear unbiased estimation and prediction under a selection 

model. Biometrics, 31(2), 423-447. 

 

Henderson, C.R. (1975b). Rapid Method for Computing the Inverse of a Relationship Matrix. Journal 

of Dairy Science, 58(11), 1727-1730. 

 

73



Henderson, C.R. (1976). A Simple Method for Computing the Inverse of a Numerator Relationship 

Matrix Used in Prediction of Breeding Values. Biometrics, 32(1), 69-83. 

 

Henderson, C.R., Kempthorne, O., Searle, S.R., & Von Krosigk, C.M. (1959). The Estimation of 

Environmental and Genetic Trends from Records Subject to Culling. Biometrics, 15(2), 192-218. 

 

Henderson, C. R., & Quaas, R. L. (1976). Multiple Trait Evaluation Using Relatives' Records. Journal 

of Animal Science, 43(6), 1188-1197. 

 

Hinkelmann, K. (1997). Aitken Equations. Encyclopedia of Statistical Sciences, update Volume 1(45), 

22-23. Wiley, New York 

 

Hocking, P.M. (2010). Developments in poultry genetic research 1960–2009. British Poultry Science, 

51(S1), 44-51. 

 

Hudson, G.F.S., Quaas, R.L., & Van Vleck, L.D. (1982). Computer Algorithm for the Recursive 

Method of Calculating Large Numerator Relationship Matrices. Journal of Dairy Science, 65(10), 

2018-2022. 

 

Hunt, J.R., Voisey, P.W., & Thompson, B.K. (1977). Physical Properties of Eggshells: A Comparison 

of the Puncture and Compression Tests for Estimating Shell Strength. Canadian Journal of Animal 

Science, 57(2), 329-338. 

 

Hunton, P. (1982). Genetic Factors Affecting Egg Shell Quality. World’s Poultry Science Journal, 

38(2), 75-84. 

 

Hunton, P. (1995). Understanding the architecture of the egg shell. World's Poultry Science Journal, 

51(2), 141-147. 

 

Hunton, P. (2006). 100 Years of Poultry Genetics. World's Poultry Science Journal, 62, 417-428. 

Cambridge University Press. 

 

International Business Machines Corporation (IBM) (2009). IBM to Acquire SPSS Inc. to Provide 

Clients Predictive Analytics Capabilities. In News room – News releases. Retrieved on December 5, 

2014. 

Available from: http://www-03.ibm.com/press/us/en/pressrelease/27936.wss 

74

http://www-03.ibm.com/press/us/en/pressrelease/27936.wss


 

Jackson, S., & Diamond, J. (1996). Metabolic and Digestive Responses to Artificial Selection in 

Chickens. Evolution, 50, 1638-1650. 

 

Jensen, J., & Mao, I. L. (1988). Transformation Algorithms in Analysis of Single-trait and of Multitrait 

Models with Equal Design Matrices and One Random Factor per Trait: A Review. Journal of Animal 

Science, 66(11), 2750-2761. 

 

Jensen, P. (2006). From Behavior to Genes and Back Again. Applied Animal Behavior Science, 97(1), 

3-15. 

 

Journal of Dairy Science (1989). Memorial – Charles R. Henderson. Association Affairs. Journal of 

Dairy Science, 72, 2203-2004. 

 

Kennedy, B.W. (1989). Animal Model BLUP. Erasmus Intensive Graduate Course 20-26 August 1989. 

Trinity College, Dublin. 

 

Kennedy, B.W. (1991). C.R. Henderson: The Unfinished Legacy. Journal of Dairy Science, 74(11), 

4067-4081. 

 

Kerje, S., Carlborg, Ö., Jacobsson, L., Schütz, K., Hartmann, C., Jensen, P., & Andersson, L. (2003). 

The Twofold Difference in Adult Size between the Red Junglefowl and White Leghorn Chickens is 

Largely Explained by a Limited Number of QTLs. Animal Genetics, 34(4), 264-274. 

