
 

 

BREEDING FOR ROBUSTNESS 
IN MATERNAL SHEEP 

 
 
 

Samuel Felix Walkom 
BSci. (Ag Sci.) (Hons) 

 
 

 
 
 

This thesis is presented for the degree of Doctor of 
Philosophy in the School of Animal and Veterinary 

Sciences of the University of Adelaide 
 

 
 





 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dedicated To 

Bruce Walkom 
“Loving grandfather and passionate supporter” 

 





V | P a g e  

 

DECLARATION 

I, Samuel Felix Walkom certify that this work contains no material which has 

been accepted for the award of any other degree or diploma in my name, in any 

university or other tertiary institution and, to the best of my knowledge and 

belief, contains no material previously published or written by another person, 

except where due reference has been made in the text. In addition, I certify that 

no part of this work will, in the future, be used in a submission in my name, for 

any other degree or diploma in any university or other tertiary institution 

without the prior approval of the University of Adelaide and where applicable, 

any partner institution responsible for the joint-award of this degree. 

I give consent to this copy of my thesis, when deposited in the University Library, 

being made available for loan and photocopying, subject to the provisions of the 

Copyright Act 1968. 

I also give permission for the digital version of my thesis to be made available on 

the web, via the University’s digital research repository, the Library Search and 

also through web search engines, unless permission has been granted by the 

University to restrict access for a period of time 

 
Samuel Felix Walkom 

Date: 14 – 07 - 2014 





VII | P a g e  

 

ABSTRACT 

A favourable phenotypic relationship between ewe body condition and 

reproduction has been well reported in literature with producers managing ewe 

condition to improve reproductive performance. This thesis explores the genetic 

variation of ewe body composition across her production life and the ability to 

select for it to improve the maternal performance of the ewe in variable 

environments. 

 

The quantitative genetic analyses were carried out on four data sets; 1. Maternal 

Central Progeny Test provided data on 2,846 first cross ewes that were the 

progeny of Merino ewes crossed to multiple maternal sire breeds. Weight, fat 

score, fleece traits and reproductive traits were recorded over three production 

cycles. 2. The Trangie D flock incorporated 3,300 Merino ewes from five strains 

(Fine-wool, Medium-wool Peppin, Medium-wool non-Peppin, High fertility 

Peppin and South Australian strong wool). The weight and body condition score 

of the ewes were recorded over five production cycles. 3. An industry stud flock 

(Lambpro, Holbrook NSW) provided ultrasound scan measurements on 2,796 

adult maternal composite ewes from 2010 to 2013. The industry flock is based 

around a high fertility maternal composite flock focussed on providing self-

replacing ewes to the prime lamb industry. 4. The final data set includes 6,347 

Scottish Blackface ewes which were managed in the Scottish highlands, UK. The 

ewes were ultrasound scanned as lambs before being managed as part of the 

breeding flock for an average of four production cycles. The body condition score 

and reproductive performance was recorded across their production life. 
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Multiple analysis techniques were used to demonstrate that the genetic rank of 

individuals was consistent across maturities, measurements times, parities, 

environments and reproductive status. An individual’s genetic rank for weight, 

fat and condition were highly consistent across the ewe’s production life. 

Consequently, the results suggest that selection against fluctuations in the 

weight and body composition profiles of the breeding ewe will not be effective. 

 

Adult fat and muscle are moderately heritable whilst body condition score and 

fat score were low to moderately heritable providing scope to improve the ewe’s 

condition during the production cycle. Post-weaning weight and body 

composition traits were strongly correlated with the corresponding adult traits. 

Therefore selection practiced on young animal traits will improve the lifetime 

condition of the ewe. 

 

Neither fibre diameter nor fleece weight influenced the magnitude of weight and 

fat fluctuations across the production cycle. Fibre diameter was moderately 

correlated with fat so finer fleeced sheep were leaner. 

 

The genetic relationship between body composition traits and maternal 

productivity was weak. Under “tough” conditions the relationship was positive 

and yet when faced with favourable conditions the relationship was weakly 

antagonistic. 
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Selection on post-weaning fat depth will result in improved genetic merit for 

body condition in the breeding ewe. However, selection for fat will not alone 

improve reproductive performance and in favourable nutritional conditions can 

become antagonistic to maternal productivity. In highly variable environments or 

feed limited production systems there maybe merit in selecting for increased 

condition to improve both the welfare and productivity of the ewe. 
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1.1. Introduction 

This thesis is focused on a series of research questions related to the relationship 

between young body composition, the body composition of the breeding ewe, 

and her subsequent lifetime maternal performance. The thesis endeavours to 

quantify relationships and provide guidelines on breeding ewes that can 

maximise production within variable environments. Research was carried out 

using four data sets encompassing a variety of environments, production 

systems and sheep breeds. The underlying theme of this research is centred on 

the ability to breed for an optimal body composition which can take advantage 

of the phenotypic relationship between ewe body condition and reproductive 

performance. 

