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ABSTRACT 
  
 

OPPORTUNITIES FOR CARCASS TRAIT GENETIC IMPROVEMENT OF 
CANADIAN HEAVY LAMBS 

 
  
 
Erin Massender       Advisors: 
University of Guelph, 2018      Dr. Flávio S. Schenkel 

                                                                                                Dr.  Angela Cánovas 
 
      
 Carcass yield and quality have a major impact on the profitability of meat lamb production. 

This thesis presents the first genetic parameter estimates for carcass traits in a Canadian heavy 

lamb population, as well as their relationship with economically important growth and ultrasound 

traits. The impact of alternative slaughter end points was also evaluated. Finally, the value of 

including carcass traits in existing terminal sire selection indexes was assessed. Carcass yield and 

quality traits were found to be moderately heritable and substantial genetic improvement was 

expected through selection. Alternative slaughter end points had little impact on heritability 

estimates, but did have an effect on the magnitude and direction of genetic correlations. The 

inclusion of hot carcass weight in existing terminal sire selection indexes was found to increase 

the accuracy and efficiency of selection, but further research is needed to determine optimal 

methods to improve carcass quality traits. 
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CHAPTER ONE: INTRODUCTION 

 

 Although the Canadian meat lamb industry is small when compared to other Canadian 

livestock industries and to international competitors, demand for high-quality Canadian lamb 

products has increased in recent years. Approximately 721,000 lambs were marketed in 2016, but 

current Canadian lamb production levels fail to satisfy domestic demand, resulting in 

approximately half of all lamb products consumed in Canada each year being of international 

origin (Agriculture and Agri-Food Canada, 2018a; Statistics Canada, 2018d). There is 

considerable interest in expanding lamb production to meet domestic demand, however, the 

Canadian meat lamb industry faces strong competition from well-established international 

competitors, such as those in Australia and New Zealand. Lamb production in Canada is generally 

more intensive than in many major sheep producing regions, leading to a higher cost of production 

(Gooch et al., 2006). Consequently, methods to increase production efficiency are critical to the 

success of the Canadian sheep industry.  

The profitability of meat lamb production is highly dependent on carcass characteristics 

(Anderson et al., 2016). Lambs marketed at an ideal weight, age and fatness level, yield higher 

producer profit under a price grid classification system and increase consumer acceptance of 

marketed product (Les Éleveurs d’ovins du Québec, 2017). Furthermore, consistency of supply 

and the quality of lamb carcasses have been previously identified as barriers to the expansion of 

the Canadian meat lamb industry (Gooch et al., 2006). Lamb carcass characteristics are the product 

of genetic, management, and environmental factors. While management and the environment have 

a considerable influence on carcass characteristics, genetic improvement aims to create lasting and 

cumulative changes to carcass traits in the population, relative to a given breeding objective.   
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 In recent years, research focusing on the genetic aspects of carcass and meat quality traits 

has featured prominently in many key lamb producing countries, such as New Zealand and 

Australia (e.g., Brito et al., 2017; Mortimer et al., 2017). Carcass traits have been included in the 

New Zealand national genetic evaluation program for many years (Sheep Improvement Limited, 

2017a). Genetic trends for the New Zealand Terminal Worth (NZTW) index suggest that selection 

for survival, growth, and meat traits since 1995 has led to a genetic gain of more than $8 per lamb 

born, with over $1.80 per lamb born attributable to increased lean meat yield (Young, 2015; Sheep 

Improvement Limited, 2017b). Considering that over 19 million New Zealand lambs were 

slaughtered in the 2016 to 2017 year, even a small amount of genetic gain per lamb has a major 

impact on production efficiency on the industry-wide scale (Beef + Lamb New Zealand, 2017). 

Given that the Canadian industry faces higher costs of production, and thus production efficiency 

is of greater importance, genetic improvement of carcass traits in the Canadian sheep population 

could be of considerable benefit.  

International estimates, as reviewed by Safari et al. (2005), suggest that most carcass traits 

are moderately to highly heritable. Furthermore, genetic correlations between carcass traits and 

other economically important growth, ultrasound and wool traits have been estimated in other 

populations (e.g., Brito et al., 2017; Mortimer et al., 2017). However, genetic parameters are 

population-specific, and the breeds and production systems common in Canada differ substantially 

from many major sheep producing regions. Thus, population specific genetic parameters are 

needed for the genetic improvement of carcass traits. The Canadian sheep industry is also highly 

decentralized and the optimal slaughter end point is unclear. Therefore, there is interest in 

determining the impact of alternative slaughter end points on genetic parameter estimates and 

expected response to selection.  A greater understanding of the genetic parameters of carcass traits, 
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and their relationships with other currently evaluated growth and ultrasound traits, would allow 

the development of genetic evaluations for carcass traits and their inclusion into terminal sire 

selection indexes. Thus, to improve production efficiency and maintain competitiveness, a better 

understanding of carcass trait genetic parameters in the Canadian sheep population is needed.  

 

1.1 RESEARCH OBJECTIVES 

 

 The overall purpose of this thesis was to determine methods to improve carcass yield, 

carcass quality, and growth in Canadian sheep breeding programs. Specifically, the objectives of 

this thesis were to:   

1. Estimate the first genetic parameters for carcass traits in a Canadian sheep population. 

2. Evaluate the impact of alternative slaughter end points on carcass trait genetic 

parameters and expected response to selection.  

3. Estimate phenotypic and genetic correlations between carcass traits and other 

economically important growth and ultrasound traits. 

4. Determine the relative efficiency of direct and indirect selection for carcass trait genetic 

improvement.  

5. Assess the value of including economically important carcass traits in existing terminal 

sire selection indexes. 

 This thesis is divided into five chapters. The following chapter specifies necessary 

background information and context about the current state of the Canadian lamb industry, an 

overview of the current national genetic evaluation program, and a review of international 

literature on carcass trait genetic parameter estimates and terminal sire selection indexes.  Chapter 
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two presents the first heritability estimates for carcass traits at alternative slaughter end points in a 

Canadian heavy lamb population, and the correlations between carcass traits and currently 

evaluated growth and ultrasound traits. Chapter three describes expected direct and correlated 

response to selection for growth, ultrasound, and carcass traits, and the relative efficiency of direct 

and indirect selection for carcass trait genetic improvement. Chapter four evaluates current 

terminal sire selection indexes and assesses the value of including carcass traits into existing 

terminal sire selection indexes for the genetic improvement of growth, carcass yield, and quality 

in the Canadian sheep population. Lastly, chapter five provides a summary of the significance of 

the results to the Canadian sheep industry, and potential opportunities for future research.  

 

1.2 LITERATURE REVIEW 

 

1.2.1 State of the Canadian Meat Lamb Industry 

 The Canadian sheep industry is the smallest contributor to total meat production of the 

major Canadian livestock species. Following a period of rapid growth between 1998 and 2005, the 

national sheep inventory has decreased somewhat in recent years, but remains considerably higher 

than pre-expansion levels (Statistics Canada, 2018a). As of January 1st 2018, the national sheep 

inventory consisted of approximately 836,900 animals (Statistics Canada, 2018a).  In comparison, 

the January 2018 national beef cattle and hog inventories consisted of approximately 9.7 million 

and 14.3 million animals, respectively (Statistics Canada, 2018b; Statistics Canada, 2018c). In 

2016, an estimated 721,000 lambs were marketed with an average cold carcass weight of 22.8 kg 

(Statistics Canada, 2018d). Consequently, the lamb production sector provides a modest 
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contribution to the Canadian Gross Domestic Product, with 2016 farm cash receipts totaling 

approximately $169 million (Agriculture and Agri-Food Canada, 2018b).   

Nevertheless, there are promising signs that meat lamb production will remain a small, but 

important, part of Canadian agriculture. The average value of an individual slaughter lamb was 

estimated to be $230.00 in 2017 and has increased approximately 50.3% over the last six years 

(Statistics Canada, 2018e). The increased value of slaughter lambs may be attributable to the 

increase in consumer demand for Canadian lamb product or an increasing cost of production. The 

value for breeding lambs has also increased, although at a slower rate than market lambs. The 

average value of breeding stock lambs increased by about 14.5% over the last six years (Statistics 

Canada, 2018e). Paired with the decreasing trend in the national sheep inventory, this suggests that 

Canadian sheep breeders have the opportunity to be more selective with which animals they retain 

or purchase for breeding.  

Lambs marketed in Canada are typically destined for consumption within their province of 

slaughter. In 2017, twice as many sheep and lambs were slaughtered in provincially inspected 

abattoirs as those slaughtered in federally inspected abattoirs (Agriculture and Agri-Food Canada, 

2018c; Agriculture and Agri-Food Canada, 2018d). Ontario has the largest lamb and sheep 

production sector in Canada, with both the largest sheep inventory and the most animals 

slaughtered in provincial abattoirs (Statistics Canada, 2018a; Agriculture and Agri-Food Canada, 

2018d). Following Ontario, Quebec and Alberta are the next largest provinces for sheep 

production. Ontario, Quebec and Alberta reported approximately 242,000, 201,000 and 140,000 

animals in their January 2018 provincial inventories, respectively (Statistics Canada, 2018a). 

In 2017, per capita consumption of lamb and mutton was 1.02 kg and has remained stable 

over the previous five years (Agriculture and Agri-Food Canada, 2018e). Domestically produced 
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lambs represent only a portion of overall lamb consumed by Canadians. Production and 

importation figures from 2017 suggest that domestically produced lamb represents only about half 

of all lamb produced or imported for consumption in Canada (Agriculture and Agri-Food Canada, 

2018a; Statistics Canada, 2018e). In 2017, over 18 million kilograms of lamb were imported to 

Canada, primarily as chilled or frozen bone-in cuts of meat (Agriculture and Agri-Food Canada, 

2018a). New Zealand, Australia and the United States are the top three countries from which 

Canada imports lamb products, representing 49.4%, 46.0% and 2.3% of total 2017 imports, 

respectively (Agriculture and Agri-Food Canada, 2018a).  

Given the substantial gap between domestic lamb production and total lamb consumption, 

there is considerable room for expansion within the Canadian meat lamb industry to meet domestic 

demand. Canadian lamb producers currently face tough competition from Australia and New 

Zealand exports, which have the advantage of less expensive extensive production systems. 

Consequently, it is critical to increase Canadian lamb production efficiency to meet domestic 

demand for high-quality lamb products. Selection to improve carcass yield and quality could be a 

profitable method of increasing lamb production efficiency.  

 

1.2.2 Commercial Lamb Breeding Objectives  

In general, the primary objectives of commercial meat lamb production focus on 

maximizing the kilograms of lamb produced per ewe per lambing, increasing lamb growth rate to 

reduce the time to slaughter, and, if the lambs are marketed on a rail-graded basis, maintaining 

carcass quality within acceptable levels. Increased production efficiency through genetic 

improvement could benefit commercial sheep producers in two ways: by increasing revenue and/or 

by decreasing expenses. Through selection for higher carcass weight, producers can generate more 
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product with the same ewe flock size, creating more revenue as well as reducing the fixed costs of 

production per kilogram of marketed product. Under a rail-graded marketing system, selection to 

improve carcass quality aims to increase lean meat yield and create a more valuable product. 

Improving carcass quality is expected to increase the value of the carcass to the processor due to 

increased consumer acceptance of the marketed product.   Conversely, selection for improved lamb 

growth rate is beneficial as it reduces feed and housing expenses.  

 

1.2.3 The Diversity of the Canadian Sheep Industry 

 The Canadian sheep industry is highly diverse in both production practices and the breeds 

and composites used in production. The diversity of the industry could lead to highly variable 

breeding and production objectives among Canadian sheep producers.  

Commercial sheep flocks vary in size, management practices, technology adoption, 

breeding programs, and marketing systems. The size of commercial flocks can range from dozens 

of ewes to thousands, and production practices range from extensive pasture based management 

systems to intensive feed lot based systems. In addition to housing decisions, Canadian sheep 

producers have the option to lamb annually or under accelerated lambing systems. Accelerated 

lambing systems are generally more profitable than annual lambing systems because they lower 

the cost of production per lamb, but require greater management and labor (Fisher, 2001). Lastly, 

most producers have the option to sell lambs on either a live-weight or rail-graded basis. Heavy 

lamb production in Quebec is the only segment of the Canadian sheep industry that must be sold 

on a rail-graded basis. Lambs sold either through auctions or directly to packers on a live-weight 

basis typically generate less producer feedback on the quality of marketed animals, which hinders 
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the ability of lamb producers to breed or manage their lambs to better meet consumer demand 

(Gooch et al., 2006). 

The Canadian sheep industry utilizes a large number of breeds. There are 51 breeds that 

are officially recognized in Canada and countless numbers of crosses (Canadian Sheep Breeders’ 

Association, 2013). The majority of lambs marketed for slaughter in Canada are commercial 

crossbreds. It is common for producers to breed a terminal type sire (e.g., Suffolk, Hampshire, 

Canadian Arcott, Texel) to a prolific maternal breed (e.g. Rideau Arcott, Romanov, Polypay) or 

dual-purpose breed (e.g., Polled Dorset), with the goal of producing a large number of lambs with 

good growth and carcass characteristics. According to the Canadian Sheep Breeders’ Association 

records, 10,307 purebred lambs were registered in 2016 (Canadian Livestock Records 

Corporation, 2016). In descending order, the seven most common breeds by number of registered 

lambs in 2017 were: Suffolk (1,775), Icelandic (1,206), Dorset (1,164), Rideau Arcott (1,131), 

Romanov (758), Dorper (600), and North Country Cheviot (530). While, according to 2016 

GenOvis records, the seven most common breeds for performance-recorded purebred lambs 

(ranked by number of lambs weaned) included: Rideau Arcott (7,215), Romanov (4,078), Polled 

Dorset (1,960), Polypay (1,704), Suffolk (1,575), Hampshire (555) and Canadian Arcott (493) 

(GenOvis, 2016). Although a large number of breeds exist in Canada, genetic diversity has been 

previously identified as a potential issue for Canadian purebred sheep breeders due to selection for 

performance traits, and small founder populations (Canadian Sheep Breeders’ Association, 2013). 

The diversity of breeds used in Canada allows producers to pick a breed to suit their production 

system, however, it may reduce the uniformity of marketed product. 

This brief summary of production practices and breeds is not intended to be a 

comprehensive review, but rather to highlight the fact that the Canadian sheep industry is highly 
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diverse, which may affect the breeding objectives of Canadian sheep producers. It also emphasizes 

the fact that industry benchmarking statistics are scarce and it is difficult to find statistics on 

production practices. New industry initiatives, such as the Ontario Sheep Farmers’ “EweGrow” 

(Ontario Sheep Farmers, 2017a), aim to better benchmark production practices in the industry, 

which can be used to better identify key sheep breeding objectives in the future.  

 

1.2.4 Trait Descriptions 

 The objective of this research was to perform a genetic evaluation of traits that are currently 

recorded in Canada as part of routine grading systems and to estimate the correlations of these 

carcass traits with currently evaluated growth and ultrasound traits. Thus, the carcass traits 

evaluated were traits that are routinely measured during grading procedures, or, composite traits 

calculated from measurements on these component traits. In total, ten carcass traits and ten growth 

and ultrasound traits were evaluated. The carcass traits included hot carcass weight (HCW), fat 

depth at the GR site (FATGR), age at slaughter (SAGE), predicted saleable meat yield (SMY), 

leg (LEG), loin (LOIN) and shoulder (SHOUL) primal cut conformation scores, average carcass 

conformation score (AVGCONF), price grid value (CINDEX), and total carcass value (PRICE). 

Hot carcass weight, FATGR, LEG, LOIN, SHOUL and AVGCONF are recorded at the time of 

slaughter as per the Canadian Livestock and Poultry Carcass Grading Regulations (SOR/92-41) 

(Government of Canada, 1992). Lamb carcasses are dressed to Canadian industry specifications 

(Government of Canada, 1992) and then weighed before chilling to determine their HCW in 

kilograms. Fat depth at the GR site is defined as the total tissue depth in millimeters on the 12th 

rib, 110 mm from the carcass midline (Kirton and Johnson, 1979). Age at slaughter was calculated 

as the difference, in days, between lamb birth and slaughter dates. Primal cut carcass conformation 
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scores subjectively assess the muscularity of LEG, LOIN and SHOUL primal cuts on a scale of 

one (poor muscling) to five (excellent muscling). The three primal cut conformation scores are 

then averaged to calculate AVGCONF. Saleable meat yield was estimated as a percentage of HCW 

using a prediction equation by Jones et al. (1996), which utilizes FATGR and AVGCONF 

measurements. Price grid value was assigned based on weight class of the carcass and 

measurements of AVGCONF and FATGR as per the Heavy Lamb Sales Agency (HLSA) 

Producer’s Guide (Les Éleveurs d’ovins du Québec, 2017). Lastly, PRICE was estimated from the 

HLSA pricing equation using CINDEX and HCW, assuming a base price per kilogram of HCW 

of $7.85.  

 Genetic parameters and expected response to selection for ten growth and ultrasound traits 

were estimated. The growth and ultrasound traits evaluated included: birthweight (BWT), weaning 

weight (WWT), post-weaning weight (PWWT), weight at ultrasound scanning (WTUS), pre-

weaning average daily gain (ADG50), post-weaning average daily gain (ADG100), ultrasonically 

measured eye muscle depth (EMDUS) with observations adjusted to a constant age (EMDUSa) 

or weight (EMDUSw), and ultrasonically measured fat depth (FATUS) with observations adjusted 

to a constant age (FATUSa) or weight (FATUSw). To maintain consistency with the traits 

currently included in the Canadian Sheep Genetic Evaluation System (CSGES), selection index 

calculations used pre-adjusted 50-day weight (WT50) observations instead of WWT, and the total 

gain from 50 to 100 days (GAIN) instead of ADG100. Current terminal sire selection indexes also 

include a trait called survival (SURV), which measures the ability of lambs to survive from birth 

to weaning. Genetic parameters for SURV were not estimated because there was no variation for 

SURV in the dataset. Where required for selection index design, genetic parameters estimated by 

Quinton et al. (2013), based on a related dataset using all information in the CSGES, were used.  
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Further information on the measurements of growth and ultrasound traits are provided in the 

forthcoming description of the CSGES.  

 

1.2.5 Canadian Lamb Carcass Grading Regulations  

The Livestock and Poultry Grading Regulations (SOR/92-41) divide ovine carcasses into 

five classes, three for lamb carcasses (Canada AAA, Canada C1 and Canada C2) and two for 

mutton carcasses (Canada D1, Canada D4) (Government of Canada, 1992). The regulations define 

a lamb carcass as the carcass from an ovine animal with fewer than two permanent incisors, two 

break joints, and round ribs that are reddish in color, while mutton carcasses have more than two 

permanent incisors, two spool joints and flat white ribs (Government of Canada, 1992). Graders 

evaluate FATGR and AVGCONF to determine the grade class of lamb carcasses. Canada AAA is 

the highest grade and is further divided into four yield classes based on fat depth. To be graded 

Canada AAA, a carcass must meet the maturity characteristics of a lamb, have a minimum 

muscling score of 2 for each primal cut and 2.6 on average, flank muscles that are pink to light red 

in color, and firm white fat that is at least 4 mm in thickness at the GR site and that “extends to 

provide at least a thin cover over the top of the shoulders, the back and the outside of the center 

part of the legs” with “a minimum of traces of fat streakings on the inside of the flank muscles” 

(Government of Canada, 1992). 

 

1.2.6 Quebec Sheep Marketing and Grading 

The provincial sheep producer’s organization in Quebec is Les Éleveurs d'ovins du Québec 

(LEOQ), formerly known as the Fédération des Producteurs D’Agneau et Moutons du Québec. 

Les Éleveurs d'ovins du Québec provides representation for sheep producers in Quebec and is also 
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responsible for the HLSA, which was established in 2007 for collective marketing of Quebec 

heavy lambs (Les Éleveurs d’ovins du Québec, 2017).  All lambs less than one year of age, with 

less than two permanent incisors, and a live weight of at least 36.3 kg or a hot carcass weight 

greater than 16.3 kg, must be marketed through the HLSA. The HLSA utilizes a price grid 

classification system to determine producer payment, thus, producers are rewarded for meeting 

target carcass weight, fatness, and muscularity levels. The price grid value of heavy lambs is 

determined using an index that accounts for weight class, average conformation and fat depth (Les 

Éleveurs d’ovins du Québec, 2017). Two price grids are used for classification, with carcasses 

between 20 and 24 kg receiving the highest possible classification scores. Classification scores are 

based on AVGCONF and FATGR. Regardless of weight class, the highest price grid values are 

given to carcasses with between 7 and 12 mm of FATGR (Les Éleveurs d’ovins du Québec, 2017). 

 

1.2.7 An Ideal Lamb Carcass 

Although carcass trait improvement is typically referred to as if there is a singular ideal 

carcass, in actual fact, what constitutes an ideal carcass depends on complex interactions between 

consumer, processor, producer and governmental preferences; and these preferences change over 

time. The Canadian lamb industry fulfills diverse consumer demands from supplying whole lambs 

raised to certain specifications for religious and cultural traditions to specific cuts of meat for 

everyday or fine dining. Thus, the ideal lamb carcass for one market may be vastly different from 

the ideal carcass in a different market. 

Lamb carcasses are marketed based on weight classes, with premium prices generally being 

paid per kilogram for smaller carcasses (Les Éleveurs d’ovins du Québec, 2017; Ontario Sheep 

Farmers, 2017b). Our focus in developing selection methods for carcass traits is to meet the needs 
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of the commercial lamb producer marketing heavy lambs to be sold as cuts of meat, rather than 

producers intending to market whole carcasses at lower weights. The HLSA classification grids 

indicate that the target carcass weight range is 20 to 24 kg. Larger carcasses are expected to have 

lower fixed production costs per kilogram of marketable product. Thus, from a breeding 

perspective, selection should focus on increasing carcass weight, which will allow producers to 

manage the carcass weight at which they market based on production decisions such as nutrition, 

choice of breeds and use of crossbreeding.     

Subcutaneous fat, typically measured at the GR site, is a trait with an intermediate 

optimum. Subcutaneous fat is known to be correlated with meat quality traits, thus, insufficient fat 

can lead to poor meat quality, while alternatively, excessive fat is viewed negatively by consumers 

and is expensive to produce (Hopkins et al., 2011; Pannier et al., 2014; Anderson et al., 2015; Brito 

et al., 2017). Grade AAA lamb carcasses are divided into four yield classes, with carcasses covered 

by between 4 and 13 mm and 7 to 12 mm being considered ideal by the government and HLSA 

grading standards, respectively. The muscularity of lamb carcasses is used as an indicator of 

carcass composition. Lamb carcasses with greater muscularity are expected to have greater 

saleable meat yield, and thus be of greater value to processors. The Canadian lamb grading 

standards require Canada AAA grade carcasses to have a minimum muscling score of 2 for each 

primal cut and an average of the three primal cut conformation scores of at least 2.6, while the 

HLSA classification grids target conformation scores of 4 to 5 (Government of Canada, 1992).  

In summary, government and HLSA grading standards suggest that an ideal lamb carcass 

should, at minimum, have a heavy carcass weight (20 kg to 24 kg), with adequate muscling (>2.6) 

and without excessive fat (4 mm to 13 mm). Further consideration in defining an ideal carcass 

should focus on ease of processing and consumer preferences for meat quality.  



CHAPTER ONE: INTRODUCTION 

 14 

1.2.8 The Canadian Sheep Genetic Evaluation System 

 The CSGES is a collaborative effort among many Canadian sheep industry, government, 

and research organizations, to provide genetic evaluations for economically important traits to 

enrolled Canadian sheep producers. Genetic evaluations provided through the CSGES can be 

accessed through several industry flock management systems, such as GenOvis (www.genovis.ca). 

GenOvis began as an effort to combine sheep production records maintained by the Ontario 

Ministry of Agriculture, Food and Rural Affairs (OMAFRA) and the Centre d'expertise en 

production ovine du Québec (CEPOQ) in 2011 (Centre d’expertise en production ovine du 

Québec, 2016). As described by CEPOQ, the purpose of GenOvis is to “assist purebred and 

commercial sheep producers by providing a home test program which will effectively evaluate the 

genetic merit of potential breeding stock for economically important traits” (Centre d’expertise en 

production ovine du Québec, 2016). Other flock management systems, such as AgSight’s 

Go360bioTrack (www.agsights.com) also provide genetic evaluations to enrolled producers using 

the information in the CSGES database. The CSGES currently provides genetic evaluations for 12 

growth, ultrasound and reproductive traits, and six selection indexes to rank animals based on 

different breeding objectives.  

1.2.8.1 Genetic Evaluations. Genetic evaluations are calculated weekly at the Centre for 

Genetic Improvement of Livestock (CGIL) and results are available through GenOvis or other 

flock management systems. As of September 2017, the CSGES contained records on over 1.6 

million animals. Historical data in the CSGES includes records from some animals born as far 

back as 1986 (Schaeffer and Szkotnicki, 2015). The CSGES currently provides genetic evaluations 

for six growth and ultrasound traits, and six reproduction traits, using multiple trait animal models 

for each trait group (Schaeffer and Szkotnicki, 2015). Genetic evaluations are expressed as 
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estimated progeny differences (EPD), which are one half of the estimated breeding value (EBV) 

of the animal. Genetic evaluations are provided for all breeds and crosses simultaneously, with 

breed effects being accounted for through the use of genetic groups that are based on breed group 

and generation number of the animal (Schaeffer and Szkotnicki, 2015). In addition to direct genetic 

effects, the genetic evaluation system for growth and ultrasound traits accounts for random litter, 

maternal genetic, and maternal permanent environmental effects. It also allows for cross-fostering 

and embryo transfer through the use of a “three-dam” system, but ignores the influence of heterosis 

in crossbred animals (Schaeffer and Szkotnicki, 2015). The six traits currently evaluated in the 

growth trait system are: SURV, BWT, WT50, GAIN, EMDUSw and FATUSw (Schaeffer and 

Szkotnicki, 2015). The database sets specific ranges of acceptable data for each trait and refuses 

records that do not fall within these ranges to ensure consistency in the data (Schaeffer and 

Szkotnicki, 2015). Survival is a categorical trait that measures the ability of a lamb to survive until 

weaning. Birthweight is the weight of an individual lamb at birth expressed in kilograms. Weaning 

weight and PWWT are adjusted linearly to a constant age of 50 and 100 days, respectively. Post-

weaning weight is not evaluated directly, but it is used to calculate GAIN. Weaning weight must 

be measured between 28 and 80 days, while post-weaning weight and ultrasound measurements 

must be taken between 70 and 135 days. The ultrasound traits are adjusted to a constant weight at 

measurement (EMDUSw and FATUSw), rather than a constant age. Further information on the 

models used for genetic evaluation of growth and ultrasound traits can be found in “Genetic 

Evaluations of Sheep in Canada” (Schaeffer and Szkotnicki, 2015).    

1.2.8.2 Selection Indexes. Selection indexes are employed world-wide to simplify 

producer selection decisions. One of the first Canadian terminal selection indexes was proposed 

by Tosh and Wilton in 2002. This index utilized international genetic parameter estimates and was 
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the weighted average of four different selection indexes derived using adaptations of breeding 

goals from Australia, the United Kingdom, and Canada (Tosh and Wilton, 2002). Further 

developments in the Canadian sheep genetic evaluation system led to the implementation of four 

indexes (Quinton et al., 2013): Growth (Gx), Growth and Maternal (GMx), Terminal (Tx) and 

Terminal and Maternal (TMx), to suit various production goals. The Gx was calculated from direct 

BWT, WT50 and adjusted 100-day weight (WT100) EPD, while the GMx included direct and 

maternal components of BWT and WT50, the direct component of WT100 and litter size at birth 

and weaning. The Tx and TMx indexes added EPD for EMDUSw and FATUSw to the traits used 

in the base Gx and GMx, respectively.  

The traits that were included in Tosh and Wilton’s original terminal sire selection index 

remain largely unchanged in today’s growth indexes, but research by Quinton et al. to develop 

economic breeding objectives for the Canadian sheep industry led to the implementation of new 

selection indexes into the CSGES in 2016. Six indexes were proposed by Quinton et al. (2013), 

the traits used in the terminal indexes were mostly unchanged, however, the reproductive indexes 

were altered to differentiate between prolific and non-prolific breeds (Quinton et al., 2013; Quinton 

et al., 2014). The traits included in each index are described below and further information on the 

updated selection indexes is available from the GenOvis website (www.genovis.ca).   

1. Gain Index (GAINi) – Designed for terminal sire selection with economic values for 

traits derived assuming progeny are primarily sold on a live-weight basis. The GAINi 

was based on the former Gx and includes direct EPD for SURV, BWT, WT50, and 

GAIN.  

2. Carcass Index (CARCi) – Designed for terminal sire selection with economic values 

for traits derived assuming progeny are primarily sold on a rail-graded basis. The 
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CARCi was based on the former Tx and includes direct EPD for SURV, BWT, 

WT50, GAIN, EMDUSw and FATUSw. 

3. Maternal Index (MATi) – Designed for producers that do not want to increase the 

average litter size of their flock. Includes direct EPD for SURV, BWT, WT50, and 

GAIN, as well as maternal EPD for SURV, BWT, and WT50. It also includes direct 

EPD for number of lambs born at first and later lambings, total weight weaned at first 

and later lambings, and lambing interval.   

4. Maternal Higher Prolificacy Index (MAT-HPi) – Designed to suit accelerated 

lambing systems in which larger litter sizes are desirable. Includes the same EPD as 

the MATi, but with a greater emphasis on number of lambs born at first and later 

lambings.   

5. Maternal Ultrasound Index (MAT-Ui) – Designed for selection of dual purpose sheep 

with the use of ultrasound traits to improve carcass quality. Includes EMDUSw and 

FATUSw, in addition to the other MATi traits.  

6. Maternal Ultrasound Higher Prolificacy Index (MAT-UHPi) – Designed for 

selection for dual purpose sheep where an increase in litter size is desirable and 

ultrasound trait measurements are utilized to improve carcass quality. Includes 

EMDUSw and FATUSw, in addition to the other MAT-HPi traits. 

After some adjustments to index weights and proposed traits, based on industry 

consultation, the new indexes were implemented in November, 2016. Current Canadian terminal 

sire selection indexes aim to improve carcass quality through ultrasound measurements, however, 

none of the indexes directly account for selection on carcass traits. Ultrasound traits are known to 

be good indicators of carcass traits (Mortimer et al., 2014; Brito et al., 2017) but, given the 
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infrequency of ultrasound measurements in the Canadian sheep industry, selection indexes that 

directly account for economically important carcass traits could be beneficial to the industry.     

 

1.2.9 An Introduction to Genetic Parameter Estimation 

 Estimation of genetic parameters is an important step before the implementation of genetic 

evaluations for new traits. Because selection occurs within a population, the variability present in 

a population is a limiting factor to genetic improvement (Bourdon, 2000). Thus, an understanding 

of the variation present in a population, in particular knowledge of the relative contribution of 

additive genetic variance to the overall phenotypic variance, is necessary for a productive genetic 

improvement program. Other genetic parameters, like phenotypic and genetic correlations between 

traits, are also important to genetic improvement to avoid undesirable changes to target traits due 

to selection for genetically related traits.  

 Genetic parameters are specific ratios of the variance component estimates of a population. 

Variance components can be estimated using several different methods, although today, Bayesian 

or restricted maximum likelihood (REML) approaches are most common. The review of variance 

component estimation methods by Hofer (1998), provides a good summary of the various 

approaches to variance component estimation. Variance component estimation is generally an 

iterative process, where an algorithm is used to estimate the variance components repeatedly until 

the most probable parameters are identified and satisfactory convergence is obtained (van der 

Werf, 2003). Bayesian approaches, as reviewed by Gianola and Fernando (1986), utilize prior 

information on the distribution of the parameters to estimate variance components. In contrast, 

maximum likelihood is an approach to variance component estimation in which the data is used to 

determine the most likely values of the parameters by maximizing the likelihood or log likelihood 
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function (Hofer, 1998). Restricted maximum likelihood was first formally described by Patterson 

and Thompson (1971) and it is a specific case of maximum likelihood where correction for fixed 

effects occurs before maximizing the likelihood function.  

Many different REML algorithms have been proposed overtime including derivative free 

methods and methods that use the first or second derivatives to maximize the log likelihood 

function (van der Werf, 2003). The variance component estimation described in this research 

utilizes a REML approach implemented in ASReml (Gilmour et al., 2015). ASReml is, arguably, 

one of the most popular programs for variance component estimation and utilizes an average 

information algorithm (Gilmour et al., 1995; Johnson and Thompson, 1995; Gilmour et al., 2015). 

Average information algorithms are a derivative-based approach to REML and use the average of 

the observed and expected information matrices, which has been found to have efficient 

convergence and be less computationally demanding than other derivative-based REML 

algorithms, such as the Fisher scoring method (Gilmour et al., 1995; Johnson and Thompson, 

1995). After variance components are estimated, heritabilities and genetic and phenotypic 

correlations can be estimated as specific ratios of the (co)variance components.    

