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ABSTRACT 

Genetic Improvement of Ewe Reproductive Traits in Rideau-Arcott 

Mohammed Boareki        Advisors: 

          Dr. Flavio Schenkel 

Dr. Vern Osborne 

The goals of this research were to estimate genetic correlations among parities, estimate genetic 

parameters among reproductive and growth traits, predict the selection response for the traits, 

and propose a selection index for ewe productivity. Because of major genetic differences found 

between reproductive traits in the first and subsequent parities, they were evaluated as two 

separate traits. Selection for reproductive traits in the first parity were predicted to result in 

greater correlated response in later parities than direct selection. Selection based on growth traits 

resulted in higher correlated response than direct selection on total weaning weight, a composite 

ewe reproductive trait, but it was accompanied by small negative response on litter size at birth. 

Such negative response was countered using a selection index. In addition, the use of selection 

index was predicted to improve the correlated response on the target composite reproductive trait 

over the direct selection. Selection response for ewe reproductive traits could be improved by 

indirect selection procedures. 
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TRAIT ABBREVIATIONS 

NLB: number of lambs born 

NLW: number of lambs weaned 

TWW: total litter weaning weight 

TPW: total litter post weaning weight 

1:  indicates that the measurements of reproductive trait are in the first parity (i.e. NLB1) 

+: indicates that the measurements of reproductive trait are in later parities (i.e. NLB+) 

BWT: birth weight 

WWT: weaning weight 

PWT: post weaning weight 
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CHAPTER 1 

1.1. General Introduction 

Lamb and mutton are the major products in the Canadian sheep industry. Thus, the 

production of marketable lamb is the primary objective in most sheep enterprises. This can be 

achieved through the improvement of ewe productivity traits. Ewe overall productivity consists 

of several reproductive and maternal traits. This can be indicated by the component traits (i.e. 

number of lambs born and weaned) or by a composite trait (i.e. the total litter weaning weight). 

Therefore, prolific ewe breeds are favored for lamb production. 

The Rideau-Arcott is a Canadian synthetic breed created by the Centre for Food and Animal 

Research (formerly known as Animal Research Centre), by combining different imported breeds 

to develop a prolific maternal breed that is suitable for accelerated lambing system, prior to its 

release to the industry in 1989 (Fahmy and Shrestha, 1992). This breed became the most popular 

breed in Canada for its high prolificacy (Menzies, 2006). The incidence for multiple births is a 

norm of this breed with occasional quadruplets and quintuplets (Demiroren et al., 1995). Despite 

the importance of prolificacy, the extreme litter size can be associated with lamb stillbirth and 

early mortality. In addition, ewes may not always be capable to produce adequate amount of 

milk and colostrum to sustain the large litter size. Thus, extra lambs often require additional cost 

and labor for milk replacement and artificial rearing (Hansen and Shrestha, 1997). Therefore, 

there is a need to balance ewe prolificacy with the ability to mother lambs to maximize 

profitability. The composite trait, total weaning weight, can be used as a biological index for 

overall ewe productivity, which can balance the reproductive component traits, i.e. litter size 

born and weaned, and lamb growth (Snowder, 2002 ;Snowder, 2008; Snowder and Forgarty, 
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2009). The ewe productivity traits are influenced by environmental and genetic effects. 

Therefore, genetic improvement for these traits is possible. 

In order to maximize the overall genetic gain for economically important traits, the 

knowledge of genetic parameters is needed to improve the accuracy of estimating breeding 

values and optimizing genetic selection. Since genetic parameters for economically important 

traits are a unique property of a population, the scope of this thesis will focus on the genetic 

parameters for reproductive and growth trait in Rideau-Arcott sheep and their use on selection 

indexes to improve ewe productivity. 

1.2.Research Objective 

The main objective of this research is to explore the genetic parameters in Rideau sheep for 

ewe reproductive traits and lamb growth traits to optimize genetic selection for overall ewe 

productivity. The specific objectives of the research are:  

1- To estimate genetic parameters for ewe reproductive traits in different parities by treating 

different parities as different traits. 

2- To estimate the genetic parameters among reproductive and growth traits. 

3- To predict the direct and correlated selection response for reproductive and growth traits.   

4- To propose selection indexes for ewe productivity. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Sheep Industry in Canada 

The Canadian sheep industry is relatively small when compared to other livestock 

industries in Canada. The net cash receipt for sheep in Canada was $188.186 million in 2015, 

compared to $10.544 and $4.224 billion for beef and pork, respectively (Agriculture Agri-Food 

Canada, 2016). The total sheep population size in 2016 was 1,041,500 sheep, and most sheep are 

in Ontario, followed by Quebec and Alberta with 321, 204, and 185 thousand heads, respectively 

(Statistics Canada, 2016). Lamb and mutton are the primary products of the industry, with an 

average per capita consumption of 1.04 kg per person in 2015 (Agriculture Agri-Food Canada, 

2016). As a result of immigrations to Canada, the demand for local sheep meat is being increased 

through the ethnic market (Menzies, 2006).  

2.2. Sheep Genetic Evaluation in Canada 

 Currently Canadian sheep genetic evaluation for growth and reproductive traits are run by 

Centre for Genetic Improvement of Livestock (CGIL), which includes historical records stored 

in Centre d’expertise en Production Ovine du Quebec (CEPOQ) and Ontario Ministry of 

Agriculture and Food Affairs (OMAFRA) data bases. Despite the small sheep population size, 

there are more than 40 breeds and many are crossbred, therefore the Canadian sheep are 

genetically evaluated in a single evaluation accounting for breed effect (Schaeffer and 

Szkotnicki, 2015). 
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2.3. Rideau-Arcott 

 Rideau Arcott is one of the most abundant sheep breeds in Canada (Shrestha and Heane, 

2004). This Canadian synthetic breed was developed at the Centre for Food and Animal 

Research (formerly known as Animal Research Centre) in the 1960s by combining different 

imported breeds, which Finnish Landrance (40%), Suffolk (20%), East Friesian (14%), 

Shropshire (9%), and Dorset horn (8%) were the primary contributors to the breed formation, 

which is suitable for accelerated lambing system before being released to the industry in 1989 

(Fahmy and Shrestha, 1992). The Rideau ewe is highly prolific breed with high incidences for 

multiple birth with occasional quadruplets and quintuplets (Demiroren et al., 1995). Due to the 

ewes’ insufficiencies in production of colostrum and milk for large litter size, extra lambs may 

require additional labor and cost for artificial rearing and milk replacers (Hansen and Shrestha, 

1997). Therefore, it is important to consider ewe productivity for prolific sheep.  

2.4. Ewe Productive Traits 

Ewe productivity can be represented by several reproductive and maternal traits that 

contribute to the ewe overall profitability indicated by the quantity and quality of lambs 

produced by ewe per lambing. Ewe productivity can be assessed from easily measured 

components and composite traits, such as the number of lambs born, the number of lambs 

weaned, and the total weaning weight of the litter.  

2.4.1. Number of Lambs Born 

 In sheep farming enterprises, the production of lambs has great impact on the economic 

profitability, thus the number of lambs born per lambing opportunity is an important trait in ewe 

productivity. Even as a secondary product, in dairy sheep operation, the production of lambs can 
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contribute to 40% of total income (Gootwine et al., 2002). According to Gabina (1989) litter size 

contributes to 74 - 96% of total economic value when included in a selection index.  

Despite the economic importance for birth litter size, the increase of litter size can be 

associated with the increase of the incidents of stillbirths and early lamb mortalities. Gootwine et 

al. (2008) reported lamb early survival rates of 0.98, 0.92, 0.86, 0.78, and 0.65 for singles, twins, 

triplets, quadruplets, and quintuplets, respectively. The biological explanation for such 

phenomena is the negative association of the large birth litter size with the birth weight which 

hinder the thermal regulation of an individual lamb due to the high surface area/volume ratio 

(Nowak and Poindron, 2006). Therefore, the litter size must be considered with maternal and 

genetic abilities that influence early survival. 

2.4.2. Number of Lambs Weaned by the Ewe 

The ability to wean more lambs by the ewe is another important component trait. This 

trait is influenced by maternal components, such as milk production and the ewe-lamb bonding 

and behavioral interaction (Hess et al., 1974; Everett-Hincks et al., 2005; Nowak and Poindron, 

2006; Everett-Hincks and Dodds, 2008). 

Prolific ewes often give birth to more than what they can raise by themselves due to 

insufficient milk production. Therefore, extra lambs require extra cost and labor for milk 

replacement and artificial rearing (Hansen and Shrestha, 1997; Emsen et al., 2004; Bimczok et 

al. 2005). In most situations, the ewe ability to raise more lambs is desirable but generally raising 

litter of two is an optimum (Sancristobal-Gaudy et al., 2001). Yet, it is biologically possible for 

the ewe to wean a litter size of three or more (Hess et al., 1974; Treacher, 1985; Gallo and 

Davies, 1988; Boujenane, 2002; Everett-Hincks et al., 2005; Everett-Hincks and Dodds, 2008).  
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The number of lambs weaned, as a single component trait, may not necessarily produce 

the overall profitable lambs in total. The measurement of weaning weight is a tool to assess the 

lamb quality. In general, raising larger litter size is associated with lower individual lamb 

weaning weight. Therefore, the overall quality of the litter in total must be considered rather than 

an individual lamb quality.  

2.4.3. Total Weaning Weight  

 The total weaning weight of a litter is a composite trait, which is a function of component 

traits, i.e. weaning weight and number of lambs weaned (Rosati et al., 2002). Total weaning 

weight is the best biological index to assess ewe overall productivity, which depends on both 

quality and quantity of lambs weaned (Snowder, 2002; Snowder, 2008; Snowder and Fogarty, 

2009).  

2.5. Factors Effecting Ewe Productivity Traits 

 There are number of genetic and none-genetic factors that can biologically influence ewe 

productivity traits. These factors must be accounted for to fairly credit an animal for its 

productivity. Factors that must be accounted for are the ewe age, parity, sex and age of lambs, 

contemporary group, and genetic effect.   

 The age and physiological maturation process of the ewe can influence ovulation rate, 

lactation parameters, and maternal behavior. Therefore, adjusting for dam age is common for 

genetic evaluation for productive traits (Ap Dewi et al., 2002; Rosati et al., 2002; Vatanakh and 

Talibi, 2008; Mokhtari et al, 2010; Nouman and Abrar, 2014; Schaeffer and Szkotnicki, 2015). 
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 Male lambs are different from female lambs in term of body weight. Because, males can 

be heavier than females, failure to adjust for sex in the litter will result on bias in total weaning 

weight (Snowder, 2002).  

 It is biologically possible to wean a lamb as early as 15 to 20 days (Umberger, 2016). In 

Canada, for the purpose of genetic evaluation, weaning weight is measured between 28 and 80 

days then the weaning weight are adjusted to 50 days, assuming linear function in growth 

(Schaeffer and Szkotnicki, 2015).  

 Contemporary group is a group of animals that share the same environment and managed 

the same way. Accounting for contemporary group can remove bias from genetic evaluation that 

are caused by management (Van Vleck, 1987). Contemporary groups have been traditionally 

formed based on flock, year, and season (Schaeffer, 2009).  

In the sheep industry, flocks vary in term of management practices and the choice 

production system and from year to year. Season effect plays a vital role in sheep reproduction 

performance (Montgomery et al., 1985), lamb survival and lamb performance (Malik et al., 

2000). Therefore, a contemporary group defined by flock-year-season can group animals to the 

same environmental conditions.       

 The additive genetic effect (breeding value) is a sum of allelic values that are carried by 

an individual, which half of the value is passed from generation to generation. Each parent 

contributes to half of the offspring breeding value. The heritability (h2) is a proportion of additive 

genetic variance to the total phenotypic variation, which can be express as follows: 

ℎ2 =
𝜎𝑎

2

𝜎𝑎
2 + 𝜎𝐸

2 
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 Where, 𝜎𝑎
2 and 𝜎𝐸

2, are the additive genetic and environmental variance, respectively. 

 Table 1 shows the heritability estimates for the traits; number of lambs born, number of 

lambs weaned, and total weaning weight from the literature. Heritability estimates for number of 

lambs born vary between 0.01 and 0.24. The average heritability for litter size born is 0.13. 

Factors that can affect heritability estimates may include differences in breeds, production 

system, and populations. It has been illustrated by Casellas et al. (2007) a positive trend in 

response to phenotypic selection for litter size in Ripollesa ewes. The low heritability for litter 

size makes it difficult to improve through phenotypic selection. The trait is usually improved 

through crossbreeding (Aboul-Naga, 1985; Boylan, 1985; Malik et al., 2000; Boujenane, 2002) 

or utilizing major genes (Piper et al., 1985; Davis and Hinch, 1985; Amer et al., 1999; Gootwine 

et al., 2002; Gootwine et al., 2008).  

For number of lambs weaned, heritability ranged between 0.01 and 0.17 (Table 1). 

Number of lambs weaned is generally less heritable than number of lambs born with average 

value of 0.09. This could be due to the increase of the contribution of non-genetic effects that can 

influence the lamb survival to weaning. Yet, in most of lamb enterprises, selection for litter size 

weaned by ewe is more important than selection for number of lambs born.  