1.2. Influence behind thesis 

This strategy of research was developed following discussions in early 2010 with 

Tom Bull, a stud sheep breeder from Holbrook, NSW. Initial plans were that 

analysis of Tom’s maternal composite stud flock, Lambpro, would make up a 

large component of the research and provide a greater understanding of the 

genetics associated with adult body composition. The primary motivation for the 

research questions covered within the thesis originated from two quotes made 

by Tom Bull in discussions leading into the first period of measurements in 2010 

that reflect observations of many sheep breeders. The first quote formed the 

basis behind the research covered in Chapters 3 to 7 which focuses on the 

genetics of ewe body composition and the potential to breed or take advantage 

of potential changes in the additive genetic variance of body composition traits 

under different environments. 
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“When I feed out grain during tough times some ewes 

will be in much better condition than others and have a 

greater ability to put on condition” 

The second quote shifts focus from the genetics of body composition to how 

body composition traits relate to the production traits that drive the profitability 

of the breeding ewe. Chapters 7 to 9 examine the importance of ewe body 

composition within production systems looking to maximise returns from wool 

and lamb production. 

“As an industry we need to move away from breeding 

Formula One cars and start selecting four wheel drives, 

as there are always going to be logs on the path and we 

need to get past them” 

These anecdotal observations were noticed early in the development of the 

composite stud flock where there was a significant variation in body types 

(Figure 1.1). This resulted in two animals that could have very similar genetic 

potential but very different body types and in turn their potential to remain 

productive during “tough” times. The research covered in this thesis aims to 

develop an understanding on the influence ewe shape and body composition has 

on a ewe’s ability to remain productive in a variable production environment. 
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Figure 1.1: Two ewes from the same generation in the Lambpro composite 

flock with relatively similar EBVs for the selection index (table) whilst having 

different phenotypic appearances (image). 

 

1.3. Research data sets 

Four data sets were made available for analysis within the project with each data 

set covering a different component of the maternal sheep industry and a 

multitude of production environments. The majority of the analyses were 

performed on historical data from the Maternal Central Progeny Test data 

(MCPT). The MCPT was a research project focussed around the performance of 

first cross Merino ewes that were the progeny of the major maternal sire breeds 

within the Australian sheep industry. The second historical data set, the Trangie 

D Flock contained the maternal performance records of a Merino flock run as 

part of a genetic study into wool production. Whilst the analyses of the Lambpro 

maternal composite flock lacks the volume of measurements compared to the 

historic data sets, it provided the basis for the thesis and the thinking that 

developed the project. A scholarship to spend time in Scotland provided the 

opportunity to replicate the research from the three major data sets within a 

foreign production system that like the Australian production environment is 

faced with a period in which feed is limited. The following is a short summary of 

the four data sets analysed within the thesis. 
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1.3.1. Maternal Central Progeny Test 

The Maternal Central Progeny Test (MCPT) was designed to provide progeny 

tests for 91 sires from Australia’s major maternal breeds including Border 

Leicester, Booroola Leicester, Coopworth, Corriedale, East Friesian, Finn, and 

White Suffolk. The progeny test was run across three sites, being Cowra, NSW, 

Hamilton and Rutherglen, Victoria with common link sires providing genetic links 

and allowing for combined analysis of the data. The three production 

environments varied in rainfall and pasture growth. Cowra is regarded as having 

uneven seasonal rainfall with warm dry summers within the wheat sheep zone 

and an annual rainfall of 625 mm (ranging from 420 to 810 mm during the trial). 

Hamilton has a temperate-winter rainfall climate with an annual rainfall of 680 

mm (450 to 740 mm during the trial). Rutherglen has an annual rainfall of 585 

mm with the annual rainfall during the trial ranging from 343 to 648 mm. 