 

Ketelaere, B.D., Bamelis, F., Kemps, B., Decuypere, E., & De Baerdemaeker, J. (2004). Non-

destructive measurements of the egg quality. World’s Poultry Science Journal, 60(3), 289-302. 

 

Ketelaere, B.D., Govaerts, T., Coucke, P., Dewil, E., Visscher, J., Decuypere, E., & Baerdemaeker, 

J.D. (2002). Measuring the eggshell strength of 6 different genetic strains of laying hens: techniques 

and comparisons. British Poultry Science, 43(2), 238-244. 

 

Lynch, M., & Walsh, B. (1998). Genetics and Analysis of Quantitative Traits. Sinauer Associates, Inc..  

 

Mathews, K., & Haley, M.M. (2014). U.S. Red Meat and Poultry Forecasts. Livestock, Dairy, and 

Poultry Outlook: November 2014. Economic Research Service. United States Department of 

Agriculture. Retrieved on November 27, 2014. 

75



Available from: 

http://www.ers.usda.gov/publications/ldpm-livestock,-dairy,-and-poultry-outlook/ldpm-245.aspx 

 

Mendel, G. (1866). Versuche über Pflanzen-Hybriden [Experiments on Plant Hybridization]. 

Verhandlungen des naturforschenden Vereines in Brünn [Proceedings of the Natural History Society 

of Brünn], 4, 3-47. 

 

Mertens, K., Bamelis, F., Kemps, B., Kamers, B., Verhoelst, E., De Ketelaere, B., Bain, M., Decuypere, 

E., & De Baerdemaeker, J. (2006). Monitoring of eggshell breakage and eggshell strength in different 

production chains of consumption eggs. Poultry Science, 85(9), 1670-1677. 

 

Meuwissen, T.H.E., Hayes, B.J., & Goddard M.E. (2001). Prediction of Total Genetic Value Using 

Genome-Wide Dense Marker Maps. Genetics, 157, 1819-1829. 

 

Meuwissen, T.H.E, & Luo, Z. (1992). Computing Inbreeding Coefficients in Large Populations. 

Génétique, Sélection, Évolution, 24, 305-313. 

 

Meyer, K. (1985). Maximum Likelihood Estimation of Variance Components for a Multivariate Mixed 

Model with Equal Design Matrices. Biometrics, 41(1), 153-165. 

 

Meyer, K. (1989). Restricted Maximum Likelihood to Estimate Variance Components for Animal 

Models with Several Random Effects Using a Derivative-Free Algorithm. Génétique, Sélection, 

Évolution, 21(3), 317-340. 

 

Meyer, K. (1991). Estimating variances and covariances for multivariate animal models by restricted 

maximum likelihood. Génétique, Sélection, Évolution, 23(1), 67-83. 

 

Mielenz, N., Groeneveld, E., Müller, J., & Spilke, J. (1994). Simultaneous Estimation of Variances 

and Covariances Using REML and Henderson 3 in a Selected Population of White Leghorns. British 

Poultry Science, 35(5), 669-676. 

 

Ministry of Agriculture, Forestry and Fisheries (MAFF) (2012). Documents about Egg Supply and 

Demand [Keiran Jukyuu Tou Kankei Shiryou]. Meat and Egg Division, Agricultural Production 

Bureau [Nourinsuisanshou Seisan Kyoku Shokuniku Keiran Ka Keiran Shokuchou Han]. September 

2012. Retrieved on November 27, 2014. 

Available from: http://www.maff.go.jp/j/chikusan/shokuniku/pdf/2409_youkei_shiryo2.pdf 

76

http://www.ers.usda.gov/publications/ldpm-livestock,-dairy,-and-poultry-outlook/ldpm-245.aspx
http://www.maff.go.jp/j/chikusan/shokuniku/pdf/2409_youkei_shiryo2.pdf


 

Misztal, I., Lawlor, T.J, & Short, T.H. (1993). Implementation of Single- and Multiple-Trait Animal 

Models for Genetic Evaluation of Holstein-Type Traits. Journal of Dairy Science, 76(5), 1421-1432. 