For total weaning weight, heritability estimates from literature ranged between 0.02 and 

0.35 (Table 1).  The average heritability for total weaning weight is 0.15. It has been argued by 

Snowder and Fogarty (2009), in a review, that despite the fact of low heritability for total 

weaning weight, the large phenotypic coefficient of variation for the trait will lead to great 

selection differential which will result in a favorable selection response. Ercanbrack and Knight 

(1998) reported over four breeds an average annual gain of total weaning weight of 0.69 kg per 

ewe. Oliver et al. (2001) predicted 9.03 kg and 6.37 kg gain per generation in Grootfontein and 
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Carnarvon Merinos, respectively. Afolayan et al.  (2007) predicted 3.17 kg gain per generation in 

cross bred sheep. 

 The permanent environmental effect is a random non-genetic effect that is permanent, 

and cumulative which correlates repeated observations of the same trait on the same animal 

(Schaeffer, 2011). The proportion of total phenotypic variance explained by permanent 

environmental variance was estimated in Lohi sheep to be 2.52 %, 3.42 %, and 4.60 % for 

number of lambs born, number of lambs weaned, and total weaning weight, respectively 

(Nouman and Abrar, 2014). The repeatability (r2) is the fraction of the repeated observation 

variance, which is the sum of additive genetic variance and permanent environmental variance of 

a trait to total phenotypic variance, which is expressed as follow: 

𝑟2 =
𝜎𝑎

2 + 𝜎𝑝𝑒
2

𝜎𝑎
2 + 𝜎𝑝𝑒

2 + 𝜎𝐸
2 

 Where, 𝜎𝑎
2, 𝜎𝑝𝑒

2 , and 𝜎𝐸
2, are additive genetic, permanent environmental effect, and other 

environmental variances. 

Table 2 shows the repeatability estimates from the literature for number of lambs born, 

number of lambs weaned, and total weaning weight. Repeatability estimates ranges (0.05 - 0.25), 

(0.07 - 0.26), and (0.0715 - 0.15) for number of lambs born, number of lambs weaned, and total 

weaning weight, respectively. 

2.6. Genetic Correlation 

 Genetic correlation is an important parameter for checking the adequacy of a repeatability 

model, and predicting the effect of selection of a trait on the other. Therefore, three aspects will 

be considered with respect of genetic correlation of ewe productivity traits, the correlation within 
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a trait in different successive parities, correlation between the traits, and possible genetic 

antagonism with other traits. The genetic correlation (rg) between traits is estimated as follow 

(Falconer and Mackay, 1996): 

𝑟𝑔 =
𝜎𝑎12

√𝜎𝑎1
2 𝜎𝑎2

2
 

 Where, 𝜎𝑎12 :is the genetic covariance between the traits 1 and 2; 𝜎𝑎1
2 and 𝜎𝑎2

2  : are the 

genetic variance for trait 1 and 2, respectively.  

2.6.1. Correlation Within a Trait in Successive Parities 

 The genetic correlation between successive parities of the ewe productivity trait is 

important to determine whether the measurements in different parities should be genetically 

evaluated as the same or different trait. Treating performance records in different parities as 

repeated measures for propose of genetic evaluation has been applied in breeding program in 

different mammalian species. However, the assumption of perfect, or close to one, genetic 

correlation of between measurements in different parities may sometimes be violated.  

In swine, Roehe and Kennedy (1995) reported that the reproductive traits are genetically 

different traits in different parities for number of piglets born, number of piglets born alive, and 

number of piglet weaned, thus they recommended the use of multiple trait animal model for 

evaluating different parities as different traits. Lukovic (2006) reported higher genetic correlation 

for pig litter size between nearer parities than in further parities, and genetic correlations 

approaches perfection between late parities.  

With respect to the sheep total weaning weight, Snyman et al. (1997) reported a perfect 

genetic correlation between the first and later parities in Carnarvon Merino, and high, but not 
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perfect, genetic correlation between the first and later parities in both Carnarvon Afrino and 

Grootfontein Merinos. Therefore, genetic correlation for ewe productivity traits between records 

in successive parities must be evaluated to determine the optimum genetic evaluation model.  

2.6.2. Correlation Between Traits  

The genetic correlations between traits are useful to predict the difference between direct 

and correlated response to selection (Falconer and Mackay, 1996) to determine the optimum 

selection procedure to genetically improve the ewe productivity. Table 3 shows the genetic, 

phenotypic, and environmental correlations for the ewe productivity traits including lambs born, 

lambs weaned, and total weaning weight from the literature. According to Table 3, the genetic 

correlation is positive among all traits which indicates that selection for one trait can positively 

improve the others. 

2.6.3. Possible Genetic Antagonism with Other Traits   

Genetic improvement is the long term goal and the possible antagonistic genetic effect 

between selected trait and other important traits must be checked to develop an appropriate 

selection index to optimize selection. Table 4 shows the estimates of genetic correlations 

between ewe productivity traits and other important traits. Based on a single study, there is no 

significant correlation between dairy traits and ewe productivity traits (Mavrogenis, 1996). The 

number of lambs born can have negative association with in lamb survival rate (Rosati et al., 

2002), birth weight (Rosati et al., 2002; Mokhtari et al., 2010), and weaning weight (Rosati et al., 

2002; Mokhtari et al., 2010). The other component trait, number of lambs weaned, can have 

negative association with birth weight (Rosati et al., 2002; Mokhtari et al., 2010) and can have 

strong negative association with weaning weight (Mokhtari et al., 2010). On the other hand, total 

weaning weight has negligible negative effect on birth weight and weaning weight (Rosati et al., 
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2002). Snowder and Fogarty (2009) in their review suggested that selection for total weaning 

weight can balance other traits. Ap Dewi et al. (2002), reported both lambs born and total 

weaning weight can have a positive genetic association with mature weight. Because of the 

possible genetic antagonism between reproductive traits and other traits (most importantly 

growth traits) a multiple trait selection index methodology is necessary to counter the issues. 

2.6.4. Selection Index 

The use of index selection to improve multiple traits is more effective than any other 

methods for multiple trait selection such as tandem selection or independent culling levels (Hazel 

and Lush,1943). Hazel (1943) introduced methodology for defining breeding goal as a linear 

function of additive genetic effect for multiple traits with economic importance. The breeding 

goal is the aggregate genetic merit for the multiple traits of economic importance, desired to 

improve, which takes the following form: 

H= v1G1+ v2G2+ …. + vnGn 

Where, H: is the aggregate genotype; vi : is the economic value for ith trait; and Gi: is the 

true breeding value for ith trait. However, the true breeding value for a trait is unknown. 

Therefore, an index of selection is used for the genetic improvement for the multiple traits in the 

aggregate genotype, which takes the following form: 

     I= b1Y1+ b2Y2+ …. + bnYn 

Where, I: is the index traits; bi : is the index weight for ith trait, which are multiple 

regression coefficients that maximize the correlation between the index traits and the aggregate 

genotype; and Yi: is the phenotypic performance for ith trait.  
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Finding economic value is crucial for defining breeding goals for sheep, which can 

involve economic analyses for cost and revenue associated with the production system. Ponzoni 

(1986) developed simple profit equation for Australian Merino sheep by accounting for sources 

of cost and revenue and deriving the expression for economic values as function of biological 

traits. The economic values can vary between different production systems. Amer et al. (1999) 

calculated economic values for reproductive and lamb survival traits over different production 

systems in New Zealand. The economic values varied highly for ewe prolificacy and moderately 

for lamb survival. According to the authors, the economic value depended on current level of 

prolificacy, lamb survival, and slaughter age. Conigton et al. (2001) derived selection indexes by 

creating breeding objectives to improve maternal, carcass, and survival traits for different 

production levels of hill sheep, which include intensive, semi-intensive, and extensive production 

systems. They predicted, in general, greater genetic change for targeted traits in intensive 

production system compared to less-intensive system. Because of differences in management and 

production system in the sheep industry assigning economic values for traits can sometimes be 

misleading (Rosati et al., 2002).  

Some forms of selection indexes can be applied without the need for economic values. 

Kempthorne and Nordskog (1959) introduced the method of restriction in the selection index. In 

this method, the genetic change on one trait or more is prevented. On the other hand, Yamada et 

al. (1975), introduced a method in which the genetic change on one trait or more is specified at a 

desired level of breeders’ perspective. The use of such indexes can provide a flexible tool to 

customize genetic gain based on a specific situation. However, these indexes only involve traits 

that are measured (Swan et al., 2007).   
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Sheep maternal indexes generally consist of both reproductive success and lamb growth 

performance. Santos et al. (2015) compared breeding objectives between New Zealand and Irish 

indexes and found that maternal indexes between countries are strongly correlated with similar 

direction with respect of response in selection. They concluded that the difference in breeding 

objectives across countries are not constrains for genetic exchange. Tosh and Wilton (2004) 

predicted little change in response of selection for litter size, even with the increase of the 

relative emphasis for litter size in maternal index. However, they found negative consequences in 

growth trait when the relative emphasis increases. The genetic improvement for litter size in 

sheep is difficult due to the limitation from low genetic variation (Tosh and Wilton, 2004).  

Increasing the response to selection is important for genetic gain. One way to improve the 

selection response is through correlated response. When a trait has low heritability, but highly 

correlated with another trait with high heritability, the trait with low heritability can benefit more 

from a correlated response (Falconer and Mackay, 1996). This is also possible using an index 

with multiple traits that are correlated. Afelayan et al. (2007) predicted up to 17% improvement 

in correlated response of selection compared to the direct selection for total litter weaning weight 

(TWW) when optimum index is used consisting of 4 of the component traits.  

The Rideau is one of the major sheep breeds in Canada that can be classified as maternal 

type for its high prolificacy. However, high prolificacy as a single component may not necessary 

mean high profitability. Therefore, prolificacy needs to be considered with other maternal traits 

that can improve quality and survival of lambs to maximize ewe overall profitability. Since, 

genetic parameters are unique property for a population, the importance of exploring genetic 

parameters for Rideau sheep is required, to optimize evaluation and selection procedures for ewe 

productivity. 
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Table 1. Heritability estimates for lambs born, lambs weaned, and total weaning weight 

from the literature. 

Source Breed Lambs Born 

(lamb) 

Lambs weaned 

(lamb) 

Total weaning Weight 

(k.g) 

Konstantinov et al. (1994) Dormer 0.243 - - 

Vatankhah and Talebi (2008) Lori-Bakhtiari 0.10 ± 0.01 0.10 ± 0.01 0.15 ± 0.01 

Mavrogenis (1996) Awassi 0.17 ± 0.07 0.17 ± 0.07 0.35 ± 0.09 

Oliver et al. (2001) Grootfontein Merino 0.23 0.17 0.19 

 Carnavon Merino 0.19 0.16 0.21 

Duguma et al. (2002) Merino - - 0.02 

Matika et al. (2003) Sabi - - 0.12 ± 0.02 

Snyman et al. (1997) Carnavon Afrino - - 0.061 to 0.170 

 Carnavon Merino - - 0.090 to 0.257 

 Grootfontein Merino - - 0.084 to 0.132 

Mokhtari et al. (2010) Kermani 0.01 ± 0.01 0.03 ± 0.02 0.18 ± 0.03 

Rosati et al. (2002) Composite breed 0.05 0.01 0.17 

Nouman and Abrar (2014) Lohi 0.0533 0.043 0.0255 

Casellas et al. (2007) Ripollesa 0.131 - - 

Ap Dewi et al. (2002) Welsh Mountain 0.15 - 0.20 

Brash et al. (1994) Corriedale 0.04 ± 0.03 - - 

Forgarty et al. (1994) Hyfer 0.09 ± 0.03 0.04 ± 0.02 0.06 ± 0.02 

Hansen and Shrestha (1997) Canadian  0.16± 0.08 - - 

 Outaouais 0.20 ± 0.03 - - 

 Rideau 0.15 ± 0.06 - - 

Average  0.13 0.09 0.15 
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Table 2. Repeatability estimates for lambs born, lambs weaned, and total weaning weight 

from the literature. 

Source Breed Lambs Born 

(lamb) 

Lambs weaned 

(lamb) 

Total weaning Weight 

(k.g) 

Gabina (1989) Rasa Aragonesa 0.08 to 0.19 - - 

Bash et al. (1994) Corriedale 0.05 ± 0.01 - - 

Nouman and Abrar (2014) Lohi 0.0787 0.0772 0.0715 

Forgarty et al. (1994) Hyfer 0.14 ± 0.02 0.12 ± 0.02 0.15 ± 0.02 

Hansen and Shrestha (1997) Canadian  0.17± 0.08 - - 

 Outaouais 0.19 ± 0.03 - - 

 Rideau 0.11 ± 0.06 - - 

Mohammadi et al. (2012) Zandi 0.19 0.11 - 

  0.22T 0.26T - 

Matos et al. (1997) Rambouillet 0.20S - - 

  0.21 - - 

  0.25T - - 

 Finsheep 0.11S - - 

  0.11 - - 

  0.13T - - 

Average  0.15 0.14 0.11 

 

TThreshold Model 

SSire Model 
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Table 3. Genetic (above diagonal), phenotypic (below diagonal), and environmental 

(between parenthesis). 