 Heritability is defined as the proportion of observed, phenotypic, variance that is 

attributable to variation in additive genetic effects (Falconer and Mackay, 1996). Typically, 

referred to as simply heritability, this definition actually describes heritability in the narrow sense, 

while heritability in the broad sense is the ratio of genotypic and phenotypic variance (Falconer 

and Mackay, 1996). Heritability in the narrow sense is generally of greatest interest to animal 

breeding because additive genetic effects are transmitted from parents to progeny, while the other 

genetic effects (dominance and epistatic) are dependent on the combination of alleles from both 

parents to produce a progeny’s genotype (Falconer and Mackay, 1996). Heritability can also be 
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defined as “a measure of the strength of the relationship between the phenotype and the breeding 

value of the trait in a population” (Bourdon, 2000).  

Quantitative traits are generally polygenic, such that many genes each contribute to the 

observed phenotype. Genetic correlations between traits occur when biologically related traits are 

both influenced by some of the same underlying genes (Falconer and Mackay, 1996). Genetic 

correlations measure the strength of the relationship between the variance in additive genetic 

effects of two traits (Falconer and Mackay, 1996; Bourdon, 2000). It is important to have an 

understanding of the genetic correlations between novel traits and other economically important 

traits for two reasons. First, to prevent undesirable changes in one trait due to unfavorable 

correlations between the traits, and second, because favorable genetic correlations between traits 

can be exploited by using a trait that is easier or more cost effective to measure as an indicator to 

improve the actual trait of interest. Phenotypic correlations, the degree to which variation in both 

genetic and environmental effects are shared between traits, are generally of less concern from an 

animal breeding perspective because environmental effects are not inherited. Variance component 

estimates and genetic parameters of traits of interest are used in breeding value estimation, 

calculation of expected response to selection, and the development of selection indexes.  

 

1.2.10 International Carcass Trait Genetic Parameter Estimates 

 In a comprehensive review of genetic parameter estimates, Safari et al. (2005) noted that 

there were very few genetic parameter estimates for carcass traits. In recent years, considerable 

research in Australia, New Zealand, South Africa and the United Kingdom, among other countries, 

has helped to fill this knowledge gap. The following section will briefly review heritability 

estimates for carcass traits and genetic correlations among and between growth, ultrasound, and 
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carcass traits. In particular, differences in genetic parameter estimates at alternative slaughter end 

points are noted. A slaughter end point is the criterion used to determine when to market animals 

for slaughter. The choice of slaughter end point is often regionally dependent with age, weight and 

fatness slaughter end points being common decision supporting criteria. As reviewed by Rios 

Utrera and Van Vleck (2004), the impact of alternative slaughter end points on genetic parameter 

estimates in beef cattle has been well studied, but, to the best of our knowledge, it is limited to a 

single study by Pollott et al. (1994) in the sheep literature.  

1.2.10.1 Heritability. International genetic parameter estimates suggest that most carcass 

yield and quality traits are moderately heritable. In general, traits relating to growth and weight are 

typically less heritable than those relating to carcass conformation and fat deposition. Most 

estimates of the heritability of HCW use age at slaughter as the slaughter end point. Literature 

estimates of the heritability of HCW at a constant age range from 0.18 ± 0.06 (Matika et al., 2003; 

Zimbabwean Sabi sheep) to 0.59 (Daetwyler et al., 2012; multi-breed Australian Merino and 

terminal crossbred population). Recently, Brito et al. (2017) estimated the heritability of HCW 

when measurements were not adjusted to a pre-defined end point to be 0.19 ± 0.02 in a New 

Zealand population of terminal crossbred sheep. The heritability of FATGR is most often reported 

at a constant carcass weight and literature estimates have ranged from 0.20 ± 0.02 (Brito et al., 

2017) to 0.47 ± 0.08 (Ingham et al., 2007; Australian maternal crossbred population). Heritabilities 

estimated with age and weight (Mortimer et al., 2010) or age (Mortimer et al., 2017) slaughter end 

points have also been reported (0.50 ± 0.05 and 0.23 ± 0.11, respectively) in Australian multi-

breed and Merino populations, respectively. The heritability of SAGE with unadjusted and weight 

adjusted observations has been estimated to be 0.21 ± 0.05 (Karamichou et al., 2007; Scottish 

Blackface sheep population) and 0.53 ± 0.07 (Pollott et al., 1994; terminal crossbred population 
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from the United Kingdom), respectively. Saleable or lean meat yield is predicted using alternative 

prediction equations and methods in different countries and is more often predicted as a weight of 

meat, rather than as a percentage of HCW (e.g., Payne et al., 2009; Rius-Vilarrasa et al., 2009; 

Brito et al., 2017). However, heritability estimates of 0.29 ± 0.11 (Mortimer et al., 2017) to 0.46 

(Einarsson et al., 2015; Icelandic sheep population) have been reported for SMY as a percentage 

of carcass weight at age and weight slaughter end points, respectively. Carcass conformation trait 

definitions vary by region. The EUROP classification system, utilized by Meat and Livestock 

Commercial Services Ltd., is a common measure of average carcass conformation in European 

countries (Meat and Livestock Commercial Services Ltd., n.d.). The EUROP classification system 

uses a 5-point scale with an ideal score of E being a blocky carcass with full legs and a score of P 

being deficient in these characteristics (Meat and Livestock Commercial Services Ltd., n.d.). 

Heritability estimates for average carcass conformation score based on the EUROP classification 

system have ranged from 0.35 (Einarsson et al., 2015) to 0.45 ± 0.05 (Maxa et al., 2007; Danish 

Texel and Shropshire sheep) at a constant weight, while Karamichou et al. (2007) estimated the 

heritability of EUROP conformation score at a constant age to be 0.14 ± 0.05. No estimates of the 

heritability of CINDEX were found in the literature and only one estimate of 0.19 ± 0.06 was 

found for PRICE (Karamichou et al., 2007). The scarcity of heritability estimates for CINDEX 

and PRICE may be attributable to the fact that these traits are highly dependent on current 

consumer and processor preferences, which would make it difficult to consistently identify 

superior animals over time.  

1.2.10.2 Genetic Correlations. Genetic correlation estimates among many carcass traits 

and between carcass traits and growth and ultrasounds have been reported in the literature. The 

primary goal of meat sheep breeding is to increase the production of lean meat, thus there is 
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generally a desire to increase profitability by increasing carcass weight and muscularity while 

decreasing fatness. Karamichou et al. (2007) reported a strong favorable positive genetic 

correlation of 0.90 ± 0.34 between HCW and PRICE, indicating that PRICE is strongly related to 

HCW. However, unfavorable positive genetic correlations of a low to moderate magnitude have 

been previously identified between FATGR, and HCW and AVGCONF. For example, Mortimer 

et al. (2017) recently reported a positive genetic correlation of 0.57 ± 0.11 between HCW and 

FATGR, and Einarsson et al. (2015) reported a positive genetic correlation of 0.38 between 

FATGR and AVGCONF. Thus, selection for carcass weight or muscularity without consideration 

for FATGR is expected to increase carcass fatness.   

Due to the fact that carcass traits cannot be measured directly on selection candidates, 

growth and ultrasound traits are often used as indicators of carcass performance. Weaning weight 

and PWWT traits are known to be moderately correlated with HCW. Estimates for the correlation 

of WWT and PWWT with HCW have ranged from 0.60 ± 0.04 (Greeff et al., 2008; Australian 

Merino population) to 0.80 ± 0.06 (Mortimer et al., 2010) and 0.80 ± 0.05 (Ingham et al., 2007) to 

0.92 ± 0.02 (Mortimer et al., 2010), respectively. However, it is worth noting that weight traits are 

often measured at later ages in other countries, thus genetic correlations between HCW and growth 

traits in the Canadian sheep population may be lower, as traits measured at closer ages are known 

to be more highly correlated (Fischer et al., 2006).  

Ultrasonically measured eye muscle depth has also been reported to be moderately 

correlated with HCW. Genetic correlation estimates for HCW and EMDUS have ranged from 0.23 

± 0.10 (Mortimer et al., 2010) to 0.70 ± 0.06 (Greeff et al., 2008) and have been typically analyzed 

with weight at ultrasound scanning as a covariate. Genetic correlation estimates reported between 

weight constant FATGR and live weight traits have been variable with genetic correlation 
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estimates ranging from –0.64 ± 0.07 (Mortimer et al., 2010) to 0.45 ± 0.12 (Ingham et al., 2007). 

Ultrasonically measured fat depth is typically recorded at the C site (45 mm from the midline 

between the 12th and 13th rib), but is known to be moderately to highly correlated with carcass 

FATGR (110 mm from the midline on the 12th rib). Genetic correlations between weight-constant 

FATUS and FATGR have ranged from 0.37 ± 0.11 (Mortimer et al., 2010) to 0.89 ± 0.14 

(Mortimer et al., 2017). The moderate to strong favorable genetic correlations between carcass 

traits and live traits identified internationally suggest that growth and ultrasound measurements 

may be useful indicators of economically important carcass traits in the Canadian sheep 

population.      

 

1.2.11 An Introduction to Response to Selection and Selection Index Design  

 Given that there is variability in the population due to additive genetic effects, the goal of 

genetic selection is to move the population mean in a desired direction, based on a given breeding 

objective. It is often of interest how much the population mean is expected to change per unit of 

time. Response to selection describes the mean difference between the animals selected as parents 

and the entire parental generation (Falconer and Mackay, 1996). Direct response is the change in 

the target trait due to selection for the target trait, while correlated response is the change in the 

target trait due to selection on a genetically related trait.  Expected direct response to selection per 

year can be predicted based on estimates of the additive genetic standard deviation, selection 

intensity, accuracy of selection and generation interval of a trait (Falconer and Mackay, 1996; 

Bourdon, 2000). Expected correlated response to selection in the target trait depends on the direct 

response of the indicator trait, the ratio of additive genetic standard deviation of the traits, and the 

genetic correlation between target and indicator traits (Bourdon, 2000). The efficiency of indirect 
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selection relative to direct selection can be determined as the ratio of expected correlated and direct 

responses to selection (Bourdon, 2000). Expected response to selection is useful to understand how 

selection influences individual traits, however, in practice, there are often many traits that need to 

be improved. Selection index theory can be used to combine information from multiple sources 

and traits to simultaneously select for multiple traits in an optimal way, based on the breeding 

objective.  

 Selection index methodology provides a means to simultaneously rank animals for a 

number of traits based on the importance of those traits to the overall breeding objective. The 

methodology used in designing selection indexes was presented by Hazel (1943). Hazel and Lush 

(1942) demonstrated that selection for multiple traits through an index is more efficient than 

selection based on individual traits or multiple traits using independent culling levels. The breeding 

objective in most livestock species is to maximize economic merit. The aggregate genotype is 

defined as a function of the breeding values of traits of interest that is used to achieve the breeding 

objective. A selection index provides a linear prediction of an individual’s breeding value as the 

weighted sum of performance information from multiple sources or for multiple traits. Selection 

index weights can be derived using several approaches such as the gains desired in target traits or 

the economic value of traits. The correlation between the aggregate genotype and a given selection 

index can be used as a measure of the efficiency of alternative selection indexes. It is common for 

the traits in the aggregate genotype and selection index to be different. Traits included in selection 

indexes are those that have performance information available, while aggregate genotype traits are 

generally traits of economic importance but might not necessarily be recorded. It is, however, 

necessary to have genetic parameter estimates for any trait included in the aggregate genotype or 

selection index (Dekkers et al., 2004).  
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The original selection index methodology proposed by Hazel (1943) was first designed to 

utilize phenotypic records of traits after adjustment for known environmental effects. However, 

many modern genetic evaluation programs, such as the CSGES, use EBV or EPD as performance 

information in their indexes instead of phenotypic information (Dekkers et al., 2004; Quinton et 

al., 2013; Wilton et al., 2013; Schaeffer and Szkotnicki, 2015). Utilizing EBV or EPD in selection 

indexes is useful because the best linear unbiased prediction (BLUP) methodology used to 

estimate breeding values already accounts for different sources of information from relatives (van 

der Werf, 2005; Wilton et al., 2013). In general, selection indexes provide a flexible and efficient 

method of ranking individuals based on multiple traits and are critical to an efficient genetic 

improvement program.  

 

1.2.12 International Terminal Sire Selection Indexes 

 In recognition of their importance to meat sheep production, the inclusion of carcass and 

meat quality traits into national terminal sire indexes is becoming increasingly common. Sheep 

Improvement Limited (SIL) in New Zealand and LAMBPLAN in Australia are two examples of 

organizations that have implemented genetic evaluations for carcass and meat quality traits, while 

Signet in the United Kingdom, like many other regions, continues to use EBV for ultrasound and 

computer tomography scanning traits as live indicators of carcass performance (Signet Breeding 

Services, n.d.).     

Sheep Improvement Limited’s NZTW index is an economic index that is used for terminal 

sheep selection in New Zealand (Sheep Improvement Limited, 2017a). The index was developed 

to allow weekly across-breed-and-flock evaluations and to simplify ram selection decisions for 

commercial breeders (Sheep Improvement Limited, n.d.). Genetic gain in the NZTW index is 
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expressed as cents per lamb. The index consists of three sub-indexes and 2016-2017 relative 

emphasis (in brackets) for each sub-index are: lamb survival (7%), lamb growth (21%) and carcass 

meat yield (72%) (McIntyre, 2017). The lamb survival sub-index includes only an EBV for direct 

lamb SURV. The lamb growth sub-index includes EBV for WWT and HCW as measures of lamb 

growth rate. Lastly, the carcass meat yield index includes a negative weighting on the EBV for fat 

yield and positively weighted EBV for shoulder, loin, and hind quarter lean yields, which are all 

measured as deviations in yield from a standard 18 kg carcass (Sheep Improvement Limited, 

2017a).  

 The Australian sheep industry utilizes several terminal sire selection indexes including 

Carcase Plus and Lamb2020. The traits included in each index and reported relative emphases (in 

brackets) are as follows (LAMBPLAN, n.d.). The Carcase Plus Index includes direct EBV for 

WWT (30%), PWWT (35%), EMDUSw (30%) and FATUSw (5%), while the Lamb 2020 index 

includes EBV for BWT (8%), WWT (24%), PWWT (25%), EMDUSw (9%), FATUSw (22%), 

and fecal egg count (12%). In addition to these two terminal sire selection indexes, there are also 

Eating Quality indexes that correspond to each base index, which aim to improve meat quality 

through the use of EBV for carcass composition and meat quality traits such as dressing 

percentage, lean meat yield, shear force and intramuscular fat (LAMBPLAN, n.d.). Carcass and 

meat quality trait EBV are possible through the use of genomic selection and genetic linkage 

between commercial flocks and the Australian genetic resource flock.   
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1.3 SUMMARY 

 

 The objective of this chapter was to provide background knowledge on Canadian sheep 

production practices and genetic evaluation systems. In addition, relevant international literature 

was summarized. Overall, this review suggests that the genetic improvement of carcass traits in 

the Canadian sheep population may be a promising tool to improve the quality and consistency of 

marketed product, which in turn will assist the Canadian sheep industry in meeting the strong 

domestic demand for Canadian lamb products.    
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2.1 ABSTRACT: Genetic parameters were estimated for carcass traits and currently evaluated 

growth and ultrasound traits for a Canadian crossbred heavy lamb population. Carcass traits 

included hot carcass weight, fat depth at the GR site (110 mm from the midline on the 12th rib), 

carcass conformation scores, age at slaughter, saleable meat yield, price grid value and total carcass 

value. In general, carcass traits were found to be moderately heritable, ranging from 0.17 ± 0.02 

for hot carcass weight at a constant slaughter age to 0.34 ± 0.02 for average carcass conformation 

score at a constant carcass weight.  The impact of three alternative slaughter end points (slaughter 

age, carcass weight, and carcass fatness) on genetic parameter estimates was evaluated. 

Heritability estimates were similar between alternative slaughter end points, but for some traits, 

correlations differed in both magnitude and direction. Correlations between carcass trait estimated 

breeding values at alternative end points were not at unity, indicating the potential for some re-

ranking of animals depending on the end point used in genetic evaluations. Genetic correlations 

among carcass traits were generally favorable, with the exception of low to moderate unfavorable 

positive genetic correlations between fat depth at the GR site and hot carcass weight (0.15 ± 0.07) 

and primal cut carcass conformation scores (0.31 ± 0.05 to 0.60 ± 0.05). Growth and ultrasound 

traits analyzed included birth, weaning, post-weaning and ultrasound scanning weights, pre- and 

post-weaning average daily gain, and ultrasonically-measured eye muscle and fat depth. Genetic 

correlations between carcass traits and growth and ultrasound traits were typically favorable. 

Ultrasonically-measured eye muscle depth and fat depth were found to be moderately to highly 

positively correlated with hot carcass weight (0.33 ± 0.15 to 0.71 ± 0.19) and fat depth at the GR 

site (0.38 ± 0.14 to 0.74 ± 0.12), respectively, reaffirming the usefulness of selection on ultrasound 

traits to improve carcass yield and quality. Overall, the results of this research suggest that there 

is great potential to improve carcass yield and quality through genetic selection, and provides the 
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population-specific genetic parameter estimates needed for the genetic evaluation of carcass traits 

in the Canadian sheep population. 

 

Key words: carcass, genetic parameters, growth, lamb, sheep, ultrasound  
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2.2 INTRODUCTION 

 

 The Canadian sheep industry faces many challenges in providing a consistent supply of 

high quality lamb. Improved production efficiency and lamb quality are critical to meet domestic 

demand for Canadian lamb products (Gooch et al., 2006).  The Canadian sheep genetic evaluation 

system (CSGES) has provided genetic evaluations for reproduction, growth, and ultrasound traits 

for many years, however, lack of data has hindered the development of evaluations for carcass 

traits. In the province of Quebec, all heavy lambs (lambs under one year of age with a carcass 

weight greater than 16.3 kg), must be marketed through the Heavy Lamb Sales Agency (HLSA). 

Producer payment through the HLSA utilizes a price grid classification system, thus rewarding 

producers that meet target weight, muscularity, and fatness levels, and providing the phenotypes 

needed for the genetic evaluation of these traits (Les Éleveurs d’ovins du Québec, 2017). 

International genetic parameter estimates suggest that carcass traits are moderately heritable 

(Safari et al., 2005), however, population-specific genetic parameter estimates are needed for the 

implementation of genetic evaluations. Slaughter end point is the criterion used to decide when to 

market animals for slaughter. The choice of slaughter end point is regionally dependent, with 

slaughter age, carcass weight, and carcass fatness level being common decision support criteria. 

To the best of our knowledge, evaluation of the effect of alternative slaughter end points on genetic 

parameter estimates is limited to a single study by Pollott et al. (1994) in the sheep literature. 

Therefore, the objectives of this research were: 1) to estimate the first genetic parameters for 

carcass traits in a Canadian heavy lamb population, 2) to estimate the correlations between carcass 

traits and currently evaluated growth and ultrasound traits, and 3) to evaluate the potential impact 

of alternative slaughter end points on carcass trait genetic parameter estimates. 
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2.3 MATERIALS AND METHODS 

 

2.3.1 Animals 

 Data used in this research was obtained from commercial producer and abattoir records, 

thus, animal care approval was not required. As part of routine grading procedures of the HLSA, 

carcass yield and quality measurements on over 80,000 heavy lambs raised under commercial 

conditions were recorded between January 2011 and August 2013. Animal identification (tattoo 

number) was used to link carcass measurements to pedigree and management records of 16,565 

lambs enrolled in the CSGES. Growth and ultrasound trait records of relatives of animals with 

carcass records were also extracted from the CSGES.  

Representative of the Canadian sheep population, less than one third of the lambs with 

carcass records were purebred (~29.0%), while in the total data set approximately 60% of animals 

were purebred. Seven major breeds composed the majority of the genetics in the data: Dorset (DP; 

26.1%), Rideau Arcott (RI; 22.1%), Romanov (RV; 20.7%), Suffolk (SU; 12.6%), Polypay (PO; 

7.8%), Canadian Arcott (CD; 3.8%), and Hampshire (HA; 2.8%), with the remaining 4.2% of the 

genetics from rare breeds or unknown crosses. The major breeds are typical of the Canadian sheep 

population and included highly prolific maternal breeds (RV, RI, PO), dual-purpose (DP) and 

terminal sire breeds (SU, HA, CD). Notably, the Rideau Arcott and Canadian Arcott are Canadian 

composite breeds that were developed in the 1980s by Agriculture and Agri-Food Canada 

(Shrestha and Heaney, 2003) and little is known about the carcass performance of these breeds 

since their release into the Canadian sheep industry.  
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2.3.2 Data Collection and Editing 

 Lambs used in this research were an average of 172.0 ± 40.9 days of age at slaughter and 

ranged from 54 to 353 days of age. Carcass measurements were recorded immediately after 

slaughter by trained personnel in commercial abattoirs. Identifying information about the abattoir 

and grader were unavailable, however, slaughter date was recorded. Carcass measurements 

included hot carcass weight, fat depth, and primal cut conformation scores. Hot carcass weight 

(HCW), was recorded to the nearest tenth of a kilogram after the carcass was dressed to Canadian 

lamb processing specifications (Government of Canada, 1992). Carcass fat depth at the GR site 

(FATGR) was measured as the total tissue depth, to the nearest millimeter, 110 mm from the 

midline on the 12th rib (Kirton and Johnson, 1979). Carcass conformation scores, ranging from 

one (poor muscling) to five (excellent muscling), were used to assess the muscularity of carcasses 

in three primal cuts: shoulder (SHOUL), loin (LOIN), and leg (LEG), which were then averaged 

and rounded up to the nearest whole number to calculate an average carcass conformation score 

(AVGCONF). The FATGR and AVGCONF were used to predict saleable meat yield (SMY), 

expressed as a percentage of HCW, using equations derived by Jones et al. (1996). The difference 

between birth and slaughter dates was used to calculate slaughter age (SAGE) in days. Price grid 

value (CINDEX), a composite trait consisting of carcass weight class, FATGR measurement, and 

AVGCONF score, was assigned as per the Heavy Lamb Sales Agency Producer’s Guide (Les 

Éleveurs d’ovins du Québec, 2017). Lastly, total carcass value (PRICE), measured in Canadian 

dollars, was estimated based on CINDEX and HCW, assuming a base price per kilogram of HCW 

of $7.85 (Les Éleveurs d’ovins du Québec, 2017).      

  Management information, as well as growth and ultrasound trait measurements, were 

retrieved from the CSGES for all animals with carcass records as well as relatives of animals with 
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carcass records. Management information included sex, date of birth, breed composition, ages at 

weighing, herd identification and management group of the lamb. Dam age was calculated as the 

difference between dam and lamb birth dates, rounded to the nearest year, and treated as a 

categorical effect in the statistical models. Contemporary groups were defined as lamb 

management group within year and herd, to account for management differences during growth. 

Records of animals from contemporary groups with fewer than 3 animals were excluded from 

further analyses. Slaughter groups were formed as unique month-year combinations of slaughter 

date to account for seasonal or market differences that may have influenced carcass characteristics.      

The growth and ultrasound traits used in this research were birthweight (BWT), weaning 

weight (WWT), post-weaning weight (PWWT), weight at ultrasound scanning (WTUS), pre-

weaning average daily gain (ADG50) and post-weaning average daily gain (ADG100), all 

measured in kilograms. Records for WWT, PWWT and WTUS were measured at an average age 

of 54.5 ± 9.8, 97.5 ± 11.5, and 97.8 ± 11.8 days, respectively. Adjusted 50-day and 100-day weights 

were used to calculate pre- and post-weaning average daily gain, assuming linear growth during 

each period (Schaeffer and Szkotnicki, 2015).  The ultrasonically measured traits included eye 

muscle depth (EMDUS) and fat depth (FATUS), both measured to the nearest tenth of a 

millimeter. Fat depth was usually measured twice and FATUS was calculated as the average of 

the two individual measurements.  

 Both R and SAS statistical software were used for preliminary data editing to remove 

incomplete or duplicate records and animals with incorrect pedigree information (SAS Institute 

Inc., 2013; R Core Team, 2017). Animals with missing management or dam identification 

information, as well as cross-fostered or bottle-fed animals were excluded from the final data set. 

The data was further edited in two steps to remove potential outliers. First, only carcasses that met 
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the criteria to be classified as a heavy lamb (HCW ≥ 16.4 kg and SAGE ≤ 365 d), and animals with 

growth trait records that were within the CSGES trait limits as per Schaeffer and Szkotnicki (2015) 

were retained. The CSGES requires WWT to be measured between 28 and 80 days, and PWWT 

and ultrasound traits to be measured between 70 and 135 days (Schaeffer and Szkotnicki, 2015). 

Genetic evaluation of traits in the CSGES requires that they are within the following trait limits: 

1.2 to 8.0 kg for BWT, 2.5 to 40.0 kg for WWT, 7.0 to 65.0 kg for PWWT and WTUS, 4 to 44 

mm for EMDUS and 0.57 to 14.9 mm for FATUS (Schaeffer and Szkotnicki, 2015). Further data 

editing utilized a linear model that included fixed effects of sex, birth and rearing type (except for 

BWT in which only birth type was included), breed composition and age at measurement to adjust 

observations, and any animal with a residual more than three standard deviations from the mean 

of the residuals for the trait was excluded. The editing procedure removed 12.8% of matched 

carcass records and the final dataset contained 29,923 animals with records, of which 14,441 had 

carcass trait records.  

 

2.3.3 Pedigree 

 The pedigree package (Coster, 2013) in R statistical software (R Core Team, 2017) was 

used to trim branches of the full CSGES pedigree without carcass trait data. The final pedigree 

contained 37,885 animals over 21 generations. Due to the editing procedure, dam information was 

known for all animals with records, but sire identification information was missing on a substantial 

number of animals, consistent with the common sheep production practice of group mating. Sire 

information was unknown for 5,633 animals with records (18.9%).  Animals with records were 

the progeny of 2,760 known sires and 17,451 dams, and had an average pedigree depth of 10.4 
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generations. Known sires and dams had an average of 8.8 and 1.7 progeny with records, 

respectively.  

 

2.3.4 Statistical Analyses 

The MEANS and GLM procedures of SAS (SAS Institute Inc., 2013) were used for 

descriptive analysis (Table 2.1) and testing the significance of fixed effects, respectively. First-

order interactions between main effects were tested, but were generally found to be non-significant 

and were excluded from the final models. Within the carcass trait models, some effects differed in 

their significance at alternative slaughter end points, but these effects were retained for consistency 

among the models. (Co)variance components were estimated using mixed linear animal or 

maternal animal models, and REML methodology in the ASReml statistical software (Gilmour et 

al., 2015). Univariate analyses were used to estimate the heritability of each trait, and genetic and 

phenotypic correlations among and between carcass, growth and ultrasound traits, were estimated 

from bivariate analyses.    

The final models for all traits included fixed effects of sex (male or female) and a 

categorical effect of dam age (1, 2, …, 7+ years of age). Birth type (single, twin, or triplet or more) 

was included in the model for BWT and birth and rearing type (born as single raised as single, 

born as multiple raised as single, born as twin raised as twin, born as triplet or more and raised as 

twin, and born as triplet or more and raised as triplet or more) was included for all other traits. Due 

to the large number of crossbred animals in the data set, breed effects were accounted for through 

the inclusion of linear covariates of fractional breed composition for the seven major breeds (DP, 

RV, RI, SU, PO, CD and HA). In all carcass trait models, slaughter group was also included to 

account for seasonal and market differences that might influence carcass characteristics. Slaughter 
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group was treated as a fixed effect because carcass measurements were taken over a limited period 

of time and it would be unreasonable to assume that they composed a random sample of all possible 

slaughter groups. Analyses of WWT, PWWT and WTUS included age of the animal at 

measurement as a linear covariate. In routine genetic evaluations through the CSGES, ultrasound 

traits are adjusted to a constant weight at ultrasound scanning, but for the purposes of this research, 

ultrasound traits were adjusted to either a fixed age at measurement or weight at ultrasound 

scanning in successive analyses to allow comparisons of their correlations with carcass traits with 

alternative adjustments.  

The effect of slaughter end point on carcass trait genetic parameter estimates was evaluated 

by modelling carcass traits at three alternative slaughter end points (age at slaughter, carcass 

weight and carcass fat depth), by including each respective slaughter end point as a linear covariate 

in subsequent analyses, while all other model factors were held constant. Only bivariate analyses 

where both traits were adjusted to the same slaughter end point were modelled. In addition, 

bivariate models between a slaughter end point trait (i.e., HCW, FATGR or SAGE) and another 

carcass trait already adjusted to that end point were not analyzed, as there would be no biological 

explanation to the results.  

Random effects in all models included contemporary group and animal additive genetic 

effects. Contemporary group was treated as a random effect as it was assumed that contemporary 

groups were a random and representative sample of management practices in the Canadian sheep 

population. Contemporary groups were assumed to be uncorrelated but the covariance between 

traits due to the contemporary group effect was estimated in the bivariate analyses. The 

significance of maternal effects was tested for the five growth traits using likelihood-ratio tests. 

The maternal animal models assumed that there was no covariance between direct and maternal 
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effects. For all growth traits, the inclusion of maternal genetic and maternal environmental effects 

significantly (P < 0.01) improved the model fit, so both effects were retained in the final models. 

Several studies have investigated the influence of maternal effects on ultrasound and carcass traits 

and have generally found these traits to be lowly to moderately influenced by maternal effects, 

dependent on the trait studied (Mortimer et al., 2010;  Einarsson et al., 2015). However, data 

structure was a limitation to estimating maternal effects in our analyses of ultrasound and carcass 

traits.  

  

2.3.5 Models 

As previously described, two different linear mixed models were used in the univariate 

analysis of each trait. Model 1 (Eq. 1) was used for the analysis of carcass and ultrasound traits 

and model 2 (Eq. 2) was used for the analysis of growth traits. The linear models and variance-

covariance structures for the two univariate models are shown below. 

Eq. 1: * = ,- + /01	+	/34 +	e 
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Where, y is a vector of observations for a given trait, b is a vector of fixed effects, a is a vector of 

random direct additive genetic effects, m is a vector of random maternal genetic effects, c is a 

vector of random maternal permanent environmental effects, g is a vector of random contemporary 
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group effects, and e is a vector of random residual effects. The design matrices X, Za, Zm, Zc and 

Zg relate their respective effects to the observations. A is the numerator relationship matrix, Ic, Ig 

and Ie are identity matrices of order equal to the number of dams, contemporary groups, and 

phenotypic records, respectively.  89$, 8B$ , 8C$,	8<$ and	8=$ are variance components for direct 

additive genetic, maternal additive genetic, maternal permanent environmental, contemporary 

group and residual effects, respectively.   

 A total of 423 bivariate models were used to estimate phenotypic and genetic correlations 

among and between growth traits, ultrasound traits, and carcass traits at the three alternative 

slaughter end points. Three types of bivariate models were used: model 3 (Eq. 3) for analyses 

among and between ultrasound and carcass traits, model 4 (Eq. 4) for the analyses of a carcass or 

ultrasound trait with a growth trait and model 5 (Eq. 5) for analyses among growth traits. The 

linear model equations and corresponding variance-covariance structure for each bivariate model 

is as follows, where j and k are two traits of the appropriate trait type, ⨂ is the Kronecker product, 

and all other variables are as previously defined for the univariate analyses.    
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2.3.6 Genetic Parameter Estimates 

 Direct heritability (ℎP$) was estimated from single trait models for each respective trait as 

the proportion of phenotypic variance (8Q$) attributable to variance in additive genetic effects (89$) 

(Eq. 6), where 8Q$ = 89$ +	8<$ +	8=$ (Eq. 7) for model 1 and 8Q$ = 89$ + 8B$ + 8C$	+	8<$ +	8=$ (Eq. 

8) for model 2. In both models, the contemporary group effect variance ratio (g2) was estimated as 

8<$/8Q$ (Eq. 9). Maternal heritability (ℎB$ ) and the maternal environmental effect variance ratio (c2) 

were estimated for the growth trait models as 8B$ /8Q$ (Eq. 10) and 8C$/8Q$	 (Eq. 11), respectively. 

Total heritability was estimated as hS$ =
(TUVW	X.Z(T[V ))

T\V
	 (Eq. 12), because the covariance between 

direct and maternal effects was assumed to be zero. Bivariate models were used to estimate 
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phenotypic and genetic correlations. Phenotypic correlations were estimated as rQ = 		
T\^,\_

T\^
V T\_

V
 (Eq. 

13), where 8QI,QK is the phenotypic covariance between trait j and trait k, and 8QI$  and 8QK$  are the 

phenotypic variance estimates for trait j and trait k, respectively. Similarly, genetic correlations 

were estimated as r< = 		
TU^,U_

TU^
V TU_

V
 (Eq. 14), where 89I,9K is the additive genetic covariance between 

trait j and trait k, and 89I$  and 89K$  are the direct additive genetic variance estimates for trait j and 

trait k, respectively. 