 

Monira, K.N., Salahuddin, M., & Miah, G. (2003). Effect of breed and holding period on egg quality 

characteristics of chicken. International Journal of Poultry Science, 2(4), 261-263. 

Mrode, R.A. (1996). Linear Models for the Prediction of Animal Breeding Values. CAB International. 

Wallingford, UK 

 

Nagamine, Y. (2011). Genomic Study Using Large Number of SNP Markers and Future of Livestock 

Animal Breeding. Nihon Chikusan Gakkaiho [Japanese Society of Animal Science], 83(1), 1-8. 

 

National Academy of Sciences (2014). Charles R. Henderson. Member directory. Retrieved on 

December 9, 2014. 

Available from: http://www.nasonline.org/member-directory/deceased-members/45749.html 

 

Nedomová, Š., Trnka, J., Dvořáková, P., Buchar, J., & Severa, L. (2009). Hen’s eggshell strength under 

impact loading. Journal of Food Engineering, 94(3), 350-357. 

 

Nirasawa, K., Takahashi, H., Takeda, H., Furukawa, T., Takeda, T., & Nagamine Y., (1998). Restricted 

Maximum Likelihood Estimates of Genetic Parameters and Genetic Trends of Chickens Divergently 

Selected for Eggshell Strength. Journal of Animal Breeding and Genetics, 115, 375-381. 

 

Nozawa, K. (1986). Genetic Studies on the Origin and Phylogeny of Native Domestic Animals in East 

and Southeast Asia. Report of the Society Researches on Native Livestock, 11, 1-35. 

 

Nys, Y., Bain, M., & Van Immerseel, F. (2001). Chapter 10: Advances in egg defect detection, quality 

assessment and automated sorting and grading, in: Improving the safety and quality of eggs and egg 

Products - Volume 1: Egg chemistry, production and consumption. Woodhead Publishing, Cambridge, 

UK, pp. 209-241. 

 

Orr, H. L., Friars, G. W., Reinhart, B. S., & Pevzner, I. Y. (1977). Classification of shell damage 

resulting from egg handling practices. Poultry Science, 56(2), 611-614. 

 

Oseni, S., Misztal, I., Tsuruta, S., & Rekaya, R. (2003). Seasonality of Days Open in US 

Holstein. Journal of Dairy Science, 86(11), 3718-3725. 

77

http://www.nasonline.org/member-directory/deceased-members/45749.html


 

Patterson, H.D., & Thompson, R. (1971). Recovery of Interblock Information When Block Sizes Are 

Unequal. Biometrika, 58(3), 545-554. 

 

Pavlovski, Z., Skrbic, Z., Lukic, M., Vitorovic, D., Lilic, S., & Petricevic, V. (2012). Shell Quality – 

Everlasting Problem in the Today Poultry Science. Biotechnology in Animal Husbandry, 28(3), 393-

404. 

 

Perez, A.M., Weimar, M.R., & Cromer, S. (1991). U.S. Egg and Poultry Statistical Series, 1960-90 

(154762). United States Department of Agriculture, Economic Research Service. 

 

Pevzner, I.Y., Friars, G.W., Orr, H.L, & Reinhart, B.S. (1976). The Use of Selection and Strain 

Crossing to Reduce Shell Breakage. British Poultry Science, 17(2), 185-194. 

 

Poggenpoel, D.G. (1986). Correlated response in shell and albumen quality with selection for 

increased egg production. Poultry Science, 65(9), 1633-1641. 

 

Potts, P.L., & Washburn, K.W. (1985). Genetic variation in shell strength and its relationship to egg 

size. Poultry Science, 64(7), 1249-1256. 

 

Quaas, R.L. (1976). Computing the Diagonal Elements and Inverse of a Large Numerator Relationship 

Matrix. Biometrics, 32(4), 949-953. 

 

R Core Team (2014). A Brief History. In A Free Software Project. R Foundation for Statistical 

Computing. Vienna, Austria. Retrieved on December 8, 2014. 