 

 

 

 

 

 

 

 

 

 

 

1Mokhtari et al. (2010) 

2 Oliver et al. (2001) 

3 Mavrogenis (1996) 

4 Rosati et al. (2002) 

 

 

 

 

 

 

Trait Lambs Born Lambs weaned Total weaning Weight 

Lambs Born  Kirmani  0.991 

Grootfontein 0.972 

Carnarvon 0.932 

Awassi 1.03 ± 0.033 

Composite 0.524 

Kirmani  0.991 

Grootfontein 0.912 

Carnarvon 0.892 

Awassi 0.43 ± 0.193 

Composite 0.514 

Lambs weaned Kirmani 0.17 (0.14)1 

Grootfontein 0.772 

Carnarvon 0.842 

Awassi 0.893 

Composite (0.12)4 

 Kirmani  0.411 

Grootfontein 0.972 

Carnarvon 0.982 

Awassi 0.53 ± 0.173 

Composite 0.164 

Total weaning Weight Kirmani 0.24 (0.17)1 

Grootfontein 0.712 

Carnarvon 0.822 

Awassi 0.553 

Composite (-0.24)4 

Kirmani 0.15 (0.12)1 

Grootfontein 0.952 

Carnarvon 0.962 

Awassi 0.623 

Composite (0.85)4 
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Table 4. Genetic correlation between ewe productivity traits and other important traits 

Traits Lambs Born Lambs weaned Total weaning Weight 

Conception rate 0.651 0.421 0.321 

Total Litter Birth Weight 0.601 

0.67 ± 0.132 

0.823 

0.121 

0.73 ± 0.122 

0.143 

0.151 

0.65 ± 0.122 

0.713 

Birth weight -0.943 

0.12 ± 0.074 

-0.313 

0.19 ± 0.094 

0.323 

0.75 ± 0.054 

Lamb Survival Rate -0.081 0.711 0.141 

Weaning Weight -0.383 

0.23 ± 0.124 

0.326 

0.457 

-0.943 

0.14 ± 0.114 

0.346 

0.577 

0.893 

0.98 ± 0.034 

0.656 

0.787 

90 Days Milk Yield 0.00 ± 0.242 0.01 ± 0.222 -0.21 ± 0.182 

Mature Weight 0.565 - 0.765 

Lactation Length 0.12 ± 0.242 0.10 ± 0.242 -0.10 ± 0.202 

Total Milk Yield 0.07 ± 0.202 0.07 ± 0.222 -0.12 ± 0.182 

1
 Rosati et al. (2002) 

2 Mavrogenis (1996) 

3 Mokhtari et al. (2010) 

4 Vatankhah and Talebi (2008) 

5 Ap Dewi et al. (2002) 

6, 7 Oliver et al. (2001) 
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CHAPTER 3 

Genetic Parameters for Ewe Productive and Reproductive Traits in Rideau-Arcott 

Abstract: The goals of the study were to estimate genetic correlations among different parities, 

estimate genetic parameters among reproductive and growth traits, and predict the direct and 

correlated response to selection for the traits. Pedigree information and data of Rideau-Arcott for 

reproductive traits, including the number of lambs born (NLB), number of lambs weaned 

(NLW), total litter weaning weight (TWW), and total litter post weaning weight (TPW), and 

individual lamb growth traits, including birth weight (BWT), weaning weight (WWT), and post 

weaning weight (PWT) were obtained from the GenOvis data base. Results of genetic analysis 

among different parities showed major genetic differences between first and later parities. 

Therefore, the reproductive performance traits in the first and the subsequent parities were 

evaluated as separate traits. Heritability estimates were low to moderate. The genetic correlations 

between reproductive traits within first parity and within later parities were high. In addition, the 

growth traits (WWT and PWT) and reproductive traits (TWW and TPW) were highly correlated. 

Genetic antagonism between growth traits and NLB was small. The response indirect selection 

for reproductive traits in later parities by using first parity performance was greater than the 

response to direct selection on later parities. Similarly, the response to indirect selection for 

reproductive traits using growth trait was greater than direct selection for reproductive traits. 

Therefore, early selection for ewe reproductive trait based on growth traits is possible. 

3.1. Introduction 

Rideau-Arcott breed was developed by the Centre for Food and Animal Research (formerly 

known as Animal Research Centre), and then release to the Canadian sheep industry in 1989 

(Fahmy and Shrestha, 1992). The breed is very popular in Canada due to its high prolificacy 



20 
 

(Demiroren et al., 1995; Menzies, 2006). Despite the importance of multiple births in the sheep 

industry, the extreme litter size can be negatively associated with birth weight of the lamb. In 

addition, ewes may not be able to provide multiple lambs with adequate amount of milk and 

colostrum. Consequently, the excess lambs require extra cost and labor for milk replacement and 

artificial rearing (Hansen and Shrestha, 1997). The improvement of prolificacy as a single 

component trait may not necessarily improve the ewe overall profitability. On the other hand, the 

use of a composite trait such as total litter weaning weight as a biological index for ewe overall 

productivity can balance the reproductive component traits, number of lambs born and weaned, 

with their growth (Snowder, 2002; Snowder, 2002; Snowder and Forgarty, 2002 ).  

The objectives of this study were to 1) estimate genetic correlations among successive 

parities for reproductive traits, 2) estimate the genetic parameters among reproductive traits and 

growth traits, and 3) predict the effect of direct and correlated response on reproductive and 

growth traits.    

3.2. Material and Methods 

3.2.1. Data 

Data and pedigree information for Rideau-Arcott sheep performance were obtained from 

GenOvis data base (Centre for Genetic improvement of Livestock, Guelph, ON, Canada). The 

ewe reproductive traits, including number of lambs born (NLB), number of lambs weaned 

(NLW), total litter weaning weight (TWW), and total litter post weaning weight (TPW) were 

defined and edited using R 3.2.3 (R Core Team, 2015), when extreme observations were 

removed (see the criteria used below). The contemporary groups were formed based on flock-

year-season. Two seasons were defined per year (season 1 included Dec, Jan, Feb, Mar, Apr, and 

May, and season 2 were the other months). Contemporary groups with less than five records 
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were removed from the study. Records for the number of lambs born (NLB) from embryo 

transfer were excluded from this study. Number of lambs weaned (NLW) was only considered 

for the lambs that were successfully weaned and fostered by their birth dam, resulting in 3.5% of 

the litters removed due to cross-fostering.  

Individual lamb growth traits, including birth weight (BWT), weaning weight (WWT), 

and post weaning weight (PWT), were also extracted. Records for BWT were considered valid 

when the birth dam was known and the BWT was between 1.2 kg to 6.0 kg. Records for WWT 

were taken between 28-80 days of age with an average of 53 days, which were considered valid 

if the lambs had been raised by their birth dam and WWT was between 4.0 kg and 32.2 kg. 

Records for PWT were taken between 70-135 days of age with an average of 98 days, which 

were considered valid if the lambs had valid record for WWT and PWT was between 12.5 kg 

and 51.2 kg. 

The total litter weaning weight (TWW) was calculated by the sum of the weaning 

weights of the lambs in the litter, which were taken between 28-80 days of age with an average 

of 53 days. A total litter weaning weight was considered valid if none of the lambs weaned 

within a litter had missing weaning weight and the total weaning weight was  between 4.0 kg and 

84.0 kg. The total litter post weaning weight (TPW) was calculated by the sum of the post 

weaning weights of the lambs in the litter, which were taken between 70 and 135 days of age 

with an average of 98 days. A total litter post weaning weighs was considered valid if none of 

the lambs weaned within a litter had missing record for post weaning weight and the total post 

weaning weight was between 12.0 kg and 112.0 kg. Table 5 displays descriptive pedigree 

statistics, while Table 6 shows the number of records, mean and standard deviation for four 

parities for ewe reproductive traits including litter size born (NLB), litter size weaned (NLW), 
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total litter weaning weight (TWW), and total litter post weaning weight (TPW). Table 7 presents 

the number of records, mean and standard deviation for individual lamb growth traits (BWT, 

WWT, and PWT). 

3.2.2. Statistical Models 

Data were analyzed and variance components were estimated by restricted maximum 

likelihood using ASREML (Gilmour et al., 2015). 

 3.2.2.1. Analysis of reproductive traits in successive parities  

A multivariate model was used to estimate the genetic parameters of the records in the 

first four parities for each ewe reproductive trait (NLB, NLW, TWW, and TPW), treating each 

parity as a different trait:  

[
𝑌1

⋮
𝑌4

]= [
𝑋1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑋4

] [
𝑏1

⋮
𝑏4

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍4

] [

𝑎1

⋮
𝑎4

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍4

] [

𝑐1

⋮
𝑐4

] + [

𝑒1

⋮
𝑒4

]   

Where,  (Y1 to Y4): are vector of the observations from the first parity of a trait up to the 

fourth parity; (X1 to X4): design matrices that assign the observations to the fixed effects; (Z1 to 

Z4): design matrices that assign the observations to the random effects; (b1 to b4): vector for fixed 

effects in each parity; (a1 to a4): are vector of additive genetic effects in each parity; (c1 to c4): are 

vector of contemporary group effects in each parity; and (e1 to e4): are vector of residual effects 

in each parity. Table 8 present details of fixed and random effects used in the model. The 

variance and covariance matrices of the model were:  

𝐺 = [
𝜎𝑎1

2 ⋯ 𝜎𝑎14

⋮ ⋱ ⋮
𝜎𝑎41 ⋯ 𝜎𝑎4

2
] ⊗ 𝐴;      𝐶 = [

𝜎𝑐1
2 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝜎𝑐4

2
] ⊗ 𝐼;         𝑅 = [

𝜎𝑒1
2 ⋯ 𝜎𝑒14

⋮ ⋱ ⋮
𝜎𝑒41 ⋯ 𝜎𝑒4

2
] ⊗ 𝐼 
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Where, G: is the additive genetic variance (on diagonal) and covariance (off diagonal) 

matrix among successive parities; C: is the contemporary group variance (on diagonal) and 

covariance (off diagonal) matrix among successive parities; R: the residual variance (on 

diagonal) and covariance (off diagonal) matrix among successive parities; A is the additive 

relationship matrix; ⊗: Kroneker product; I: is an identity matrix; 𝜎𝑎𝑖
2  , 𝜎𝑐𝑖

2  , and  𝜎𝑒𝑖
2  : are 

additive genetic, contemporary group, and residual variances, respectively; and 𝜎𝑎𝑖𝑗 and 𝜎𝑒𝑖𝑗: are 

additive genetic and residual covariance, respectively, between i and j traits.  

3.2.2.2. Analysis for ewe reproductive and lamb growth traits 

A total of eleven traits were analyzed including number of lambs born in the first parity 

(NLB1), number of lambs weaned in the first parity (NLW1), total litter weaning weight in the 

first parity (TWW1), total litter post weaning weight in the first parity (TPW1), number of lambs 

born in later parities (NLB+), number of lambs weaned in the later parities (NLW+), total litter 

weaning weight in the later parities (TWW+), total litter post weaning weight in the later parities 

(TPW+), individual lamb birth weight (BWT), individual lamb weaning weight (WWT),   and 

individual lamb post weaning weight (PWT). Table 9 present details of fixed and random effects 

for each trait for the reproductive and growth traits. 

Due to the computing demand, the traits were analyzed in a total of 39 analyses that 

include a six-trait multivariate analysis, a three-trait multivariate analysis, and series of bivariate 

analyses. Table.3.6 presents the groups of different analyses. 