 

2.3.7 EBV Correlations 

 Estimated breeding value (EBV) correlations between carcass traits adjusted to alternative 

slaughter end points were used to assess potential re-ranking of selection candidates from the use 

of alternative slaughter end points in genetic evaluations. After initial genetic parameter 

estimation, variance component ratios were fixed and univariate animal models implemented in 

the ASReml software (Gilmour et al., 2015) that included a random effect of genetic group, were 

used to estimate EBV. Genetic groups were not included in genetic parameter estimation, but they 

were used to account for the genetic trend in breeding value estimation because of the substantial 

quantity of missing sire pedigree information. Genetic groups were treated as a random effect 

based on the results of previous research by Sullivan and Schaeffer (1994), which demonstrated 

that random genetic groups: prevent estimability problems due to confounded effects, increase 

computational efficiency, and increase the accuracy of EBV. Forty genetic groups were formed 

based on sex of the missing parent, offspring breed type (purebred terminal, purebred maternal, or 

crossbred) and year of offspring birth. The Spearman rank-order correlation between EBV 

estimated from analyses at alternative slaughter end points were calculated using the CORR 



CHAPTER TWO: GENETIC PARAMETER ESTIMATION 

 50 

procedure in SAS (SAS Institute Inc., 2013). Only animals with their own records were used in 

the correlation analysis to prevent animals with low accuracy from biasing the correlation 

coefficient downward.   

 

2.4 RESULTS AND DISCUSSION 

 

2.4.1 Descriptive Statistics  

 Trait abbreviations and descriptive statistics for all traits are presented in Table 2.1. 

Number of observations varied from 1,299 observations for ultrasound measurements to 29,082 

observations for WWT and ADG50. Ultrasound measurement recording is relatively limited in 

Canada due to the cost and lack of access to ultrasound technicians. This was demonstrated by the 

fact that only 4.7% of animals with carcass records had corresponding ultrasound measurements 

in our data set. The lack of ultrasound measurement uptake has limited the ability of Canadian 

lamb producers to improve the carcass quality of marketed lambs and suggests that the genetic 

evaluation of carcass trait records generated through rail-graded marketing systems may be a 

promising method to improve the quality of marketed product. The coefficient of variation for 

traits varied considerably from 2.0% for SMY to 26.9% for FATUS, but generally suggested that 

there was variation in all traits studied. The average age of lambs at slaughter was similar to the 

average age of 167 ± 31.4 days reported by Brito et al. (2017) for New Zealand lamb, although 

ultrasound measurements are taken considerably earlier (~3 months vs ~6 months) in Canada, 

which may influence correlations between ultrasound and carcass traits. The ideal carcass for the 

HLSA is between 20.0 and 24.0 kg with high muscularity scores (4 to 5) and a target FATGR 

measurement between 7 and 12 mm (Les Éleveurs d’ovins du Québec, 2017). The average HCW 
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in our data set was 23.2 ± 2.3 kg, which suggests that producers are meeting the target weight, but 

the average FATGR (11.0 ± 3.3 mm) is on the high end of the acceptable range. Thus, genetic 

selection to increase carcass weight while maintaining or decreasing fat depth would be beneficial 

to improve producer profit.  

 

2.4.2 Heritability  

 Genetic parameter estimates for carcass traits, and growth and ultrasound traits are 

presented in Tables 2.2 and 2.3, respectively. In general, all growth, ultrasound and carcass traits 

studied were moderately to highly heritable, suggesting that there is potential to improve these 

traits through genetic selection. The variance of contemporary group (g2), as a proportion of 

phenotypic variance, varied widely between traits and was typically lowest for traits related to 

conformation (LEG, LOIN, SHOUL, AVGCONF, SMY, CINDEX) and high for traits related to 

growth rate (ADG50, ADG100, SAGE), weight (WWT, PWWT, WTUS, HCW), and fat 

deposition (FATUSw, FATGR).    

2.4.2.1 Carcass Traits at Alternative Slaughter End Points. Heritability estimates for 

carcass traits ranged from 0.17 ± 0.02 for HCW at a constant slaughter age to 0.34 ± 0.02 for 

AVGCONF at a constant carcass weight. Essentially all of the phenotypic variation for SAGE was 

attributable to contemporary group, resulting in a heritability estimate of zero. This was likely due 

to the way in which contemporary groups were defined, such that there was little variation within 

contemporary groups for SAGE. Slaughter age and contemporary group were completely 

confounded, thus the fact that there was still variance for contemporary group after linearly 

adjusting traits to a constant SAGE indicates that contemporary group accounted for some of the 

non-linear effects of slaughter age. Moderate to high heritability estimates have been reported for 
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SAGE, for instance, Karamichou et al. (2007) reported a heritability estimate of 0.21 ± 0.05 for 

SAGE, and Pollott et al. (1994) reported heritabilities of 0.34 ± 0.05 and 0.53 ± 0.07 for SAGE at 

fatness and weight end points, respectively. 

Heritability estimates for traits relating to muscularity or fatness were typically higher than 

those related to weight. Heritability estimates for HCW (0.17 ± 0.02 and 0.18 ± 0.02) were on the 

low end of estimates found in the literature, but were similar to the estimate of 0.19 ± 0.02 reported 

by Brito et al. (2017). Fat depth was found to be highly heritable, in agreement with most literature 

estimates (Mortimer et al., 2010; Brito et al., 2017). In general, the carcass conformation traits 

were all highly heritable and within the wide range of estimates (0.14 ± 0.05 to 0.45 ± 0.05) found 

in the literature (Karamichou et al., 2007; Maxa et al., 2007b). Carcass conformation estimates 

varied considerably between studies, which may be partially due to differing trait definitions 

among populations. Lastly, the composite traits (SMY, CINDEX and PRICE) were all found to be 

moderately heritable. Similarly to our results, Karamichou et al. (2007) reported a heritability 

estimate of 0.21 ± 0.05 for PRICE. Saleable meat yield is most frequently measured as the 

predicted weight of meat, rather than as a percentage of HCW. However, literature estimates of 

SMY as a percentage have generally been similar or higher than our estimates, which ranged from 

0.26 ± 0.02 to 0.28 ± 0.02 (Mortimer et al., 2010; Daetwyler et al., 2012; Mortimer et al., 2017b).   

There were considerable differences in the phenotypic variance of traits at alternative 

slaughter end points, particularly for the composite traits (SMY, CINDEX and PRICE), which 

were highly dependent on their component traits of carcass weight and/or fatness. However, 

estimates of heritability, the proportion of phenotypic variance due to additive genetic effects, 

generally differed by less than the standard errors of the heritability estimates between alternative 

slaughter end points. Phenotypic variance for all traits except PRICE were highest when adjusted 
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to a constant slaughter age. Similarly, Pollott et al. (1994) noted that traits highly dependent on a 

particular end point, for example, conformation traits adjusted to a constant fatness, were less 

variable than when adjusted at the other end points. There was a trend for heritability estimates at 

a constant fatness and constant carcass weight to be lowest and highest, respectively. The lower 

heritability estimates for carcass traits at a constant fatness could indicate that adjusting for fatness 

removes more of the variation in the trait compared to the other two end points. These trends were 

in agreement with results reported by Pollott et al. (1994), however, they reported differences in 

heritabilities at alternative slaughter end points that exceeded the approximate standard errors of 

the estimates for some traits (e.g., age at slaughter and fat depth), while the differences we observed 

were generally smaller.    

 2.4.2.2 Growth Traits. Heritability estimates for growth traits were generally moderate, 

with maternal genetic and permanent environmental effects decreasing and direct heritability 

estimates increasing for traits measured at later ages. The direct and total heritabilities of BWT 

were estimated to be 0.18 ± 0.01 and 0.26 ± 0.01, which were on the high end of estimates reported 

in the literature. Ingham et al. (2007) reported a direct heritability as low as 0.07 ± 0.03 for BWT 

in an Australian population of terminal and maternal crossbred sheep, while Mortimer et al. 

(2017a) reported a direct heritability estimate as high as 0.22 ± 0.04 in a population of Australian 

Merino sheep. Recent Canadian research estimated the direct, maternal genetic, and total 

heritabilities of BWT in the Rideau Arcott breed of sheep to be 0.09, 0.10 and 0.15, respectively 

(Boareki, 2017). Our estimates of the direct and total heritability of WWT were within the range 

of estimates reported in the literature (0.09 ± 0.05 to 0.40 ± 0.03) (Huisman and Brown, 2008; 

Payne et al., 2009). However, WWT is often measured at a later age in other countries, which 

would be expected to influence direct heritability estimates. In the United Kingdom, Ceyhan et al. 
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(2015) estimated direct heritability of WWT, measured at approximately 56 days, to be 

considerably lower (0.13 ± 0.01). Boareki (2017) also reported lower heritability estimates with 

estimated direct, maternal genetic and total heritabilities of 0.15, 0.04 and 0.17, respectively, at an 

average of 53 days of age. Post weaning weight is similarly measured at a wide range of ages, 

ranging from approximately 100 days until 6 months of age. Maxa et al. (2007a) reported a lower 

heritability for PWWT at approximately 100 days of 0.17 ± 0.04 for a population of Suffolk sheep 

and terminal crosses from the Czech Republic. Boareki (2017) reported PWWT heritability 

estimates of 0.17, 0.02 and 0.18 for direct, maternal genetic and total heritabilities (2017). Direct 

heritability estimates for pre- and post-weaning average daily gain were 0.21 ± 0.01 and 0.15 ± 

0.01, respectively. The direct heritability estimate for ADG100 was similar to the estimate of 0.16 

± 0.03 by Maximini et al. (2012) in a multi-breed Austrian sheep population.  

As expected, maternal genetic and maternal permanent environmental effects were largest 

for BWT (0.15 ± 0.01 and 0.10 ± 0.01, respectively) and small for PWWT (0.05 ± 0.01 and 0.03 

± 0.01, respectively). Although several studies have estimated the influence of maternal effects on 

carcass traits (Mortimer et al., 2010; Einarsson et al., 2015), the small maternal genetic and 

maternal permanent environmental effects observed for PWWT and ADG100 suggest that 

maternal effects are likely to be small in our population for traits measured at later ages, such as 

ultrasound and carcass traits.  

2.4.2.3 Ultrasound Traits. Ultrasound traits were found to be moderately to highly 

heritable and generally within the range of estimates found in the literature. Scanning weight was 

estimated to have a heritability of 0.30 ± 0.06, which was similar to recent literature results (Brito 

et al., 2017; Mortimer et al., 2017a). Heritabilities for EMDUS and FATUS were estimated with 

observations adjusted to either a constant age (EMDUSa, FATUSa) or weight (EMDUSw, 
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FATUSw) at measurement. Heritability estimates for EMDUS in the literature have ranged from 

0.32 ± 0.02 to 0.41 ± 0.05 (Karamichou et al., 2007; Ceyhan et al., 2015) and 0.20 ± 0.06 to 0.42 

(Einarsson et al., 2015; Mortimer et al., 2017a) for age and weight constant EMDUS, respectively. 

Estimates between 0.23 ± 0.01 and 0.37 ± 0.02 (Ceyhan et al., 2015; Walkom and Brown, 2016) 

and 0.12 ± 0.07 and 0.42 (Maxa et al., 2007b; Einarsson et al., 2015) have been reported for age 

and weight constant FATUS, respectively. In Canada, ultrasound traits are currently evaluated at 

a constant scanning weight, but there was interest in evaluating the impact of alternative end points 

on genetic parameter estimates. The results of this research demonstrated noticeably greater 

phenotypic variation for EMDUS and FATUS at a constant age than when observations were 

adjusted to a constant weight. Conversely, the heritability estimate for weight adjusted EMDUS 

(0.35 ± 0.06) was considerably higher than age adjusted EMDUS (0.16 ± 0.06), but, the heritability 

estimates for FATUS were the same at alternative end points (0.22 ± 0.05).  

Interestingly, higher phenotypic variation was also reported by Fernandes et al. (2004) 

when ultrasound trait observations were adjusted to a constant age, rather than a constant weight 

(Fernandes et al., 2004). However, Fernandes et al. (2004) reported higher heritability estimates at 

a constant age, while we found heritability estimates at a constant weight were the same or higher 

than at a constant age. Fernandes et al. (2004) concluded that both age and weight adjusted 

ultrasound measurements were useful because weight adjusted measurements provide information 

on the proportionality of the carcass, while age constant measurements provide information on 

growth rate. Although the small sample size for ultrasound traits in each study requires cautious 

interpretation of the genetic parameter estimates, these results support the conclusion that the 

covariate used in genetic evaluations could have an impact on genetic improvement of ultrasound 

traits.  
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2.4.3 Genetic Correlations 

Phenotypic and genetic correlation estimates among carcass traits adjusted to a constant 

slaughter age, carcass weight or carcass fatness are given in Tables 2.4, 2.5, and 2.6, respectively, 

while correlations among growth and ultrasound traits are presented in Table 2.7. The genetic 

correlations between carcass traits and growth and ultrasound traits are reported in Tables 2.8, 2.9, 

and 2.10, for carcass traits with observations adjusted to a constant age, weight or fatness, 

respectively. Phenotypic correlations between growth and carcass traits at alternative slaughter end 

points are presented as supplementary material (Tables 2.12, 2.13, and 2.14) and discussion will 

focus on the genetic correlations, due to their relative importance to livestock genetic 

improvement. 

2.4.3.1 Carcass Traits. Genetic correlations among some carcass traits differed 

considerably in both magnitude and direction at alternative slaughter end points. The differences 

in genetic correlations at alternative slaughter end points were particularly evident for correlations 

between composite carcass traits and their component traits. Hot carcass weight had a strong 

positive genetic correlation with PRICE at age (0.87 ± 0.02) and fatness (0.90 ± 0.02) end points. 

This suggests that genetic selection to increase HCW would be expected to favorably increase 

carcass value independent of the end point used in the analysis. Similarly, favorable negative 

genetic correlations of a moderate magnitude were observed between FATGR and CINDEX at 

both weight (-0.56 ± 0.05) and age (-0.59 ± 0.05) end points. In contrast, genetic and phenotypic 

correlations of CINDEX and PRICE were weak, except in the carcass weight constant analysis of 

the traits. These results indicate that total price was more strongly influenced by carcass yield than 

carcass quality. However, it is worth noting that CINDEX and PRICE are both dependent on the 

current price grids utilized by the HLSA and are likely to change overtime as the grids are 
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modified. Consequently, it may be more beneficial to select on the component traits as it would be 

easier to consistently identify superior animals over time by using component traits. Similarly, 

Karamichou et al. (2007) found strong positive genetic correlations between carcass weight and 

carcass price (0.90 ± 0.34) and a weak negative genetic correlation between fat class and price (-

0.22 ± 0.48).  

As expected, all carcass conformation traits were moderately to highly positively correlated 

at all end points. The high genetic correlations between individual primal cut conformation traits 

and AVGCONF suggest that selection for AVGCONF could be beneficial to simultaneously select 

for all primal cut conformation traits. However, since loin is generally one of the most valuable 

cuts of lamb, it is worth noting that LOIN had the lowest genetic correlations with AVGCONF.      

Some moderate unfavorable correlations among carcass traits were identified at various 

slaughter end points. As expected, a weak positive genetic correlation between HCW and FATGR 

at a constant age was identified (0.15 ± 0.07). Although this correlation was lower than some 

literature estimates (Ingham et al., 2007; Brito et al., 2017), it suggests that care should be taken 

to avoid unfavorable increases in FATGR through selection for higher HCW. The unfavorable 

moderate positive correlations between FATGR and carcass conformation scores at age and weight 

end points suggest that graders score animals with greater fatness as more muscular.  Similarly, 

Einarsson et al. (2015) identified a moderate positive genetic correlation (0.38) between fat class 

and EUROP carcass conformation score, a measurement of average carcass conformation. 

Adjusting AVGCONF to a constant weight or age resulted in weak unfavorable negative 

correlations (-0.18 ± 0.06 and -0.19 ± 0.06, respectively) with SMY, while at a constant fatness 

the traits were highly positively correlated (0.96 ± 0.01), due to the fact that SMY is predicted 

based on AVGCONF and FATGR.  
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In summary, the majority of correlations among carcass traits were favorable, but some 

unfavorable correlations, such as between FATGR and HCW, underscore the importance of using 

selection indexes for balanced carcass trait genetic improvement. Furthermore, the end point used 

in the analysis had an influence on both the magnitude and direction of some genetic correlations. 

Consideration of the breeding objective is therefore needed to determine the optimal end point for 

genetic evaluations.  

2.4.3.2 Growth and Ultrasound Traits. Consistent with literature estimates, body weight 

traits were all moderately to highly correlated, with weights measured at closer ages having higher 

phenotypic and genetic correlations than those measured at more distant ages (Fischer et al., 2006; 

Ingham et al., 2007; Huisman and Brown, 2008; Boareki, 2017). The bivariate analysis between 

PWWT and WTUS did not converge, likely due to the fact that many producers record ultrasound 

traits when 100-day weights are taken, so it was difficult to partition the covariance between traits 

with the small ultrasound dataset. Positive genetic correlations between WWT, PWWT and WTUS 

were favorable, as selection for these traits would be expected to increase production efficiency. 

However, the positive genetic correlations between BWT and other weight traits may be of concern 

due to potential for reduced lambing ease or number of lambs born as birthweights increase (Li 

and Brown, 2016; Boareki, 2017). Boareki (2017) concluded that utilizing selection indexes is 

important to balance the effects of selection for reproductive and growth traits, which will improve 

reproductive efficiency. Where estimable, moderately to highly positive genetic correlations were 

observed between body weight traits and pre- and post-weaning average daily gain (from 0.27 ± 

0.05 to 0.89 ± 0.01). However, genetic correlations between weight and gain traits were lower than 

genetic correlations reported by Maximini et al. (2012) between scanning weight and average daily 

gain. This may be due to the fact that ADG50 and ADG100 were calculated from WWT and 
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PWWT measurements that were previously linearly adjusted to 50 and 100 days of age, 

respectively, rather than directly calculated as the ratio of weight to age (Maximini et al., 2012).  

Correlation estimates among EMDUS and FATUS adjusted to either an age or weight 

constant end point were generally positive and low to moderate in magnitude with large standard 

errors. Ultrasonically measured fat depth at a constant weight was positively correlated with age 

or weight constant EMDUS, while FATUS at a constant age was positively correlated with 

EMDUSa and uncorrelated with EMDUSw. In general, these results suggest that selection on 

EMDUS to improve carcass conformation may result in unfavorable increases in FATUS, 

independent of the end point used in the analysis. These results contrast with those described by 

Fernandes et al. (2004), who found a moderately low positive genetic correlation between EMDUS 

and FATUS at a constant age but a weak negative correlation between the traits when adjusted to 

a constant weight.       

 Weight and gain traits were found to have moderate positive genetic correlations with 

EMDUS adjusted to a constant age, ranging from 0.22 ± 0.14 for ADG100 to 0.54 ± 0.08 for 

PWWT. In contrast, correlations between weight traits and EMDUS adjusted to a constant weight 

were negative and ranged from -0.47 ± 0.15 for WTUS to -0.17 ± 0.13 for BWT. Ultrasound fat 

depth adjusted to a constant age was found to have moderate positive genetic correlations with 

weight and gain traits (0.21 ± 0.15 to 0.63 ± 0.08), while at a constant weight the genetic correlation 

estimates were generally smaller than their standard errors. Most estimates of EMDUS and 

FATUS found in the literature were adjusted to a constant weight, and negative correlations 

between weight traits and EMDUS and FATUS have been previously identified (Maximini et al., 

2012; Mortimer et al., 2014). Mortimer et al. (2014) found that genetic correlations between 

ultrasound and weight traits that were unadjusted were positive while negative correlations were 
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found when adjusting EMDUS and FATUS observations to a constant weight. Adjusting 

ultrasound trait measurements to a constant weight was also shown to over-estimate additive 

genetic variance, resulting in higher heritability estimates from the adjusted analyses (Mortimer et 

al., 2014). However, Brito et al. (2017) reported EBV correlations between ultrasound traits with 

and without an adjustment for scanning weight to be greater than 0.99, indicating that little re-

ranking of breeding candidates was expected from the use of alternative end points.  

2.4.3.3 Correlations Between Growth and Carcass Traits. Most genetic correlations 

between growth and carcass traits were weak to moderate in strength for all alternative slaughter 

end points and correlation estimates were often smaller than their standard errors. In general, HCW 

and PRICE were both positively correlated with all weight and gain traits at all slaughter end 

points, with correlations from analyses at a fixed slaughter age end point typically being the 

highest. This favorable result indicates that current selection for weight and gain traits should 

indirectly improve HCW, which is an important finding for Canadian sheep producers because: 1) 

ultrasound traits are measured infrequently, 2) carcass grading is limited primarily to Quebec, and 

3) genetic evaluations for carcass traits are unavailable. Interestingly, correlations between HCW 

and WWT and HCW and PWWT were not considerably different at either age or fatness end 

points, indicating that selection on 50-day weights is likely adequate for HCW genetic 

improvement. However, Brito et al. (2017) reported a much higher genetic correlation of 0.92 ± 

0.02 between HCW and live weight at six months in a New Zealand sheep population, and 

Australian research has indicated that WWT and PWWT are both highly correlated with HCW, 

with genetic correlation estimates above 0.60 in all studies (Ingham et al., 2007; Greeff et al., 2008; 

Mortimer et al., 2010). Thus, it may be beneficial to examine the genetic correlation between a 
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weight trait measured more closely to slaughter age, to allow for better indirect selection to 

improve HCW.     

Weak to moderate negative genetic correlations were observed between all growth traits 

and FATGR that was adjusted to age or weight end points. This result, although favorable, was 

surprising, given the positive correlations between HCW and FATGR and weight traits and HCW.  

This may be due to the fact that selection for growth traits is increasing body size and resulting in 

less fat deposition at a constant age or weight. Literature estimates of genetic correlations between 

FATGR and live weights have varied widely. Most genetic correlation estimates between these 

traits have been positive when FATGR was unadjusted (Brito et al., 2017) or adjusted to a constant 

weight (Ingham et al., 2007; Greeff et al., 2008). However, Mortimer et al. (2010) reported 

moderately strong negative correlations between the traits at a constant weight.   

In general, conformation traits and related composite carcass traits (LEG, LOIN, SHOUL, 

AVGCONF, CINDEX, SMY) all had negative correlations with the growth traits, with the 

exception of the correlation between CINDEX and BWT, indicating that selection on growth alone 

is not expected to substantially increase carcass muscularity. Age at slaughter was moderately 

negatively correlated with all growth traits, which is expected as animals with higher weight 

measurements and faster growth are more likely to reach target slaughter weights at an earlier age. 

Overall, genetic correlations between growth and carcass traits were generally favorable, with the 

exception of the unfavorable negative genetic correlations between carcass conformation traits and 

growth traits.         

  2.4.3.4 Correlations Between Carcass and Ultrasound Traits. Although ultrasound traits 

are not commonly measured in Canada, ultrasound traits have been used in genetic evaluation 

programs worldwide as a live indicator of carcass trait performance. Population-specific genetic 
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parameter and response to selection estimates may be useful to encourage Canadian sheep 

producers to consider recording these traits, if there is evidence that the improvement to carcass 

quality, and thus profit, would be worth the expense and management involved in recording these 

traits. Hot carcass weight and PRICE were found to be moderately to highly correlated with 

EMDUS, but the strength of correlations were dependent on the end points used in the analyses. 

The correlations between HCW and EMDUS and EMDUS and PRICE were highest when the 

traits were both adjusted to a constant age, with estimates of 0.71 ± 0.19 and 0.73 ± 0.18, 

respectively. The moderately strong positive genetic correlations between HCW and EMDUS 

were in agreement with estimates from the literature (Brito et al., 2017; Mortimer et al., 2017b). 

Genetic correlations between HCW and FATUS were generally low and not significantly different 

from zero based on their standard errors, with the exception of HCW and FATUS when both traits 

were adjusted to a constant age (0.24 ± 0.17). Genetic correlation estimates between HCW and 

FATUS were lower than estimates reported by Mortimer et al. (2017b) and Brito et al. (2017) (0.43 

± 0.09 to 0.59 ± 0.12).   

Genetic correlations between FATGR and FATUS were moderately to highly positive at 

all combinations of end points and were highest when FATUS was adjusted to a constant weight 

and FATGR was adjusted to age (0.74 ± 0.12) or weight end points (0.64 ± 0.12). Correlation 

estimates between FATUS and FATGR were within the range of literature estimates reported 

(Brito et al., 2017; Mortimer et al., 2017b). The relatively strong positive genetic correlations 

between FATGR and FATUS suggest that ultrasonically measured C site fat depth was a good 

indicator of GR site carcass fatness. Consequently, selection on FATUS to reduce carcass fatness 

would be beneficial as it can be measured at an earlier age and directly on breeding candidates.    
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 Most of the measures of carcass muscularity and quality had weak or not significant 

genetic correlations with ultrasound traits. Saleable meat yield was found to have weak and 

moderate negative correlations with EMDUS and FATUS, respectively, when it was adjusted to a 

constant age or weight. However, positive correlations were found when SMY was adjusted to a 

constant fatness, as would be expected because of the strong negative correlations between SMY 

and FATGR. Carcass conformation traits were generally found to be positively correlated with 

both EMDUS and FATUS at all slaughter end points, however, the correlations between 

conformation traits and ultrasound traits adjusted to a constant weight were generally higher. 

Where correlations differed from zero, CINDEX was weakly positively correlated with both 

EMDUS and FATUS at all combinations of end points. The weak correlations of conformation 

traits with EMDUS were surprising, as both are measures of muscularity, and suggest that more 

objective measures of carcass muscularity may be beneficial. Einarsson et al. (2015) reported 

moderate genetic correlations between EUROP carcass conformation score and lean meat yield 

and EMDUS of 0.42 and 0.53, respectively. However, Einarsson et al. (2015) assessed the 

usefulness of video image analysis software to predict EUROP carcass conformation score and 

concluded that video image analysis and visual carcass conformation scores were measuring the 

same trait. In the future, genetic correlations should be re-estimated with a larger ultrasound trait 

dataset to allow for more accurate estimation of the correlations between carcass and ultrasound 

traits.  

 

2.4.4 EBV Correlations 

 Spearman rank-order correlation coefficients were estimated (Table 2.11) to determine the 

degree of re-ranking that may occur due to the use of alternative slaughter end points in the genetic 
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evaluation of carcass traits. High rank correlations between EBV would indicate that the end point 

used in genetic evaluations may be of little practical significance because the animals selected as 

parents would be consistent between analyses. Rank correlations at age and weight end points were 

high, with correlation coefficients greater than 0.84, with the exception of PRICE, which had a 

correlation coefficient of 0.56. However, rank correlation coefficients of fat with age or weight 

end points were typically lower and more variable. Consistent with the discussion of genetic 

correlations, composite traits appeared to be the most sensitive to changes in slaughter end point, 

thus, component traits should be considered when determining the appropriate end point to use for 

the analysis of composite traits. Nevertheless, EBV of component traits were highly correlated, 

which suggests that the end point used in genetic evaluations will result in limited re-ranking of 

breeding candidates for many traits.       

 

2.4.5 Alternative Slaughter End Points  

 The ideal slaughter end point to use in genetic evaluations will depend on the current 

breeding objective, which is in turn contingent on local production and marketing systems. In the 

Canadian lamb production system, it is thought that the decision to market animals is generally 

based on, first, the lambs reaching the target weight and, second, on having adequate fat cover. 

Age, weight and fatness slaughter end points each have their own advantages and disadvantages 

from a practical stand point. Heritability estimates were similar between alternative slaughter end 

points, but genetic correlations and animal rankings, especially for composite carcass traits, were 

sensitive to the end point used in the analysis. The aim of genetic evaluations for carcass traits at 

a constant slaughter age is to improve growth rate and production efficiency, but it may result in 

greater carcass variability. Using weight as the endpoint in genetic evaluations would allow 
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improvements to carcass uniformity and quality without increasing weight. However, the high 

correlations between HCW and PRICE suggest that increasing HCW is economically 

advantageous under the current HLSA price grid. Lastly, marketing animals at a constant fatness 

threshold aims to improve uniformity, carcass quality, and saleable meat production, but fatness 

is expensive to objectively measure via ultrasound and the genetic correlation between producer 

measured subjective fat scores and FATGR are unknown in the Canadian sheep population.  

 

2.5 CONCLUSIONS 

 

In summary, the first genetic parameters were estimated for carcass traits in a Canadian 

heavy lamb population, and the impact of alternative slaughter end points on carcass trait genetic 

parameter estimates was evaluated. Carcass traits were found to be moderately to highly heritable, 

indicating that there is considerable potential to improve carcass yield and quality through genetic 

selection. Carcass trait genetic improvement may help to improve the consistency and quality of 

Canadian lamb carcasses, which has been previously identified as a barrier to the expansion of the 

Canadian lamb industry. Furthermore, phenotypic and genetic correlations between carcass traits 

and currently evaluated growth and ultrasound traits were estimated. Growth and ultrasound traits 

were generally found to be favorably correlated with carcass traits, which suggests that current 

selection to improve growth and ultrasound traits should have a beneficial impact on carcass yield 

and quality. The results of this research provide preliminary genetic parameter estimates to allow 

for the implementation of carcass trait genetic evaluations in the Canadian sheep industry. Future 

research will focus on examining the relative efficiency of direct and indirect selection and the 
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development of terminal sire selection indexes for the inclusion of carcass traits into genetic 

evaluations for the Canadian sheep industry.  
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2.7 TABLES 

 

 

Table 2.1. Trait abbreviations and descriptive statistics1.    
Trait Abbreviation n Mean ± SD Range CV (%) 

Growth traits 
     Birth weight, kg BWT 22,494  4.3 ± 1.1 1.2 - 8.0 25.6 
     50-day weaning weight, kg WWT 29,082  19.8 ± 6.0 3.5 - 40.0 30.5 
     100-day post-weaning weight, kg PWWT 26,763  33.0 ± 8.1 8.0 - 65.0 24.5 
     Pre-weaning average daily gain, kg ADG50 29,082  0.3 ± 0.1 0.0 - 1.1 31.4 
     Post-weaning average daily gain, kg ADG100 26,693  0.3 ± 0.1 0.0 - 1.5 31.4 
Ultrasound traits 
     Scanning weight, kg WTUS 1,299  38.1 ± 8.1 15.4 - 64.0 21.1 
     Ultrasonic eye muscle depth, mm EMDUS 1,299  26.8 ± 3.8 10.6 - 36.6 14.2 
     Ultrasonic fat depth, mm FATUS 1,299  3.8 ± 1.4 0.9 - 10.8 36.9 
Carcass traits 
     Hot carcass weight, kg HCW 14,441  23.2 ± 2.3 16.4 - 31.7 9.9 
     Carcass fat depth at the GR site, mm FATGR 14,441  11.0 ± 3.3 1.0 - 19.0 30.0 
     Age at slaughter, days SAGE 14,441  172.0 ± 40.9 54.0 - 353.0 23.8 
     Predicted saleable meat yield, % SMY 14,441  77.2 ± 1.5 72.0 - 82.0 2.0 
     Leg conformation, score LEG 14,441  2.9 ± 0.5 1.0 - 4.0 18.2 
     Loin conformation, score LOIN 14,441  3.5 ± 0.6 2.0 - 5.0 16.8 
     Shoulder conformation, score SHOUL 14,441  3.0 ± 0.6 1.0 - 5.0 21.5 
     Average carcass conformation, score AVGCONF 14,441  3.1 ± 0.6 2.0 - 4.0 17.8 

     Carcass price grid value, score CINDEX 14,441  101.8 ± 3.5 85.0 - 106.0 3.4 
     Total carcass value, $CAD PRICE 14,441  184.4 ± 16.5 124.1 - 218.6 9.0 
1n: number of records, SD: standard deviation, CV (%): coefficient of variation as a percentage. 
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Table 2.2.  Phenotypic variance (8`2), contemporary group effect variance ratio (g2), and direct heritability 
(ℎb2) estimates for carcass traits at alternative slaughter end points1.  
 Slaughter end point  
 Slaughter age  Carcass weight  Carcass fatness 