Available from: http://cran.r-project.org/doc/html/interface98-paper/paper_2.html 

 

Richards, J.F., & Swanson, M.H. (1965). The relationship of egg shape to shell strength. Poultry 

Science, 44(6), 1555-1558. 

 

Robinson, G.K. (1991). That BLUP Is a Good Thing: The Estimation of Random Effects. Statistical 

Science, 6(1), 15-32. 

 

Roland, D.A. (1977). The Extent of Uncollectible Eggs due to Inadequate Shell. Poultry Science, 56, 

1517-1521. 

 

78

http://cran.r-project.org/doc/html/interface98-paper/paper_2.html


Roland, D.A. (1988). Eggshell Problems: Estimates of Incidence and Economic Impact. Poultry 

Science, 67, 1801-1803. 

 

Roque, L., & Soares, M. C. (1994). Effects of eggshell quality and broiler breeder age on 

hatchability. Poultry science, 73(12), 1838-1845. 

 

Rothschild, M.F., Hu, Z., & Jiang, Z. (2007). Advances in QTL Mapping in Pigs. International Journal 

of Biological Sciences, 3(3), 192-197. 

 

SAS Institute Inc. (2014). About SAS – History. In Company Information. SAS Institute Inc.. Retrieved 

on December 5, 2014. 

Available from: http://www.sas.com/en_us/company-information.html 

 

Schaeffer, L.R. (1986). Estimation of Variances and Covariances within the Allowable Parameter 

Space. Journal of Dairy Science 69(1), 187-194. 

 

Schaeffer, L.R. (2006). Strategy for Applying Genome-Wide Selection in Dairy Cattle. Journal of 

Animal Breeding and Genetics, 123, 218-223. 

 

Schaeffer, L.R., Wilton, J.W., & Thompson, R. (1978). Simultaneous Estimation of Variance and 

Covariance Components from Multitrait Mixed Model Equations. Biometrics, 34(2), 199-208. 

 

Schoorl, P., & Boersma, H.Y. (1963). Research on the quality of the egg shell. A new method of 

determination, in: Proceedings of 12th World's Poultry Congress., 432-435. Sydney, Australia. 

 

Schütz, K.E., Forkman, B., & Jensen, P. (2001). Domestication Effects on Foraging Strategy, Social 

Behavior and Different Fear Responses: A Comparison Between the Red Junglefowl (Gallus gallus) 

and a Modern Layer Breed. Applied Animal Behavior Science, 74, 1-14. 

 

Schütz, K.E., & Jensen, P. (2001). Effects of Resource Allocation on Behavioral Strategies: A 

Comparison of Red Junglefowl (Gallus gallus) and Two Domesticated Breeds of Poultry. Ethology, 

107, 753-765. 

 

Searle, S.R. (1968). Another Look at Henderson’s Methods of Estimating Variance Components. 

Biometrics 24(4), 749-787. 

 

79

http://www.sas.com/en_us/company-information.html


Searle, S.R. (1970). Large Sample Variances of Maximum Likelihood Estimators of Variance 

Components Using Unbalanced Data. Biometrics 26(3), 505-524. 

 

Searle, S.R. (1991). C.R. Henderson, the Statistician; and his Contributions to Variance Components 

Estimation. Journal of Dairy Science, 74(11), 4035-4044. 

 

Searle, S.R. (1997a). The Matrix Handling of BLUE and BLUP in the Mixed Linear Model. Linear 

Algebra and its Applications, 264, 291-311. 

 

Searle, S.R. (1997b). Chapter 10. Methods of Estimating Variance Components from Unbalanced Data 

– 8. Maximum Likelihood for Mixed Models. Linear Models. Wiley Classics Library.  

 

Searle, S.R., Casella, G., & McCulloch, C.E. (1992). Variance Components. John Wiley and Sons. NY.  

 

Sharma, D., Johari, D.C., Kataria, M.C., Singh, B.P., Singh, D.P., & Hazary, R.C. (1996). Effect of 

Long-Term Selection on Genetics of Economic Traits in White Leghorn. Asian-Australasian Journal 

of Animal Sciences, 9, 455-459. 