3.2.2.2.1. Multivariate analysis of six traits   

The following model was used to estimate the genetic parameter among six reproductive 

traits (NLB1, NLW1, TWW1, NLB+, NLW+, and TWW+): 
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[
𝑌1

⋮
𝑌6

]= [
𝑋1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑋6

] [
𝑏1

⋮
𝑏6

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍6

] [

𝑎1

⋮
𝑎6

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍6

] [

𝑐1

⋮
𝑐6

] + [

𝑒1

⋮
𝑒6

]   

Where, (Y1 to Y6): vector of phenotypic observations from the reproductive traits; (X1 to 

X6): design matrices that assign the observations to the fixed effects ;(Z1 to Z6): design matrices 

that assign the observations to the random effects; (b1 to b6): vector for fixed effects; (a1 to a6): 

vector of additive genetic effects of reproductive traits; (c1 to c6): vector of contemporary group 

effects on the reproductive traits; and (e1 to e4): vector of residual for reproductive traits. The 

variance and covariance matrices of the model were: 

𝐺 = [
𝜎𝑎1

2 ⋯ 𝜎𝑎16

⋮ ⋱ ⋮
𝜎𝑎61 ⋯ 𝜎𝑎6

2
] ⊗ 𝐴;  𝐶𝑎 = [

𝜎𝑐1
2 ⋯ 𝜎𝑐13

⋮ ⋱ ⋮
𝜎𝑐31 ⋯ 𝜎𝑐3

2
] ⊗ 𝐼; 𝐶𝑏 = [

𝜎𝑐4
2 ⋯ 𝜎𝑐46

⋮ ⋱ ⋮
𝜎𝑐64 ⋯ 𝜎𝑐6

2
] ⊗ 𝐼 

𝑃𝐸 = [

𝜎𝑝𝑒4
2 ⋯ 𝜎𝑝𝑒46

⋮ ⋱ ⋮
𝜎𝑝𝑒64 ⋯ 𝜎𝑝𝑒6

2
] ⊗ 𝐼 ; 𝑅 = [

𝜎𝑒1
2 ⋯ 𝜎𝑒16

⋮ ⋱ ⋮
𝜎𝑒61 ⋯ 𝜎𝑒6

2
] ⊗ 𝐼 

 Where, G: is the additive genetic variance (on diagonal) and covariance (off diagonal) 

matrix between the traits; Ca: is the contemporary group variance (on diagonal) and covariance 

(off diagonal) matrix for the reproductive traits in the first parity; Cb: is the contemporary group 

variance (on diagonal) and covariance (off diagonal) matrix for the reproductive traits in later 

parities; PE: is the animal permanent environmental variance (on diagonal)  and covariance (off 

diagonal) matrix for the reproductive traits in later parities; R: is residual variance (on diagonal)   

and covariance (off diagonal)  matrix between the traits; A: is the genetic relationship matrix 

matrix ; ⊗: Kroneker product; I: is an identity matrix; 𝜎𝑎𝑖
2  , 𝜎𝑐𝑖

2  , 𝜎𝑝𝑒𝑖
2  ,  and  𝜎𝑒𝑖

2  : are additive 

genetic, contemporary group, permanent environmental effect, and residual variances, 

respectively; and 𝜎𝑎𝑖𝑗, 𝜎𝑐𝑖𝑗, 𝜎𝑝𝑒𝑖𝑗,  𝜎𝑒𝑖𝑗: are additive genetic, contemporary group, permanent 

environmental effect, and residual covariance, respectively, between i and j traits. 
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3.2.2.2.2. Multivariate analysis of three traits   

The following model was used to estimate the genetic parameters among three lamb 

growth traits (BWT, WWT, and PWT): 

[
𝑌1

⋮
𝑌3

]= [
𝑋1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑋3

] [
𝑏1

⋮
𝑏3

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍3

] [

𝑎1

⋮
𝑎3

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍3

] [

𝑐7

⋮
𝑐9

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍3

] [

𝑚1

⋮
𝑚3

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍3

] [

𝑚𝑝𝑒1

⋮
𝑚𝑝𝑒3

] + [
𝑍1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑍3

] [
𝑙1

⋮
𝑙3

] + [

𝑒1

⋮
𝑒3

]  

  Where, (Y1 to Y3): vector of phenotypic observations from the growth traits; (X1 to X3): 

design matrices that assign the observations to the fixed effects ;(Z1 to Z3): design matrices that 

assign the observations to the random effects; (b1 to b3): vector of fixed effects ;(a1 to a3): vector 

of additive genetic effects for the growth traits; (c1 to c6): vector of contemporary group effects 

for the growth traits; (m1 to m3): vector of maternal genetic effects; (mpe1 to mpe3): vector of 

maternal permanent environmental effects; (l1 to l3): vector of litter effects; (e1 to e3): vector of 

residual effects for growth traits. The variance and covariance matrices of the model were: 

𝐺 = [
𝜎𝑎1

2 ⋯ 𝜎𝑎13

⋮ ⋱ ⋮
𝜎𝑎31 ⋯ 𝜎𝑎3

2
] ⊗ 𝐴;  M = [

𝜎𝑚1
2 ⋯ 𝜎𝑚13

⋮ ⋱ ⋮
𝜎𝑚31 ⋯ 𝜎𝑚3

2
] ⊗ 𝐴;  MPE = [

𝜎𝑚𝑝𝑒1
2 ⋯ 𝜎𝑚𝑝𝑒13

⋮ ⋱ ⋮
𝜎𝑚𝑝𝑒31 ⋯ 𝜎𝑚𝑝𝑒3

2
] ⊗ 𝐼;    L = [

𝜎𝑙1
2 ⋯ 𝜎𝑙13

⋮ ⋱ ⋮
𝜎𝑙31 ⋯ 𝜎𝑙3

2
] ⊗ 𝐼; 

 Cc = [
𝜎𝑐1

2 ⋯ 𝜎𝑐13

⋮ ⋱ ⋮
𝜎𝑐31 ⋯ 𝜎𝑐3

2
] ⊗ 𝐼;  𝑅 = [

𝜎𝑒1
2 ⋯ 𝜎𝑒13

⋮ ⋱ ⋮
𝜎𝑒31 ⋯ 𝜎𝑒3

2
] ⊗ 𝐼 

Where, G:is the additive genetic variance (on diagonal) and covariance (off diagonal) 

matrix between traits; M: is the maternal genetic effect variance (on diagonal) and covariance 

(off diagonal)  matrix between traits; Cc: is  the contemporary group variance (on diagonal)  and 

covariance (off diagonal)  matrix between traits; MPE: is the maternal permanent environmental 

effect variance (on diagonal)  and covariance (off diagonal)  matrix between traits; L: is the 

common litter variance (on diagonal)  and covariance (off diagonal)  matrix between traits; R: is 

the residual variance (on diagonal)  and covariance(off diagonal) between traits; A: is the 

additive relationship matrix; ; ⊗: Kroneker product; I: is an identity matrix; 𝜎𝑎𝑖
2  , 𝜎𝑚𝑖

2 , 𝜎𝑚𝑝𝑒𝑖
2  , 
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𝜎𝑙𝑖
2, 𝜎𝑐𝑖

2  , and  𝜎𝑒𝑖
2  : are direct additive genetic, maternal additive, maternal permanent 

environmental effect, litter contemporary group, and residual variances, respectively; and 

𝜎𝑎𝑖𝑗, 𝜎𝑚𝑖𝑗,  𝜎𝑚𝑝𝑒𝑖𝑗,  𝜎𝑙𝑖𝑗,   𝜎𝑐𝑖𝑗, 𝜎𝑒𝑖𝑗: are direct additive genetic, maternal additive, maternal 

permanent environmental effect, litter contemporary group, and residual covariance, 

respectively, between i and j traits; The direct and maternal genetic covariance, 𝜎𝑎𝑚 , was 

assumed to be zero. 

3.3.2.2.3. Series of bivariate analyses. 

The genetic covariance among the remaining traits were estimated in a series of bivariate 

analyses, which include reproductive traits in  the first parity (NLB1, NLW1, TWW1, and 

TPW1), reproductive traits in  later parities (NLB+, NLW+, TWW+, and TPW+), and growth 

traits (BWT, WWT, and PWT). 

The variance and covariance matrices for the bivariate analysis between TPW1 and 

TPW+ were:  

𝐺 = [
𝜎𝑎1

2 𝜎𝑎12

𝜎𝑎21 𝜎𝑎2
2 ] ⊗ 𝐴;      𝐶 = [

𝜎𝑐1
2 0

0 𝜎𝑐2
2 ] ×𝐼;         𝑅 = [

𝜎𝑒1
2 𝜎𝑒12

𝜎𝑒21 𝜎𝑒2
2 ] ⊗ 𝐼 

Where, G: is the additive genetic variance (on diagonal) and covariance (off diagonal) 

matrix; C: contemporary group variance (on diagonal) and covariance (off diagonal) matrix; R: 

is residual variance (on diagonal) and covariance (off diagonal) A: is the additive relationship 

matrix; ⊗: Kroneker product. 

The variance and covariance matrices for the bivariate analysis between any growth trait 

(BWT, WWT, and PWT) and reproductive trait in  the first parity (NLB1, NLW1, TWW1, and 

TPW1), were: 
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𝐺 = [
𝜎𝑎1

2 𝜎𝑎12

𝜎𝑎21 𝜎𝑎2
2 ] ⊗ 𝐴;  𝑀 = [𝜎𝑚1

2 0
0 0

] ⊗ 𝐴;  𝑀𝑃𝐸 = [
𝜎𝑚𝑝𝑒1

2 0

0 0
] ⊗ 𝐼   ; 𝐿 = [𝜎𝑙1

2 0
0 0

] ⊗ 𝐼;

 𝐶𝑐 = [𝜎𝑐1
2 0

0 0
] ⊗ 𝐼 ; 𝐶𝑎 = [𝜎𝑐2

2 0
0 0

] ⊗ 𝐼  ;  𝑅 = [
𝜎𝑒1

2 𝜎𝑒12

𝜎𝑒21 𝜎𝑒2
2 ] ⊗ 𝐼 

Where, G: is the additive genetic variance (on diagonal) and covariance (off diagonal) 

matrix; M: maternal genetic effect variance (on diagonal) and covariance (off diagonal) matrix 

for the growth trait; Cc: is the contemporary group variance (on diagonal)  and covariance (off 

diagonal)  matrix for the growth trait; MPE: is the maternal permanent environmental effect 

variance (on diagonal)  and covariance (off diagonal)  matrix for the growth trait; L: is the 

common litter variance (on diagonal)  and covariance (off diagonal)  matrix for the growth trait; 

Ca: is the contemporary group variance (on diagonal)  and covariance (off diagonal)  matrix for 

the reproductive trait in  the first parity; R: is residual variance (on diagonal)  and covariance(off 

diagonal); A: is the additive relationship matrix;  ⊗: Kroneker product; The direct and maternal 

genetic covariance, 𝜎𝑎𝑚 , was assumed to be zero. 

The variance and covariance matrices for the bivariate analysis between any growth trait 

(BWT, WWT, and PWT) and reproductive trait in later parities (NLB+, NLW+, TWW+, and 

TPW+), were: 

𝐺 = [
𝜎𝑎1

2 𝜎𝑎12

𝜎𝑎21 𝜎𝑎2
2 ] ⊗ 𝐴;       𝑀 = [𝜎𝑚1

2 0
0 0

] ⊗ 𝐴;  𝑀𝑃𝐸 = [
𝜎𝑚𝑝𝑒1

2 0

0 0
] ⊗ 𝐼   ; 𝐿 = [𝜎𝑙1

2 0
0 0

] ⊗ 𝐼;

 𝐶𝑐 = [𝜎𝑐1
2 0

0 0
] ⊗ 𝐼 ; 𝐶𝑏 = [𝜎𝑐2

2 0
0 0

] ⊗ 𝐼  ;  𝑃𝐸 = [
𝜎𝑝𝑒2

2 0

0 0
] ⊗ 𝐼  ;         𝑅 = [

𝜎𝑒1
2 𝜎𝑒12

𝜎𝑒21 𝜎𝑒2
2 ] ⊗ 𝐼 

Where, G: is the additive genetic variance (on diagonal) and covariance (off diagonal) 

matrix; M: maternal genetic effect variance (on diagonal) and covariance (off diagonal) matrix 

for the growth trait; Cc: is the contemporary group variance (on diagonal)  and covariance (off 

diagonal)  matrix for the growth trait; MPE: is the maternal permanent environmental effect 



28 
 

variance (on diagonal)  and covariance (off diagonal)  matrix for the growth trait; L: is the 

common litter variance (on diagonal)  and covariance (off diagonal)  matrix for the growth trait; 

Cb: is the contemporary group variance (on diagonal)  and covariance (off diagonal)  matrix for 

the reproductive trait in  later parities; PE: is the permanent environmental effect variance (on 

diagonal)  and covariance (off diagonal)  matrix for the reproductive trait in  later parities; R: is 

residual variance (on diagonal)  and covariance (off diagonal); A: is the additive relationship 

matrix; ⊗: Kroneker product; The direct and maternal genetic covariance, 𝜎𝑎𝑚 , was assumed to 

be zero. 

3.3.2.2.4. Estimating genetic parameters. 

The direct heritability (h2) for reproductive trait in the first parity (NLB1, NLW1, 

TWW1, and TPW1) was estimated as follows:  

ℎ2 =
𝜎𝑎

2

𝜎𝑎
2 + 𝜎𝑐

2 + 𝜎𝑒
2
 

Where, 𝜎𝑎
2, 𝜎𝑐

2, 𝑎𝑛𝑑 𝜎𝑒
2 are direct additive genetic, contemporary group, and residual 

variance, respectively. 

The direct heritability (h2) for reproductive trait in later parities (NLB+, NLW+, TWW+, 

and TPW+) was estimated as:  

ℎ2 =
𝜎𝑎

2

𝜎𝑎
2 + 𝜎𝑐

2 + 𝜎𝑃𝐸
2 + 𝜎𝑒

2
 

Where, 𝜎𝑎
2, 𝜎𝑐

2, 𝜎𝑃𝐸
2 , 𝑎𝑛𝑑 𝜎𝑒

2 are direct additive genetic, contemporary group, permanent 

environment, and residual variance, respectively.  
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The direct heritability (h2) for growth trait (BWT, WWT, and PWT) was estimated as 

follows:  

ℎ2 =
𝜎𝑎

2

𝜎𝑎
2 + 𝜎𝑐

2 + 𝜎𝑚
2 + 𝜎𝑀𝑃𝐸

2 + 𝜎𝑙
2 + 𝜎𝑒

2
 

Where, 𝜎𝑎
2, 𝜎𝑐

2, 𝜎𝑚
2 , 𝜎𝑀𝑃𝐸

2 , 𝜎𝑙
2, 𝑎𝑛𝑑 𝜎𝑒

2 are direct additive genetic, contemporary group, 

maternal additive genetic, maternal permanent environment, litter, and residual variance, 

respectively; The direct and maternal genetic covariance, 𝜎𝑎𝑚 , was assumed to be zero in all 

analyses. 