Trait2 8Q$ g2 ℎP$   8Q$ g2 ℎP$    8Q$ g2 ℎP$  
HCW 4.87 0.33 ± 0.02 0.17 ± 0.02  - - -  4.54 0.35 ± 0.02 0.18 ± 0.02 
FATGR 9.54 0.21 ± 0.01 0.30 ± 0.02  8.44 0.19 ± 0.01 0.33 ± 0.03  - - - 
SMY 2.13 0.17 ± 0.01 0.26 ± 0.02  1.96 0.15 ± 0.01 0.28 ± 0.02  0.25 0.11 ± 0.01 0.26 ± 0.02 
LEG 0.25 0.12 ± 0.01 0.32 ± 0.02  0.24 0.12 ± 0.01 0.33 ± 0.02  0.23 0.10 ± 0.01 0.30 ± 0.02 
LOIN 0.28 0.17 ± 0.01 0.27 ± 0.02  0.27 0.16 ± 0.01 0.29 ± 0.02  0.24 0.12 ± 0.01 0.24 ± 0.02 
SHOUL 0.35 0.14 ± 0.01 0.31 ± 0.02  0.34 0.14 ± 0.01 0.32 ± 0.02  0.30 0.11 ± 0.01 0.28 ± 0.02 
AVGCONF 0.26 0.14 ± 0.01 0.32 ± 0.02  0.24 0.13 ± 0.01 0.34 ± 0.02  0.23 0.10 ± 0.01 0.30 ± 0.02 
CINDEX 11.72 0.08 ± 0.01 0.23 ± 0.02  11.31 0.07 ± 0.01 0.22 ± 0.02  8.27 0.09 ± 0.01 0.22 ± 0.02 
PRICE 236.91 0.28 ± 0.01 0.19 ± 0.02  53.36 0.10 ± 0.01 0.20 ± 0.02  243.45 0.29 ± 0.01 0.18 ± 0.02 
SAGE - - -  54498.00 1.00 ± 0.01 0.00 ± 0.01  54978.00 1.00 ± 0.01 0.00 ± 0.01 
1Parameters for each trait were estimated using univariate animal models adjusted for each alternative end point. Parameter 
estimates are followed by their approximate standard error. 
2HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass 
conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder conformation score, AVGCONF: average 
carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, SAGE: age at slaughter.  
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Table 2.3. Phenotypic variance (8`2), contemporary group effect variance ratio (g2), maternal 
permanent environmental effect variance ratio (c2), direct heritability (ℎb2), maternal heritability 
(ℎB$ ) and total heritability (ℎc2) estimates for growth and ultrasound traits1. 
Trait2 8Q$ g2 c2 ℎP$  ℎB$  ℎS$ 
Growth traits       
     BWT 0.62 0.19 ± 0.01 0.10 ± 0.01 0.18 ± 0.01 0.15 ± 0.01 0.26 ± 0.01 
     WWT 19.23 0.30 ± 0.01 0.05 ± 0.01 0.23 ± 0.01 0.05 ± 0.01 0.26 ± 0.01 
     PWWT 37.08 0.34 ± 0.01 0.03 ± 0.01 0.25 ± 0.01 0.05 ± 0.01 0.27 ± 0.01 
     ADG50 0.01 0.33 ± 0.01 0.05 ± 0.01 0.21 ± 0.01 0.06 ± 0.01  0.24 ± 0.01 
     ADG100 0.01 0.45 ± 0.01 0.03 ± 0.01 0.15 ± 0.01 0.02 ± 0.01 0.15 ± 0.01 
Ultrasound traits       
     WTUS 39.68 0.29 ± 0.04 - 0.30 ± 0.06 - 0.30 ± 0.06 
     EMDUSa 10.92 0.28 ± 0.04 - 0.16 ± 0.06 - 0.16 ± 0.06 
     EMDUSw 6.26 0.32 ± 0.04 - 0.35 ± 0.06 - 0.35 ± 0.06 
     FATUSa 2.16 0.49 ± 0.04 - 0.22 ± 0.05 - 0.22 ± 0.05 
     FATUSw 1.60  0.56 ± 0.03 - 0.22 ± 0.05 - 0.22 ± 0.05 
1Parameters for growth traits were estimated using univariate maternal animal models. The covariance between direct 
and maternal genetic effects was assumed to be zero. Ultrasound trait parameters were estimated using univariate 
animal models due to inadequate data structure to estimate maternal effects. Parameter estimates are followed by 
their approximate standard error.   
2BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, 
ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUS: ultrasonically measured 
eye muscle depth, FATUS: ultrasonically measured fat depth. Ultrasound eye muscle and fat depth measurements 
were adjusted to a constant age (EMDUSa, FATUSa) or scanning weight (EMDUSw, FATUSw) in subsequent 
analyses. 
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Table 2.4. Phenotypic and genetic correlation estimates for carcass traits adjusted to a fixed slaughter age end point1,2. 
  HCW FATGR SMY LEG LOIN SHOUL AVGCONF CINDEX PRICE 
HCW  0.35 ± 0.01 -0.30 ± 0.01 0.23 ± 0.01 0.23 ± 0.01 0.18 ± 0.01 0.22 ± 0.01 -0.19 ± 0.01 0.88 ± 0.01 
FATGR 0.15 ± 0.07  -0.94 ± 0.01 0.24 ± 0.01 0.39 ± 0.01 0.37 ± 0.01 0.35 ± 0.01 -0.54 ± 0.01 0.13 ± 0.01 
SMY -0.15 ± 0.07 -0.94 ± 0.01  -0.02 ± 0.01 -0.21 ± 0.01 -0.13 ± 0.01 -0.09 ± 0.01 0.62 ± 0.01 -0.04 ± 0.01 
LEG 0.03 ± 0.07 0.31 ± 0.05 -0.03 ± 0.06  0.36 ± 0.01 0.38 ± 0.01 0.62 ± 0.01 0.10 ± 0.01 0.27 ± 0.01 
LOIN 0.00 ± 0.07 0.58 ± 0.05 -0.38 ± 0.06 0.57 ± 0.05  0.45 ± 0.01 0.57 ± 0.01 -0.01 ± 0.01 0.22 ± 0.01 
SHOUL 0.08 ± 0.07 0.53 ± 0.05 -0.26 ± 0.06 0.63 ± 0.04 0.65 ± 0.04  0.77 ± 0.01 0.02 ± 0.01 0.19 ± 0.01 
AVGCONF 0.04 ± 0.07 0.48 ± 0.05 -0.19 ± 0.06 0.83 ± 0.02 0.75 ± 0.03 0.89 ± 0.02  0.10 ± 0.01 0.26 ± 0.01 
CINDEX -0.24 ± 0.08 -0.59 ± 0.05 0.69 ± 0.04 0.08 ± 0.07 -0.07 ± 0.07 -0.04 ± 0.07 0.01 ± 0.07  0.23 ± 0.01 
PRICE 0.87 ± 0.02 -0.17 ± 0.07 0.18 ± 0.07 0.04 ± 0.07 -0.06 ± 0.07 0.01 ± 0.07 0.00 ± 0.07 0.24 ± 0.07  
1Phenotypic and genetic correlation estimates from bivariate analyses are presented above and below the diagonal, respectively. Genetic parameter estimates are 
followed by their approximate standard error.  
2HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass 
conformation score, SHOUL: shoulder conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total 
carcass value.    
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Table 2.5. Phenotypic and genetic correlation estimates for carcass traits adjusted to a fixed carcass weight end point1,2. 
  FATGR SMY LEG LOIN SHOUL AVGCONF CINDEX PRICE SAGE 
FATGR  -0.93 ± 0.01 0.18 ± 0.01 0.35 ± 0.01 0.32 ± 0.01 0.30 ± 0.01 -0.52 ± 0.01 -0.42 ± 0.01 -0.42 ± 0.02 
SMY -0.94 ± 0.01  0.05 ± 0.01 -0.16 ± 0.01 -0.08 ± 0.01 -0.03 ± 0.01 0.60 ± 0.01 0.48 ± 0.01 0.39 ± 0.02 
LEG 0.31 ± 0.05 -0.04 ± 0.06  0.33 ± 0.01 0.34 ± 0.01 0.60 ± 0.01 0.15 ± 0.01 0.13 ± 0.01 -0.48 ± 0.02 
LOIN 0.60 ± 0.05 -0.40 ± 0.06 0.58 ± 0.05  0.42 ± 0.01 0.55 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 -0.25 ± 0.02 
SHOUL 0.51 ± 0.05 -0.24 ± 0.06 0.64 ± 0.04 0.64 ± 0.04  0.76 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.21 ± 0.02 
AVGCONF 0.48 ± 0.05 -0.18 ± 0.06 0.84 ± 0.02 0.75 ± 0.03 0.89 ± 0.02  0.15 ± 0.01 0.13 ± 0.01 -0.11 ± 0.02 
CINDEX -0.56 ± 0.05 0.67 ± 0.04 0.09 ± 0.06 -0.06 ± 0.07 -0.02 ± 0.07 0.02 ± 0.06  0.85 ± 0.01 0.12 ± 0.02 
PRICE -0.53 ± 0.05 0.58 ± 0.05 0.03 ± 0.07 -0.08 ± 0.07 -0.09 ± 0.07 -0.06 ± 0.07 0.93 ± 0.02  0.13 ± 0.02 
SAGE -0.06 ± 0.05 0.05 ± 0.06 -0.07 ± 0.05 -0.03 ± 0.05 0.06 ± 0.05 -0.03 ± 0.05 0.02 ± 0.06 0.03 ± 0.07  
1Phenotypic and genetic correlation estimates from bivariate analyses are presented above and below the diagonal, respectively. Genetic parameter estimates are 
followed by their approximate standard error.  
2FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: 
shoulder conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, SAGE: age at 
slaughter.   



CHAPTER TWO: GENETIC PARAMETER ESTIMATION 

 76 

 
 
 

 
 

Table 2.6. Phenotypic and genetic correlation estimates for carcass traits adjusted to a fixed carcass fatness end point1,2. 
  HCW SMY LEG LOIN SHOUL AVGCONF CINDEX PRICE SAGE 
HCW  0.11 ± 0.01 0.14 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.12 ± 0.01 -0.01 ± 0.01 0.91 ± 0.01 0.75 ± 0.01 
SMY -0.09 ± 0.07  0.62 ± 0.01 0.52 ± 0.01 0.67 ± 0.01 0.75 ± 0.01 0.36 ± 0.01 0.22 ± 0.01 0.05 ± 0.02 
LEG -0.03 ± 0.07 0.86 ± 0.02  0.30 ± 0.01 0.32 ± 0.01 0.59 ± 0.01 0.28 ± 0.01 0.23 ± 0.01 -0.26 ± 0.02 
LOIN -0.18 ± 0.08 0.71 ± 0.04 0.54 ± 0.05  0.36 ± 0.01 0.50 ± 0.01 0.27 ± 0.01 0.18 ± 0.01 0.02 ± 0.02 
SHOUL -0.07 ± 0.07 0.86 ± 0.02 0.61 ± 0.05 0.54 ± 0.05  0.74 ± 0.01 0.29 ± 0.01 0.17 ± 0.01 0.43 ± 0.02 
AVGCONF -0.09 ± 0.07 0.96 ± 0.01 0.83 ± 0.03 0.68 ± 0.04 0.87 ± 0.02  0.38 ± 0.01 0.24 ± 0.01 0.18 ± 0.02 
CINDEX -0.20 ± 0.08 0.56 ± 0.06 0.42 ± 0.06 0.55 ± 0.06 0.47 ± 0.06 0.49 ± 0.06  0.34 ± 0.01 -0.18 ± 0.02 
PRICE 0.90 ± 0.02 0.03 ± 0.07 0.07 ± 0.07 -0.03 ± 0.08 0.03 ± 0.07 0.02 ± 0.07 0.21 ± 0.08  0.70 ± 0.01 
SAGE 0.09 ± 0.06 -0.03 ± 0.06 -0.06 ± 0.05 -0.03 ± 0.06 0.08 ± 0.06 -0.02 ± 0.05 -0.04 ± 0.06 0.09 ± 0.06  
1Phenotypic and genetic correlation estimates from bivariate analyses are presented above and below the diagonal, respectively. Genetic parameter estimates are 
followed by their approximate standard error.  
2HCW: hot carcass weight, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder 
conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, SAGE: age at slaughter.     
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Table 2.7. Genetic and phenotypic correlations among growth and ultrasound traits1,2. 

  BWT WWT PWWT WTUS ADG50 ADG100 EMDUSa EMDUSw FATUSa FATUSw 
BWT  0.36 ± 0.01 0.31 ± 0.01 0.28 ± 0.03  0.35 ± 0.01 0.10 ± 0.01 0.15 ± 0.04 -0.07 ± 0.04 0.13 ± 0.04 -0.02 ± 0.04 
WWT 0.50 ± 0.04  0.77 ± 0.01 0.71 ± 0.02 NC3 0.11 ± 0.01 0.42 ± 0.03 -0.11 ± 0.04 0.39 ± 0.03 0.04 ± 0.04 
PWWT 0.46 ± 0.04 0.89 ± 0.01  NC 0.75 ± 0.01 0.69 ± 0.01 0.64 ± 0.02 -0.01 ± 0.04 0.52 ± 0.03 0.03 ± 0.05 
WTUS 0.57 ± 0.12 0.82 ± 0.06 NC  0.69 ± 0.02 0.62 ± 0.02 0.66 ± 0.02 -0.02 ± 0.04 0.52 ± 0.03 -0.05 ± 0.05 
ADG50 0.49 ± 0.04 NC 0.89 ± 0.01 0.77 ± 0.06  0.11 ± 0.01 0.41 ± 0.03 -0.11 ± 0.04 0.38 ± 0.03 0.03 ± 0.04 
ADG100 0.27 ± 0.05 0.49 ± 0.04 0.82 ± 0.02 0.56 ± 0.09 0.51 ± 0.04  0.44 ± 0.03 0.00 ± 0.04 0.32 ± 0.04 -0.01 ± 0.05 
EMDUSa 0.38 ± 0.18 0.36 ± 0.12 0.54 ± 0.08 0.40 ± 0.14 0.34 ± 0.13 0.22 ± 0.14  NC 0.41 ± 0.03 0.10 ± 0.04 
EMDUSw -0.17 ± 0.13 -0.41 ± 0.11 -0.28 ± 0.11 -0.47 ± 0.15 -0.37 ± 0.11 -0.25 ± 0.11 NC  0.06 ± 0.04 0.11 ± 0.04 
FATUSa 0.21 ± 0.15 0.47 ± 0.10 0.63 ± 0.08 0.58 ± 0.10 0.40 ± 0.10 0.25 ± 0.12 0.42 ± 0.16 -0.13 ± 0.16  NC 
FATUSw -0.16 ± 0.14 0.02 ± 0.12 -0.02 ± 0.11 -0.07 ± 0.15 -0.03 ± 0.12 -0.03 ± 0.12 0.29 ± 0.19 0.32 ± 0.13 NC  
1Phenotypic and genetic correlation estimates from bivariate analyses are presented above and below the diagonal, respectively. Genetic parameter estimates are followed by their 
approximate standard error.  
2BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, WTUS: weight 
at ultrasound scanning, EMDUS: ultrasonically measured eye muscle depth, FATUS: ultrasonically measured fat depth. Ultrasound eye muscle and fat depth measurements were 
adjusted to a constant age (EMDUSa, FATUSa) or scanning weight (EMDUSw, FATUSw) in subsequent analyses.  
3NC: Model did not converge.  
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Table 2.8. Genetic correlations between growth traits, ultrasound traits, and carcass traits adjusted to a fixed slaughter age end point1,2. 
  BWT WWT PWWT ADG50 ADG100 
HCW 0.07 ± 0.07 0.38 ± 0.05 0.38 ± 0.05 0.37 ± 0.05 0.21 ± 0.06 
FATGR -0.36 ± 0.06 -0.09 ± 0.05 -0.11 ± 0.05 -0.09 ± 0.05 -0.09 ± 0.06 
SMY 0.34 ± 0.07 0.03 ± 0.05 0.04 ± 0.05 0.05 ± 0.06 0.04 ± 0.06 
LEG -0.14 ± 0.06 -0.12 ± 0.05 -0.18 ± 0.05 -0.12 ± 0.05 -0.17 ± 0.05 
LOIN -0.26 ± 0.06 -0.19 ± 0.05 -0.19 ± 0.05 -0.18 ± 0.05 -0.15 ± 0.06 
SHOUL -0.25 ± 0.06 -0.18 ± 0.05 -0.20 ± 0.05 -0.18 ± 0.05 -0.12 ± 0.05 
AVGCONF -0.24 ± 0.06 -0.17 ± 0.05 -0.22 ± 0.05 -0.16 ± 0.05 -0.19 ± 0.05 
CINDEX 0.22 ± 0.07 -0.11 ± 0.06 -0.13 ± 0.06 -0.12 ± 0.06 -0.10 ± 0.06 
PRICE 0.12 ± 0.07 0.28 ± 0.05 0.27 ± 0.05 0.26 ± 0.05 0.16 ± 0.06 
 WTUS EMDUSa EMDUSw FATUSa FATUSw 
HCW 0.23 ± 0.16 0.71 ± 0.19 0.44 ± 0.15 0.24 ± 0.17 0.10 ± 0.17 
FATGR -0.13 ± 0.15 0.25 ± 0.19 0.36 ± 0.14 0.49 ± 0.14 0.74 ± 0.12 
SMY 0.01 ± 0.17 -0.18 ± 0.21 -0.18 ± 0.16 -0.47 ± 0.15 -0.62 ± 0.14 
LEG -0.26 ± 0.13 0.17 ± 0.17 0.39 ± 0.12 0.16 ± 0.14 0.41 ± 0.13 
LOIN -0.22 ± 0.15 0.03 ± 0.19 0.22 ± 0.14 0.25 ± 0.16 0.54 ± 0.15 
SHOUL -0.16 ± 0.15 0.36 ± 0.19 0.46 ± 0.13 0.33 ± 0.16 0.55 ± 0.15 
AVGCONF -0.17 ± 0.14 0.19 ± 0.18 0.34 ± 0.12 0.31 ± 0.14 0.53 ± 0.13 
CINDEX 0.00 ± 0.17 0.16 ± 0.22 0.18 ± 0.16 -0.06 ± 0.18 -0.11 ± 0.17 
PRICE 0.23 ± 0.17 0.73 ± 0.18 0.54 ± 0.14 0.20 ± 0.17 0.07 ± 0.17 
1Correlation estimates are from bivariate analyses between pairs of traits and correlation coefficients are followed by their approximate standard error. 
2HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass 
conformation score, SHOUL: shoulder conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total 
carcass value, BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning 
average daily gain, WTUS: weight at ultrasound scanning, EMDUS: ultrasonically measured eye muscle depth, FATUS: ultrasonically measured fat depth. 
Ultrasound eye muscle and fat depth measurements were adjusted to a constant age (EMDUSa, FATUSa) or scanning weight (EMDUSw, FATUSw) in 
subsequent analyses.  
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Table 2.9. Genetic correlations between growth traits, ultrasound traits, and carcass traits adjusted to a fixed carcass weight end point1,2. 
  BWT WWT PWWT ADG50 ADG100 
FATGR -0.35 ± 0.06 -0.14 ± 0.05 -0.16 ± 0.05 -0.14 ± 0.05 -0.12 ± 0.05 
SMY 0.33 ± 0.06 0.08 ± 0.05 0.09 ± 0.05 0.08 ± 0.05 0.06 ± 0.06 
LEG -0.13 ± 0.06 -0.14 ± 0.05 -0.20 ± 0.05 -0.13 ± 0.05 -0.18 ± 0.05 
LOIN -0.25 ± 0.06 -0.22 ± 0.05 -0.22 ± 0.05 -0.21 ± 0.05 -0.16 ± 0.05 
SHOUL -0.27 ± 0.06 -0.25 ± 0.05 -0.27 ± 0.05 -0.25 ± 0.05 -0.17 ± 0.05 
AVGCONF -0.24 ± 0.06 -0.21 ± 0.05 -0.27 ± 0.05 -0.21 ± 0.05 -0.22 ± 0.05 
CINDEX 0.24 ± 0.07 -0.05 ± 0.06 -0.07 ± 0.06 -0.06 ± 0.06 -0.06 ± 0.06 
PRICE 0.13 ± 0.07 -0.13 ± 0.06 -0.13 ± 0.06 -0.12 ± 0.06 -0.07 ± 0.06 
SAGE  -0.34 ± 0.05 -0.59 ± 0.03 -0.57 ± 0.03 -0.58 ± 0.03 -0.44 ± 0.04 
 WTUS EMDUSa EMDUSw FATUSa FATUSw 
FATGR -0.16 ± 0.14 0.05 ± 0.19 0.20 ± 0.14 0.38 ± 0.14 0.64 ± 0.12 
SMY 0.06 ± 0.16 0.03 ± 0.21 -0.02 ± 0.15 -0.38 ± 0.15 -0.55 ± 0.14 
LEG -0.26 ± 0.13 0.10 ± 0.17 0.32 ± 0.12 0.14 ± 0.14 0.39 ± 0.13 
LOIN -0.24 ± 0.14 -0.08 ± 0.19 0.13 ± 0.14 0.18 ± 0.15 0.48 ± 0.15 
SHOUL -0.21 ± 0.14 0.24 ± 0.19 0.40 ± 0.13 0.25 ± 0.15 0.51 ± 0.14 
AVGCONF -0.20 ± 0.13 0.10 ± 0.17 0.28 ± 0.12 0.25 ± 0.14 0.50 ± 0.13 
CINDEX 0.04 ± 0.18 0.29 ± 0.22 0.27 ± 0.16 -0.01 ± 0.18 -0.11 ± 0.17 
PRICE -0.03 ± 0.17 0.31 ± 0.22 0.32 ± 0.16 0.00 ± 0.18 0.00 ± 0.17 
SAGE -0.13 ± 0.15 -0.12 ± 0.20 0.03 ± 0.14 -0.14 ± 0.15 -0.02 ± 0.14 
1Correlation estimates are from bivariate analyses between pairs of traits and correlation coefficients are followed by their approximate standard error. 
2FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: 
shoulder conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, SAGE: age at 
slaughter, BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average 
daily gain, WTUS: weight at ultrasound scanning, EMDUS: ultrasonically measured eye muscle depth, FATUS: ultrasonically measured fat depth. Ultrasound 
eye muscle and fat depth measurements were adjusted to a constant age (EMDUSa, FATUSa) or scanning weight (EMDUSw, FATUSw) in subsequent analyses.  
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Table 2.10. Genetic correlations between growth traits, ultrasound traits, and carcass traits adjusted to a fixed carcass fatness end point1,2. 
  BWT WWT PWWT ADG50 ADG100 
HCW 0.11 ± 0.07 0.21 ± 0.06 0.18 ± 0.05 0.20 ± 0.06 0.11 ± 0.06 
SMY -0.14 ± 0.07 -0.19 ± 0.05 -0.22 ± 0.05 -0.18 ± 0.05 -0.15 ± 0.06 
LEG -0.08 ± 0.06 -0.10 ± 0.05 -0.17 ± 0.05 -0.09 ± 0.05 -0.16 ± 0.05 
LOIN -0.19 ± 0.07 -0.19 ± 0.05 -0.19 ± 0.05 -0.18 ± 0.06 -0.14 ± 0.06 
SHOUL -0.22 ± 0.06 -0.23 ± 0.05 -0.24 ± 0.05 -0.22 ± 0.05 -0.15 ± 0.06 
AVGCONF -0.19 ± 0.06 -0.18 ± 0.05 -0.24 ± 0.05 -0.18 ± 0.05 -0.21 ± 0.05 
CINDEX -0.08 ± 0.07 -0.20 ± 0.06 -0.23 ± 0.06 -0.21 ± 0.06 -0.17 ± 0.06 
PRICE 0.06 ± 0.07 0.09 ± 0.06 0.06 ± 0.06 0.09 ± 0.06 0.03 ± 0.06 
SAGE -0.34 ± 0.05 -0.58 ± 0.03 -0.56 ± 0.03 -0.57 ± 0.03 -0.43 ± 0.04 
 WTUS EMDUSa EMDUSw FATUSa FATUSw 
HCW 0.13 ± 0.16 0.50 ± 0.21 0.33 ± 0.15 0.01 ± 0.17 -0.11 ± 0.16 
SMY -0.22 ± 0.14 0.20 ± 0.18 0.41 ± 0.13 0.16 ± 0.15 0.38 ± 0.15 
LEG -0.25 ± 0.14 0.17 ± 0.18 0.38 ± 0.13 0.13 ± 0.14 0.35 ± 0.14 
LOIN -0.24 ± 0.16 -0.04 ± 0.20 0.16 ± 0.15 0.15 ± 0.17 0.41 ± 0.16 
SHOUL -0.21 ± 0.15 0.35 ± 0.21 0.48 ± 0.14 0.21 ± 0.17 0.43 ± 0.16 
AVGCONF -0.19 ± 0.14 0.17 ± 0.19 0.34 ± 0.13 0.25 ± 0.15 0.46 ± 0.14 
CINDEX -0.09 ± 0.15 0.20 ± 0.19 0.30 ± 0.14 0.18 ± 0.16 0.28 ± 0.16 
PRICE 0.12 ± 0.17 0.69 ± 0.19 0.56 ± 0.14 0.12 ± 0.18 0.03 ± 0.17 
SAGE -0.11 ± 0.15 -0.05 ± 0.20 0.06 ± 0.14 -0.14 ± 0.15 -0.04 ± 0.14 
1Correlation estimates are from bivariate analyses between pairs of traits and correlation coefficients are followed by their approximate standard error. 
2HCW: hot carcass weight, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder 
conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, SAGE: age at slaughter, 
BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, 
WTUS: weight at ultrasound scanning, EMDUS: ultrasonically measured eye muscle depth, FATUS: ultrasonically measured fat depth. Ultrasound eye muscle and 
fat depth measurements were adjusted to a constant age (EMDUSa, FATUSa) or scanning weight (EMDUSw, FATUSw) in subsequent analyses.  
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Table 2.11. Spearman rank-order correlation coefficients between 
carcass trait breeding values estimated from models with alternative 
slaughter end points1 
  Endpoints 
Trait age-weight age-fatness weight-fatness 
HCW - 0.88 - 
FATGR 0.96 - - 
SAGE - - 0.97 
SMY 0.97 0.10 0.15 
LEG 0.92 0.92 0.95 
LOIN 0.84 0.95 0.78 
SHOUL 0.98 0.82 0.82 
AVGCONF 0.96 0.80 0.76 
CINDEX 0.97 0.63 0.62 
PRICE 0.56 0.97 0.60 
1HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted 
saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass 
conformation score, SHOUL: shoulder conformation score, AVGCONF: average 
carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass 
value, SAGE: age at slaughter. 
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2.8 SUPPLEMENTARY MATERIAL

 

Table 2.12. Phenotypic correlations between growth traits, ultrasound traits, and carcass traits adjusted to a fixed slaughter age end point1,2. 
  BWT WWT PWWT ADG50 ADG100 
HCW 0.04 ± 0.02 0.18 ± 0.01 0.29 ± 0.02 0.16 ± 0.02 0.19 ± 0.02 
FATGR -0.09 ± 0.02 -0.02 ± 0.01 0.03 ± 0.02  -0.04 ± 0.01 0.08 ± 0.02 
SMY 0.07 ± 0.01 0.02 ± 0.01 -0.03 ± 0.01 0.03 ± 0.01 -0.07 ± 0.02 
LEG -0.04 ± 0.01 0.00 ± 0.01 0.05 ± 0.01 0.00 ± 0.01 0.06 ± 0.01 
LOIN -0.08 ± 0.01 -0.04 ± 0.01 -0.01 ± 0.01 -0.04 ± 0.01 0.05 ± 0.02 
SHOUL -0.08 ± 0.01 -0.04 ± 0.01 -0.02 ± 0.01 -0.05 ± 0.01 0.02 ± 0.02 
AVGCONF -0.09 ± 0.01 -0.03 ± 0.01 0.00 ± 0.01 -0.03 ± 0.01 0.03 ± 0.01 
CINDEX 0.04 ± 0.01 0.00 ± 0.01 -0.03 ± 0.01 -0.01 ± 0.01 -0.04 ± 0.01 
PRICE 0.06 ± 0.02 0.16 ± 0.01 0.27 ± 0.01 0.15 ± 0.01 0.17 ± 0.02 
 WTUS EMDUSa EMDUSw FATUSa FATUSw 
HCW 0.27 ± 0.05 0.25 ± 0.05 0.10 ± 0.06 0.21 ± 0.07 0.08 ± 0.07 
FATGR 0.14 ± 0.05 0.16 ± 0.05 0.12 ± 0.05 0.37 ± 0.04 0.36 ± 0.04 
SMY -0.14 ± 0.05 -0.12 ± 0.05 -0.05 ± 0.05 -0.30 ± 0.04 -0.28 ± 0.04 
LEG 0.01 ± 0.04 0.12 ± 0.04 0.18 ± 0.04 0.19 ± 0.04 0.22 ± 0.04 
LOIN 0.10 ± 0.04 0.16 ± 0.04 0.14 ± 0.05 0.27 ± 0.04 0.25 ± 0.04 
SHOUL 0.02 ± 0.04 0.09 ± 0.04 0.12 ± 0.05 0.23 ± 0.04 0.26 ± 0.04 
AVGCONF 0.08 ± 0.04 0.18 ± 0.04 0.20 ± 0.05 0.29 ± 0.04 0.28 ± 0.04 
CINDEX  -0.06 ± 0.04 -0.03 ± 0.04 0.02 ± 0.05 -0.07 ± 0.05 -0.05 ± 0.05 
PRICE 0.24 ± 0.05 0.24 ± 0.05 0.15 ± 0.06 0.24 ± 0.06 0.13 ± 0.07 
1Correlation estimates are from bivariate analyses between pairs of traits and correlation coefficients are followed by their approximate standard error. 
2HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: 
shoulder conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, BWT: birthweight, WWT: weaning weight, 
PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUS: ultrasonically 
measured eye muscle depth, FATUS: ultrasonically measured fat depth. Ultrasound eye muscle and fat depth measurements were adjusted to a constant age (EMDUSa, FATUSa) or 
scanning weight (EMDUSw, FATUSw) in subsequent analyses.  
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Table 2.13. Phenotypic correlations between growth traits, ultrasound traits, and carcass traits adjusted to a fixed carcass weight end point1,2. 
  BWT WWT PWWT ADG50 ADG100 
FATGR -0.09 ± 0.01 -0.06 ± 0.01 -0.03 ± 0.01 -0.07 ± 0.01 0.04 ± 0.02 
SMY 0.07 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 0.05 ± 0.01 -0.04 ± 0.01 
LEG -0.04 ± 0.01 -0.01 ± 0.01 0.02 ± 0.01 -0.01 ± 0.01 0.04 ± 0.01 
LOIN -0.09 ± 0.01 -0.06 ± 0.01 -0.04 ± 0.01 -0.06 ± 0.01 0.02 ± 0.02 
SHOUL -0.10 ± 0.01 -0.09 ± 0.01 -0.09 ± 0.01 -0.09 ± 0.01 -0.03 ± 0.02 
AVGCONF -0.10 ± 0.01 -0.06 ± 0.01 -0.06 ± 0.01 -0.06 ± 0.01 -0.01 ± 0.01 
CINDEX 0.04 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 -0.01 ± 0.01 
PRICE 0.04 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.00 ± 0.01 
SAGE -0.19 ± 0.02 -0.41 ± 0.01 -0.55 ± 0.01 -0.39 ± 0.02 -0.36 ± 0.02 
 WTUS EMDUSa EMDUSw FATUSa FATUSw 
FATGR 0.06 ± 0.05 0.08 ± 0.04 0.07 ± 0.05 0.29 ± 0.04 0.31 ± 0.05 
SMY -0.08 ± 0.05 -0.05 ± 0.04 -0.01 ± 0.05 -0.23 ± 0.04 -0.24 ± 0.05 
LEG -0.02 ± 0.04 0.09 ± 0.04 0.16 ± 0.04 0.16 ± 0.04 0.20 ± 0.04 
LOIN 0.04 ± 0.04 0.10 ± 0.04 0.11 ± 0.05 0.21 ± 0.04 0.21 ± 0.04 
SHOUL -0.05 ± 0.04 0.03 ± 0.04 0.10 ± 0.05 0.17 ± 0.04 0.23 ± 0.04 
AVGCONF 0.02 ± 0.04 0.12 ± 0.04 0.18 ± 0.05 0.24 ± 0.04 0.26 ± 0.04 
CINDEX -0.01 ± 0.04 0.02 ± 0.04 0.05 ± 0.05 -0.02 ± 0.05 -0.04 ± 0.05 
PRICE -0.05 ± 0.04 -0.01 ± 0.04 0.06 ± 0.05 0.01 ± 0.05 0.04 ± 0.05 
SAGE -0.06 ± 0.08 -0.06 ± 0.07 -0.03 ± 0.09 -0.22 ± 0.09 -0.26 ± 0.09 
1Correlation estimates are from bivariate analyses between pairs of traits and correlation coefficients are followed by their approximate standard error. 
2FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder conformation 
score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, SAGE: age at slaughter, BWT: birthweight, WWT: weaning 
weight, PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUS: 
ultrasonically measured eye muscle depth, FATUS: ultrasonically measured fat depth. Ultrasound eye muscle and fat depth measurements were adjusted to a constant age (EMDUSa, 
FATUSa) or scanning weight (EMDUSw, FATUSw) in subsequent analyses.  
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Table 2.14. Phenotypic correlations between growth traits, ultrasound traits, and carcass traits adjusted to a fixed carcass fatness end point1,2. 
  BWT WWT PWWT ADG50 ADG100 
HCW 0.03 ± 0.02 0.08 ± 0.01 0.13 ± 0.02 0.07 ± 0.02 0.09 ± 0.02 
SMY -0.05 ± 0.01 -0.03 ± 0.01 -0.02 ± 0.01 -0.03 ± 0.01 0.00 ± 0.01 
LEG -0.02 ± 0.01 0.01 ± 0.01 0.05 ± 0.01 0.01 ± 0.01 0.05 ± 0.01 
LOIN -0.06 ± 0.01 -0.03 ± 0.01 -0.02 ± 0.01 -0.03 ± 0.01 0.02 ± 0.01 
SHOUL -0.07 ± 0.01 -0.07 ± 0.01 -0.07 ± 0.01 -0.07 ± 0.01 -0.03 ± 0.02 
AVGCONF -0.07 ± 0.01 -0.04 ± 0.01 -0.03 ± 0.01 -0.04 ± 0.01 -0.01 ± 0.01 
CINDEX -0.02 ± 0.01 -0.02 ± 0.01 0.00 ± 0.01 -0.02 ± 0.01 0.01 ± 0.01 
PRICE 0.03 ± 0.02 0.06 ± 0.01 0.12 ± 0.02 0.06 ± 0.01 0.09 ± 0.02 
SAGE -0.19 ± 0.02 -0.39 ± 0.01 -0.51 ± 0.01 -0.37 ± 0.02 -0.34 ± 0.02 
 WTUS EMDUSa EMDUSw FATUSa FATUSw 
HCW 0.14 ± 0.05 0.13 ± 0.05 0.04 ± 0.06 -0.01 ± 0.06 -0.10 ± 0.07 
SMY 0.01 ± 0.04 0.09 ± 0.04 0.14 ± 0.04 0.22 ± 0.04 0.24 ± 0.04 
LEG 0.00 ± 0.04 0.11 ± 0.04 0.17 ± 0.04 0.14 ± 0.04 0.16 ± 0.04 
LOIN 0.06 ± 0.04 0.12 ± 0.04 0.12 ± 0.04 0.19 ± 0.04 0.17 ± 0.04 
SHOUL -0.05 ± 0.04 0.03 ± 0.04 0.11 ± 0.04 0.14 ± 0.04 0.20 ± 0.04 
AVGCONF 0.04 ± 0.04 0.15 ± 0.04 0.20 ± 0.04 0.22 ± 0.04 0.22 ± 0.04 
CINDEX 0.02 ± 0.04 0.05 ± 0.04 0.06 ± 0.04 0.15 ± 0.04 0.16 ± 0.04 
PRICE 0.13 ± 0.06 0.16 ± 0.05 0.12 ± 0.06 0.11 ± 0.07 0.07 ± 0.08 
SAGE -0.05 ± 0.08 -0.06 ± 0.07 -0.03 ± 0.09 -0.22 ± 0.09 -0.26 ± 0.09 
1Correlation estimates are from bivariate analyses between pairs of traits and correlation coefficients are followed by their approximate standard error. 
2HCW: hot carcass weight, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder conformation score, 
AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, SAGE: age at slaughter, BWT: birthweight, WWT: weaning weight, 
PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUS: ultrasonically 
measured eye muscle depth, FATUS: ultrasonically measured fat depth. Ultrasound eye muscle and fat depth measurements were adjusted to a constant age (EMDUSa, FATUSa) or 
scanning weight (EMDUSw, FATUSw) in subsequent analyses.  