 

Siegel, P.B., Haberfeld, A., Mukherjee, T.K., Stallard, L.C., Marks, H.L., Anthony, N.B., & 

Dunnington, E.A. (1992). Jungle Fowl-Domestic Fowl Relationships: A Use of DNA Fingerprinting. 

World's Poultry Science Journal, 48, 147-155. 

 

Sigurdsson, A., Banos, G., & Philipsson, J. (1992). Sire Evaluation Procedures for Dairy Production 

Traits Practiced in Various Countries 1992. Interbull Bulletin 5 (Preface) 

 

Singh, B., Singh, H., Singh, C.V., & Singh, B. (2000). Genetic parameters of growth, egg production 

and egg quality traits in White Leghorn. Indian Journal of Poultry Science, 35(1), 13-16. 

 

Smith, S. P., & Graser, H. U. (1986). Estimating Variance Components in a Class of Mixed Models by 

Restricted Maximum Likelihood. Journal of Dairy Science, 69(4), 1156-1165. 

 

SPSS Inc. (2009). Corporate history. In About SPSS Inc.. SPSS Inc.. Retrieved on December 5, 2014.  

Available from: http://www.spss.com.hk/corpinfo/history.htm 

 

Szwaczkowski, T. (2003). Use of Mixed Model Methodology in Poultry Breeding: Estimation of 

Genetic Parameters. In: W.M. Muir & S.E. Aggrey (Eds.), Poultry Genetics, Breeding, and 

80

http://www.spss.com.hk/corpinfo/history.htm


Biotechnology (pp. 165-202). UK: CABI Publishing 

 

Thiruvenkadan, A.K., Panneerselvam, S., & Prabakaran, R. (2010). Layer breeding strategies: an 

overview. World's Poultry Science Journal, 66(3), 477-502. 

 

Thompson, R. (1977). The Estimation of Heritability with Unbalanced Data: II. Data Available on 

More than Two Generations. Biometrics, 33(3), 497-504. 

 

Tier, B. (1990). Computing Inbreeding Coefficients Quickly. Génétique, Sélection, Évolution, 22, 419-

430. 

 

Tschermak, E. (1900). Über künstliche kreuzung bei Pisum Sativum [Concerning artificial crossing in 

Pisum Sativum]. Berichte der Deutschen Botanischen Gesellschaft [Journal of the German Botanical 

Society], 18, 232-249. 

 

Tyler, C. & Geake, F.H. (1961). Studies on egg shells. XV.—critical appraisal of various methods of 

assessing shell thickness. Journal of the Science of Food and Agriculture, 12(4), 281-289. 

 

USDA (United States Department of Agriculture) (2014). Chickens and Eggs (November 2014). 

National Agricultural Statistics Service, Agricultural Statistics Board, U.S. Department of Agriculture. 

Retrieved on November 27, 2014. 

Available from: 

http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1028 

 

Van Tijen, W.F. (1973). The consequences of selection for shell quality in poultry. Annales de 

Génétique et de Sélection Animale, 5(3), 403-410. doi:10.1186/1297-9686-5-3-403. 

 

Van Vleck, L.D. (1998). Charles Roy Henderson April 1, 1911–March 14, 1989. Biographical 

Memoirs, 73. National Academy of Sciences. 

 

Visscher, P.M., Macgregor, S., Benyamin, B., Zhu, G., Gordon, S., Medland, S., Hill, W.G., Hottenga, 

J-J., Willemsen, G., Boomsma, D.I., Liu, Y.Z., Deng, H-W., Montgomery, G.W., & Martin, N.G. 

(2007). Genome Partitioning of Genetic Variation for Height from 11,214 Sibling Pairs. American 

Journal of Human Genetics, 81, 1104-1110. 

 

Voisey, P.W., & Foster, W.F. (1970). A non-destructive eggshell strength tester. Canadian Journal of 

81

http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1028


Animal Science, 50(2), 390-396. 