The maternal heritability (m2) for growth trait (BWT, WWT, and PWT) was estimated 

as:  

𝑚2 =
𝜎𝑚

2

𝜎𝑎
2 + 𝜎𝑐

2 + 𝜎𝑚
2 + 𝜎𝑀𝑃𝐸

2 + 𝜎𝑙
2 + 𝜎𝑒

2
 

Where, 𝜎𝑎
2, 𝜎𝑐

2, 𝜎𝑚
2 , 𝜎𝑀𝑃𝐸

2 , 𝜎𝑙
2, 𝑎𝑛𝑑 𝜎𝑒

2 are as before. 

The total heritability (t2) for growth trait (BWT, WWT, and PWT) is estimated as 

follows:  

𝑡2 =
0.5𝜎𝑚

2 +  𝜎𝑎
2

𝜎𝑎
2 + 𝜎𝑐

2 + 𝜎𝑚
2 + 𝜎𝑀𝑃𝐸

2 + 𝜎𝑙
2 + 𝜎𝑒

2
 

Where, 𝜎𝑎
2, 𝜎𝑐

2, 𝜎𝑚
2 , 𝜎𝑀𝑃𝐸

2 , 𝜎𝑙
2, 𝑎𝑛𝑑 𝜎𝑒

2 are as before. 

The genetic correlation was estimated from each analysis as: 

𝑟𝑔 =
𝜎𝑎𝑖𝑗

√𝜎𝑎𝑖
2    𝜎𝑎𝑗

2  
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Where, 𝑟𝑔: is the genetic correlation between traits i and j; 𝜎𝑎𝑖𝑗: is additive genetic 

covariance between the trait i and j; 𝜎𝑎𝑖
2  and 𝜎𝑎𝑗

2  are the additive genetic variance for the traits i 

and j, respectively. 

The phenotypic correlation among the groups of analyses of reproductive traits in the first 

parity (NLB1, NLW1, TWW1, and TPW1), reproductive traits in later parities (NLB+, NLW+, 

TWW+, and TPW+), and growth traits (BWT, WWT, and PWT) were estimated from each 

analysis as follows: 

𝑟𝑝ℎ𝑒 =  𝑟𝑔√ℎ𝑖
2 × ℎ𝑗

2 + 𝑟𝑒√𝑒𝑖
2 × 𝑒𝑗

2 

Where, 𝑟𝑝ℎ𝑒, 𝑟𝑔, and 𝑟𝑒 are phenotypic, genetic, and residual correlations, respectively, 

between the trait i and j; ℎ𝑖
2 𝑎𝑛𝑑 ℎ𝑗

2 are heritability for trait i and j, respectively; 𝑒𝑖
2 𝑎𝑛𝑑 𝑒𝑗

2 are 

the fraction of residual variance over the total phenotypic variance for traits i and j, respectively. 

The phenotypic correlation among the reproductive traits first parity (NLB1, NLW1, 

TWW1, and TPW1) were estimated from each analysis as: 

𝑟𝑝ℎ𝑒 =  𝑟𝑔√ℎ𝑖
2 × ℎ𝑗

2 +  𝑟𝑐√𝑐𝑖
2 × 𝑐𝑗

2 +  𝑟𝑒√𝑒𝑖
2 × 𝑒𝑗

2 

Where, 𝑟𝑝ℎ𝑒, 𝑟𝑔, 𝑟𝑐, and 𝑟𝑒 are phenotypic, genetic, contemporary group, and residual 

correlations, respectively, between the trait i and j; ℎ𝑖
2 𝑎𝑛𝑑 ℎ𝑗

2 are heritability for trait i and j, 

respectively; 𝑐𝑖
2 𝑎𝑛𝑑 𝑐𝑗

2 are the fraction of contemporary group variance over the total 

phenotypic variance for traits i and j, respectively; 𝑒𝑖
2 𝑎𝑛𝑑 𝑒𝑗

2 are the fraction of residual variance 

over the total phenotypic variance for traits i and j, respectively. 
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The phenotypic correlation among the reproductive traits in later parities (NLB+, NLW+, 

TWW+, and TPW+) were estimated from each analysis as follows: 

𝑟𝑝ℎ𝑒 =  𝑟𝑔√ℎ𝑖
2 × ℎ𝑗

2 +  𝑟𝑐√𝑐𝑖
2 × 𝑐𝑗

2 + 𝑟𝑃𝐸√𝑝𝑒𝑖
2 × 𝑝𝑒𝑗

2 +  𝑟𝑒√𝑒𝑖
2 × 𝑒𝑗

2 

Where, 𝑟𝑝ℎ𝑒, 𝑟𝑔, 𝑟𝑐, 𝑟𝑃𝐸, and 𝑟𝑒 are phenotypic, genetic, contemporary group, permanent 

environment, and residual correlations, respectively, between the trait i and j; ℎ𝑖
2 𝑎𝑛𝑑 ℎ𝑗

2 are 

heritability for trait i and j, respectively; 𝑐𝑖
2 𝑎𝑛𝑑 𝑐𝑗

2 are the fraction of contemporary group 

variance over the total phenotypic variance for traits i and j, respectively; 𝑝𝑒𝑖
2 𝑎𝑛𝑑 𝑝𝑒𝑗

2 are the 

fraction of permanent environment variance over the total phenotypic variance for traits i and j, 

respectively;  𝑒𝑖
2 𝑎𝑛𝑑 𝑒𝑗

2 are the fraction of residual variance over the total phenotypic variance 

for traits i and j, respectively. 

The phenotypic correlation among growth traits (BWT, WWT, and PWT) were estimated 

from each analysis as: 

𝑟𝑝ℎ𝑒 =  𝑟𝑔√ℎ𝑖
2 × ℎ𝑗

2 + 𝑟𝑚√𝑚𝑖
2 × 𝑚𝑗

2 + 𝑟𝑀𝑃𝐸√𝑚𝑝𝑒𝑖
2 × 𝑚𝑝𝑒𝑗

2 + 𝑟𝑙√𝑙𝑖
2 × 𝑙𝑗

2 + 𝑟𝑐√𝑐𝑖
2 × 𝑐𝑗

2 +  𝑟𝑒√𝑒𝑖
2 × 𝑒𝑗

2 

Where, 𝑟𝑝ℎ𝑒, 𝑟𝑔, 𝑟𝑚, 𝑟𝑀𝑃𝐸,  𝑟𝑙, and 𝑟𝑒 are phenotypic, additive genetic, maternal genetic , 

maternal permanent environment, litter, contemporary group, and residual correlations, 

respectively, between the trait i and j; ℎ𝑖
2 𝑎𝑛𝑑 ℎ𝑗

2 are direct heritability for trait i and j, 

respectively; 𝑚𝑖
2 𝑎𝑛𝑑 𝑚𝑗

2 are maternal heritability for trait i and j, respectively; 𝑚𝑝𝑒𝑖
2 𝑎𝑛𝑑 𝑚𝑝𝑒𝑗

2 

are the fraction of maternal permanent environment variance over the total phenotypic variance 

for traits i and j, respectively; 𝑙𝑖
2 𝑎𝑛𝑑 𝑙𝑗

2 are the fraction of litter variance over the total 

phenotypic variance for traits i and j, respectively; 𝑐𝑖
2 𝑎𝑛𝑑 𝑐𝑗

2 are the fraction of contemporary 
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group variance over the total phenotypic variance for traits i and j, respectively;  𝑒𝑖
2 𝑎𝑛𝑑 𝑒𝑗

2 are 

the fraction of residual variance over the total phenotypic variance for traits i and j, respectively. 

3.2.2.3. Prediction of Direct and Correlated Response for Selection    

The direct and correlated responses of selection were predicted by the following 

equations (Falconer and Mackay, 1996): 

𝑅𝑌 = 𝑖𝑌 × ℎ𝑌  × 𝜎𝑎𝑌        

Where, RY: is the direct response of selection on trait Y; iY: is the intensity of selection 

for Y; hY: the square root of the heritability for the trait Y; σaY: is the additive genetic standard 

deviation for trait Y. 

𝐶𝑅𝑌 = 𝑖𝑋 × ℎ𝑋 ×𝑟𝑎𝑌𝑋 × 𝜎𝑎𝑌       

Where, CRY: is the correlated response of selection on trait Y; ix: is the selection intensity 

on trait X; hx: the square root of heritability for trait X; raYX: is the additive genetic correlation 

between X and Y; σaY: is the additive genetic standard deviation for trait Y. 

In addition, the relative merit of indirect selection relative to the direct was expressed as a 

ratio between correlated and direct response to selection as follows: 

𝐶𝑅𝑌

𝑅𝑌 
     

3.3. Results and Discussion 

 3.3.1. Analysis of reproductive traits in successive parities 

The estimated of genetic correlations between successive parities for each reproductive 

trait is presented in Table 11. The genetic correlations between the first parity and the later 

parities (second, third, and fourth) are high and positive, but not close to one ranging from 0.62 
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to 0.93 for the reproductive traits (NLB, NLW, TWW, and TPW).  On the other hand, the 

genetic correlation between the second and later parities (third and fourth) was 1.00 for the traits 

NLB, NLW, and TWW, and very high (0.96) for TPW. Snyman et al. (1997) reported high 

genetic correlations between first and later parities in both Carnarvon Afrino and Grootfontein 

Merinos, and equal to 1.00 between first and later parities in Carnarvon Merino for total weaning 

weight. These differences among populations and breeds are probably due differences in the 

environment and level of prolificacy. In case of swine, an example of large litter bearing 

mammal, it was found that the genetic correlation among parities was less than 1.00 (Roehe and 

Kennedy, 1995). Therefore, it seems that in Rideau-Arcott sheep reproductive performance in 

the first and subsequent parities must be genetically evaluated as two related, but different traits.   

 3.3.2. Multivariate analysis for ewe reproductive and lamb growth traits  

Estimated variance components and heritabilities are presented in Table 12. Estimates for 

heritability ranged from low to moderate (4% to 17%) which are within the range of literature 

reviewed (Chapter 2 of this thesis). In general, the heritability estimates for reproductive 

performance traits in the first parity were higher than subsequent parities. The direct genetic 

heritability for growth performance traits (BWT, WWT, and PWT) increased as the lamb grows 

older due to the decrease of the maternal influence on growth. Heritability estimates for NLW 

were lower than NLB, in both the first and later parities, which is in agreement with most of 

literature reviewed (Chapter 2 of this thesis). This could be due to the increase in the contribution 

of non-genetic influences (e.g. management, predation, and accidents) for NLW compared to 

NLB. Hence, genetic improvement for NLW could be more difficult than NLB.  

The genetic correlations among the traits are shown in Table 13. The only genetic 

antagonism was found between the growth traits (BWT, WWT, and PWT) and number of lambs 
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born (NLB1 and NLB+). The genetic correlation between growth and NLB can be found to be 

negative or positive. Mokhtari et al. (2010) reported highly negative genetic correlation between 

NLB and BWT, and moderately negative genetic correlation between NLB and WWT. On the 

other hand, positive genetic correlations were found between NLB and BWT (Vatankhah and 

Talibi ,2008), NLB and WWT (Oliver et al., 2001; Vatankhah and Talibi ,2008), and NLB and 

mature body weight (Ap Dewi et al., 2002). The negative genetic correlations in the current 

study were small (-0.02 to -0.21) and can be countered by appropriate mating plans or a selection 

index. The reproductive performance in the first and later parities are highly correlated, with 

genetic correlations of 0.90, 0.88, 0.85, and 0.79, for (NLB1 and NLB+), (NLW1 and NLW+), 

(TWW1 and TWW+), and (TPW1 and TPW+), respectively. Reproductive performance traits in 

the first parity can be an early indicator trait for later parity performances. TPW is highly 

correlated with both NLW and TWW, with genetic correlations of 0.89 and 0.95, between 

(NLW1 and TPW1) and (TWW 1 and TPW1), respectively, and with genetic correlation of 0.67 

and 0.78, between (NLW1 and TPW+) and (TWW 1 and TPW+), respectively. Therefore, 

NLW1 and TWW1 can serve as indicator trait for TPW. The TWW has high positive genetic 

correlation with the growth traits BWT, WWT, and PWT, 0.70, 0.95, and 0.86, respectively, in 

the first parity (TWW1), and 0.78, 0.95, and 0.87, respectively, in later parities (TWW+). These 

results are in general agreement with (Oliver et al., 2001; Vatankhah and Talibi, 2008; Mokhtari 

et al., 2010). The high genetic correlations between WWT and (TWW1 and TWW+) were not 

surprising, since the total weaning weight is a sum of the litter weaning weight. This suggest that 

individual WWT can be used as an early indicator trait for the total weaning weight (TWW1 and 

TWW+). The total weaning weight (TWW1 and TWW+) are sex-limited traits that are only 

measured in ewe after lambing, while WWT can be measured in some individual lambs of both 
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sexes. The WWT can be advantageous in term of making selection decisions early in life time of 

the animals. The TPW has high positive genetic correlation with the growth traits BWT, WWT, 

and PWT of 0.59, 0.82, and 0.92, respectively, in the first parity (TPW1), and   0.73, 0.90, and 

0.97, respectively, in later parities (TPW+). The genetic correlation between PWT and (TPW1 

and TPW+) are very high. PWT is measured in an individual lamb of both sexes compare to the 

sex-limited TPW, which is measured in ewe after lambing, and therefore, PWT is a good 

indicator for the composite reproductive TPW. The high correlation between trait measured early 

in life and traits measured later in life can be useful in terms of reducing generation interval. 