CHAPTER THREE: EXPECTED SELECTION RESPONSE 

 85 

CHAPTER THREE: EXPECTED SELECTION RESPONSE 

 

Evaluating the efficiency of direct and indirect selection to improve carcass yield and 

quality in a crossbred heavy lamb population1 

 

E. Massender2,* L.F. Brito,* A. Cánovas,* C.F. Baes,* D. Kennedy,† and F.S. Schenkel* 

 

*Centre for Genetic Improvement of Livestock, Department of Animal Biosciences, University of 

Guelph, Guelph, Ontario, Canada, N1G 2W1 

†Ontario Ministry of Agriculture, Food and Rural Affairs, 6484 Wellington Rd. 7, Elora, Ontario, 

Canada, N0B 1S0 

 

1Funding for this research was provided by the National Science and Engineering Research 

Council, Ontario Sheep Farmers, the Canadian Sheep Breeders’ Association, and the Centre 

d'expertise en production ovine du Québec (CEPOQ). Les Éleveurs d'ovins du Québec provided 

the carcass data used in this research. The authors would like to gratefully acknowledge Bill 

Szkotnicki and Dr. Larry Schaeffer from the Centre for Genetic Improvement of Livestock at the 

University of Guelph, for their assistance with the analyses.  

2Corresponding author: emassend@uoguelph.ca 

 

Canadian Journal of Animal Science 

In progress. 



CHAPTER THREE: EXPECTED SELECTION RESPONSE 

 86 

3.1 ABSTRACT: Expected direct and correlated response to selection was predicted for growth, 

ultrasound, and carcass traits in a Canadian crossbred heavy lamb population to evaluate the 

efficiency of growth and ultrasound traits as indicator traits for the genetic improvement of carcass 

yield and quality. The impact of three alternative slaughter end points (age at slaughter, carcass 

weight and carcass fatness) on response to selection was also explored. Direct selection response 

of between 0.14 and 0.17 additive genetic standard deviations per year was expected for carcass 

traits, and differed slightly depending on the slaughter end point used in the genetic evaluations.  

Growth traits, such as weaning weight and post-weaning weight, were found to be moderately 

efficient to improve carcass yield traits like hot carcass weight and total carcass value, with 36% 

to 49% of expected direct response for hot carcass weight and carcass value achievable through 

indirect selection based on growth traits. However, growth traits were found to be poor indicators 

of carcass quality, emphasizing the importance of ultrasound measurements as indicator traits for 

the genetic improvement of carcass quality. Ultrasonically measured eye muscle depth and fat 

depth were moderately efficient at increasing carcass conformation scores and reducing carcass 

fat depth at the GR site, respectively, and greater indirect selection response was observed when 

ultrasound observations were adjusted to a constant weight at ultrasound scanning, rather than a 

constant age at ultrasound scanning. Overall, the results of this research provide an initial 

evaluation of the efficiency of indirect selection for carcass yield and quality through the use of 

growth and ultrasound traits as indicators of carcass performance. Future research will focus on 

the inclusion of economically important carcass traits into existing terminal sire selection indexes 

to optimize the simultaneous improvement of growth, ultrasound and carcass traits.  

 

Key Words: carcass, growth, lamb, selection response, sheep, ultrasound 
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3.2 INTRODUCTION 

 

 Carcass yield and quality have a major impact on the profitability of meat lamb production. 

Lambs marketed at an ideal age, weight and fatness level are of higher value to processors, yield 

greater producer profit under a price grid classification system, and increase the consumer 

acceptance of marketed product. A desire to grow the Canadian sheep industry and to improve the 

consistency and quality of lamb carcasses to meet domestic demand for high quality lamb products 

has led to considerable interest in methods to improve lamb carcass traits. The carcass 

characteristics of marketed lambs are the result of complex interactions between various 

management decisions, environmental influences and genetic factors. Carcass traits are known to 

be moderately heritable (Brito et al., 2017; Mortimer et al., 2017; Massender et al., 2018a) and, 

consequently, genetic evaluations for carcass traits have been successfully implemented in major 

sheep producing countries, like New Zealand and Australia, to aid in the genetic improvement of 

lamb carcass traits.  Thus, genetic selection for carcass traits is a promising method to permanently 

and cumulatively improve carcass characteristics in the Canadian sheep population. However, the 

decentralized structure of the Canadian sheep industry and the process required to measure carcass 

traits creates some challenges for their genetic improvement. For example, many producers market 

lambs solely on a live-weight basis and, thus, they receive little of the feedback on carcass quality 

that would enable them to directly select for carcass traits. Furthermore, carcass traits cannot be 

measured directly on breeding candidates because they are measured after slaughter. As an 

alternative to direct selection for carcass traits, the moderate to strong genetic correlations between 

carcass traits and currently evaluated growth and ultrasound traits in the population (Massender et 

al., 2018a) may allow for considerable genetic improvement of carcass traits through indirect 
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selection (Massender et al., 2018a). Therefore, the objective of this research was to evaluate the 

relative efficiency of direct and indirect selection for the genetic improvement of carcass traits at 

three alternative slaughter end points in a Canadian crossbred sheep population. 

 

3.3 MATERIALS AND METHODS 

 

3.3.1 Trait Descriptions 

 Expected direct and correlated response to selection for nine carcass yield and quality traits, 

and ten growth and ultrasound traits was used to evaluate the efficiency of indirect selection for 

carcass trait genetic improvement. The carcass traits included: hot carcass weight (HCW), fat 

depth at the GR site (FATGR), predicted saleable meat yield (SMY), leg (LEG), loin (LOIN) 

and shoulder (SHOUL) primal cut carcass conformation scores; average carcass conformation 

score (AVGCONF), price grid value (CINDEX) and total carcass value (PRICE). Previous 

research has shown that additive genetic variation differs when alternative slaughter end points are 

used in the genetic evaluation of carcass traits (Massender et al., 2018a), which suggests that the 

choice of slaughter end point in genetic evaluation programs could have an impact on response to 

selection. Thus, the impact of three alternative slaughter end points (age at slaughter, carcass 

weight and carcass fatness) on expected response to selection was evaluated. The growth traits 

evaluated as indicators of carcass performance included birthweight (BWT), 50-day weaning 

weight (WWT), 100-day post-weaning weight (PWWT), weight at ultrasound scanning (WTUS), 

pre-weaning average daily gain (ADG50), and post-weaning average daily gain (ADG100). 

Ultrasonically measured eye muscle depth and fat depth were also evaluated. Ultrasonically 

measured eye muscle (EMDUS) and fat depth (FATUS) observations were adjusted to a constant 
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age (EMDUSa, FATUSa) and weight (EMDUSw, FATUSw) in successive analyses. Further 

description of the data collection and editing procedures for the growth, ultrasound and carcass 

traits used in this analysis are provided by Massender et al. (2018a).     

 

3.3.2 Genetic Parameter Estimation 

Genetic parameters for growth, ultrasound, and carcass traits at alternative slaughter end 

points were estimated using ASReml statistical software (Gilmour et al., 2015) and the models 

described in Massender et al. (2018a). Briefly, models for all traits included fixed effects of sex, 

dam age, and breed composition covariates for the seven most common breeds (Polled Dorset, 

Rideau Arcott, Romanov, Suffolk, Polypay, Canadian Arcott, Hampshire). The model for BWT 

included a fixed effect of birth type, while all other traits contained a birth-rearing type effect. 

Carcass trait models also contained a fixed effect of year-month of slaughter. Weaning weight, 

PWWT and WTUS contained a fixed covariate of age at measurement. Carcass trait observations 

were adjusted to a constant slaughter age, carcass weight or carcass fatness in subsequent analyses, 

while ultrasound traits were adjusted to either a constant age or weight at ultrasound scanning in 

subsequent analyses. Random effects in all models included the additive genetic effect and 

contemporary group effect. Growth trait models also included random maternal genetic and 

maternal permanent environmental effects.   

Heritabilities were estimated using univariate models, while genetic and phenotypic 

correlations were estimated from bivariate models. Following genetic parameter estimation, 

variance component ratios were fixed and univariate models were reanalyzed with a random 

genetic group effect, which accounted for the genetic trend overtime, to obtain EBV for the traits. 
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Forty genetic groups were formed based on the sex of the missing parent (sire or dam), year of 

offspring birth, and breed type (purebred terminal, purebred maternal, and crossbred).  

 

3.3.3 Statistical Analyses 

R Statistical Software version 3.4.2 (R Core Team, 2017) was used to calculate average 

accuracy, expected direct and correlated response to selection, as well as the ratio of response for 

each trait. Estimated breeding values and corresponding standard errors of prediction (SEP) from 

the model for each trait that included a genetic group effect, hereafter referred to as the BLUP 

models, and additive genetic variance estimates and genetic correlations from the models for each 

trait without a genetic group effect, hereafter referred to as genetic parameter estimation models, 

were used in the expected response to selection calculations.   

3.3.3.1 Average Accuracy. Standard errors of prediction from the univariate BLUP models 

were used to estimate the average accuracy of selection (ACC) for each trait for animals with their 

own record, as well as sires and dams of animals with records. First, the SEP was transformed to 

the same scale as the original variance component estimates so that the error variance used to 

calculate the SEP was consistent with the additive genetic variance estimates from the genetic 

parameter estimation models. The SEP were transformed as shown in Eq. 1. 

Eq. 1:   !",$′ = 	
(),*+ 	

,-*+
. /0$1  

Where, !",$′ is the transformed SEP for the ith animal and jth trait, !",$1  is the prediction error 

variance (square of the SEP) from the BLUP model for the ith animal and jth trait, /0$1 ′ is the error 

variance estimate from the BLUP model for the jth trait, and /0$1  is the error variance estimated 

from the genetic parameter estimation model for the jth trait. For each trait, the transformed SEP 
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were used to estimate the ACC for each animal in the pedigree (Eq. 2) as described by Gilmour et 

al. (2015). 

Eq. 2:			788",$ = 	
1 − (!",$′)1	
(1 + >")/?,$1

 

Where,  788",$ is the estimated ACC for the jth trait of the ith individual, >"  is the inbreeding 

coefficient for the ith animal, /?,$1  is the additive genetic variance estimate from the genetic 

parameter estimation model for the jth trait and !",$′ is as previously defined.  

Accuracies for some animals in the pedigree without their own records were non-estimable 

as the estimate of ACC was outside the possible parameter space (i.e. accuracy less than 0), and 

thus, the accuracy of these animals were excluded when estimating the average ACC. Only unique 

sires and dams were used in the estimation of average ACC to avoid upward biasing the average 

ACC, since parents with more offspring with records have more information contributing to the 

prediction of their EBV and thus will inherently have higher ACC. Lastly, the accuracy of 

phenotypic selection for each trait was estimated as the square root of its heritability (Bourdon, 

2000). Accuracy of phenotypic selection was calculated to assess how much selection using EBV 

was expected to improve selection accuracy beyond phenotypic selection using an individual’s 

own performance for the trait.  

3.3.3.2 Direct Response to Selection. Expected direct response to selection per year for the 

jth trait (DRj) was calculated using Eq. 3 (Bourdon, 2000), where ACCj is the estimated average 

selection accuracy for the jth trait, i is the intensity of selection for the jth trait, /?,$ is the additive 

genetic standard deviation for the jth trait and L is the generation interval for the population.  

Eq. 3:			DR$ =
788$	×	D	×	/?,$

E  
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It was assumed that selection for growth and ultrasound traits would be based on an 

individual breeding candidate’s EBV, while selection for carcass traits would be based on the EBV 

of the parent of animals with carcass records, because carcass traits cannot be directly recorded on 

breeding candidates. Thus, the average of sire and dam average ACC was used to calculate 

response to selection for the carcass traits (Table 3.1), while the average ACC of animals with 

records was used for expected response to selection calculations for growth and ultrasound traits 

(Table 3.2). For all traits, the selection intensity was assumed to be one because selection intensity 

estimates for the traits studied were unavailable for the Canadian sheep industry. The assumption 

made for selection intensity is likely underestimating the selection response achievable in practice 

for the growth traits, because these traits are typically measured on more individuals than the 

ultrasound or carcass traits, but provided a minimum value for the estimation of the efficiency of 

indirect selection for carcass traits. Generation interval estimates for the various sheep breeds in 

the population were obtained from the Canadian Sheep Breeders’ Association’s “Genetic 

Variability Analysis of Canadian Sheep Breeds using Pedigree Information” (2013). A weighted 

average generation interval of 3.47 years was calculated based on the percentage of genetics 

attributable to each of the seven most common breeds in the population, and assumed that the 

generation interval for unknown and rare breeds was equal to the average generation interval for 

all sheep breeds. Negative selection pressure was assumed for the three fatness traits (FATGR, 

FATUSa, and FATUSw), based on general knowledge of the desired direction of genetic selection 

for traits in the Canadian sheep industry and consistent with the global sheep production goal to 

increase lean meat production (Anderson et al., 2016).  
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3.3.3.3 Correlated Response to Selection. Correlated response to selection per year 

expected in target trait j due to selection on genetically related indicator trait k (CRj|k) was 

calculated using Eq. 4 (Bourdon, 2000).  

Eq. 4:			CR$|I = rK×	
/?,$
/?,I

×	DRI 

Where, rK is the genetic correlation between the jth target trait and the kth indicator trait, /?,$ and 

/?,I are the additive genetic standard deviations for the jth and kth trait, respectively, and DRk is 

the expected direct response to selection per year for the kth trait.  

  3.3.3.4 Ratio of Response. The efficiency of indirect selection relative to direct selection 

was estimated by calculating the ratio of response for each trait (RR$), as follows (Eq. 5) (Bourdon, 

2000), where CR$|I and DR$ are as previously defined. The ratio of response indicates the 

proportion of direct selection response obtainable through indirect selection, thus, numbers greater 

than one (or 100%) suggest that indirect selection is more efficient than direct selection, while 

negative numbers, or percentages, indicate that selection on a given indicator trait moves the target 

trait in an undesirable direction.     

Eq. 5:			RR$ = 	
CR$|I
DR$

 

 

3.4 RESULTS AND DISCUSSION 

 

3.4.1 Accuracy 

Table 3.1 and Table 3.2 present the estimated average ACC for each trait for sires, dams, 

animals with records, and phenotypic selection for carcass traits at alternative slaughter end points, 

and growth and ultrasound traits, respectively. Overall, selection for all traits considered was 
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expected to be moderately accurate, with average selection accuracies of animals with records 

ranging from a minimum of 0.39 for EMDUSa to a maximum of 0.66 for LEG with observations 

adjusted to a constant slaughter age. As expected, selection using EBV of animals with records 

was at least as accurate as selection based on an individual’s own phenotype for most traits. The 

expected increase in average accuracy for carcass traits due to the use of EBV of animals with 

records for selection ranged from a minimum of 8.7% for AVGCONF at a constant carcass weight 

to 33.9% for HCW at a constant age. This result makes sense as HCW and AVGCONF have the 

lowest and highest heritabilities, respectively. Gains to selection accuracy from the use of EBV for 

selection decisions would be expected to be the largest for traits that have the lowest heritability, 

as information on relatives has more of an impact on their EBV (Bourdon, 2000). In practice, it 

would not be possible to base selection decisions on animals with their own carcass trait records, 

illustrating the advantage of the use of EBV for selection decisions. For the growth and ultrasound 

traits, selection accuracy was found to increase by up to 45.5% for ADG100 through the use of 

EBV of animals with records instead of phenotypic selection. The largest increases in selection 

accuracy from the use of EBV were for the traits with a large number of records, while ultrasound 

traits, with relatively few records, generally had smaller gains to accuracy from the use of EBV.  

 The average ACC of sire EBV for carcass traits was generally higher than the average ACC 

of EBV of animals with their own records, while average dam accuracies were usually lower than 

the average ACC of progeny with records. This is likely attributable to the fact that, on average, 

known sires had a considerably larger number of progeny than dams (8.8 versus 1.7). Assuming 

that selection for carcass traits will typically be restricted to terminal sires, which is reasonable 

given the greater interest in reproductive traits in maternal breeds, this result is promising as more 

selection response is expected when ACC is higher.    
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 Differences in average EBV accuracy were observed for the carcass traits at alternative 

slaughter end points, however, they were generally small (≤ 0.06) with the largest differences being 

observed for carcass conformation traits. There was a trend for the average accuracies to be lowest 

for carcass traits with observations adjusted to a constant carcass fatness for most traits, which 

mirrors the trend of lower additive genetic variation when observations were adjusted to a constant 

carcass fatness (Massender et al., 2018a). Overall, the small differences in average ACC at 

alternative slaughter end points are likely to be of little practical significance in the potential 

genetic evaluation of carcass traits for the Canadian sheep industry.  

 

3.4.2 Direct Response to Selection 

 Expected direct response to selection for carcass traits at alternative slaughter end points, 

and growth and ultrasound traits are provided in Table 3.3 and Table 3.4, respectively. Direct 

response to selection is presented in both trait units per year and additive genetic standard 

deviations per year. The results in trait units are more practically interpretable, but, because the 

results are standardized when expressed as additive genetic standard deviations of response per 

year, this expression allows for better comparison of the differences in selection response between 

traits. The expected direct selection response was standardized by dividing the response per year 

for each trait by its respective additive genetic standard deviation. 

3.4.2.1 Carcass Traits at Alternative Slaughter End Points. The absolute value of expected 

direct selection response for carcass traits in terms of additive genetic standard deviations per year, 

ranged from 0.14 to 0.17, and once again, the trend for lower selection response when observations 

were adjusted to a constant fatness was observed. The narrow range in standardized selection 

response was attributable to the fact that equal selection intensity was assumed for all traits and 



CHAPTER THREE: EXPECTED SELECTION RESPONSE 

 96 

that differences in average ACC between traits was small. However, in practical terms the 

responses observed suggest that it would be possible to make considerable improvement to carcass 

traits each year through genetic selection. Hot carcass weight was expected to increase by between 

120 g and 130 g per year due to direct selection, which would be equivalent to $0.94 to $1.02 

greater revenue (assuming a base price per kilogram of HCW of $7.85) per lamb, per year. The 

expected response to selection for HCW observed in this research is similar, but slightly higher, 

than Sheep Improvement Limited’s reported genetic gain of approximately 90 g of HCW per lamb, 

per year over the last ten years in the New Zealand sheep industry (Sheep Improvement Limited, 

2017). Expected genetic improvements to the composite trait PRICE were more variable and 

ranged from $0.46 per year when observations were adjusted to a constant carcass weight to $0.94 

per year when observations were adjusted to a constant age at slaughter. This is attributable to the 

lower additive genetic standard deviation of PRICE when observations were linearly adjusted to a 

constant carcass weight. Impressively, FATGR was expected to be reduced by approximately a 

millimeter per generation (0.94 to 1.01 mm) and the conformation traits were expected to be 

improved by between 0.14 and 0.17 points per generation. These improvements to carcass quality 

would be expected to have a meaningful impact on the price grid value of marketed lambs by 

reducing producer penalties for overly fat lambs. The SMY and CINDEX of carcasses were also 

expected to improve by 0.04 to 0.11% and 0.19 to 0.25 points per year, respectively. Overall, these 

results suggest that considerable improvements to carcass traits may be attainable through direct 

selection. However, given the practical difficulty of direct selection for carcass traits, indirect 

selection may be preferable if it is found to be reasonably efficient.   

3.4.2.2 Growth and Ultrasound Traits. Direct selection for weight traits was expected to 

result in considerable gains of 370 g, 560 g, and 550 g per year for WWT, PWWT and WTUS, 
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respectively. The expected change in BWT due to direct selection was small, which is favorable 

as BWT is a trait with an intermediate optimum and selection for higher BWT could result in 

problems with lambing ease, due to the unfavorable positive genetic correlation between BWT 

and lambing ease (Li and Brown, 2016). The measures of growth rate (ADG50 and ADG100) were 

expected to have good selection response when standardized (0.17 and 0.16, respectively) and 

would translate into an expected selection response of 500 g per year in gain from 50 to 100 days 

(10 g per day). Expected response to selection for ultrasound traits ranged from 0.15 to 0.26 mm 

for EMDUS and -0.11 to -0.10 mm for FATUS. The expected selection response reported in this 

research may have overestimated the selection response that is achievable in practice, since 

selection intensity is reduced when multiple traits are selected for simultaneously. GenOvis genetic 

trends for growth and ultrasound trait EBV for the terminal sire breed Suffolk are considerably 

lower than as reported here for all traits but EMDUS. GenOvis genetic trends reported between 

2006 and 2016 indicate genetic gain, per year, of approximately 2 g, 140 g, and 200 g, 0.28 mm, 

and 0.04 mm for BWT, adjusted 50-day weight, gain from 50 to 100 days, EMDUSw, and 

FATUSw, respectively (GenOvis, 2016). Interestingly, although it would be beneficial to maintain 

or lower FATUSw, to reduce FATGR in marketed lambs, the current genetic trend indicates a 

small increase in FATUSw each year, likely due to the positive correlation between EMDUSw 

and FATUSw (Massender et al., 2018a; Massender et al., 2018b). The differences observed 

between the expected response to selection calculations in this research and the realized genetic 

gain, as reported in the Suffolk genetic trends, are likely a function of the fact that selection in 

practice is based on a multiple trait index, whereas the response to selection calculations reported 

in this research are for single trait selection. Multiple-trait selection would be expected to reduce 

the response observed in each individual trait due to lower selection intensity. The difference may 



CHAPTER THREE: EXPECTED SELECTION RESPONSE 

 98 

also be partially attributable to differing parameters estimated in the subset of the data used in this 

analysis.    

 

3.4.3 Relative Efficiency of Indirect Selection 

 Expected correlated response to selection, expressed as additive genetic standard 

deviations per year, is presented as supplementary material for growth traits, ultrasound traits, and 

carcass traits at slaughter age (Table 3.8), carcass weight (Table 3.9) and carcass fatness (Table 

3.10) slaughter end points. However, given that the objective of this research is to evaluate the 

relative efficiency of indirect selection to improve carcass traits, discussion will focus on the ratio 

of response, with an emphasis on the use of live traits as indicators of carcass performance. The 

ratio of response presents the expected percentage of the direct response achievable through 

indirect selection. Ratio of response for carcass traits at alternative slaughter end points are 

presented in Tables 3.5 to 3.7.  

 3.4.3.1 Carcass Traits as Indicators of Other Carcass Traits. To simplify genetic 

evaluation, it is useful to have an understanding of which carcass traits could be used as efficient 

indicators of other carcass traits, to limit the number of traits necessary for genetic evaluation, 

which would in turn reduce computational costs of the genetic evaluation program. As would be 

expected, selection for component traits to improve composite traits was generally almost as 

efficient as directly selecting for the composite trait. Selection for composite traits to improve 

component traits was also quite efficient, although it was generally slightly less efficient than the 

reverse. For example, at a constant slaughter age, selection for lower FATGR was found to be 

more efficient than direct selection for SMY (108%), but selection for higher SMY to reduce 

FATGR was only 82% as efficient as directly selecting for lower FATGR. The efficiency of 
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selection, especially for composite traits, was sensitive to the end point used in the analysis, which 

was expected due to the differing genetic correlations among traits when observations were 

adjusted to alternative slaughter end points. Average carcass conformation score was found to be 

a good indicator of the three primal cut carcass conformation scores at all slaughter end points (72 

to 90%), which suggests that AVGCONF could be effectively used to simultaneously improve 

LEG, LOIN and SHOUL. However, given the high economic importance of loin cuts of meat to 

meat lamb production, it is worth noting that selection based on AVGCONF was always less 

efficient at improving LOIN than it was at improving LEG or SHOUL. Thus, less selection 

response would be achievable for LOIN than the other carcass conformation traits through indirect 

selection using AVGCONF.     

 3.4.3.2 Growth Traits as Indicators of Carcass Traits. In the Canadian sheep industry, 

genetic selection for growth traits is common among many purebred and commercial breeders. 

Thus, the impact of current selection for growth traits on carcass trait performance was of 

considerable interest. Growth traits were found to be moderately efficient for the genetic 

improvement of carcass yield traits (HCW and PRICE), but inefficient at improving quality traits, 

such as FATGR and AVGCONF. The efficiency of indirect selection based on growth traits to 

improve HCW and PRICE was expected to be greater when the carcass trait observations were 

adjusted to a constant age at slaughter, rather than a constant carcass fatness.  Selection for higher 

lamb weights at weaning or post-weaning were approximately half as efficient as directly selecting 

for HCW (46 to 49%) or PRICE (36%) when observations were adjusted to a constant age at 

slaughter. However, this is likely a very conservative estimate of the efficiency of indirect selection 

achievable in practice. In practice, selection intensity for growth traits would be much higher than 

carcass traits at an industry-wide level because growth traits are measured on all lambs recorded 
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in the Canadian Sheep Genetic Evaluation System (CSGES), whereas selection based on carcass 

traits would be limited to only breeding candidates with relatives (siblings, half-siblings, or 

progeny) that were slaughtered through a rail-graded marketing system. Therefore, growth traits 

may be even more useful indicators of carcass performance than these results suggest. Remarkably, 

indirect selection to improve HCW through WWT and PWWT selection were expected to be of 

similar efficiency (46% versus 49%, respectively), thus, selection decisions made at earlier ages 

were not expected to have a detrimental impact on the genetic improvement of carcass yield. The 

lower efficiency of WTUS as an indicator of carcass yield traits was unexpected, but is likely 

attributable to less accurate parameter estimates due to the smaller ultrasound data set used in the 

analyses. In general, selection for higher growth traits was not expected to be efficient at improving 

carcass quality traits, independent of the slaughter end point used in the analysis, and in many 

cases, was expected to move carcass traits in an undesirable direction. This is an important finding, 

as it suggests that intensive selection on growth traits may have a detrimental impact on carcass 

quality. Overall, current selection on growth traits was expected to have a beneficial impact on 

carcass yield, but alternative traits would be needed to improve carcass quality through indirect 

selection.  

 3.4.3.3 Ultrasound Traits as Indicators of Carcass Traits. Ultrasound traits are used in 

genetic evaluation programs world-wide as indicators of carcass performance, due to their 

moderate to high genetic correlations with carcass yield and quality traits (Brito et al., 2017; 

Mortimer et al., 2017; Massender et al., 2018a). The results of this research support the use of 

selection on ultrasound traits to improve carcass yield and quality traits, however, the infrequency 

of ultrasound trait measurement in the Canadian sheep industry would be a barrier to the use of 

ultrasound traits as indicators of carcass performance.  Selection for HCW through the use of 
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EMDUSa or EMDUSw as indicator traits was expected to be more efficient than the use of growth 

traits with increases to efficiency of 4 to 6% and 16 to 17% over selection for PWWT when HCW 

observations were adjusted to a constant slaughter age or carcass fatness, respectively. 

Furthermore, selection for EMDUS was found to be moderately to highly efficient at improving 

PRICE, especially when carcass fatness was used as the end point in the analysis of PRICE (ratio 

of responses ranged from 25 to 71%). Ultrasonically measured eye muscle depth was found to be 

more efficient at improving several carcass quality traits (LEG, LOIN, SHOUL, AVGCONF, 

CINDEX) when observations were adjusted to a constant weight at ultrasound scanning (15% to 

56%), rather than a constant age at ultrasound scanning (-6 to 26%), independent of the end point 

used in the analysis of the carcass quality traits. This result supports the continued use of a weight 

at ultrasound scanning adjustment in the routine genetic evaluation of ultrasound traits in the 

CSGES, given that the main purpose of the genetic evaluation of ultrasound traits is to improve 

carcass quality. Ultrasonically measured eye muscle depth was not found to be a very efficient 

indicator trait for the indirect improvement of LOIN, with only 15 to 26% of direct response in 

LOIN expected to be achievable through indirect selection, depending on the end point used in the 

analysis of LOIN. This result is consistent with the relatively low positive genetic correlations 

between EMDUS and LOIN previously observed in the population, despite the fact that EMDUS 

and LOIN are both measures of muscularity in the loin region. These results support our previous 

conclusions that more objective measures of carcass muscularity would be beneficial to improve 

selection for carcass composition in the Canadian sheep industry (Massender et al., 2018a). As 

expected, FATUSa and FATUSw were found to be moderately efficient indicator traits for the 

reduction of FATGR at age or weight end points (36 to 71%) and gain in SMY at age or weight 

end points (38 to 69%), with the greatest efficiency observed when FATUS observations were 
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adjusted to a constant carcass weight. Overall, the improvements to selection efficiency attainable 

through the use of ultrasound traits as indicators of carcass yield traits instead of growth traits was 

modest and may not make the measurement of ultrasound traits economically viable, but 

ultrasound traits warrant further investigation for the improvement of carcass uniformity, given 

that EMDUS was the only indicator trait measured on living animals that was found to be useful 

for the genetic improvement of carcass quality.  

 

3.4.4 Implications of Testing Carcass Performance Using Traits Measured on Live Animals   

 In agreement with the results in this research, Gardner et al. (2015) reported that substantial 

indirect improvement to HCW was achievable from the use of sires with high EBV for PWWT. 

Hot standard carcass weight was found to increase by 0.24 kg per unit increase in PWWT EBV in 

the results of Gardner et al. (2015), resulting in a 5.52 kg range in HCW across the range of PWWT 

EBV. Ultrasonically measured eye muscle depth and fat depth EBV were also found to be 

associated with HCW, with increases in HCW of 0.21 kg per unit decrease in FATUS and 0.16 kg 

per unit increase in EMDUS, respectively. This finding was in contrast to our results that suggested 

that increasing EMDUS was expected to be more efficient at increasing HCW than decreasing 

FATUS. Furthermore, Anderson et al. (2016) quantified the impact of utilizing sires with high 

PWWT, EMDUS and FATUS EBV on total carcass value of Australian lambs due to 

improvements in carcass composition. They found that total carcass value of castrated male market 

lambs sired by terminal breed sires was increased by $0.32, $6.26 and $2.98 per unit of EBV 

increase in PWWT, decrease in FATUS and increase in EMDUS, respectively. This result was 

similar to our finding that ultrasound traits were more efficient for the improvement of carcass 

quality traits than growth traits, but differed in that selection for FATUSw was not expected to 
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efficiently improve PRICE in our population. In the future, it would be useful to extend our results 

to evaluate the efficiency of indirect selection in terms of economic efficiency, rather than as 

currently presented as the proportion of direct response expected to be achievable, which would 

allow Canadian sheep producers to see the economic value of genetic improvement programs and 

recording additional traits.   