 

Voisey, P.W., & Hamilton, R.M.G. (1976). Factors affecting the non-destructive and destructive 

methods of measuring egg shell strength by the quasi-static compression test 1. British Poultry Science, 

17(1), 103-124. 

 

Voisey, P.W., & Hamilton, R.M.G. (1977). Observations on the relationship between non-destructive 

egg shell deformation and resistance to fracture by quasi-static compression for measurement of egg 

shell strength. Poultry Science, 56(5), 1463-1467. 

 

Voisey, P.W., Hamilton, R.M.G., & Thompson, B.K. (1979). Laboratory Measurements of Eggshell 

Strength 2. The Quasi-Static Compression, Puncture, Non-Destructive Deformation, and Specific 

Gravity Methods Applied to the Same Egg. Poultry Science, 58(2), 288-294. 

 

West, B., & Zhou, B.-X. (1989). Did Chickens Go North? New Evidence for Domestication. World's 

Poultry Science Journal, 45, 205-218. 

 

Wright, S. (1921). Correlation and Causation. Journal of Agricultural Research, 20, 557-585. 

 

Wright, S. (1922). Coefficients of Inbreeding and Relationship. The American Naturalist, 56(645), 

330-338. 

 

Wright, S. (1934). The Method of Path Coefficients. The Annals of Mathematical Statistics, 5(3), 161-

215. Institute of Mathematical Statistics. 

 

Yamashita, H., Okamoto, S., Maeda, Y., & Hashiguchi, T. (1994). Genetic Relationships among 

Domestic and Jungle Fowls Revealed by DNA Fingerprinting Analysis. Japanese Poultry Science, 31, 

335-344. 

 

Yan, Y.Y., Sun, C.J., Lian, L., Zheng, J.X., Xu, G.Y., & Yang, N. (2014). Effect of uniformity of 

eggshell thickness on eggshell quality in chickens. Journal of Poultry Science, 51(3), 338-342. 

 

 

 

 

 

82



Computational Information 

 

Butler, D. (2009). ASReml-R. R package (Version 3.0) [Computer Software]. VSN International Ltd. 

Hemel Hempstead, UK. Retrieved on January 26, 2015. 

Available from: http://www.vsni.co.uk/ 

 

R Core Team (2014). R: A language and environment for statistical computing (Version x 64 3.1.1). R 

Foundation for Statistical Computing. Vienna, Austria. Retrieved on October 14, 2014. 

Available from: http://www.R-project.org/ 

 

RStudio (2014). RStudio: Integrated development environment for R (Version 0.98.1074) [Computer 

Software]. RStudio, Inc. Boston, MA. Retrieved on October 16, 2014. 

Available from: http://www.rstudio.org/ 

 

83

http://www.vsni.co.uk/
http://www.r-project.org/
http://www.rstudio.org/


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

84



Appendix 

 

 

 

Appendix 1a. Phenotypic description (mean ± standard deviation) of the strong line, according 

to trait and generation. The strong line refers to the line that was selected for decreased non-

destructive deformation value and therefore has stronger eggshells. 