3.3.3. Prediction of direct and correlated response to selection   

Table 14 presents the relative merit of indirect selection relative to direct selection. 

Selection for reproductive performance in the first parity resulted in a more correlated response 

in the reproductive performance in later parities than direct selection. Selection for NLB1 

resulted in correlated response per generation that are 14% and 10% bigger than direct response 

for NLB+ and NLW+, respectively. Selecting for NLW1 results in a correlated response per 

generation 5% bigger than direct NLW+. Selecting for TWW1 resulted in a correlated response 

per generation 15% bigger than direct TWW+. Selecting for TPW1 resulted in a correlated 

response 13% bigger than direct response for TWW+ and the same magnitude for TPW+. Since 

the trait performance in the first parity is measured earlier than in later parities, it would be 

advantageous in terms of reducing the generation interval.  

Selection for growth traits can result in bigger correlated response in the composite 

reproductive traits (TWW and TPW) compared to direct selection. Indirect selection based on 

WWT resulted in correlated response per generation that were 27%, 6%, 71%, and 47% more 

than direct response for TWW1, TPW1, TWW+, and TPW+, respectively. Selection for PWT 
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result in correlated response per generation that were 20%, 25%, 63%, and 65% more than direct 

response for TWW1, TPW1, TWW+, and TPW+, respectively. Selection for BWT resulted in 

correlated response per generation 11% more effective than direct response for TWW+. In 

addition, these growth traits are measured early in life time and are not sex-limited as the 

composite reproductive traits (TWW and TPW), and therefore, they can substantially reduce the 

generation interval. On the other hand, selection for reproductive component traits (NLB and 

NLW) result in less efficient correlated response in the composite reproductive traits (TWW and 

TPW). Direct selection for NLB1 resulted in a correlated response per generation that were 58%, 

36%, 48%, and 41% less effective than direct response for TWW1, TPW1, TWW+, and TPW+, 

respectively. Direct selection for NLW1 result in correlated response per generation that were 

40%, 26%, 26%, and 30 less effective than direct response for TWW1, TPW1, TWW+, and 

TPW+, respectively. Afolayan et. al (2007) reported selection in NLB alone can achieve 80% of 

correlated response relative to direct selection for TWW. In another study conducted by Oliver et 

al. (2001), a slightly higher correlated response than direct response was predicted in TWW 

when selecting for NLB in Grootfontein Merinos. The merit of indirect selection relative to 

direct selection may be affected by genetic parameters, which are unique property of a 

population. Therefore, in the current study, the composite reproductive traits are more 

predictable based on their growth component traits than their reproductive component traits. 

Due to the genetic antagonism between NLB and growth traits (BWT, WWT, and PWT), 

the direct response in the trait will result in a negative correlated response on the others, and vice 

versa. Table 15 presents the response in selection for the traits. Direct selection for NLB1 with 

an intensity of iNLB1 will result in an average increase in litter size of 0.088, 0.070 lambs born in 

the first and subsequent parities, respectively, accompanied with a decrease by 0.008, 0.113, and 
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0.022 Kg in BWT, WWT, and PWT, respectively. Direct selection for WWT with its 

corresponding intensity will result in an average gain of 0.641 Kg of WWT per generation, 

accompanied with the reduction of NLB by 0.021, 0.018 lambs per generation, in the first and 

subsequent parities, respectively. Whereas direct selection for PWT with its corresponding 

intensity will result in an average gain of 1.071 Kg of PWT per generation and reduction in NLB 

by 0.003, 0.011 lambs per generation, in the first and subsequent parities, respectively. The direct 

selection for BWT with its corresponding intensity will result on average gain of 0.071 Kg of 

BWT per generation, but reduce NLB by 0.008, 0.005 lambs per generation, in the first and 

subsequent parities, respectively. Despite the fact for the small negative correlated response in 

NLB because of selection for the growth traits, the genetic selection for component growth traits 

(WWT and PWT) can result in more favorable correlated response in the reproductive composite 

traits (TWW and TPW) compared to the selection for reproductive component traits (NLB and 

NLW). The negative correlations, between NLB and growth traits, are small and could be easily 

counter balanced using a selection index.   

3.4. Conclusion 

A trait measured in the first parity and in subsequent parities must be evaluated as two 

separate traits due to the estimated genetic differences between reproductive performance in the 

first and in subsequent parities. Due to high genetic correlation between the growth traits 

(weaning weight or post-weaning weight) and reproductive traits (first parity total weaning 

weight, later parities total weaning, first parity total post-weaning weight, and later parities total 

post-weaning weight), using the growth traits as early indicators for ewe reproductive traits is 

possible. The advantage for using growth as indicator for ewe overall reproductive success is that 

they can be measured earlier and in both sexes.  
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Table 5. Descriptive pedigree statistics 

Number of generations Number of occurrence Percent of occurrence 

(%) 

Cumulative percent 

of occurrence (%) 

1 4196 6.3 6.3 

2 7585 11.4 17.7 

3 7776 11.7 29.4 

4 8862 13.3 42.7 

5 10064 15.1 57.8 

6 10240 15.4 73.2 

7 8727 13.1 86.3 

8 5413 8.1 94.4 

9 2440 3.7 98.1 

10 949 1.4 99.5 

11 265 0.4 99.9 

12 52 0.1 100 

13 3 0 100 

No of individuals in total 68066  

No of Founders 4211  

No of individuals with known sire only 37  

No of individuals with known dam only 3537  

No of individuals with known sire and dam 60281  

Average number of known ancestors 4.9  
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Table 6. Basic descriptive statistics for ewe reproductive traits in four successive parities  

Trait1 

Parity2 

No. records Range Mean ± sd CV % 

NLB     

1 24,596 1 - 4 2.01 ± 0.80 39.80 

2 16,267 1 - 4 2.24 ± 0.87 39.91 

3 11,348 1 - 4 2.32 ± 0.89 38.45 

4 7,940 1 - 4 2.36 ± 0.90 38.41 

NLW     

1 23,755 0 - 4 1.63 ± 0.77 47.24 

2 15,743 0 - 4 1.87 ± 0.86 45.85 

3 11,000 0 - 4 1.94 ± 0.90 46.39 

4 7,717 0 - 4 1.97 ± 0.90 45.64 

TWW     

1 18,506 4.1 – 66.0 29.19 ± 12.29 42.10 

2 11,266 5.0 – 76.0 34.83 ± 13.86 39.80 

3 7,178 5.9 – 82.0 37.38 ± 14.91  39.88 

4 4,596 6.0 – 84.0 38.49 ± 15.44 40.12 

TPW     

1 11,621      12.5-112 52.00 ± 20.26 38.96 

2 5,092     15-112 59.66 ± 21.59 36.19 

3 3,301     13-112 62.26 ± 22.69  36.44 

4 2,092     12.9-112 64.01 ± 22.69 35.44 

1NLB: number of lambs; NLW: number of lambs; TWW: total weaning weight; TPW: total post weaning weight. 

2First (1), second (2), third (3), and fourth (4) parity.  
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Table 7. Basic descriptive statistic for growth traits 

Trait1 No. records Range Mean ± sd CV % 

BWT 36,592 1.20 - 6.0 3.65 ± 0.90 24.77 

WWT 52,033 4.0 - 32.2 18.21 ± 5.04 27.85 

PWT 42,708 12.5 - 51.2  31.77 ± 7.17 22.59 

1BWT: birth weight; WWT: weaning weight; and PWT: post weaning weight.    
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Table 8. Fixed and Random effects for multivariate analysis treating each parity of a 

reproductive trait as different trait 

Traita Ewe ageb Month of 
lambingc 

Number of males 
in litterd 

eDays at 
measurement 

CGf Additive 
genetic effect 

Residual 

NLBi Fg F - - Rh R R 

NLWi F F - - R R R 

TWWi F F F F R R R 

TPWi F F F F R R R 

aReproductive trait at ith parity (from 1st  to 4th parity) analyzed as a different trait where, NLB: number of lambs born; NLW: number of lambs 

weaned; TWW: total weaning weight; TPW: total post weaning weight.bEwe age class which consist of seven age classes, including ( < 2 years), 

(2 – 3 years), (3 – 4 years), (4 – 5 years), (5 – 6 years), (6 – 7 years), and ( > 7 years); cMonth of lambing which consist of 12 classes; dNumber of 
male lambs in the litter as linear regression; ddays at measurement as quadratic regression; fContemporary group formed on a base of flock-year-

season; gF: fixed effect.hR: random effect. 
 

. 
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Table 9. Fixed and Random effects for reproductive analyzed as two traits (first and later 

parities) and growth traits 

Trait$ Additive 

Genetic 

effect 

Ewe 

agea 

Month 

of 

lambingb 

Number 

of 

malesc 

Days at 

measurementd 

Animal 

PE 

Sexe Born 

asf 

Raised 

asg 

Maternal 

genetic 

Maternal 

PE 

Litterl CGh Residual 

NLB1 Ri Fj F - - - - - - - - - R R 

NLW1 R F F - - - - - - - - - R R 

TWW1 R F F F F - - - - - - - R R 

TPW1 R F F F F - - - - - - - R R 

NLB+ R F F - - R - - - - - - R R 

NLW+ R F F - - R - - - - - - R R 

TWW+ R F F F F R - - - - - - R R 

TPW+ R F F F F R - - - - - - R R 

BWT R F F - - - F F - R R R R R 

WWT R F F - F - F - F R R R R R 

PWT R F F - F - F - F R R R R R 

aEwe age class which consist of seven age classes, including ( < 2 years), (2 – 3 years), (3 – 4 years), (4 – 5 years), (5 – 6 years), (6 – 7 years), 
and ( > 7 years); bMonth of lambing which consist of 12 classes; cNumber of male lambs in the litter as continues linear regression; ddays at 

measurement as quadratic regression day+day2; eSex as class of two; fBirth rank as class of four, including single, twin, quadruplet, and above 
three; gRaise rank: as class of four, including single, twin, quadruplet, and above three; hContemporary group formed on a base of flock-year-

season; iR: Random effect. jF: fixed effect. 

$NLB1: number of lambs born in the first parity; NLW1: number of lambs weaned in the first parity; TWW1: total weaning weight in the first 

parity; TPW1: total post weaning weight in the first parity; NLB+: number of lambs born in the later parities; NLW+: number of lambs weaned in 

the later parities; TWW+: total weaning weight in the later parities; TPW+: total post weaning weight in the later parities; BWT: birth weight; 
WWT: weaning weight; and PWT: post weaning weight.    
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Table 10. Groups of multiple-trait1 analyses 

Analysis NLB1 NLW1 TWW1 TPW1 NLB+ NLW+ TWW+ TPW+ BWT WWT PWT 

MVa Xc X X - X X X - - - - 

MV - - - - - - - - X X X 

BVb X - - X - - - - - - - 

BV X - - - - - - X - - - 

BV X - - - - - - - X - - 

BV X - - - - - - - - X - 

BV X - - - - - - - - - X 

BV - X - X - - - - - - - 

BV - X - - - - - X - - - 

BV - X - - - - - - X - - 

BV - X - - - - - - - X - 

BV - X - - - - - - - - X 

BV - - X X - - - - - - - 

BV - - X - - - - X - - - 

BV - - X - - - - - X - - 

BV - - X - - - - - - X - 

BV - - X - - - - - - - X 

BV - - - X X - - - - - - 

BV - - - - X - - X - - - 

BV - - - - X - - - X - - 

BV - - - - X - - - - X - 

BV - - - - X - - - - - X 

BV - - - X - X - - - - - 

BV - - - - - X - X - - - 

BV - - - - - X - - X - - 

BV - - - - - X - - - X - 

BV - - - - - X - - - - X 

BV - - - X - - X - - - - 

BV - - - - - - X X - - - 

BV - - - - - - X - X - - 

BV - - - - - - X - - X - 

BV - - - - - - X - - - X 

BV - - - X - - - X - - - 

BV - - - X - - - - X - - 

BV - - - X - - - - - X - 

BV - - - X - - - - - - X 

BV - - - - - - - X X - - 

BV - - - - - - - - - X - 

BV - - - - - - - - - - X 

1NLB1: number of lambs born in the first parity; NLW1: number of lambs weaned in the first parity; TWW1: total weaning weight in the first 

parity; TPW1: total post weaning weight in the first parity; NLB+: number of lambs born in the later parities; NLW+: number of lambs weaned in 
the later parities; TWW+: total weaning weight in the later parities; TPW+: total post weaning weight in the later parities; BWT: birth weight; 

WWT: weaning weight; and PWT: post weaning weight.a Multivariate analysis; b Bivariate analysis; c Trait analyzed 
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Table 11. Heritability (on diagonal) and genetic correlations (below diagonal) for 

reproductive traits among four parities (1 to 4) from the multiple trait analysis  

Trait  

Parity 

Parity 

1 2 3 4 

NLB     

1 0.11 ± 0.01    

2 0.92 ± 0.04 0.12 ± 0.01   

3 0.84 ± 0.06 1.00* 0.10 ± 0.01  

4 0.87 ± 0.07 1.00 * 0.94 ± 0.07 0.11 ± 0.01 

NLW     

1 0.07 ± 0.01    

2 0.90 ± 0.06 0.08 ± 0.01   

3 0.93 ± 0.08 1.00* 0.07 ± 0.01  

4 0.93 ± 0.10 1.00 * 1.00 * 0.06 ± 0.01 

TWW     

1 0.08 ± 0.01    

2 0.85 ± 0.07 0.09 ± 0.01   

3 0.82 ± 0.09 1.00 * 0.10 ± 0.01  

4 0.71 ± 0.13 1.00 * 1.00 * 0.07 ± 0.02 

TPW     

1 0.11 ± 0.01    

2 0.89 ± 0.09 0.15 ± 0.02   

3 0.62 ± 0.11 0.96 ± 0.12 0.15 ± 0.03  

4 0.63 ± 0.22 0.85 ± 0.25 0.72 ± 0.24 0.07 ± 0.04 

1NLB: number of lambs; NLW: number of lambs; TWW: total weaning weight; TPW: total post weaning weight. 