 

3.5 CONCLUSIONS 

 

 In summary, this study evaluated the potential efficiency of growth and ultrasound traits as 

indicators for the genetic improvement of carcass yield and quality, as well as the potential 

selection response achievable through direct selection for carcass traits at alternative slaughter end 

points. Direct response to selection for carcass traits equal to between 0.14 and 0.17 additive 

genetic standard deviations per year was expected, and the expected response to selection only 

differed slightly when alternative slaughter end points were used in the analysis of carcass traits.  

Growth traits and ultrasound traits were found to be moderately efficient indicators of carcass yield 

and quality traits. The use of growth and ultrasound traits as indicators of carcass yield and quality 

traits would be beneficial, as the traits can be measured at earlier ages, can be measured directly 

on breeding candidates, and measurements are already collected on farm as part of routine 

management and breeding programs of many Canadian sheep producers. Ultrasound traits were 

found to be more efficient indicators of carcass traits when observations were adjusted to a constant 

ultrasound scanning weight in the genetic evaluation analysis instead of a constant age at 

measurement, which supports the continued use of weight at ultrasound scanning as the covariate 

in the genetic evaluation of ultrasound traits in the CSGES. Furthermore, selection solely based on 
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growth traits was found to be sufficient for the genetic improvement of carcass yield traits, but 

selection based on EMDUSw was found to be important for the genetic improvement of carcass 

quality traits. This finding is important as it highlights the need to improve the uptake of ultrasound 

trait measurement in the Canadian sheep industry to overcome carcass consistency and quality 

problems. The results of this research demonstrate the impact of selection for individual traits for 

the genetic improvement of carcass traits, and provides an initial assessment of the effects of 

indirect selection on carcass yield and quality. However, in practice, it is typical to balance and 

optimize selection for multiple traits through the use of a selection index. Thus, future research 

will evaluate current terminal sire selection indexes to determine the potential benefit of the 

inclusion of economically important carcass traits into the CSGES terminal sire selection indexes.  
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3.7 TABLES 

 
 

Table 3.1. Average selection accuracies for sires, dams, progeny with records, and phenotypic selection ( h") for carcass traits at 
alternative slaughter end points. 
  Average accuracy 

 Slaughter age   Carcass weight   Carcass fatness 
Trait1 Sires Dams Progeny h"   Sires Dams Progeny h"   Sires Dams Progeny h" 
HCW, kg 0.59 0.42 0.55 0.41   - - - -   0.57 0.39 0.53 0.42 
FATGR, mm 0.67 0.50 0.65 0.55  0.65 0.46 0.65 0.57  - - - - 
SMY, % HCW 0.61 0.41 0.57 0.51  0.63 0.42 0.59 0.53  0.62 0.42 0.57 0.51 
LEG, score 0.68 0.52 0.66 0.57  0.65 0.44 0.63 0.57  0.64 0.43 0.60 0.55 
LOIN, score 0.62 0.42 0.59 0.52  0.63 0.43 0.60 0.54  0.60 0.40 0.55 0.49 
SHOUL, score 0.64 0.43 0.61 0.56  0.65 0.44 0.62 0.57  0.63 0.41 0.58 0.53 
AVGCONF, score 0.65 0.44 0.62 0.57  0.65 0.45 0.63 0.58  0.64 0.42 0.60 0.55 
CINDEX, score 0.62 0.43 0.57 0.48  0.59 0.40 0.53 0.47  0.59 0.40 0.53 0.47 
PRICE, $CAD 0.57 0.39 0.53 0.44   0.58 0.39 0.51 0.45   0.56 0.39 0.52 0.42 
1HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass 
conformation score, SHOUL: shoulder conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total 
carcass value.  
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Table 3.2. Average selection accuracies for sires, dams, progeny 
with records, and phenotypic selection ( h") for growth and 
ultrasound traits. 
  Average accuracy  
Trait1 Sire Dam Progeny h" 
BWT, kg 0.55 0.51 0.53 0.51 
WWT, kg 0.61 0.58 0.62 0.51 
PWWT, kg 0.61 0.60 0.64 0.52 
WTUS, kg 0.47 0.37 0.55 0.55 
ADG50, kg 0.59 0.57 0.60 0.49 
ADG100, kg 0.56 0.54 0.56 0.39 
EMDUSa, mm 0.37 0.28 0.39 0.40 
EMDUSw, mm 0.50 0.40 0.61 0.59 
FATUSa, mm 0.45 0.36 0.53 0.47 
FATUSw, mm 0.46 0.38 0.57 0.47 
1BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, 
ADG50: pre-weaning average daily gain, ADG100: post-weaning average 
daily gain, WTUS: weight at ultrasound scanning, EMDUSa: ultrasonic eye 
muscle depth at a constant age, EMDUSw: ultrasonic eye muscle depth at a 
constant scanning weight, FATUSa: ultrasonic fat depth at a constant age, 
FATUSw: ultrasonic fat depth at a constant scanning weight. 
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Table 3.3. Expected direct response per year of selection for carcass traits at alternative slaughter end points1.	
  Slaughter end point 

 Age  Weight  Fatness 
Trait2 Units #$   Units #$   Units #$ 
HCW, kg 0.13 0.15  - -  0.12 0.14 

FATGR, mm -0.29 -0.17  -0.27 -0.16  - - 
SMY, %HCW 0.11 0.15  0.11 0.15  0.04 0.15 
LEG, score 0.05 0.17  0.04 0.16  0.04 0.15 
LOIN, score 0.04 0.15  0.04 0.15  0.04 0.15 
SHOUL, score 0.05 0.16  0.05 0.16  0.04 0.15 
AVGCONF, score 0.05 0.16  0.05 0.16  0.04 0.15 
CINDEX, score 0.25 0.15  0.23 0.14  0.19 0.14 
PRICE, $CAD 0.94 0.14  0.46 0.14  0.92 0.14 
1Response to selection is expressed as trait units (Units) and additive genetic standard deviations (#$) per year.   
2HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, 
LOIN: loin carcass conformation score, SHOUL: shoulder conformation score, AVGCONF: average carcass conformation score, 
CINDEX: carcass price grid value, PRICE: total carcass value.	
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Table 3.4. Expected direct response per year of selection for 
growth and ultrasound traits1. 
Trait2 Units #$ 
BWT, kg 0.05 0.15 
WWT, kg 0.37 0.18 
PWWT, kg 0.56 0.19 
WTUS, kg 0.55 0.16 
ADG50, kg 0.01 0.17 
ADG100, kg 0.01 0.16 
EMDUSa, mm 0.15 0.11 
EMDUSw, mm 0.26 0.17 
FATUSa, mm -0.11 -0.15 
FATUSw, mm -0.10 -0.16 
1Response to selection is expressed as trait units (Units) and additive 
genetic standard deviations (#$) per year.   
2BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, 
ADG50: pre-weaning average daily gain, ADG100: post-weaning average 
daily gain, WTUS: weight at ultrasound scanning, EMDUSa: ultrasonic eye 
muscle depth at a constant age, EMDUSw: ultrasonic eye muscle depth at 
a constant scanning weight, FATUSa: ultrasonic fat depth at a constant age, 
FATUSw: ultrasonic fat depth at a constant scanning weight.	
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Table 3.5. Percent efficiency of indirect selection relative to direct selection for growth traits, ultrasound traits, and carcass traits at a fixed 
slaughter age end point1,2. 
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HCW  -13 -15 3 0 7 4 -23 91 7 31 30 21 31 19 91 37 -23 -9 
FATGR -17  108 -30 -66 -58 -52 66 21 40 9 10 14 9 9 -37 -35 54 77 
SMY -15 82  -3 -37 -25 -18 67 19 33 2 3 1 4 4 -23 -15 46 56 
LEG 4 -32 -4  66 71 92 9 5 -16 -12 -17 -28 -12 -18 26 39 -18 -44 

LOIN 0 -51 -39 49  63 71 -7 -6 -25 -16 -15 -21 -16 -14 4 19 -25 -49 
SHOUL 9 -49 -27 56 67  88 -4 1 -25 -16 -17 -16 -16 -11 49 41 -34 -52 
AVGCONF 4 -45 -20 75 79 90  1 0 -25 -15 -19 -17 -14 -18 26 31 -32 -51 
CINDEX -25 53 71 7 -7 -4 1  26 22 -9 -11 0 -11 -9 22 16 6 10 
PRICE 84 14 17 3 -6 1 0 22  11 22 20 20 21 14 90 43 -18 -6 
BWT 7 33 35 -12 -27 -25 -24 22 13  43 38 55 43 25 52 -15 -21 15 
WWT 46 9 4 -12 -23 -21 -19 -13 36 58  85 91 - 53 57 -42 -55 -2 
PWWT 49 12 5 -19 -24 -24 -26 -16 36 56 93  - 95 94 89 -30 -77 2 
WTUS 25 12 1 -24 -23 -16 -17 0 26 59 74 -  71 55 56 -43 -61 7 
ADG50 44 9 6 -12 -21 -20 -18 -14 32 55 - 83 84  54 52 -37 -45 3 
ADG100 24 9 4 -16 -16 -13 -20 -11 19 29 45 72 57 48  32 -23 -27 3 
EMDUSa 55 -17 -14 11 2 26 14 12 59 28 23 33 28 22 15  - -31 -20 

EMDUSw 53 -37 -21 39 26 52 38 21 68 -19 -40 -26 -51 -37 -27 -  15 -34 
FATUSa -25 44 49 -14 -25 -32 -30 6 -22 -21 -40 -52 -55 -35 -23 -57 11  - 
FATUSw -11 71 69 -38 -59 -58 -55 12 -8 17 -2 2 7 3 3 -42 -30 -  
1Equal selection intensity was assumed for all traits. Efficiency of indirect selection on the trait in each row to improve the trait in each column, relative to direct selection. 
2HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, 
SHOUL: shoulder conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, BWT: birthweight, 
WWT: weaning weight, PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound 
scanning, EMDUSa: ultrasonic eye muscle depth at a constant age, EMDUSw: ultrasonic eye muscle depth at a constant scanning weight, FATUSa: ultrasonic fat depth at a 
constant age, FATUSw: ultrasonic fat depth at a constant scanning weight. 
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Table 3.6. Percent efficiency of indirect selection relative to direct selection for growth traits, ultrasound traits, and carcass traits at a fixed 
carcass weight end point1,2. 
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FATGR  100 -31 -63 -52 -49 63 61 36 13 14 16 13 12 -7 -18 40 63 
SMY 88  -4 -39 -23 -17 70 62 32 7 7 6 7 6 4 -2 38 51 
LEG -31 -4  60 64 84 10 3 -13 -12 -17 -26 -12 -18 14 29 -15 -38 
LOIN -57 -41 56  62 73 -6 -9 -25 -19 -18 -23 -19 -15 -11 11 -18 -45 
SHOUL -50 -25 64 66  88 -2 -10 -28 -22 -23 -21 -23 -16 33 36 -26 -49 
AVGCONF -47 -19 84 77 90  2 -7 -25 -19 -23 -20 -19 -21 14 25 -26 -48 
CINDEX 50 64 8 -6 -2 2  95 22 -4 -5 4 -5 -5 37 22 1 10 
PRICE 46 54 3 -7 -8 -5 91  12 -10 -10 -3 -10 -6 38 26 0 0 
BWT 34 34 -13 -25 -26 -23 26 14  43 38 55 43 25 52 -15 -21 15 

WWT 16 9 -16 -26 -28 -24 -6 -16 58  85 91 - 53 57 -42 -55 -2 
PWWT 19 11 -23 -27 -32 -32 -9 -17 56 93  - 95 94 89 -30 -77 2 
WTUS 16 6 -26 -25 -21 -20 4 -3 59 74 -  71 55 56 -43 -61 7 
ADG50 15 9 -14 -24 -28 -23 -7 -15 55 - 83 84  54 52 -37 -45 3 
ADG100 12 6 -19 -17 -18 -23 -7 -8 29 45 72 57 48  32 -23 -27 3 
EMDUSa -4 2 7 -6 17 7 23 25 28 23 33 28 22 15  - -31 -20 
EMDUSw -22 -2 35 15 45 31 33 40 -19 -40 -26 -51 -37 -27 -  15 -34 
FATUSa 36 38 -13 -18 -24 -24 1 0 -21 -40 -52 -55 -35 -23 -57 11  - 
FATUSw 65 60 -40 -51 -53 -52 13 0 17 -2 2 7 3 3 -42 -30 -  
1Equal selection intensity was assumed for all traits. Efficiency of indirect selection on the trait in each row to improve the trait in each column, relative to direct selection. 
2FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder 
conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, BWT: birthweight, WWT: weaning weight, 
PWWT: post-weaning weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUSa: ultrasonic 
eye muscle depth at a constant age, EMDUSw: ultrasonic eye muscle depth at a constant scanning weight, FATUSa: ultrasonic fat depth at a constant age, FATUSw: ultrasonic 
fat depth at a constant scanning weight. 
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Table 3.7. Percent efficiency of indirect selection relative to direct selection for growth traits, ultrasound traits, and carcass traits at a fixed 
carcass fatness end point1,2. 
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HCW  -8 -3 -17 -6 -8 -19 90 10 16 13 11 16 9 61 26 -1 9 
SMY -10  84 73 86 94 58 3 -14 -16 -18 -21 -16 -14 26 35 -16 -35 
LEG -3 89  57 63 84 45 8 -8 -9 -14 -24 -8 -15 23 33 -13 -33 
LOIN -19 69 51  52 64 56 -3 -18 -16 -15 -22 -15 -12 -5 13 -14 -37 
SHOUL -8 86 59 56  85 49 3 -22 -19 -19 -20 -19 -14 47 41 -21 -40 
AVGCONF -10 98 82 72 89  52 2 -19 -16 -20 -18 -16 -20 23 30 -25 -43 
CINDEX -21 54 39 54 45 46  22 -7 -16 -18 -8 -17 -15 25 25 -17 -25 
PRICE 90 3 6 -3 3 2 20  5 7 4 10 7 3 84 44 -11 -3 
BWT 12 -14 -8 -20 -22 -19 -9 7  43 38 55 43 25 52 -15 -21 15 

WWT 27 -23 -12 -23 -27 -21 -25 12 58  85 91 - 53 57 -42 -55 -2 
PWWT 24 -27 -20 -24 -30 -29 -30 8 56 93  - 95 94 89 -30 -77 2 
WTUS 15 -23 -26 -26 -22 -20 -10 14 59 74 -  71 55 56 -43 -61 7 
ADG50 25 -21 -10 -21 -25 -20 -25 11 55 - 83 84  54 52 -37 -45 3 
ADG100 13 -16 -17 -16 -16 -22 -19 4 29 45 72 57 48  32 -23 -27 3 
EMDUSa 41 15 12 -3 26 13 16 56 28 23 33 28 22 15  - -31 -20 
EMDUSw 42 48 43 19 56 39 36 71 -19 -40 -26 -51 -37 -27 -  15 -34 
FATUSa -1 -16 -13 -16 -21 -25 -19 -13 -21 -40 -52 -55 -35 -23 -57 11  - 
FATUSw 13 -41 -37 -46 -47 -49 -32 -4 17 -2 2 7 3 3 -42 -30 -  
1Equal selection intensity was assumed for all traits. Efficiency of indirect selection on the trait in each row to improve the trait in each column, relative to direct selection. 
2HCW: hot carcass weight, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder conformation score, 
AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, 
ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUSa: ultrasonic eye muscle depth at a constant age, 
EMDUSw: ultrasonic eye muscle depth at a constant scanning weight, FATUSa: ultrasonic fat depth at a constant age, FATUSw: ultrasonic fat depth at a constant scanning weight. 
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3.8 SUPPLEMENTARY MATERIAL 

Table 3.8. Expected standard deviations of correlated response per year of selection for growth traits, ultrasound traits, and carcass traits 
at a fixed slaughter age end point1,2. 
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HCW  0.02 -0.02 0.00 0.00 0.01 0.01 -0.03 0.13 0.01 0.06 0.06 0.03 0.05 0.03 0.10 0.06 0.03 0.01 
FATGR -0.03  0.16 -0.05 -0.10 -0.09 -0.08 0.10 0.03 0.06 0.02 0.02 0.02 0.02 0.02 -0.04 -0.06 -0.08 -0.12 
SMY -0.02 -0.14  0.00 -0.06 -0.04 -0.03 0.10 0.03 0.05 0.00 0.01 0.00 0.01 0.01 -0.03 -0.03 -0.07 -0.09 
LEG 0.01 0.05 -0.01  0.10 0.11 0.14 0.01 0.01 -0.02 -0.02 -0.03 -0.05 -0.02 -0.03 0.03 0.07 0.03 0.07 
LOIN 0.00 0.09 -0.06 0.09  0.10 0.11 -0.01 -0.01 -0.04 -0.03 -0.03 -0.03 -0.03 -0.02 0.00 0.03 0.04 0.08 
SHOUL 0.01 0.08 -0.04 0.10 0.10  0.14 -0.01 0.00 -0.04 -0.03 -0.03 -0.02 -0.03 -0.02 0.06 0.07 0.05 0.09 
AVGCONF 0.01 0.08 -0.03 0.13 0.12 0.14  0.00 0.00 -0.04 -0.03 -0.03 -0.03 -0.03 -0.03 0.03 0.05 0.05 0.08 
CINDEX -0.04 -0.09 0.10 0.01 -0.01 -0.01 0.00  0.04 0.03 -0.02 -0.02 0.00 -0.02 -0.02 0.02 0.03 -0.01 -0.02 
PRICE 0.12 -0.02 0.03 0.01 -0.01 0.00 0.00 0.03  0.02 0.04 0.04 0.03 0.04 0.02 0.10 0.08 0.03 0.01 
BWT 0.01 -0.06 0.05 -0.02 -0.04 -0.04 -0.04 0.03 0.02  0.08 0.07 0.09 0.08 0.04 0.06 -0.03 0.03 -0.02 
WWT 0.07 -0.02 0.01 -0.02 -0.03 -0.03 -0.03 -0.02 0.05 0.09  0.16 0.15 - 0.09 0.06 -0.07 0.08 0.00 

PWWT 0.07 -0.02 0.01 -0.03 -0.04 -0.04 -0.04 -0.02 0.05 0.09 0.16  - 0.16 0.15 0.10 -0.05 0.12 0.00 
WTUS 0.04 -0.02 0.00 -0.04 -0.04 -0.03 -0.03 0.00 0.04 0.09 0.13 -  0.12 0.09 0.06 -0.07 0.09 -0.01 

ADG50 0.06 -0.02 0.01 -0.02 -0.03 -0.03 -0.03 -0.02 0.04 0.08 - 0.15 0.13  0.09 0.06 -0.06 0.07 -0.01 
ADG100 0.03 -0.01 0.01 -0.03 -0.02 -0.02 -0.03 -0.02 0.03 0.04 0.08 0.13 0.09 0.08  0.04 -0.04 0.04 0.00 
EMDUSa 0.08 0.03 -0.02 0.02 0.00 0.04 0.02 0.02 0.08 0.04 0.04 0.06 0.05 0.04 0.02  - 0.05 0.03 
EMDUSw 0.08 0.06 -0.03 0.07 0.04 0.08 0.06 0.03 0.09 -0.03 -0.07 -0.05 -0.08 -0.06 -0.04 -  -0.02 0.06 
FATUSa -0.04 -0.07 0.07 -0.02 -0.04 -0.05 -0.05 0.01 -0.03 -0.03 -0.07 -0.10 -0.09 -0.06 -0.04 -0.06 0.02  - 
FATUSw -0.02 -0.12 0.10 -0.07 -0.09 -0.09 -0.09 0.02 -0.01 0.03 0.00 0.00 0.01 0.00 0.00 -0.05 -0.05 -  
1Equal selection intensity was assumed for all traits. Correlated response through selection on the trait in each row to improve target trait in each column.  
2HCW: hot carcass weight, FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder 
conformation score, AVGCONF: average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, BWT: birthweight, WWT: weaning weight, PWWT: post-weaning 
weight, ADG50: pre-weaning average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUSa: ultrasonic eye muscle depth at a constant age, EMDUSw: 
ultrasonic eye muscle depth at a constant scanning weight, FATUSa: ultrasonic fat depth at a constant age, FATUSw: ultrasonic fat depth at a constant scanning weight. 
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Table 3.9. Expected standard deviations of correlated response per year of selection for growth traits, ultrasound traits, and carcass 
traits at a fixed carcass weight end point1,2. 
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FATGR  0.15 -0.05 -0.10 -0.08 -0.08 0.09 0.08 0.06 0.02 0.03 0.03 0.02 0.02 -0.01 -0.03 -0.06 -0.10 
SMY -0.14  -0.01 -0.06 -0.04 -0.03 0.10 0.09 0.05 0.01 0.01 0.01 0.01 0.01 0.00 0.00 -0.06 -0.08 
LEG 0.05 -0.01  0.09 0.10 0.13 0.01 0.00 -0.02 -0.02 -0.03 -0.04 -0.02 -0.03 0.02 0.05 0.02 0.06 
LOIN 0.09 -0.06 0.09  0.10 0.11 -0.01 -0.01 -0.04 -0.03 -0.03 -0.04 -0.03 -0.02 -0.01 0.02 0.03 0.07 
SHOUL 0.08 -0.04 0.10 0.10  0.14 0.00 -0.01 -0.04 -0.04 -0.04 -0.03 -0.04 -0.03 0.04 0.06 0.04 0.08 
AVGCONF 0.08 -0.03 0.13 0.12 0.14  0.00 -0.01 -0.04 -0.03 -0.04 -0.03 -0.03 -0.03 0.02 0.04 0.04 0.08 
CINDEX -0.08 0.10 0.01 -0.01 0.00 0.00  0.13 0.03 -0.01 -0.01 0.01 -0.01 -0.01 0.04 0.04 0.00 -0.02 
PRICE -0.07 0.08 0.00 -0.01 -0.01 -0.01 0.13  0.02 -0.02 -0.02 0.00 -0.02 -0.01 0.04 0.04 0.00 0.00 
BWT -0.05 0.05 -0.02 -0.04 -0.04 -0.04 0.04 0.02  0.08 0.07 0.09 0.08 0.04 0.06 -0.03 0.03 -0.02 
WWT -0.02 0.01 -0.02 -0.04 -0.04 -0.04 -0.01 -0.02 0.09  0.16 0.15 - 0.09 0.06 -0.07 0.08 0.00 
PWWT -0.03 0.02 -0.04 -0.04 -0.05 -0.05 -0.01 -0.02 0.09 0.16  - 0.16 0.15 0.10 -0.05 0.12 0.00 
WTUS -0.03 0.01 -0.04 -0.04 -0.03 -0.03 0.01 0.00 0.09 0.13 -  0.12 0.09 0.06 -0.07 0.09 -0.01 
ADG50 -0.02 0.01 -0.02 -0.04 -0.04 -0.04 -0.01 -0.02 0.08 - 0.15 0.13  0.09 0.06 -0.06 0.07 -0.01 
ADG100 -0.02 0.01 -0.03 -0.03 -0.03 -0.04 -0.01 -0.01 0.04 0.08 0.13 0.09 0.08  0.04 -0.04 0.04 0.00 
EMDUSa 0.01 0.00 0.01 -0.01 0.03 0.01 0.03 0.03 0.04 0.04 0.06 0.05 0.04 0.02  - 0.05 0.03 
EMDUSw 0.03 0.00 0.06 0.02 0.07 0.05 0.05 0.06 -0.03 -0.07 -0.05 -0.08 -0.06 -0.04 -  -0.02 0.06 
FATUSa -0.06 0.06 -0.02 -0.03 -0.04 -0.04 0.00 0.00 -0.03 -0.07 -0.10 -0.09 -0.06 -0.04 -0.06 0.02  - 
FATUSw -0.10 0.09 -0.06 -0.08 -0.08 -0.08 0.02 0.00 0.03 0.00 0.00 0.01 0.00 0.00 -0.05 -0.05 -  
1Equal selection intensity was assumed for all traits. Correlated response through selection on the trait in each row to improve target trait in each column.  
2FATGR: fat depth at the GR site, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder conformation score, AVGCONF: 
average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, ADG50: pre-weaning 
average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUSa: ultrasonic eye muscle depth at a constant age, EMDUSw: ultrasonic eye muscle depth 
at a constant scanning weight, FATUSa: ultrasonic fat depth at a constant age, FATUSw: ultrasonic fat depth at a constant scanning weight. 
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Table 3.10. Expected standard deviations of correlated response per year of selection for growth traits, ultrasound traits, and carcass 
traits at a fixed carcass fatness end point1,2. 
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HCW  -0.01 0.00 -0.02 -0.01 -0.01 -0.03 0.12 0.02 0.03 0.02 0.02 0.03 0.02 0.07 0.05 0.00 -0.02 
SMY -0.01  0.13 0.11 0.13 0.14 0.08 0.00 -0.02 -0.03 -0.03 -0.03 -0.03 -0.02 0.03 0.06 0.02 0.06 
LEG 0.00 0.13  0.08 0.09 0.13 0.06 0.01 -0.01 -0.02 -0.03 -0.04 -0.01 -0.02 0.03 0.06 0.02 0.05 
LOIN -0.03 0.10 0.08  0.08 0.10 0.08 0.00 -0.03 -0.03 -0.03 -0.03 -0.03 -0.02 -0.01 0.02 0.02 0.06 
SHOUL -0.01 0.13 0.09 0.08  0.13 0.07 0.00 -0.03 -0.03 -0.04 -0.03 -0.03 -0.02 0.05 0.07 0.03 0.06 
AVGCONF -0.01 0.15 0.13 0.10 0.13  0.07 0.00 -0.03 -0.03 -0.04 -0.03 -0.03 -0.03 0.03 0.05 0.04 0.07 
CINDEX -0.03 0.08 0.06 0.08 0.07 0.07  0.03 -0.01 -0.03 -0.03 -0.01 -0.03 -0.02 0.03 0.04 0.03 0.04 
PRICE 0.12 0.00 0.01 0.00 0.00 0.00 0.03  0.01 0.01 0.01 0.02 0.01 0.00 0.10 0.08 0.02 0.00 
BWT 0.02 -0.02 -0.01 -0.03 -0.03 -0.03 -0.01 0.01  0.08 0.07 0.09 0.08 0.04 0.06 -0.03 0.03 -0.02 
WWT 0.04 -0.03 -0.02 -0.03 -0.04 -0.03 -0.04 0.02 0.09  0.16 0.15 - 0.09 0.06 -0.07 0.08 0.00 
PWWT 0.03 -0.04 -0.03 -0.04 -0.04 -0.04 -0.04 0.01 0.09 0.16  - 0.16 0.15 0.10 -0.05 0.12 0.00 
WTUS 0.02 -0.04 -0.04 -0.04 -0.03 -0.03 -0.01 0.02 0.09 0.13 -  0.12 0.09 0.06 -0.07 0.09 -0.01 
ADG50 0.03 -0.03 -0.02 -0.03 -0.04 -0.03 -0.04 0.02 0.08 - 0.15 0.13  0.09 0.06 -0.06 0.07 -0.01 
ADG100 0.02 -0.02 -0.03 -0.02 -0.02 -0.03 -0.03 0.00 0.04 0.08 0.13 0.09 0.08  0.04 -0.04 0.04 0.00 
EMDUSa 0.06 0.02 0.02 0.00 0.04 0.02 0.02 0.08 0.04 0.04 0.06 0.05 0.04 0.02  - 0.05 0.03 
EMDUSw 0.06 0.07 0.07 0.03 0.08 0.06 0.05 0.10 -0.03 -0.07 -0.05 -0.08 -0.06 -0.04 -  -0.02 0.06 
FATUSa 0.00 0.02 0.02 0.02 0.03 0.04 0.03 0.02 0.03 0.07 0.10 0.09 0.06 0.04 0.06 -0.02  - 
FATUSw -0.02 0.06 0.06 0.07 0.07 0.07 0.05 0.00 -0.03 0.00 0.00 -0.01 0.00 0.00 0.05 0.05 -  
1Equal selection intensity was assumed for all traits. Correlated response through selection on the trait in each row to improve target trait in each column. 
2HCW: hot carcass weight, SMY: predicted saleable meat yield, LEG: leg carcass conformation score, LOIN: loin carcass conformation score, SHOUL: shoulder conformation score, AVGCONF: 
average carcass conformation score, CINDEX: carcass price grid value, PRICE: total carcass value, BWT: birthweight, WWT: weaning weight, PWWT: post-weaning weight, ADG50: pre-weaning 
average daily gain, ADG100: post-weaning average daily gain, WTUS: weight at ultrasound scanning, EMDUSa: ultrasonic eye muscle depth at a constant age, EMDUSw: ultrasonic eye muscle depth 
at a constant scanning weight, FATUSa: ultrasonic fat depth at a constant age, FATUSw: ultrasonic fat depth at a constant scanning weight. 
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4.1 ABSTRACT: The value of including economically important carcass traits into existing 

Canadian terminal sire selection indexes was preliminarily evaluated. The carcass traits assessed 

for inclusion were hot carcass weight (HCW), fat depth at the GR site (FATGR) and average 

carcass conformation score (AVGCONF), which are important determinants of producer payment 

through price grid classification systems. Economic selection indexes were designed by 

successively adding each of the economically important carcass traits into the Carcass and Gain 

Indexes currently utilized by the Canadian sheep industry. The change in accuracy of the selection 

index, expected efficiency of selection on reduced indexes, and correlated response expected in 

the economic traits were used to assess the value of including carcass traits into existing terminal 

sire selection indexes. The sensitivity of proposed indexes to increases in available carcass trait 

information was also assessed. Hot carcass weight was found to have a large economic value 

($6.67 per kilogram) and its inclusion into terminal sire selection indexes was expected to 

substantially increase their accuracy (0.09 to 0.14 greater) and efficiency (21 to 31% greater). 

Substantial correlated response of approximately 0.06 kg to 0.11 kg per year was also expected for 

HCW through selection for variations of the existing indexes, achieving up to 86% of the expected 

direct response for HCW. However, FATGR and AVGCONF had little impact on the accuracy 

and efficiency of the proposed indexes. The addition of only HCW to the existing Carcass Index 

achieved about 94% of the response possible from selection on the full index with all three 

economically important carcass traits added. Minimal correlated selection response for FATGR 

and AVGCONF was expected from selection on any of the proposed variations of existing terminal 

sire selection indexes.   Thus, the results of this research indicate that the inclusion of carcass traits 

into the terminal sire selection indexes utilized by the Canadian sheep industry could have a 
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considerable benefit to the genetic improvement of carcass yield, i.e. HCW, but that further 

research is needed to determine optimal methods to improve carcass quality traits.   

 

Key words: carcass, lamb, selection index, sheep, terminal sire 
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4.2 INTRODUCTION 

 

 Inconsistent carcass yield and quality are major challenges to the growth of the Canadian 

meat lamb industry. The Canadian Sheep Genetic Evaluation System (CSGES) assists enrolled 

Canadian sheep producers in improving the growth and carcass quality of market lambs by 

rankings breeding candidates for two terminal sire selection indexes. The CSGES terminal sire 

selection indexes are the Gain Index (GAINi), which focuses on lamb growth rate, and the Carcass 

Index (CARCi), with an emphasis on both growth rate and carcass quality. The traits included as 

estimated progeny differences (EPD) in both indexes are survival (SURV), birthweight (BWT), 

adjusted 50-day weight (WT50), and gain from 50 to 100 days (GAIN), while the CARCi index 

also includes EPD for ultrasound eye muscle depth (EMDUSw) and fat depth (FATUSw). 

Ultrasound traits are utilized in genetic evaluation programs world-wide as indicators of carcass 

quality, however, they are measured infrequently in the Canadian sheep industry. In contrast, rail-

graded marketing systems, like Quebec’s Heavy Lamb Sales Agency (HLSA), routinely measure 

carcass yield and quality traits such as hot carcass weight (HCW), fat depth at the GR site 

(FATGR), and average carcass conformation score (AVGCONF) to determine producer payment. 

Thus, the integration of abattoir data into the CSGES may permit the inclusion of carcass traits 

into the existing Canadian terminal sire selection indexes. Previous research by Massender et al. 

(2018a; 2018b) demonstrated that growth traits were poor indicators of carcass quality, while 

ultrasound traits could be used for the genetic improvement of carcass quality with moderate 

efficiency. Alternatively, there may be benefit to the direct inclusion of carcass traits into the 

CSGES terminal sire selection indexes. Therefore, the objective of this research was to assess the 
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value of including carcass trait measurements into terminal sire selection indexes for the Canadian 

sheep industry.  

 

4.3 MATERIALS AND METHODS 

 

 The nine traits used in this research included three carcass traits (HCW, FATGR, and 

AVGCONF), and six currently evaluated growth (SURV, BWT, WT50, GAIN) and ultrasound 

(EMDUSw, FATUSw) traits. The carcass traits selected for inclusion (HCW, FATGR, 

AVGCONF) are used to determine producer payment through the HLSA, and thus, are of 

considerable economic importance. The carcass trait parameters used in this research were 

estimated from a multi-breed commercial heavy lamb population (lambs less than one year of age 

with a HCW greater than 16.3 kg) slaughtered at an average of 172.0 ± 40.9 days (Massender et 

al., 2018b). Hot carcass weight was measured, in kilograms, after the carcass has been dressed to 

Canadian industry specifications (Government of Canada, 1992). Fat depth was recorded, in 

millimeters, at the GR site, which is defined as the total tissue depth 110 mm from the midline on 

the 12th rib. The muscularity of the lamb carcasses (AVGCONF) was assessed as the average of 

leg, loin, and shoulder primal cut carcass conformation scores. Primal cut conformation was 

subjectively scored on a five-point scale from one (poor muscling) to five (excellent muscling). 