Gen n NDD EP EW  SM 

1 412 N/A  87.0 ± 8.0 58.6 ± 3.9 143.8 ± 9.8 

2 284 59.9 ± 10.4 83.9 ± 8.7 58.0 ± 3.9 138.9 ± 9.2 

3 275 54.9 ± 9.5 83.7 ± 9.9 57.3 ± 3.8 137.8 ± 10.6 

4 266 61.2 ± 8.3 81.9 ± 7.3 56.4 ± 3.6 141.6 ± 10.3 

5 301 55.1 ± 7.3 79.0 ± 7.9 58.3 ± 3.3 143.4 ± 8.0 

6 297 54.4 ± 7.0 80.0 ± 7.7 57.1 ± 3.9 149.0 ± 8.8 

7 290 54.2 ± 7.2 80.2 ± 6.7 55.5 ± 3.4 143.2 ± 11.7 

8 288 49.9 ± 5.6 75.7 ± 7.5 55.6 ± 3.7 157.3 ± 10.8 

9 292 53.4 ± 7.1 77.0 ± 8.5 54.2 ± 2.9 153.6 ± 10.5 

10 288 49.6 ± 6.7 71.8 ± 10.2 55.4 ± 3.8 154.6 ± 15.2 

11 248 51.9 ± 6.2 73.0 ± 9.5 53.1 ± 3.2 151.6 ± 13.0 

12 254 47.1 ± 5.1a 71.4 ± 9.2 53.9 ± 3.0 158.7 ± 15.2 

13 198 43.6 ± 5.2 73.4 ± 10.0 53.3 ± 2.9 153.4 ± 10.3 

14 130 42.0 ± 4.3 75.7 ± 7.7 53.5 ± 3.1 157.3 ± 9.2 

15 136 41.4 ± 6.3 68.4 ± 11.4 52.3 ± 2.6 159.6 ± 10.8 

16 146 41.4 ± 4.7 72.7 ± 7.8 51.4 ± 3.0 157.1 ± 12.4 

17 150 41.7 ± 5.0 70.5 ± 11.8 51.5 ± 2.9 162.6 ± 14.7 

Total 4255     

EP, egg production; EW, egg weight; Gen, generation; n, number of records (hens); N/A, not available; 

NDD, non-destructive deformation; SM, sexual maturity. 

aThe value for non-destructive deformation for generation 12 was calculated by using multiple-regression 

analysis, according to the other eggshell traits. 
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Appendix 1b. Phenotypic description (mean ± standard deviation) of the weak line, according 

to trait and generation. The weak line refers to the line that was selected for increased non-

destructive deformation value and therefore has weaker eggshells. 

Gen n NDD EP EW SM 

1 412 N/A 87.0 ± 8.0 58.6 ± 3.9 143.8 ± 9.8 

2 300 64.7 ± 11.8 84.0 ± 9.2 57.0 ± 3.7 137.5 ± 8.1 

3 268 60.7 ± 10.9 85.5 ± 10.2 55.5 ± 3.7 139.2 ± 9.2 

4 258 68.7 ± 9.9 85.3 ± 8.5 54.1 ± 3.5 139.3 ± 9.0 

5 280 69.0 ± 10.0 84.1 ± 10.3 56.4 ± 3.8 139.9 ± 10.9 

6 291 72.5 ± 11.2 89.1 ± 10.0 55.0 ± 3.4 145.4 ± 10.9 

7 271 76.5 ± 11.1 90.9 ± 7.4 53.7 ± 3.4 135.4 ± 9.9 

8 265 75.1 ± 10.6 88.4 ± 8.9 53.9 ± 3.3 144.0 ± 8.6 

9 283 81.9 ± 11.9 89.9 ± 9.5 52.7 ± 3.3 138.7 ± 9.7 

10 277 90.1 ± 12.0 85.0 ± 8.9 51.8 ± 3.2 135.2 ± 6.2 

11 250 100.6 ± 13.4 88.0 ± 8.6 50.5 ± 3.3 132.5 ± 7.0 

12 250 97.6 ± 8.6a 85.6 ± 10.7 50.5 ± 3.0 131.1 ± 7.6 

13 187 101.0 ± 12.2 88.1 ± 8.1 50.3 ± 2.7 138.7 ± 10.5 

14 136 98.5 ± 12.3 92.0 ± 6.6 52.3 ± 3.1 142.0 ± 8.6 

15 129 105.4 ± 13.9 85.5 ± 9.2 51.0 ± 3.5 135.5 ± 9.5 

16 140 107.6 ± 16.4 89.3 ± 8.3 50.4 ± 3.1 135.2 ± 11.9 

17 97 98.5 ± 15.2 87.1 ± 12.5 50.4 ± 2.8 140.4 ± 11.3 

Total 4094      

EP, egg production; EW, egg weight; Gen, generation; n, number of records (hens); N/A, not available; 

NDD, non-destructive deformation; SM, sexual maturity. 

aThe value for non-destructive deformation for generation 12 was calculated by using multiple-regression 

analysis, according to the other eggshell traits. 
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