2First (1), second (2), third (3), and fourth (4) parity.  

*Estimate for genetic correlation exceed parameter space. 
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Table 12. Estimate of variance components1 from the multiple trait analysis of two parities 

(1= first and +=later)  

Trait$ 𝜎𝑎
2 𝜎𝑐

2 𝜎𝑃𝐸
2  𝜎𝑚

2  𝜎𝑀𝑃𝐸
2  𝜎𝑙

2 𝜎𝑒
2 m2 h2 t2 

NLB1 0.07 0.07 - - - - 0.48 - 0.11 0.11 

NLW1 0.04 0.06 - - - - 0.49 - 0.06 0.06 

TWW1 10.47 30.10 - - - - 82.08 - 0.09 0.09 

TPW1 32.38 79.07 - - - - 240.16 - 0.09 0.09 

NLB+ 0.06 0.06 0.02 - - - 0.65 - 0.07 0.07 

NLW+ 0.03 0.04 0.01 - - - 0.68 - 0.04 0.04 

TWW+ 7.82 27.78 5.36 - - - 124.07 - 0.05 0.05 

TPW+ 24.50 50.78 8.32 - - - 342.30 - 0.06 0.06 

BWT 0.05 0.13 - 0.06 0.02 0.09 0.22 0.10 0.09 0.15 

WWT 2.67 4.00 - 0.69 0.26 2.22 7.53 0.04 0.15 0.17 

PWT 6.81 12.22 - 0.78 0.74 4.02 15.86 0.02 0.17 0.18 

1The variance component is average taken from different analysis (see Table 10), where, 𝜎𝑎
2: is the direct additive genetic variance; 𝜎𝑐

2: is 

contemporary group variance; 𝜎𝑃𝐸
2 : is the permanent environment variance; 𝜎𝑚

2 : is the maternal genetic variance; 𝜎𝑀𝑃𝐸
2 : is maternal perminant 

environment variance; 𝜎𝑙
2: is the litter variance; 𝜎𝑒

2: is residual variance; m2: maternal heritability; h2: direct heritability; and t2: total heritability. 

$NLB1: number of lambs born in the first parity; NLW1: number of lambs weaned in the first parity; TWW1: total weaning weight in the first 

parity; TPW1: total post weaning weight in the first parity; NLB+: number of lambs born in the later parities; NLW+: number of lambs weaned in 

the later parities; TWW+: total weaning weight in the later parities; TPW+: total post weaning weight in the later parities; BWT: birth weight; 
WWT: weaning weight; and PWT: post weaning weight.    
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Table 13. Phenotypic correlation (above diagonal) and genetic correlation (below diagonal) 

between traits1 

 NLB1 NLW1 TWW1 TPW1 NLB+ NLW+ TWW+ TPW+ BWT WWT PWT 

NLB1 - 0.6 0.4 0.52 0.11 0.06 0.03 0.05 0.02 0.03 0.05 

NLW1 0.71  - 0.69 0.89 0.04 0.07 0.05 0.1 0.02 0.03 0.03 

TWW1 0.36  0.69  - 0.89 0.02 0.06 0.08 0.1 0.04 0.03 0.06 

TPW1 0.58  0.89  0.95  - 0.04 0.06 0.09 0.1 0.03 0.05 0.05 

NLB+ 0.90  0.67  0.39  0.32  - 0.66 0.48 0.56 0.01 0.03 0.03 

NLW+ 0.70  0.88  0.59  0.56  0.82  - 0.71 0.9 0.02 0.02 0.01 

TWW+ 0.34  0.64  0.85  0.81  0.49  0.74  - 0.88 0.04 0.02 0.05 

TPW+ 0.42  0.67  0.78  0.79  0.52  0.86  0.88  - 0.02 0.03 0.04 

BWT -0.10  0.33  0.70  0.59  -0.07  0.09 0.78  0.73  - 0.37 0.33 

WWT -0.21  0.27  0.95  0.82  -0.19  0.18  0.95 0.90  0.57  - 0.77 

PWT -0.02  0.27  0.86  0.92  -0.12  0.09  0.87  0.97  0.40  0.82  - 

1NLB1: number of lambs born in the first parity; NLW1: number of lambs weaned in the first parity; TWW1: total weaning weight in the first 

parity; TPW1: total post weaning weight in the first parity; NLB+: number of lambs born in the later parities; NLW+: number of lambs weaned in 

the later parities; TWW+: total weaning weight in the later parities; TPW+: total post weaning weight in the later parities; BWT: birth weight; 

WWT: weaning weight; and PWT: post weaning weight 
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Table 14. Relative merit of indirect selection relative to direct selection (>1 means higher 

selection response with indirect selection) 

  Selection of X Traits$ (iX)b 

Response 

in (Y)a  

NLB1 NLW1 TWW1 TPW1 NLB+ NLW+ TWW+ TPW+ BWT WWT PWT 

NLB1 - 0.54 0.32 0.53 0.72 0.44 0.22 0.31 -0.09 -0.24 -0.03 

NLW1 0.94 - 0.80 1.06 0.70 0.73 0.55 0.63 0.40 0.42 0.45 

TWW1 0.42 0.60 - 0.99 0.35 0.43 0.63 0.64 0.74 1.27 1.20 

TPW1 0.64 0.74 0.92 - 0.28 0.39 0.58 0.62 0.60 1.06 1.25 

NLB+ 1.14 0.64 0.43 0.37 - 0.66 0.41 0.47 -0.09 -0.28 -0.18 

NLW+ 1.10 1.05 0.82 0.80 1.02 - 0.76 0.97 0.13 0.34 0.17 

TWW+ 0.52 0.74 1.14 1.13 0.60 0.72 - 0.97 1.11 1.71 1.63 

TPW+ 0.59 0.71 0.95 1.00 0.57 0.76 0.80 - 0.94 1.47 1.65 

BWT -0.11 0.27 0.66 0.58 -0.06 0.06 0.56 0.57 - 0.73 0.54 

WWT -0.18 0.18 0.71 0.63 -0.13 0.10 0.53 0.55 0.45 - 0.86 

PWT -0.02 0.17 0.61 0.68 -0.08 0.05 0.46 0.56 0.30 0.79 - 

aSelection response in the Y. bTrait X is selected with the intensity ix. 

$NLB1: number of lambs born in the first parity; NLW1: number of lambs weaned in the first parity; TWW1: total weaning weight in the first 

parity; TPW1: total post weaning weight in the first parity; NLB+: number of lambs born in the later parities; NLW+: number of lambs weaned in 
the later parities; TWW+: total weaning weight in the later parities; TPW+: total post weaning weight in the later parities; BWT: birth weight; 

WWT: weaning weight; and PWT: post weaning weight 
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Table 15. Direct (on diagonal) and correlated (off diagonal) response to selection1   

  Selection of X Traits$ (iX)b 

Response 

in (Y)a  

NLB1 NLW1 TWW1 TPW1 NLB+ NLW+ TWW+ TPW+ BWT WWT PWT 

NLB1 0.088 0.048 0.028 0.046 0.063 0.039 0.019 0.027 -0.008 -0.021 -0.003 

NLW1 0.046 0.049 0.039 0.052 0.035 0.036 0.027 0.031 0.02 0.021 0.022 

TWW1 0.396 0.566 0.945 0.938 0.333 0.409 0.6 0.607 0.695 1.205 1.138 

TPW1 1.097 1.279 1.588 1.727 0.48 0.675 1.005 1.078 1.036 1.829 2.158 

NLB+ 0.07 0.04 0.027 0.023 0.062 0.041 0.025 0.029 -0.005 -0.018 -0.011 

NLW+ 0.043 0.041 0.032 0.032 0.04 0.039 0.03 0.038 0.005 0.013 0.007 

TWW+ 0.316 0.452 0.696 0.688 0.365 0.441 0.609 0.588 0.675 1.039 0.994 

TPW+ 0.701 0.837 1.131 1.187 0.683 0.904 0.944 1.187 1.111 1.741 1.964 

BWT -0.008 0.019 0.047 0.042 -0.005 0.004 0.039 0.04 0.071 0.052 0.038 

WWT -0.113 0.113 0.453 0.406 -0.083 0.064 0.337 0.352 0.286 0.641 0.553 

PWT -0.022 0.182 0.653 0.732 -0.082 0.05 0.492 0.605 0.325 0.843 1.071 

aSelection response in the Y. bTrait X is selected with the intensity ix. 

$NLB1: number of lambs born in the first parity; NLW1: number of lambs weaned in the first parity; TWW1: total weaning weight in the first 
parity; TPW1: total post weaning weight in the first parity; NLB+: number of lambs born in the later parities; NLW+: number of lambs weaned in 

the later parities; TWW+: total weaning weight in the later parities; TPW+: total post weaning weight in the later parities; BWT: birth weight; 

WWT: weaning weight; and PWT: post weaning weight 
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CHAPTER 4 

Selection Index for Overall Reproductive Success in Prolific Rideau sheep 

Abstract: The goal of this study was to create and evaluate selection indexes, including alternate 

growth and reproductive component traits, to improve total litter post weaning weight in the first 

parity (TPW1) as the main selection goal. The alternative growth and reproductive traits included 

number of lambs born in the first parity (NLB1), number of lambs weaned in the first parity 

(NLW1), weaning weight (WWT), and post weaning weight (PWT). In general, all indexes 

resulted in correlated response for TPW1 greater than the direct selection without any negative 

consequence on other traits. The index that included all four traits had the greatest accuracy 

(rIT=0.44) and the highest predicted correlated response in all composite traits, being 36%, 46%, 

81%, and 79% more efficient than the direct response for total weaning weight in the first parity 

(TWW1), TPW1, total weaning weight in the later parities (TWW+), and total post weaning 

weight in the later parities (TPW+), respectively. Therefore, multiple trait selection using an 

index of component traits was more effective than direct selection for a composite trait. 

4.1. Introduction 

 Genetic improvement in sheep maternal traits must be a balance between reproductive 

and growth traits. The total litter weaning weight (TWW) is a single composite trait that serves 

as a biological index for ewe overall reproductive success, which can balance the genetic 

improvements for the growth and the reproductive component traits (Snowder, 2002; Snowder, 

2008; Snowder and Forgarty, 2009). A composite trait can be improved by both direct and 

indirect selection (Oliver et al., 2001; Afolayan et al., 2007). Results from (Chapter 3) indicate 

that selection for weaning weight (WWT) or post weaning weight (PWT) was predicted to be 

more efficient than direct selection for total weaning weight (TWW) and total post weaning 
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weight (TPW). However, selection for a single growth trait was predicted to have negative 

consequences in term of correlated response on litter size (Chapter 3). Therefore, there is a need 

to counter the negative response using a selection index. 

Selection index is the most effective way for the genetic improvement of multiple traits 

(Hazel and Lush,1943). Hazel (1943) introduced the methodology for defining breeding goals 

and deriving a phenotypic index that maximize the correlation with the breeding goal. Afelayan 

et al. (2007) evaluated the use of optimum index for the composite trait TWW and its 

components. They predicted up to 17% improvement in correlated response on TWW using the 

indexes compared to the direct selection for TWW.  

 The aim of the study was to assess selection indexes to improve a target composite trait 

(total litter post weaning weight in the first parity) using the component traits as index traits, and 

evaluate the predicted correlated response to selection.  