The carcass records were matched to the CSGES lamb growth and ultrasound trait records by the 

animal identification (tattoo) number. Detailed description of the carcass traits utilized in the 

analysis was provided by Massender et al. (2018b). As previously defined, growth traits included 

SURV, BWT, WT50, and GAIN. The WT50 and GAIN measurements were calculated from 

weaning and post-weaning weight measurements, by assuming linear growth in the pre-weaning 
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and post-weaning periods, respectively (Schaeffer and Szkotnicki, 2015). Observations for the 

ultrasound traits, EMDUSw and FATUSw, were adjusted to a constant weight at scanning, as 

currently analyzed in the CSGES. Schaeffer and Szkotnicki (2015) provided further description of 

the growth and ultrasound traits evaluated in the CSGES. 

   

4.3.1 Genetic Parameters 

 Genetic parameters were estimated for all traits except SURV using univariate and 

bivariate animal models in ASReml (Gilmour et al., 2015). Data editing procedures and genetic 

parameter estimation analyses were previously described by Massender et al. (2018b). Briefly, 

fixed effects in all models included sex, dam age, and breed composition covariates for the seven 

most common breeds (Polled Dorset, Rideau Arcott, Romanov, Suffolk, Polypay, Canadian 

Arcott, Hampshire). Fixed effects of birth type, in the model of BWT, and birth-rearing type, in 

the models of all other traits, were also included. Differing from the genetic parameter analysis 

described for weaning weight and post-weaning weight by Massender et al. (2018b), a fixed 

covariate for age at measurement was not included in the analysis of WT50 and GAIN because 

observations were pre-adjusted to a constant age by definition. Genetic parameters for the 

ultrasound traits were estimated with observations adjusted to a constant weight at ultrasound 

scanning while a constant slaughter age endpoint was used in the analyses of carcass traits, by 

including weight at ultrasound scanning and slaughter age as linear covariates in the ultrasound 

and carcass trait models, respectively. Random effects in all models included contemporary group 

and animal additive genetic effects. In addition, the models for growth traits also included random 

maternal genetic and maternal permanent environmental effects, but it was assumed that there was 

no covariance between direct and maternal genetic effects.  
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 Genetic parameters were not estimated for SURV, because the dataset used in this research 

was optimized to estimate genetic parameters for growth and carcass traits. The inclusion of SURV 

would require the analysis of a larger dataset with a considerable proportion of missing records.  

Thus, (co)variance parameters for SURV were approximated using parameter estimates by 

Quinton et al. (2013), who used a related Canadian dataset. First, the genetic and phenotypic 

(co)variance estimates from Quinton et al. (2013), were used to estimate the genetic (r") and 

phenotypic (r#) correlations between SURV and all other traits. The genetic correlations were 

calculated as  r" = 		
&'(,'*
&'(+ &'*+

 (Eq. 1), where ,-.,-/ is the additive genetic covariance between trait j 

and SURV, and ,-.0  and ,-/0  are the direct additive genetic variance estimates for the jth trait and 

SURV, respectively, as reported by Quinton et al. (2013, unpublished data). Similarly, r# was 

calculated as r# = 		
&1(,1*
&1(+ &1*+

 (Eq. 2), where ,#.,#/ is the phenotypic covariance between trait j and 

SURV, and ,#.0  and ,#/0  are the phenotypic variance estimates for the jth trait and SURV, 

respectively. However, the additive genetic and phenotypic variance estimates in the present study 

differed from the variances estimated by Quinton et al., 2013, so the genetic and phenotypic 

covariances were re-estimated to maintain consistency with the other (co)variances used in the 

current research as	 ,-.,-/∗ = 	 r"	×	 ,-.0∗,-/0  (Eq. 3) and ,#.,#/∗ = 	 r#	×	 ,#.0∗,#/0  (Eq. 4) where 

r"  and r#  are as previously defined, ,-.0∗ is the additive genetic variance estimate from the present 

research for the jth trait, ,#.0∗ is the phenotypic variance estimate from the present research for the 

jth trait, ,-/0  is the estimate of additive genetic variance for SURV as reported by Quinton et al. 

(2013, unpublished data), and ,#/0  is the estimate of phenotypic variance for SURV as reported by 

Quinton et al. (2013, unpublished data). 
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The genetic parameters, genetic and phenotypic (co)variance matrices, as well as the 

adjusted matrices used for selection index development, are provided as supplementary material. 

After (co)variances were estimated and adjusted for sources of information, R statistical software 

version 3.4.2 (R Core Team, 2017) was used to test that the genetic and phenotypic (co)variance 

matrices were positive definite to ensure that the (co)variances estimated from the univariate and 

bivariate analyses were consistent (Dekkers et al., 2004).  

 

4.3.2 Economic Values 

 Carcass yield and quality are the primary determinants of producer revenue from lambs 

marketed under a price grid classification system, and thus, contribute substantially to the 

profitability of meat lamb production. Consequently, the breeding objective assumed was to 

improve carcass yield (HCW) and quality (FATGR, AVGCONF). The economic values of traits 

(v) in this analysis were approximated using a multiple linear regression of the estimated total 

carcass value (PRICE) on phenotypes of HCW, FATGR, and AVGCONF. PRICE, in Canadian 

dollars, was calculated using weight class, HCW and price grid value (a combination of 

AVGCONF and FATGR), as per the HLSA’s Producer Guide (Les Éleveurs d’ovins du Québec, 

2017), assuming a base price per kilogram of HCW of $7.85. The component traits FATGR and 

AVGCONF were selected for the aggregate genotype instead of the composite trait price grid value 

because they are linear traits, so it was assumed that it would be easier to identify superior animals 

overtime. The PROC REG procedure in SAS (SAS Institute Inc., 2013) was used for the multiple 

linear regression analysis.  
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4.3.3 Index Parameters 

 The aggregate genotype (H) assumed that the breeding objective was the linear sum of 

genetic merit for HCW, FATGR, and AVGCONF, weighted by the estimated economic value of 

the traits (Eq. 5), where 45  is the economic value and 65 is the true genetic value for the qth 

economic trait (HCW, FATGR, AVGCONF) (Wilton et al., 2013). 

Eq. 5: 7 = 4868 + 4060 + 4:6: 

This study utilized variations of the existing Canadian GAINi and CARCi indexes to assess 

the value of including carcass traits in the CSGES terminal sire selection indexes. Economic 

selection indexes (I) of the form illustrated in Eq. 6 were developed for variations of the GAINi 

and CARCi indexes, where Ik is the kth linear selection index that includes j traits, bj is an index 

weight for the jth selection index trait, and yj is a phenotype adjusted for known environmental 

effects for the jth trait (Wilton et al., 2013).  

Eq. 6: ;< = =.>..
?@8  

Henceforth, GAINi and CARCi will refer to the terminal sire selection indexes with the 

traits weighted as they are currently implemented in the CSGES, whereas GAINi+ and CARCi+ 

will refer to the index containing the same traits with index weights as calculated in this study. 

Carcass traits were added to the base GAINi+ and CARCi+ indexes sequentially: 1) HCW, 2) 

HCW and FATGR, and 3) HCW, FATGR and AVGCONF, and the resulting indexes are referred 

to as i+1, i+2, and i+3, respectively (i.e. CARCi+3 is the base CARCi+ index with HCW, FATGR, 

and AVGCONF traits added). The CARCi+3 index will also be referred to as the full index in the 

discussion of the efficiency of different indexes because it is the index that includes all currently 

evaluated and proposed traits. The traits that were included in each economic selection index are 

summarized in Table 4.1.    
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All indexes assumed that there was a single source of phenotypic information available for 

the genetic evaluation of breeding candidates for each trait. It was assumed that selection for 

growth and ultrasound traits would be based on a lamb’s own performance, while selection for 

carcass traits would be based on the average performance of 2.5 progeny carcass records. The 

average of 2.5 progeny carcass records was estimated by calculating the effective record 

contributions (ERC) for EBV of sires with progeny carcass records in the dataset. A multiple-trait 

model including all traits except SURV was used to estimate sire EBV and their corresponding 

standard errors of prediction (SEP). The multiple-trait model for the estimation of breeding values 

accounted for the genetic correlations between the live traits and the carcass traits, and allowed for 

estimation of ERC that approximated what would be achievable in practice if carcass traits were 

included in the CSGES growth trait system. To estimate sire ERC, first, SEP were transformed to 

their original scale as described by Massender et al. (2018a). Next, reliabilities (REL) of the sire 

EBV were calculated as ABC?,. = 	
8D(/F,(G)+	
(8IJF)&',(+

 (Eq. 7), where ABC?,. is the estimated REL for the jth 

trait of the ith individual, K?  is the inbreeding coefficient for the ith animal, ,-,.0  is the additive 

genetic variance estimate from the genetic parameter estimation model for the jth trait, and L?,.′ is 

the transformed SEP for the jth trait of the ith animal. Then, sire ERC were calculated as BAN?,. =

	 8DO(
+

O(+
× PQRF,(

8DPQRF,(
 (Eq. 8), where BAN?,. is the ERC for the jth trait of the ith sire, ℎ.0 is the 

heritability of the jth trait, and ABC?,. is the jth trait EBV reliability for the ith sire (VanRaden and 

Wiggans, 1991; de Oliveira et al., 2018). The heritabilities used in the ERC calculations, as well 

as summary statistics for the ERC, are reported as supplementary material. Non-estimable 

reliabilities were excluded from summary statistics. Based on the ERC calculations, an average 

number of progeny carcass records of 2.5 was assumed in the selection index calculations because 
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2.5 was approximately the average of the median ERC for the three carcass traits. Median sire 

ERC was thought to be a better approximation than mean ERC due to the highly skewed 

distribution in ERC and number of progeny carcass records, as shown in Table 4.6. As described 

below, the sensitivity of index trait relative emphasis, variance, accuracy, and response in the 

aggregate genotype to average number of available progeny carcass records was tested. 

Selection index weights were calculated using Eq. 9 (Wilton et al., 2013), where bk is the 

vector of selection index weights for the kth economic selection index, Pk is the j x j phenotypic 

(co)variance matrix among the j index traits in the kth selection index, adjusted for the sources of 

phenotypic information, Ck is the j x q genetic (co)variance matrix between the j traits in the kth 

selection index and the q economic traits in the aggregate genotype (HCW, FATGR, AVGCONF) 

weighted by the sources of information, and v is the vector of economic weights for the traits in 

the aggregate genotype.  

Eq. 9: T< = U<DVW<X	  

Relative index weights were also calculated, to allow for comparisons between the weight 

placed on different traits in the index, by multiplying the phenotypic standard deviation for the jth 

trait by the index weight of the jth trait in the kth selection index. The emphasis of the different 

traits in each of the indexes was calculated as the absolute value of the relative index weight for 

the jth trait in the kth index divided by the sum of the absolute relative index weights of all of the 

traits in the kth selection index, and expressed as a percentage.    

 

4.3.4 Accuracy of the Indexes 

 The variance of the aggregate genotype (,Y0), variance of the kth selection index (,Z[0 ), and 

covariance between H and I were calculated using Eq. 10, and Eq. 11, respectively (Wilton et al., 
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2013). Where G is the q x q genetic (co)variance matrix among the economic traits in H, and all 

other terms are as previously described. Because the index weights were calculated in the optimal 

way, the variance of the kth selection index is equal to the (co)variance between the kth selection 

index and the aggregate genotype (,Z[,Y) (Wilton et al., 2013). Accuracy of a selection index is 

equal to the correlation between I and H (rIk,H) (Wilton et al., 2013) and accuracy of the kth 

selection index was calculated as the standard deviation of the kth selection index divided by the 

standard deviation of the aggregate genotype (Eq. 12).  

Eq. 10: ,Y0 = X′\X 

Eq. 11: ,Z[0 = ,Z[,Y = T<′W<X 

Eq. 12: rZ[,Y =
&]^+

&_+
 

 

4.3.5 Selection Response 

 The expected selection response per year in the aggregate genotype ($CAD) from selection 

on the kth selection index (∆a[) was estimated using Eq. 13 (Wilton et al., 2013), where L is the 

average generation interval for the population, which was assumed to be 3.47 (Massender et al., 

2018a), and the selection intensity (i) was assumed to be equal to one.  

Eq. 13: ∆a[ =
b]^,_?&_

R  

 The correlated selection response expected per year in the economic traits (∆65,[) due to 

selection on the kth selection index was estimated using Eq. 14 (Wilton et al., 2013), where all 

terms are used as previously defined.  

Eq. 14: ∆65,[ = W<′T< ?

&]^+
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4.3.6 Index Efficiency 

 The value of including measurements of carcass traits into the existing terminal sire 

selection indexes was evaluated by calculating the efficiency of the reduced indexes relative to the 

full index (ratio of response), as described by Dekkers et al. (2004) using Eq. 15. Where, B[is the 

percent efficiency of selection on the kth reduced selection index relative to the full selection index 

(∆acdee) that included measurements on all economic traits (CARCi+3).  

Eq. 15: B[ = 	 ∆Y^	
∆Yfghh

×	100  

 

4.3.7 Sensitivity to Available Carcass Trait Information 

 It is expected that the accuracy of carcass trait genetic evaluations will increase as more 

carcass grading information is collected. Consequently, there was interest in assessing how 

sensitive the indexes developed in this research were to changes to the assumption made for the 

average number of progeny carcass records. The sensitivity analysis utilized the CARCi+3 and 

GAINi+3 indexes and tested four scenarios of average available carcass records. The base scenario 

utilized the average of median sire ERC for the three traits (2.5, 1x), and other tested scenarios 

doubled (5, 2x), tripled (7.5, 3x), and quadrupled (10, 4x) the average number of progeny carcass 

records. The sensitivity analysis looked at changes to relative trait emphasis, index variance, index 

accuracy and expected response to selection in the aggregate genotype as the average number of 

progeny carcass records assumed in the design of the selection index increased.   
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4.4 RESULTS AND DISCUSSION 

 

4.4.1 Economic Values 

 The aggregate genotype used in this research was based on the traits that determine revenue 

of market lambs under a price grid classification system. The multiple linear regression of PRICE 

on HCW, FATGR and AVGCONF yielded approximate economic values of $6.67 per kilogram 

of HCW, -$1.37 per millimeter of FATGR, and $4.29 per point of AVGCONF. Phenotypes for the 

three economic traits were all significantly associated with PRICE, and, based on the adjusted 

coefficient of determination (adjusted R2), the multiple linear regression model explained 

approximately 85% of the phenotypic variation in PRICE. As expected, there was a positive 

economic value for HCW and AVGCONF, and a negative economic value for FATGR. 

Interestingly, the approximate economic value for HCW was lower than the base price per 

kilogram of $7.85 that was utilized to calculate PRICE, which could be due to the phenotypic 

correlation between HCW and FATGR, such that increased HCW after an optimum weight may 

be detrimental to PRICE due to overly fat carcasses. Future research should further explore the 

interaction between HCW and FATGR on PRICE. The approximations of the value of economic 

traits in this research are related directly to the determinants of revenue from market lambs under 

the HLSA price grid classification system, however, this was a simplification used in this research 

to preliminarily assess the value of including carcass traits in the CSGES terminal sire selection 

indexes. In practice, the economic value of traits is based on the construction of a profit function, 

which, in addition to the determinants of revenue, accounts for the costs associated with various 

traits. The method used to estimate economic values in this research did not account for costs 

associated with traits such as days to slaughter, feed intake, or survival, for example. Thus, results 
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presented in this research should be interpreted as an initial look at the value of including carcass 

traits into the CSGES, but further research will be needed before new terminal sire selection 

indexes are implemented for the Canadian sheep industry. 

 

4.4.2 Selection Indexes 

 Selection index weights, variation, accuracy, expected response in the aggregate genotype, 

and efficiency of the variations of the GAINi and CARCi indexes are presented in Table 4.2. The 

relative emphasis of traits in the indexes are shown in Fig. 1 for variations of the GAINi indexes 

and Fig. 2 for variations of the CARCi indexes.        

4.4.2.1 Accuracy of Selection Indexes. As shown in Table 4.2, the variance of the selection 

indexes increased as more traits were included, from 1.75 for GAINi+ to 7.29 for CARCi+3. The 

variance of the aggregate genotype was found to be 37.7 $CAD2. The inclusion of HCW in the 

GAINi+ or CARCi+ had the most substantial impact on the index variances, as well as the accuracy 

of the indexes, with increases in variance and accuracy of approximately 2.55 to 2.92 and 0.09 to 

0.14, respectively. The accuracy of a selection index is directly dependent on the variance of the 

index, as shown in Eq. 12. Thus, it was unsurprising that higher accuracy was observed for the 

indexes that included more traits. The CARCi+ index was found to be more accurate than the 

GAINi+ index (0.32 vs. 0.22), which is likely due to stronger genetic and phenotypic correlations 

between EMDUSw and HCW than the correlations between growth traits and HCW. This increase 

in accuracy shows the benefit of ultrasound trait measurement when carcass traits cannot be 

recorded, such as when lambs are marketed on a live-weight basis. Including HCW in the GAINi+ 

index resulted in a slightly greater accuracy than the CARCi+ index without HCW, demonstrating 

the importance of HCW to the breeding objective. Further including FATGR in the GAINi+1 or 
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CARCi+1 selection indexes increased their accuracy by approximately 3 to 4%, but including 

AVGCONF did not have a noticeable impact on the accuracy of the indexes. 

4.4.2.2 Index Trait Emphasis. Figure 1 and 2 show the relative emphasis of the different traits 

in the existing and proposed selection indexes for GAINi and CARCi, respectively. The GAINi 

and CARCi indexes were implemented for the Canadian sheep industry using a desired gains 

approach to calculate index weights. The GAINi+ index placed lower emphasis on BWT and 

GAIN and greater emphasis on SURV and WT50 than the currently utilized GAINi index, while 

the CARCi+ index placed less emphasis on BWT, GAIN and FATUSw, and greater emphasis on 

SURV, WT50 and EMDUSw than the CARCi index. The greater emphasis on WT50 compared 

to GAIN was unexpected from a practical standpoint as post-weaning growth rate would be 

expected to contribute to greater HCW at a constant age, or lambs reaching a constant market 

weight at an earlier age, but this result was likely due to the stronger genetic correlation between 

HCW and WT50 than HCW and GAIN found in this research. In future research, the inclusion of 

traits related to growth rate in the aggregate genotype may yield different results as increased 

growth rate is generally an objective of terminal sire breeding objectives. It was interesting that 

the CARCi+ index placed much greater emphasis on increasing EMDUSw than decreasing 

FATUSw, which was in line with industry expectations as reported by Quinton et al. (2013). The 

inclusion of carcass traits directly in the CARCi+ index replaced much of the emphasis on 

ultrasound traits with the carcass traits themselves. Overall, AVGCONF received very little 

emphasis in either the CARCi+ or GAINi+ indexes, which is likely due to the fact that HCW was 

given a much higher economic value in this analysis and it also has a larger range of values than 

AVGCONF. This result indicates that improving carcass muscularity is not of high economic 

importance compared to increasing HCW under the current HLSA price grids. On the other hand, 
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EMDUSw, which is an indicator of carcass eye muscle depth, and thus, a more objective measure 

of muscularity, maintained a considerable emphasis even in the CARCi+3 index, due to its 

favorable positive genetic correlation with HCW.   

4.4.2.3 Value of Carcass Trait Inclusion. The efficiency of reduced selection indexes 

compared to the full selection index (defined as the CARCi+3 index) (Dekkers et al., 2004), and 

the change in expected aggregate genotype selection response were used as measures of the value 

of including traits into the existing selection indexes. As described by Dekkers et al. (2004), the 

efficiency of a reduced selection index relative to the full index is directly related to the changes 

in the accuracy of the index as traits are removed. From a practical perspective, the measurement 

of additional traits is often expensive and/or time consuming, so measuring the fewest number of 

traits possible to maintain selection response is preferable. Thus, the optimum index is the one in 

which the fewest number of traits are recorded without substantial decreases to the accuracy of the 

index. The removal of AVGCONF had little impact on the efficiency of the indexes, while further 

removing FATGR resulted in an approximate 6% reduction in efficiency in both indexes. 

However, removing HCW had a major impact on efficiency, with the GAINi+ and CARCi+ index 

being only 49.1% and 73.2% as efficient as the CARCi+3 index, respectively. Unfortunately, the 

goal of improving carcass quality in the Canadian sheep industry was not reflected in the PRICE 

of market lambs in this analysis and thus carcass quality traits were not strongly emphasized in the 

proposed indexes. It is worth noting that the CARCi+ index was found to be 24.1% more efficient 

than the GAINi+ index. This result is important to the Canadian sheep industry as it provides 

further evidence of the value of recording ultrasound traits as indicators of carcass quality, 

especially if carcass trait records are unavailable. Expected response in the aggregate genotype per 

year varied from $CAD 0.38 for GAINi+ to $0.78 for CARCi+3, with the greatest increases in 
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response ($0.16 to $0.24) achieved due to the inclusion of HCW. These results suggest that the 

inclusion of HCW in the existing CSGES terminal sire selection indexes may be of considerable 

economic benefit. 

 

4.4.3 Correlated Response in Economic Traits 

 The selection response expected per year for the economic traits through selection directly 

(Massender et al., 2018a) and using the proposed selection indexes are presented in Table 4.3 and 

the efficiency of index selection relative to direct selection (Bourdon, 2000) is provided in Table 

4.4. The correlated response in HCW expected per year from selection on any of the CARCi+ 

indexes was very promising (0.09 kg to 0.11 kg) and approached the response achievable through 

direct selection (0.13 kg) in some cases, with the indexes being between 66.4% and 85.7% as 

efficient as direct selection for HCW. Unfavorably, the CARCi+ and CARCi+1 indexes were 

expected to increase FATGR marginally, likely due to the weak positive genetic and phenotypic 

correlation between HCW and FATGR, whereas all indexes that included FATGR directly were 

expected to reduce FATGR, but at a much slower rate of genetic improvement than would be 

expected through direct selection (less than 30% efficiency). Interestingly, GAINi+2 and GAINi+3 

were more efficient at improving FATGR than any of the CARCi+ indexes, which could be due 

to the positive correlation between FATGR and EMDUSw. Finally, the results indicate that 

AVGCONF would not be improved by selection on any of the existing or proposed indexes. 

Overall, the proposed selection indexes would be expected to achieve considerable selection 

response in HCW, but minimal response in FATGR and AVGCONF. Thus, further research is 

needed to determine the optimal methods to improve carcass quality traits.      
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4.4.4 Sensitivity to Available Carcass Trait Information 

 The changes to index variance, index accuracy, and expected response in the aggregate 

genotype due to increasing the number of progeny carcass records assumed during index 

development is presented in Table 4.5. Furthermore, changes to relative trait emphases are 

presented in Fig. 3 for GAINi+3 and Fig. 4 for CARCi+3. In general, increasing the number of 

progeny records assumed increased the relative emphasis placed on the carcass traits, especially 

HCW, in both indexes, which makes sense due to the high economic value given to HCW. 

Similarly, the index variance, and correspondingly, the accuracy of the index and expected 

response in the aggregate genotype, increased as more progeny records were available for the 

genetic evaluation of carcass traits. Assuming quadruple the amount of currently available carcass 

trait information, the accuracy of the GAINi+3 and CARCi+3 indexes increased to 0.53 and 0.56, 

respectively. Expected selection response in the aggregate genotype per year reached as high as 

$1.00 for the CARCi+3 index. These results illustrate the advantage of increasing the number of 

progeny records utilized in the genetic evaluation of carcass traits.   

 

4.4.5 Limitations and Areas of Future Research 

The research presented from this study is intended as a preliminary look at the value of 

including carcass traits into the existing Canadian terminal sire selection indexes, and 

consequently, it has a number of limitations. First, the breeding objective was defined only based 

on traits related to the revenue of market lambs under a price grid classification system, whereas 

the purpose of genetic improvement is to increase profit, the difference between revenue and 

expenses. The proposed selection indexes were developed without consideration of traits that could 

be an expense to producers or reduce revenue at a pre-market age, and thus decrease profitability 
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overall. For example, increased SURV affects the number of lambs that reach marketable age, 

while increased growth rate reduces the length of time needed to reach market weight and the 

expenses occurred due to feed and housing costs. Future research will focus on the development 

of a comprehensive profit function considering traits related to both revenue and costs of rail-

graded lambs to provide better approximations of the economic value of traits included in the 

breeding objective. Second, the indexes proposed in this research were based on classic selection 

index theory assuming that the available information for genetic evaluation were phenotypes 

adjusted for known environmental effects. In practice, the CSGES selection index values used to 

rank breeding candidates are the summation of weighted expected progeny differences (EPD), 

estimated using multiple-trait animal models, for the traits included in each index (Schaeffer and 

Szkotnicki, 2015). Although we approximated the amount of information available for carcass trait 

genetic evaluation by calculating ERC from a multiple-trait model, methodology has been 

developed to calculate economic selection indexes that utilize EPD as sources of information 

directly (e.g. Dekkers et al., 2004; Wilton et al., 2013). Estimated progeny difference indexes are 

advantageous, as the BLUP methodology used to calculate EPD from multiple-trait models 

accounts for effects due to contemporary group, selection, non-random mating, and genetic 

correlations, in addition to the amount of information available for the genetic evaluation from 

relatives (Wilton et al., 2013). Future research will use an approach similar to that presented by 

Quinton et al. (2013) and Quinton et al. (2014) to develop economic breeding objectives and 

economic EPD selection indexes for the Canadian sheep industry using updated and population-

specific genetic parameter estimates (Massender et al., 2018b) and current market information 

from the HLSA.   



CHAPTER FOUR: SELECTION INDEX DESIGN 

 137 

4.5 CONCLUSIONS 

 

 This study presents a preliminary look at the value of including carcass traits into the 

terminal sire selection indexes currently utilized by the Canadian sheep industry. Hot carcass 

weight was found to have the greatest economic value among the carcass traits, consequently 

receiving a large emphasis in the proposed selection indexes, and efficient improvement of HCW 

was expected through index selection. Greater expected selection response for HCW was observed 

from selection based on the CARCi+ indexes than the GAINi+ indexes, likely due to the favorable 

genetic and phenotypic correlation between EMDUSw and HCW. The removal of FATGR or 

AVGCONF had a marginal impact on the accuracy or efficiency of selection expected for the 

proposed indexes, and expected correlated response in FATGR and AVGCONF was minimal. 

Overall, the results of this research indicate that selection using any of the proposed GAINi+ or 

CARCi+ indexes would be useful for the genetic improvement of carcass yield, but further 

research is needed to determine optimal methods of increasing carcass quality traits.  
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4.7 TABLES 

 
 

Table 4.1. Summary of traits included in variations of the GAINi and CARCi economic selection indexes.  
     Traits1 
Index2   SURV BWT WT50 GAIN EMDUSw FATUSw HCW FATGR AVGCONF 
GAINi           
     GAINi  X X X X - - - - - 
     GAINi+  X X X X - - - - - 
     GAINi+1  X X X X - - X - - 
     GAINi+2  X X X X - - X X - 
     GAINi+3  X X X X - - X X X 
CARCi           
     CARCi  X X X X X X - - - 
     CARCi+  X X X X X X - - - 
     CARCi+1  X X X X X X X - - 
     CARCi+2  X X X X X X X X - 
     CARCi+3   X X X X X X X X X 
1SURV: lamb survival until weaning, BWT: birthweight, WT50: adjusted 50-day weight, GAIN: gain from 50 to 100 days, 
EMDUSw: ultrasonically measured eye muscle depth at a constant scanning weight, FATUSw: ultrasonically measured fat depth 
at a constant scanning weight, HCW: hot carcass weight, FATGR: fat depth at the GR site, AVGCONF: average carcass 
conformation score. 
2GAINi: Gain index as currently utilized, GAINi+: GAINi with weights calculated in this research, GAINi+1: GAINi+ with HCW, 
GAINi+2: GAINi+ with HCW and FATGR, GAINi+3: GAINi+ with HCW, FATGR, and AVGCONF, CARCi: Carcass Index as 
currently utilized, CARCi+: CARCi with weights calculated in this research, CARCi+1: CARCi+ with HCW, CARCi+2: CARCi+ 
with HCW and FATGR, CARCi+3: CARCi+ with HCW, FATGR, and AVGCONF. 
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Table 4.2. Weights, variances, accuracy, expected response in aggregate genotype (per year) and efficiency of variations of the GAINi 
and CARCi economic selection indexes with carcass traits1. 
  Indexes2 

 GAINi  CARCi 
  GAINi+ GAINi+1 GAINi+2 GAINi+3   CARCi+ CARCi+1 CARCi+2 CARCi+3 
Index Weights3         
     SURV 2.428 2.238 2.047 2.090  2.272 2.113 1.893 1.928 
     BWT -0.114 -0.078 -0.135 -0.134  -0.063 -0.036 -0.089 -0.088 
     WT50 0.257 0.233 0.231 0.232  0.296 0.270 0.267 0.268 
     GAIN 0.076 0.069 0.067 0.068  0.071 0.065 0.062 0.063 
     EMDUSw - - - -  0.587 0.533 0.549 0.547 
     FATUSw - - - -  -0.318 -0.321 -0.228 -0.234 
     HCW - 1.154 1.356 1.344  - 1.082 1.291 1.281 
     FATGR - - -0.427 -0.460  - - -0.448 -0.472 
     AVGCONF - - - 0.594  - - - 0.453 
Variance of Index 1.754 4.669 5.427 5.465  3.908 6.453 7.269 7.291 
Accuracy of Index 0.216 0.352 0.379 0.380  0.322 0.413 0.439 0.439 
Expected Response per Year 0.381 0.622 0.671 0.673  0.569 0.732 0.776 0.778 
Efficiency of Index4 49.1% 80.0% 86.3% 86.6%   73.2% 94.1% 99.9% 100.00% 
1Selection indexes were designed assuming an average of 2.5 progeny records were available for the genetic evaluation of carcass traits and selection for growth 
and ultrasound traits was based on a breeding candidate’s own performance.  
2GAINi: Gain index as currently utilized, GAINi+: GAINi with weights calculated in this research, GAINi+1: GAINi+ with HCW, GAINi+2: GAINi+ with 
HCW and FATGR, GAINi+3: GAINi+ with HCW, FATGR, and AVGCONF, CARCi: Carcass Index as currently utilized, CARCi+: CARCi with weights 
calculated in this research, CARCi+1: CARCi+ with HCW, CARCi+2: CARCi+ with HCW and FATGR, CARCi+3: CARCi+ with HCW, FATGR, and 
AVGCONF. 
3SURV: lamb survival until weaning, BWT: birthweight, WT50: adjusted 50-day weight, GAIN: gain from 50 to 100 days, EMDUSw: ultrasonically measured 
eye muscle depth at a constant scanning weight, FATUSw: ultrasonically measured fat depth at a constant scanning weight, HCW: hot carcass weight, FATGR: 
fat depth at the GR site, AVGCONF: average carcass conformation score. 
4Efficiency of the index was defined as the response expected in a reduced index relative to the response expected in the full (CARCi+3) index, and was used to 
assess the value of including traits into the terminal sire selection indexes. 
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Table 4.3. Expected correlated response per year in economically 
important carcass traits from direct and index selection1.   
  Economic traits2 

 HCW FATGR AVGCONF 
DR3 0.133 -0.285 0.045 
GAINi4    
     GAINi+ 0.056 -0.045 -0.012 
     GAINi+1 0.096 -0.008 -0.006 
     GAINi+2 0.092 -0.077 -0.011 
     GAINi+3 0.091 -0.075 -0.009 
CARCi    
     CARCi+ 0.088 0.013 -0.001 
     CARCi+1 0.114 0.020 0.000 
     CARCi+2 0.112 -0.036 -0.004 
     CARCi+3 0.111 -0.035 -0.002 
1Selection indexes were designed assuming an average of 2.5 progeny records were 
available for the genetic evaluation of carcass traits and selection for growth and 
ultrasound traits was based on a breeding candidate’s own performance.  
2HCW: hot carcass weight, FATGR: fat depth at the GR site, AVGCONF: average 
carcass conformation score. 
3Direct response per year from Massender et al. (2018a). 
4GAINi: Gain index as currently utilized, GAINi+: GAINi with weights calculated 
in this research, GAINi+1: GAINi+ with HCW, GAINi+2: GAINi+ with HCW and 
FATGR, GAINi+3: GAINi+ with HCW, FATGR, and AVGCONF, CARCi: 
Carcass Index as currently utilized, CARCi+: CARCi with weights calculated in 
this research, CARCi+1: CARCi+ with HCW, CARCi+2: CARCi+ with HCW and 
FATGR, CARCi+3: CARCi+ with HCW, FATGR, and AVGCONF. 
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Table 4.4. Efficiency1 of index selection relative to direct selection for economically 
important carcass traits2.   
  Economic traits3 

 HCW FATGR AVGCONF 
GAINi4    
     GAINi+ 42.2% 15.6% -27.6% 
     GAINi+1 72.0% 2.7% -14.0% 
     GAINi+2 69.3% 27.0% -24.6% 
     GAINi+3 68.6% 26.3% -19.1% 
CARCi    
     CARCi+ 66.4% -4.6% -1.1% 
     CARCi+1 85.7% -7.1% -0.5% 
     CARCi+2 84.0% 12.5% -8.6% 
     CARCi+3 83.5% 12.3% -5.2% 
1Efficiency was defined as the percentage of expected direct response achieved per year due to 
indirect index selection. A negative efficiency value means that selection on the proposed index 
would move the economic trait in an unfavorable direction. 
2Selection indexes were designed assuming an average of 2.5 progeny records were available for the 
genetic evaluation of carcass traits and selection for growth and ultrasound traits was based on a 
breeding candidate’s own performance.  
3HCW: hot carcass weight, FATGR: fat depth at the GR site, AVGCONF: average carcass 
conformation score. 
4GAINi: Gain index as currently utilized, GAINi+: GAINi with weights calculated in this research, 
GAINi+1: GAINi+ with HCW, GAINi+2: GAINi+ with HCW and FATGR, GAINi+3: GAINi+ with 
HCW, FATGR, and AVGCONF, CARCi: Carcass Index as currently utilized, CARCi+: CARCi with 
weights calculated in this research, CARCi+1: CARCi+ with HCW, CARCi+2: CARCi+ with HCW 
and FATGR, CARCi+3: CARCi+ with HCW, FATGR, and AVGCONF. 
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Table 4.5. Sensitivity of index variance, index accuracy and expected 
response in the aggregate genotype to the amount of carcass 
information available for genetic evaluation. 