4.2. Material and Methods 

 The genetic and phenotypic parameters estimated in Chapter 3 were used to construct the 

required genetic and phenotypic variance and covariance matrices. The covariance elements for a 

variance and covariance matrix were constructed as follow: 

𝜎𝑖�̂� =  𝑟𝑖�̂�√𝜎𝑖
2̂ × 𝜎𝑗

2̂ 

 Where, 𝜎𝑖�̂�: is the estimated covariance value between the traits i and j; 𝑟𝑖�̂�: is estimated 

correlation between the traits i and j; and 𝜎𝑖
2̂ 𝑎𝑛𝑑 𝜎𝑗

2̂: are the estimated variances of the traits i 

and j from Chapter 3. Covariances were re-estimated based on estimated correlation and variance 

values to guarantee the variance-covariance matrices being positive definite.  
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 The overall aggregate genotype used to derive the indexes was the true breeding value for 

total litter post weaning weight in the first parity (TPW1), i.e.: 

H= TPW1 

 The four selection indexes created were: 

I1= b1 (WWT) + b2 (PWT) + b3 (NLB1) + b4 (NLW1) 

I2= b1 (WWT) + b2 (PWT) + b3 (NLB1) 

I3= b1 (WWT) + b2 (NLB1) + b4 (NLW1) 

I4= b1 (WWT) + b2 (NLB1) 

 Where, Ii: is the selection index; bi: is the index weight; WWT, PWT, NLB1, and NLW1: 

are the index traits.  

 The index weights were calculated as follows: 

b= P-1 C  

 Where, b: is a vector for the index weight; P: is the phenotypic covariance matrix for the 

index traits; C: is a vector for genetic covariance between index traits and the aggregate 

genotype.  

 Each index variance was calculated as: 

𝜎𝐼
2 = 𝑏′ 𝑃 𝑏 

Where, 𝜎𝐼
2: is the index variance; b: is a vector of index weights; P: is the phenotypic 

covariance matrix for index traits. 



52 
 

The accuracy of each index was calculated as follows: 

𝑟𝐼𝐻 =
𝜎𝐼

𝜎𝐻
 

 Where, 𝑟𝐼𝐻: is the accuracy of the index; 𝜎𝐼; is index standard deviation; and 𝜎𝐻; is the 

genetic standard deviation of the aggregate genotype (TPW1).     

 The correlated response to selection was calculated as: 

𝐶𝑅𝑦 =  𝑖 × 
𝑞𝑦 

, 𝐺 𝑏 

𝜎𝐼
 

Where, CRy: the correlated response on trait y; i: selection intensity of the index; qy: is a 

vector of zeros, except for the element corresponding to the trait y, which is equal to 1; G: 

genetic covariance matrix among trait y and the indexes traits; b: is a vector of the index 

weights; 𝜎𝐼; index standard deviation. 

In addition, the relative merit of indirect index selection relative to the direct selection 

was calculated as: 

𝐶𝑅𝑌

𝑅𝑌 
 

Where, CRy: is the correlated response to selection based on index on trait y; RY: is the 

direct response to selection on trait y.  

4.3. Results and Discussion 

 The variance, accuracies, and index weights are presented on Table 16. The index (I1) 

which includes all four traits is the most correlated index with the aggregate genotype, breeding 

objective, (rIH=0.44). The accuracy of the indexes drops slightly (rIH=0.42) when the trait 
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(NLW1) is excluded from the index (I2). When the trait (PWT) is excluded, as in the indexes (I3) 

and (I4), the accuracy drops to (rIH=0.39) and (rIH=0.37), respectively. This is due to the high 

genetic correlation between PWT and TPW1.  

 Table 17 presents the direct response of selection for a single trait and their correlated 

responses that resulted from the selection indexes. Table 18 shows the relative merit of index 

correlated response relative to the direct response on the trait. The correlated response in TPW1 

using all the considered selection indexes is predicted to be greater than the direct response. In 

addition, the correlated response in the other composite traits TWW1, TWW+, and TPW+ are 

also predicted to be greater than direct selection. The greatest improvement was found in the 

correlated response from the four-trait index (I1) with predicted correlated response 36%, 46%, 

81%, and 79% greater than direct selection response on TWW1, TPW1, TWW+, and TPW+, 

respectively. 

Calculations from Chapter 3 indicated that the direct selection for a single growth trait 

(WWT or PWT) was predicted to be more efficient than selection for the composite traits 

(TWW1, TPW1, TWW+, and TPW+). However, selection for a growth trait alone was predicted 

to have negative consequences for the number of lamb born (NLB1 and NLB+). On the other 

hand, even when using the simplest selection index (I4), including two traits (WWT and NLB1), 

the predicted correlated response for TPW1 is bigger than single trait selection. In addition, the 

negative predicted response in NLB and NLB+ was countered using such an index. 

 Using the most complete index (I1) had the greatest predicted correlated response in 

TPW1 than any method of selection including single trait selection of a growth trait (WWT or 

PWT). In addition, the predicted correlated response using index (I1) for WWT and PWT were 

0.81 and 0.90, respectively, as efficient as the direct response without the antagonistic correlated 
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response in NLB1 nor NLB+. Afelayan et al. (2007) conducted similar work involving total litter 

weaning weight and other traits including fertility, litter size, rearing ability, and average 

weaning weight. They predicted the use of an index for TWW including the these traits gave a 

correlated response that was 17% more efficient than the direct response. Therefore, the response 

to selection on a composite trait can be improved by using a selection index.  

The implementation of the two-trait index (I4) might be desired for simplicity and its 

early availability and its favorable response relative to the single trait selection for the 

component and composite traits. However, among all indexes considered, the most complete 

index (I1) yielded the highest selection response. The index traits used in (I1) are easily measured 

traits that are routinely recorded and genetically evaluated in Canada except for NLW1 

(Schaeffer and Szkotnicki, 2015). Therefore, considering the improvement of TPW1 as a 

selection objective, creating an optimum selection index involving component traits (NLB1, 

NLW1, WWT, and PWT), is predicted to effectively improve the selection response on 

composites trait and retaining favorable genetic gains on the component traits. Therefore, 

selection index (I1) is proposed to improve ewe productivity. 

4.4. Conclusion 

Total post-weaning weight in the first parity is a composite trait that balances the growth 

and reproduction traits, which can be used as biological indicators of ewe overall productivity. 

This trait can be improved by direct selection or indirect selection using correlated trait (s). The 

use of alternative growth and reproductive traits in an optimum selection index to improve total 

post-weaning weight in the first parity, as a breeding objective, can lead to a correlated response 

that is more efficient than direct response. Therefore, creating indexes that include component 

traits to improve total post-weaning weight is recommended.    
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Table 16. Index variance (𝝈𝑰
𝟐), accuracy (𝒓𝑰𝑯), and index weights for the traits  

 Index weight 

Index 𝜎𝐼
2 𝑟𝐼𝐻 NLB1a NLW1b WWTc PWTd 

I1 6.31 0.44 0.5411 1.2484 0.0952 0.2835 

I2 5.72 0.42 1.2704 - 0.1006 0.281 

I3 5.02 0.39 0.6177 1.2236 0.4300 - 

I4 4.45 0.37 1.3320 - 0.4323 - 

aNLB1: number of lambs born in the first parity; bNLW1: number of lambs weaned in the first parity; cWWT: weaning weight; dPWT: post 

weaning weight. 
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Table 17. Correlated response to selection based on alternate indexes and direct selection 

response (in units of the trait measurement) 

Trait$ Directa I1
b I2 I3 I4 

NLB1 0.088 0.028 0.031 0.022 0.025 

NLW1 0.049 0.046 0.04 0.047 0.041 

TWW1 0.945 1.29 1.227 1.288 1.227 

TPW1 1.727 2.513 2.392 2.240 2.109 

NLB+ 0.062 0.016 0.018 0.018 0.020 

NLW+ 0.039 0.030 0.026 0.037 0.033 

TWW+ 0.609 1.104 1.057 1.090 1.045 

TPW+ 1.187 2.123 2.065 1.898 1.837 

BWT 0.071 0.042 0.035 0.048 0.040 

WWT 0.641 0.522 0.478 0.536 0.491 

PWT 1.071 0.968 0.939 0.746 0.709 

aDirect response calculated in Chapter 3; bCorrelated response for index. 

$NLB1: number of lambs born in the first parity; NLW1: number of lambs weaned in the first parity; TWW1: total weaning weight in the first 

parity; TPW1: total post weaning weight in the first parity; NLB+: number of lambs born in the later parities; NLW+: number of lambs weaned in 
the later parities; TWW+: total weaning weight in the later parities; TPW+: total post weaning weight in the later parities; BWT: birth weight; 

WWT: weaning weight; and PWT: post weaning weight.    
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Table 18. Relative Merit1 of correlated response of selection relative to direct response 

Trait$ I1
 I2 I3 I4 

NLB1 0.32 0.35 0.25 0.29 

NLW1 0.93 0.80 0.96 0.83 

TWW1 1.36 1.30 1.36 1.30 

TPW1 1.46 1.39 1.30 1.22 

NLB+ 0.26 0.29 0.29 0.32 

NLW+ 0.77 0.65 0.95 0.84 

TWW+ 1.81 1.74 1.79 1.72 

TPW+ 1.79 1.74 1.60 1.55 

BWT 0.59 0.49 0.67 0.57 

WWT 0.81 0.75 0.84 0.77 

PWT 0.90 0.88 0.70 0.66 
1Values higher than 1.00 means the correlated response to selection based on the index is higher than direct selection on the trait. 

 $see Table 17 for definition of the traits. 
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CHAPTER 5 

GENERAL CONCLUSIONS 

5.1. Research Objectives Re-stated 

The objectives of this thesis were to: 

1- Estimate genetic correlations of the ewe reproductive traits in successive parities treating 

each parity as a different trait to determine optimum genetic evaluation model.  

2- Estimate the genetic parameters among ewe reproductive and lamb growth traits. 

3-  Predict direct and correlated response to selection on ewe reproductive and lamb growth 

traits.  

4- Propose selection index to improve ewe reproductive traits using component traits as 

index traits. 

5.2. Conclusions 

Estimated genetic correlations among parities for reproductive traits suggest substantial 

genetic differences between the first and subsequent parities, indicating that reproductive traits in 

the first and later parities should be evaluated as two separate traits. 

Selection for a reproductive performance trait in the first parity (NLB1, NLW1, TWW1, and 

TPW1) is predicted to improve the correlated response over the direct response for the 

corresponding reproductive trait in later parities (NLB+, NLW+, TWW+, and TPW+). The 

additional advantage of using reproductive performance traits in the first parity as an indicator 

for later parities is that they can be measured earlier. This suggests that selection and culling 

decisions should be based on genetic evaluation for reproductive traits in the first parity, 

reducing the generation interval.   
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Predicted selection responses indicated that selection for component growth traits (WWT and 

PWT) yield favorable correlated responses on composite reproductive traits (TWW and TPW), 

which are greater than direct selection for those composite traits. In addition, the component 

growth traits are measured early and are not sex limited traits. Thus, they are more advantageous 

than the composite reproductive traits in terms of making selection decisions earlier in life, 

which ultimately reduces the generation interval. However, caution must be taken when selecting 

for a growth trait as they result in a predicted negative response for litter size (NLB1 and NLB+).   

 The use of component traits (WWT, PWT, NLB1, NLW1) in an optimum selection index 

to improve TPW1 can result in a favorable correlated response on composite and component 

traits in the first and subsequent parities. The correlated response in the target trait (TPW1) is 

greater than the direct response, with no negative effect on other traits. In addition, the predicted 

selection response in TPW1 using index is higher than the predicted correlated response using a 

growth trait individually (WWT or PWT).  

5.3. Future Research 

  There are major genes that are known to effect litter size in sheep (Musthafa and 

Marikar, 2014). One of the limitations of this study was the lack of genotyped animals. 

Accounting for the effect of major genes in appropriate statistical models can help to answer 

whether polygenetic variation would allow for further genetic changes on litter size, or such 

changes would be limited by fixation of the major gene (s). In addition, if genetic selection for 

litter size at birth is based on utilization of major genes, more attention will be directed toward 

improving other economically important traits.   

 Afolayan et al. (2007) and this current study have shown that is posible to improve the 

correlated response over the direct response for a composite reproductive traits using the growth 
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and reproductive component traits in an optimum selection index. It is possible to apply the 

methodology to any composite trait. For example, in evaluating composite traits, such as total 

litter carcass weight (TCW) using component indicator traits in an optimum selection index.  

The ewe mature body weight is a trait that is needed to be considered for genetic 

evaluation. Increasing mature body weight may not be desired, due to the increase in feed and 

housing requirements, and the difficulties in management and handling of large ewes (Nasholm 

and Danell, 1996). Growth and reproductive traits could be genetically correlated to mature body 

weight (Nashlom and Danell, 1996; Ap Dewi et al., 2002). However, the consequences of 

genetic improvement for growth and reproductive traits on mature body weight could not be 

determined in this research due to unavailability of mature body weight records. 
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