 Index1 
Scenario2 Variance Accuracy 

Response in 
aggregate 
genotype 

GAINi+3    
     1x 5.465 0.380 0.673 
     2x 7.812 0.455 0.805 
     3x 9.459 0.501 0.886 
     4x 10.685 0.532 0.941 
CARCi+3    
     1x 7.291 0.439 0.778 
     2x 9.416 0.499 0.884 
     3x 10.904 0.537 0.951 
     4x 12.013 0.564 0.998 
1CARCi+3: Carcass index with hot carcass weight, fat depth at the GR site and 
average carcass conformation score added, GAINi+3: Gain index with hot carcass 
weight, fat depth at the GR site and average carcass conformation score added. 
2The base scenario assumed that there were an average of 2.5 progeny records 
available for the genetic evaluation of carcass traits and selection for growth and 
ultrasound traits was based on a breeding candidate’s own performance. The 
amount of carcass information available on average was doubled to 5 progeny (2x), 
tripled to 7.5 progeny (3x), and quadrupled to 10 progeny (4x).  



CHAPTER FOUR: SELECTION INDEX DESIGN 
 

 145 

4.8 FIGURES 

 
 
 

 
Figure 4.1. Relative emphasis of traits in variations of the Gain Index. It was assumed that an average of 2.5 progeny records were 
available for the genetic evaluation of carcass traits, and that growth and ultrasound trait selection was based on a breeding candidate’s 
own performance. Unlabeled bars are traits with less than 5% relative emphasis in the total index. 

10.0%

28.7%

12.6%

8.3%

7.9%

10.0% 36.0%

50.0%

21.6%

15.3%

14.5%

44.0%

17.1%

7.4%

5.1%

57.1%

48.3%

45.0%

21.3%

21.6%

0% 20% 40% 60% 80% 100%

GAINi

GAINi+

GAINi+1

GAINi+2

GAINi+3

SURV BWT WT50 GAIN HCW FATGR AVGCONF



CHAPTER FOUR: SELECTION INDEX DESIGN 

 146 

 
Figure 4.2. Relative emphasis of traits in variations of the Carcass Index. It was assumed that an average of 2.5 progeny records were 
available for the genetic evaluation of carcass traits, and that growth and ultrasound trait selection was based on a breeding candidate’s 
own performance. Unlabeled bars are traits with less than 5% relative emphasis in the total index.
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Figure 4.3. Comparison of the GAINi+3 index relative emphases as the number of progeny records available for the genetic evaluation 
of carcass traits increases. Scenarios tested included the current number of average progeny records (1x, 2.5), and double (2x, 5), triple 
(3x, 7.5), and quadruple (4x, 10) the current number of progeny records. Unlabeled bars are traits with less than 5% relative emphasis 
in the total index.
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Figure 4.4. Comparison of the CARCi+3 index relative emphases as the number of progeny records available for the genetic evaluation 
of carcass traits increases. Scenarios tested included the current number of average progeny records (1x, 2.5), and double (2x, 5), triple 
(3x, 7.5), and quadruple (4x, 10) the current number of progeny records. Unlabeled bars are traits with less than 5% relative emphasis 
in the total index.
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4.9 SUPPLEMENTARY MATERIAL 

Selection Index Matrix Construction 
 

! =	

$% 1,1
2 (1 + + − 1 -+ℎ1

2)

+

$% 1,2 + + − 1 -+$0 1,2

+

$% 1,3 + + − 1 -+$0 1,3

+
-+$0(1,4) -+$0(1,5) -+$0(1,6) -+$0(1,7) -+$0(1,8) -+$0(1,9)

$% 2,1 + + − 1 -+$0 2,1

+

$% 2,2
2 (1 + + − 1 -+ℎ2

2)

+

$% 2,3 + + − 1 -+$0 2,3

+
-+$0(2,4) -+$0(2,5) -+$0(2,6) -+$0(2,7) -+$0(2,8) -+$0(2,9)

$% 3,1 + + − 1 -+$0 3,1

+

$% 3,2 + + − 1 -+$0 3,2

+

$% 3,3
2 (1 + + − 1 -+ℎ3

2)

+
-+$0(3,4) -+$0(3,5) -+$0(3,6) -+$0(3,7) -+$0(3,8) -+$0(3,9)

-+$0(4,1) -+$0(4,2) -+$0(4,3) $%(4,4)
2 $%(4,5) $%(4,6) $%(4,7) $%(4,8) $%(4,9)

-+$0(5,1) -+$0(5,2) -+$0(5,3) $%(5,4) $%(5,5)
2 $%(5,6) $%(5,7) $%(5,8) $%(5,9)

-+$0(6,1) -+$0(6,2) -+$0(6,3) $%(6,4) $%(6,5) $%(6,6)
2 $%(6,7) $%(6,8) $%(6,9)

-+$0(7,1) -+$0(7,2) -+$0(7,3) $%(7,4) $%(7,5) $%(7,6) $%(7,7)
2 $%(7,8) $%(7,9)

-+$0(8,1) -+$0(8,2) -+$0(8,3) $%(8,4) $%(8,5) $%(8,6) $%(8,7) $%(8,8)
2 $%(8,9)

-+$0(9,1) -+$0(9,2) -+$0(9,3) $%(9,4) $%(9,5) $%(9,6) $%(9,7) $%(9,8) 	$%(9,9)
2
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$:(>,;) $:(>,<) $:(>,=)
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$:(@,;) $:(@,<) $:(@,=)
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Description of Selection Index Matrix Variables 
 
$E F,F
<  : Phenotypic variance estimate for the jth trait. 
$: G,G
< : Additive	genetic	variance	of	the	Wth	trait. 
$E F,G : Phenotypic co-variance between the jth and lth traits. 
$: F,G : Additive genetic co-variance between the jth and lth traits.  
-9: The additive genetic relationship between the animal on which the trait was recorded and the individual breeding candidate. Progeny 
records were assumed to be the available source of information for carcass records, so the additive genetic relationship was 0.5. 
+ : Number of relative records used for genetic evaluation. Assumed to be 2.5 progeny records in base scenario.  
ℎF
<: Heritability	of	the	]th	trait.
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Table 4.6. Summary statistics for the number of effective record contributions 
(ERC) to sire genetic evaluations for carcass traits1.  
Trait2 n Min Max Mean Median 
HCW 541 0.188 18.932 4.232 3.235 
FATGR 552 0.005 12.937 2.965 2.258 
AVGCONF 547 0.003 11.764 2.615 1.977 
1n: number of records with estimable reliabilities, Min: minimum calculated ERC, Max: 
maximum calculated ERC.  
2HCW: hot carcass weight, FATGR: fat depth at the GR site, AVGCONF: average carcass 
conformation score. 
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Table 4.7. Genetic parameter estimates for growth, ultrasound, and carcass traits at a fixed slaughter age end point used in the selection 
index design1,2.  
  HCW FATGR AVGCONF SURV BWT WT50 GAIN EMDUSw FATUSw 
HCW 0.1719 0.3529 0.2247 0.0000 0.0430 0.1589 0.1867 0.1017 0.0756 
FATGR 0.1526 0.2999 0.3521 0.0000 -0.0876 -0.0382 0.0817 0.1161 0.3592 
AVGCONF 0.0361 0.4789 0.3198 0.0000 -0.0856 -0.0344 0.0258 0.2034 0.2786 
SURV 0.0246 -0.0313 -0.0318 0.0250 0.0307 0.0211 0.0127 0.0057 0.0072 
BWT 0.0709 -0.3586 -0.2405 -0.0488 0.1816 0.3544 0.0957 -0.0667 -0.0209 
WT50 0.3658 -0.0923 -0.1624 -0.0263 0.4885 0.2099 0.1058 -0.1051 0.0340 
GAIN 0.2124 -0.0938 -0.1883 -0.0254 0.2741 0.5074 0.1465 0.0031 -0.0065 
EMDUSw 0.4372 0.3613 0.3381 0.0045 -0.1700 -0.3693 -0.2499 0.3455 0.1113 
FATUSw 0.1017 0.7365 0.5331 0.0124 -0.1557 -0.0336 -0.0253 0.3229 0.2171 
1Heritabilities from univariate analyses are provided in bold on the diagonal. Phenotypic and genetic correlation estimates from bivariate analyses are presented 
above and below the diagonal, respectively. 
2HCW: hot carcass weight, FATGR: fat depth at the GR site, AVGCONF: average carcass conformation score, SURV: lamb survival until weaning, BWT: 
birthweight, WT50: adjusted 50-day weight, GAIN: gain from 50 to 100 days, EMDUSw: ultrasonically measured eye muscle depth at a constant scanning 
weight, FATUSw: ultrasonically measured fat depth at a constant scanning weight. 
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Table 4.8. Additive genetic (co)variance matrix for growth, ultrasound, and carcass traits at a fixed slaughter age end point used in selection 
index design1,2. 

  HCW FATGR AVGCONF SURV BWT WT50 GAIN EMDUSw FATUSw 
HCW 0.8372 0.2326 0.0095 0.0234 0.0218 0.6871 0.3591 0.5855 0.0548 

FATGR 0.2326 2.8602 0.2220 -0.0535 -0.1993 -0.2946 -0.2866 0.9072 0.7083 
AVGCONF 0.0095 0.2220 0.0819 -0.0122 -0.0229 -0.0882 -0.0987 0.1408 0.0845 

SURV 0.0234 -0.0535 -0.0122 0.0643 -0.0206 -0.0502 -0.0467 0.0067 0.0080 
BWT 0.0218 -0.1993 -0.0229 -0.0206 0.1132 0.3174 0.1660 -0.0843 -0.0313 
WT50 0.6871 -0.2946 -0.0882 -0.0502 0.3174 3.5658 1.7225 -0.9837 -0.0371 
GAIN 0.3591 -0.2866 -0.0987 -0.0467 0.1660 1.7225 3.3080 -0.6693 -0.0270 

EMDUSw 0.5855 0.9072 0.1408 0.0067 -0.0843 -0.9837 -0.6693 2.1633 0.2906 
FATUSw 0.0548 0.7083 0.0845 0.0080 -0.0313 -0.0371 -0.0270 0.2906 0.3476 

1Additive genetic variances from univariate analyses are provided in bold on the diagonal and additive genetic covariances from bivariate analyses are presented on the 
off-diagonal.  
2HCW: hot carcass weight, FATGR: fat depth at the GR site, AVGCONF: average carcass conformation score, SURV: lamb survival until weaning, BWT: birthweight, 
WT50: adjusted 50-day weight, GAIN: gain from 50 to 100 days, EMDUSw: ultrasonically measured eye muscle depth at a constant scanning weight, FATUSw: 
ultrasonically measured fat depth at a constant scanning weight. 
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Table 4.9. Phenotypic (co)variance matrix for growth, ultrasound, and carcass traits at a fixed slaughter age end point used in selection index 
design1,2. 

  HCW FATGR AVGCONF SURV BWT WT50 GAIN EMDUSw FATUSw 
HCW 4.8702 2.4095 0.2507 0.0000 0.0751 1.4607 1.9658 0.5602 0.2110 

FATGR 2.4095 9.5384 0.5495 0.0000 -0.2136 -0.4876 1.2054 0.8993 1.4003 
AVGCONF 0.2507 0.5495 0.2560 0.0000 -0.0344 -0.0724 0.0625 0.2563 0.1774 

SURV 0.0000 0.0000 0.0000 0.0625 0.0255 0.0870 0.0606 0.0143 0.0093 
BWT 0.0751 -0.2136 -0.0344 0.0255 0.6234 1.1610 0.3589 -0.1317 -0.0209 
WT50 1.4607 -0.4876 -0.0724 0.0870 1.1610 16.9860 2.0648 -1.0810 0.1773 
GAIN 1.9658 1.2054 0.0625 0.0606 0.3589 2.0648 22.5730 0.0362 -0.0270 

EMDUSw 0.5602 0.8993 0.2563 0.0143 -0.1317 -1.0810 0.0362 6.2611 0.3540 
FATUSw 0.2110 1.4003 0.1774 0.0093 -0.0209 0.1773 -0.0270 0.3540 1.6010 

1Phenotypic variances from univariate analyses are provided in bold on the diagonal and phenotypic covariances from bivariate analyses are presented on the off-
diagonal.  
2HCW: hot carcass weight, FATGR: fat depth at the GR site, AVGCONF: average carcass conformation score, SURV: lamb survival until weaning, BWT: birthweight, 
WT50: adjusted 50-day weight, GAIN: gain from 50 to 100 days, EMDUSw: ultrasonically measured eye muscle depth at a constant scanning weight, FATUSw: 
ultrasonically measured fat depth at a constant scanning weight. 
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Table 4.10. Phenotypic (co)variance matrix adjusted for sources of information used in selection index design1,2. 
  HCW FATGR AVGCONF SURV BWT WT50 GAIN EMDUSw FATUSw 

HCW 1.3089 0.5750 0.0539 0.0117 0.0109 0.3436 0.1795 0.2927 0.0274 
FATGR 0.5750 3.0519 0.1987 -0.0267 -0.0997 -0.1473 -0.1433 0.4536 0.3541 

AVGCONF 0.0539 0.1987 0.0839 -0.0061 -0.0114 -0.0441 -0.0494 0.0704 0.0422 
SURV 0.0117 -0.0267 -0.0061 0.0625 0.0255 0.0870 0.0606 0.0143 0.0093 
BWT 0.0109 -0.0997 -0.0114 0.0255 0.6234 1.1610 0.3589 -0.1317 -0.0209 
WT50 0.3436 -0.1473 -0.0441 0.0870 1.1610 16.9860 2.0648 -1.0810 0.1773 
GAIN 0.1795 -0.1433 -0.0494 0.0606 0.3589 2.0648 22.5730 0.0362 -0.0270 

EMDUSw 0.2927 0.4536 0.0704 0.0143 -0.1317 -1.0810 0.0362 6.2611 0.3540 
FATUSw 0.0274 0.3541 0.0422 0.0093 -0.0209 0.1773 -0.0270 0.3540 1.6010 

1Refer to supplementary material for a description of how (co)variance elements of the P matrix were calculated. 
2HCW: hot carcass weight, FATGR: fat depth at the GR site, AVGCONF: average carcass conformation score, SURV: lamb survival until weaning, BWT: birthweight, 
WT50: adjusted 50-day weight, GAIN: gain from 50 to 100 days, EMDUSw: ultrasonically measured eye muscle depth at a constant scanning weight, FATUSw: 
ultrasonically measured fat depth at a constant scanning weight. 
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Table 4.11. Matrix of (co)variances between sources of 
phenotypic information and the aggregate genotype1,2. 
  HCW FATGR AVGCONF 

HCW 0.4186 0.1163 0.0048 
FATGR 0.1163 1.4301 0.1110 

AVGCONF 0.0048 0.1110 0.0409 
SURV 0.0234 -0.0535 -0.0122 
BWT 0.0218 -0.1993 -0.0229 
WT50 0.6871 -0.2946 -0.0882 
GAIN 0.3591 -0.2866 -0.0987 

EMDUSw 0.5855 0.9072 0.1408 
FATUSw 0.0548 0.7083 0.0845 

1Refer to supplementary material for a description of how (co)variance 
elements of the C matrix were calculated. 
2HCW: hot carcass weight, FATGR: fat depth at the GR site, 
AVGCONF: average carcass conformation score, SURV: lamb 
survival until weaning, BWT: birthweight, WT50: adjusted 50-day 
weight, GAIN: gain from 50 to 100 days, EMDUSw: ultrasonically 
measured eye muscle depth at a constant scanning weight, FATUSw: 
ultrasonically measured fat depth at a constant scanning weight. 
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Table 4.12. Genetic (co)variance matrix for economically 
important traits in the aggregate genotype1.  
 HCW FATGR AVGCONF 

HCW 0.8372 0.2326 0.0095 
FATGR 0.2326 2.8601 0.2220 

AVGCONF 0.0095 0.2220 0.0819 
1HCW: hot carcass weight, FATGR: fat depth at the GR site, 
AVGCONF: average carcass conformation score. 
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CHAPTER FIVE: GENERAL DISCUSSION 

 

5.1 RESEARCH OBJECTIVES RESTATED AND KEY RESULTS 

 

 The primary objective of this thesis project was to determine optimal methods for the 

genetic improvement of growth, carcass yield, and carcass quality traits for the Canadian sheep 

industry. Specific goals included: 1) estimating genetic parameters for carcass traits in a Canadian 

sheep population, 2) estimating the genetic relationships between carcass traits and other currently 

evaluated growth and ultrasound traits, 3) evaluating the impact of alternative slaughter end points 

on genetic parameter estimates and expected response to selection, 4) estimating the efficiency of 

indirect selection for carcass trait genetic improvement, and 5) assessing the value of including 

carcass traits into the existing terminal selection indexes utilized by the Canadian sheep industry. 

The first chapter provided context and justification for the genetic improvement of carcass 

yield and quality traits, as well as a review of methods and relevant literature. Carcass yield and 

quality traits have a direct impact on producer and processor revenue from lambs marketed under 

a price grid classification system, and an influence on the consumer acceptance of marketed 

product. Gooch et al. (2006) previously identified inconsistency in the availability and quality of 

lamb carcasses as a barrier to the growth of the Canadian sheep industry.  Prior to the completion 

of this project, little was known about the genetics of carcass traits in the Canadian sheep 

population. The results of this research provide some of the foundation knowledge necessary for 

the genetic improvement of carcass yield and quality in the Canadian sheep industry.  

Genetic parameter estimates for carcass traits in a Canadian sheep population, as well as 

their relationships to other currently evaluated growth and ultrasound traits, were presented in 
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chapter two. The impact of alternative slaughter end points in the genetic evaluation of carcass 

traits was also explored. Carcass traits were found to be moderately heritable, with heritability 

estimates ranging from 0.17 ± 0.02 for hot carcass weight at a constant slaughter age to 0.34 ± 

0.02 for average carcass conformation score at a constant carcass weight. The use of alternative 

slaughter end points had little effect on heritability estimates, with estimates differing by less than 

their standard errors for many traits, but did have an impact on the direction and magnitude of 

genetic correlations, with the greatest differences observed for composite traits. Furthermore, EBV 

rank correlations for differing slaughter end points were not at unity, indicating that some re-

ranking of breeding candidates may occur due to the use of alternative slaughter end points. Thus, 

it was concluded that consideration of the breeding objectives of the Canadian sheep industry was 

needed to determine the optimal end point to use in the genetic evaluation of carcass traits.  

 Chapter three evaluated the efficiency of indirect selection for the genetic improvement of 

carcass yield and quality. Lambs are frequently marketed on a live-weight basis in Canada, 

generating limited feedback on the quality of marketed lambs, and preventing producers from 

directly selecting for carcass yield and quality traits. However, growth and ultrasound traits are 

often used as indicators of carcass yield and quality due to their moderate to strong genetic 

correlations with carcass traits (Mortimer et al., 2010; Brito et al., 2017). Consequently, the relative 

efficiency of direct and indirect selection for carcass trait genetic improvement was of interest. 

Growth and ultrasound traits were both found to be moderately efficient for the genetic 

improvement of carcass yield (i.e. HCW), but selection based on ultrasound traits was necessary 

for substantial improvement to carcass quality traits. Ultrasound traits are generally measured 

infrequently in the Canadian sheep population, but this result emphasized the importance of 

ultrasound measurements as indicators of carcass quality.  
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 Integration of carcass trait records collected under rail-graded marketing systems, such as 

the HLSA, may allow for the genetic evaluation of carcass traits in the future. A preliminary 

assessment of the value of directly including carcass traits into existing terminal sire selection 

indexes for the genetic improvement of carcass yield and quality was presented in chapter four. 

The inclusion of HCW into the GAINi+ and CARCi+ indexes substantially increased the accuracy 

of the indexes, expected response in the breeding objective per year, and correlated response in the 

economically important carcass traits. Unfortunately, none of the proposed indexes were found to 

efficiently improve carcass quality traits (i.e. FATGR and AVGCONF), which was thought to be 

due to the lower economic value of these traits relative to HCW. Overall, these results suggest that 

the inclusion of HCW into terminal sire selection indexes could be beneficial for the genetic 

improvement of carcass yield traits, but that further research is needed to determine optimal 

methods for the genetic improvement of carcass quality.  

 

5.2 LIMITATIONS AND AREAS OF FUTURE RESEARCH 

 

5.2.1 Data and Data Structure  

The carcass data utilized in this research was collected from heavy lambs marketed through 

the Quebec HLSA over a limited period of time and was used to make inferences about 

opportunities for the national genetic improvement of Canadian heavy lambs. The breeds, 

marketing systems, and production practices of the Quebec sheep industry may differ from the 

other provinces, which may lower the applicability of the research results to the national sheep 

population. Furthermore, the limited number of ultrasound records available lowered the precision 

of genetic parameter estimates, and limitations to data structure prevented the estimation of 
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maternal effects for ultrasound and carcass traits. As the number of data records collected through 

the HLSA increases, and rail-graded marketing systems become more common across Canada, the 

models developed in this research should be used to re-estimate parameters to increase the 

accuracy and representativeness of estimates. Additionally, it may be useful to estimate genetic 

correlations between carcass and reproductive traits for the Canadian sheep population in the 

future, although reproductive performance is generally of less concern for terminal-sire lines.  

 

5.2.2 Selecting a Slaughter End Point  

The results presented in chapters two and three demonstrated the impact of alternative 

slaughter end points on genetic parameter estimates and expected response to selection, 

respectively. However, it was not obvious from these results what the ideal slaughter end point 

would be for the genetic evaluation of carcass traits in the Canadian sheep industry. Improving the 

consistency and quality of carcasses is a major goal of the Canadian sheep industry, but the high 

economic value found for HCW in chapter four indicates that increasing yield is more 

advantageous than increasing quality under the current HLSA price grids. Based on the results of 

this research, it can be concluded that the choice of alternative slaughter end point may have some 

implications for the response to selection achieved in correlated traits and may also lead to some 

re-ranking of breeding candidates. Thus, industry consultation is needed to determine the optimal 

slaughter end point for the genetic evaluation of carcass traits. If there is no consensus on the 

optimal slaughter end point among producers, for example some markets may desire heavier 

carcasses while others wish to maintain carcass weight and increase carcass quality, it may be 

beneficial to design two different terminal sire selection indexes to suit the differing breeding 

objectives for rail-graded heavy lambs.   
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5.2.3 Terminal Sire Selection Index Development 

 The results provided in chapter four indicate that there may be considerable value to the 

direct inclusion of carcass yield (i.e. HCW) in the existing GAINi and CARCi terminal sire 

selection indexes utilized by the Canadian sheep industry, but that more research is needed to 

determine optimal methods to improve carcass quality. The proposed indexes were developed 

using sources of revenue in the HLSA to calculate economic values for proposed selection indexes 

instead of results obtained from a comprehensive profit equation for rail-graded market lambs. 

Future research should focus on the development of new economic breeding objectives and profit 

functions for rail-graded market lambs to better estimate the economic value of carcass yield and 

quality traits. This would allow for the design of comprehensive terminal sire selection indexes for 

the Canadian sheep industry that are calculated utilizing population-specific genetic parameter 

estimates and current market information.      

 

5.2.4 Challenges to Industry Implementation  

The implementation of genetic evaluations for carcass traits in the Canadian sheep industry 

will require coordination between many industry organizations. Poor producer feedback on the 

quality of marketed lambs is a major limitation to the improvement of carcass consistency and 

quality. Efficient methods will need to be developed to include carcass trait data from many 

different marketing systems and individual abattoirs into the CSGES. On the other hand, 

substantial quantities of carcass trait data currently collected through rail-graded marketing 

systems will not contribute to the carcass trait genetic evaluation of Canadian lambs because 

producers are not enrolled in genetic evaluation programs (i.e. GenOvis) utilizing the CSGES. This 

is demonstrated by the fact that only approximately 16,500 records of greater than 80,000 carcass 
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records collected through the HLSA during the study period matched to animals recorded in the 

CSGES. Increasing producer enrolment in genetic evaluation programs, and the use of rail-graded 

marketing systems, will be important to allow for practical genetic improvement of carcass traits 

in the Canadian sheep industry.   

 

5.2.5 Measures of Carcass Quality  

This research utilized carcass fat depth and conformation scores, as well as composite traits 

based on these component traits, as measures of carcass quality. These traits are routinely measured 

during the grading of Canadian lamb carcasses (Government of Canada, 1992), thus substantial 

quantities of data could be accumulated for genetic evaluation. However, the results of this 

research indicate that more objective measures of carcass muscularity should be explored for the 

genetic improvement of carcass quality. Scores for AVGCONF were found to have greater genetic 

and phenotypic correlations with FATGR than with HCW or EMDUS, which indicates that graders 

may be scoring fatter animals as more muscular. Similarly, the predicted SMY records utilized in 

this research had a genetic correlation of -0.94 with FATGR, indicating that decreasing FATGR 

has more of an impact on SMY than increasing AVGCONF. Given that the equations utilized to 

predict SMY are quite old (Jones et al., 1996), updated prediction equations that better reflect 

current breeding objectives would be advantageous.  However, to truly improve carcass quality, it 

would be favorable to have better measures of carcass composition. Carcass composition traits 

would provide more objective measures of muscularity and even allow for targeted selection of 

greater lean meat yield in specific higher value regions of the carcass.  Carcass dissection traits 

that directly measure traits like carcass eye muscle depth (Mortimer et al., 2010) or that predict 

carcass composition utilizing computer tomography (Karamichou et al., 2007) or video image 
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analysis (Einarsson et al., 2015) technology may be more useful for the genetic evaluation of 

carcass quality. However, phenotyping these traits would be expensive from a practical 

perspective, and consequently, it would be difficult to collect a substantial quantity of records for 

these traits.  Other considerations should be on the impact of selection for carcass quality (i.e. 

increased lean meat yield) on meat and eating quality. The FATGR has been found to be positively 

genetically correlated with intramuscular fat or marbling score (Brito et al., 2017), which are 

known to have an effect on lamb meat and eating quality (Hopkins et al., 2011).  Furthermore, 

Bonny et al. (2016), found no association between eating quality and EUROP carcass 

conformation scores in beef cattle, suggesting that increased muscularity from genetic 

improvement of AVGCONF would not be expected to improve consumer acceptance of lamb 

meat. In the future, the genetic evaluation of meat quality traits such as pH, intramuscular fat 

content, marbling score, meat color, and eating quality scores may be necessary to avoid 

unfavorable decreases in meat quality due to selection for higher lean meat yield.  

 

5.2.6 Live Indicators of Carcass Performance  

Although ultrasound measurements are recorded infrequently in the Canadian sheep 

industry, the results of this research show that ultrasound traits are very useful as living indicators 

of carcass yield and quality. Given the low uptake of ultrasound trait measurement, it may be 

beneficial to explore other living indicators of carcass yield and quality. Animals with carcass 

records utilized in this research were slaughtered at an average of 172.0 ± 40.9 days, but PWWT 

in the CSGES must be measured between 70 and 135 days.  Genetic correlations between HCW, 

and PWWT and GAIN in this research were lower than the genetic correlation reported by Brito 

et al. (2017) for live weight at 6 months, suggesting that there may be value in the genetic 
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evaluation of a weight trait that is measured closer to slaughter age. Furthermore, measuring a pre-

slaughter weight would allow for the estimation of dressing percentage, which could be an 

alternative to the prediction of SMY as a measure of lean meat production. Lastly, the decision to 

market lambs for slaughter is generally thought to be based, first, on the lamb reaching marketable 

weight, and second, on the lamb having adequate fat cover. Thus, it could be interesting to evaluate 

the genetic correlation between subjective producer-measured live fat scores, adjusted to a constant 

weight, and FATGR as an alternative to ultrasonically measured fat depth.    

 

5.3 FINAL REMARKS 

 

 The results presented in this thesis describe opportunities for the genetic improvement of 

carcass yield and quality of Canadian heavy lambs. Carcass traits were found to be moderately 

heritable at all alternative slaughter end points, indicating that there is potential to improve carcass 

yield and quality through genetic selection. The efficiency of indirect selection for carcass trait 

genetic improvement and the value of directly including economically important carcass traits in 

existing terminal sire selection indexes were also preliminarily explored. Future research will focus 

on the design of comprehensive terminal-sire selection indexes for the genetic improvement of 

carcass yield and quality for the Canadian sheep industry.   

 

 

 

 

 
  



CHAPTER FIVE: GENERAL DISCUSSION 

 166 

5.4 LITERATURE CITED 
 

Bonny, S. P. F., D. W. Pethick, I. Legrand, J. Wierzbicki, P. Allen, L. J. Farmer, R. J.  

Polkinghorne, J. F. Hocquette, and G. E. Gardner. 2016. European conformation and fat 

scores have no relationship with eating quality. Animal. 10:996–1006. 

doi:10.1017/S1751731115002839. 

Brito, L. F., J. C. McEwan, S. Miller, W. Bain, M. Lee, K. Dodds, S. A. Newman, N. Pickering,  

F. S. Schenkel, and S. Clarke. 2017. Genetic parameters for various growth, carcass and 

meat quality traits in a New Zealand sheep population. Small Rumin. Res. 154:81–91. 

doi:10.1016/j.smallrumres.2017.07.011. 

Einarsson, E., E. Eythórsdóttir, C. R. Smith, and J. V. Jónmundsson. 2015. Genetic parameters  

for lamb carcass traits assessed by video image analysis, EUROP classification and in vivo 

measurements. Icelandic Agric. Sci. 28:3–14. doi:10.16886/IAS.2015.01. 

Gooch, M., T. Moore, A. Mussel, K. Grier, D. Webb, and S. Dessureault. 2006. Market  

opportunity analysis for the Canadian lamb industry. Guelph. Available from: 

http://www.georgemorris.org/publications/Canadian_Lamb_-

_Market_Opportunities_and_Challenges.pdf 

Government of Canada. 1992. Livestock and poultry carcass grading regulations. Canada.  

Available from: http://laws-lois.justice.gc.ca/PDF/SOR-92-541.pdf 

Hopkins, D. L., N. M. Fogarty, and S. I. Mortimer. 2011. Genetic related effects on sheep meat  

quality. Small Rumin. Res. 101:160–172. doi:10.1016/j.smallrumres.2011.09.036. 

Jones, S. D. M., W. M. Robertson, M. A. Price, and T. Coupland. 1996. The prediction of  

saleable meat yield in lamb carcasses. Can. J. Anim. Sci. 76:49–53. doi:10.4141/cjas96-

007. 

Karamichou, E., B. G. Merrell, W. A. Murray, G. Simm, and S. C. Bishop. 2007. Selection for  

carcass quality in hill sheep measured by X-ray computer tomography. Animal. 1:1–13. 

doi:10.1017/S1751731107413684. 

Mortimer, S. I., J. H. J. van der Werf, R. H. Jacob, D. W. Pethick, K. L. Pearce, R. D. Warner, G.  

H. Geesink, J. E. Hocking Edwards, G. E. Gardner, E. N. Ponnampalam, S. M. Kitessa, A. 

J. Ball, and D. L. Hopkins. 2010. Preliminary estimates of genetic parameters for carcass 

and meat quality traits in Australian sheep. Anim. Prod. Sci. 50:1135–1144. 

doi:10.1071/AN10126. 