The first cross ewes from a Merino ewe base are the focus of the analyses within 

this thesis, with their performance from birth through their first three 

reproductive cycles and the subsequent performance of the second cross 

progenies. The growth, wool and maternal performance of the ewes were 

evaluated along with the carcase merit of their progeny. The first cross ewes 

were weighed and fat scored at four time points (pre-joining, post-joining, mid-

pregnancy and weaning) across the reproductive cycles from 1998 to 2001.  The 

focus of the analyses was to provide a guide to the Australian producers on the 

value of maternal sire breeds for producing first cross prime lambs in a Merino 

dominated industry. 
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1.3.2. Trangie D Flock 

The Trangie D Flock was designed to estimate genetic parameters for wool 

production traits across the major Merino strains in Australia. The primary aim 

was to test if genetic estimates and correlations between major wool traits were 

the same across five Merino strains; fine wool, Medium wool non-Peppin, 

medium wool Peppin, fertility and strong wool strains. The animals were run in 

15 separate breeding flocks depending on their bloodline over a thirteen year 

period at Trangie Agricultural Research Centre, NSW. Trangie is classified as a 

dryland wheat-sheep cropping zone with an annual rainfall of 492 mm ranging 

from 265 to 688 mm across the thirteen years. The 15 flocks were set up and 

stabilised at 100 breeding flock ewes with adult ewes allowed up to five annual 

lambing opportunities. Replacement ewes were sourced from within the strain 

progeny with the first mating period occurring at 19 months of age. The ewes 

were weighed and body condition scored at four time points across the 

reproductive cycle from 1976 to 1989. 

1.3.3. Lambpro Maternal Composite 

The Lambpro data set is an Industry stud flock based in Holbrook, NSW 

(http://lambpro.com.au/). Holbrook has a temperate climate with an average 

annual rainfall of 700 mm with the annual rainfall across the three years (2010 – 

2012) ranging from 777 to 1030mm. The stud is based around a maternal 

composite flock that has been developed from a combination of breeds which 

include the Border Leicester, Coopworth, East Friesian, Finn, Poll Dorset, Texel 

and White Suffolk. The formation of the composite was not uniform resulting in 

breed proportions varying greatly between individuals. This was brought about 
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by selection for incoming genetics on both males (artificial insemination) and 

females (embryo transfer) based on an individual’s genetic potential not the 

breed’s genetic potential. Ewes are required to successfully join at seven months 

of age and wean a lamb as a lamb. They are also required to produce a lamb 

every year. Ewes are also selected against if they appear too ‘framey’ (tall lean 

body type) or fail to restore energy reserves in particular fat depots after 

weaning a lamb. The body composition of the ewe with the assistance of Stefan 

Spiker, Advanced Livestock Services, was measured at mid-pregnancy (Autumn-

Winter) and Weaning (Spring-Summer). Body composition measures included 

weight, body condition score, ultra-sound fat and muscle depth and hip height. 

Data collection begun in 2010 and was completed in 2013. 

1.3.4. Scottish Blackface ewes 

The Scottish Blackface ewes were run across two properties within the Scottish 

highlands and were a part of a trial examining the potential to improve hill sheep 

production traits through genetic selection. Farm 1 covers 322 hectares in the 

Pentlands, Midlothian, Scotland and is 305 to 488m above sea level with an 

average rainfall of 800mm.  Farm 2 is based on 389 hectares ranging from 108 to 

1034m above sea level with a rainfall of 2900mm (rain and or snowfall). The 

analyses presented herein explore the link between the young animal body 

composition traits, ultra-sound fat and muscle depth at weaning, on the ewes 

maternal production across its first four reproductive cycles. Maternal 

performance was measured by the number and weight of lambs weaned and the 

ewe’s ability to recover to pre-mating, weight and body condition targets. 
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1.4. Thesis structure and research questions 

The thesis covers a series of research questions that relate to the original 

discussions with Tom Bull in 2010. The overall aim of the thesis is to develop an 

understanding of the relationship between ewe body composition and ewe 

lifetime productivity (longevity) within the production system. To meet the aims 

of the study a series of research questions have been covered within the thesis. 

I. Can selection be made against fluctuations in weight and fat across the 

production cycle to produce a more efficient and productive ewe? 

II. Does the additive genetic variance for body composition traits vary with 

environments, age or reproductive status? 

III. Can selection be made on young animals to improve the body 

composition of adult ewes to improve robustness? 

IV. What is the genetic relationship between adult body composition traits? 

V. Will selection for a low micron high yielding fleece subsequently produce 

a ewe that struggles to maintain condition during tough times? 

VI. How will selection for increased body condition in the breeding ewe 

influence the lifetime reproductive performance of the ewe? 

VII. Can selection be made on the body composition of young animals to 

improve lifetime maternal productivity of the ewe? 
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VIII. How will selection for increased body condition in the breeding ewe 

influence the ewe’s performance during lactation and quality of the milk? 

IX. Does selection for a more robust ewe have merit within the Australian 

sheep industry? 

1.5. Thesis outline 

The majority of this thesis centres on the ability to breed a ewe that is genetically 

suited to take advantage of the favourable relationship between body condition 

and reproductive success during “tough” times. A review of the literature is 

provided in Chapter 2. Chapter 3 focusses on the additive genetic variation of 

weight and fat score across the production cycle to determine if selection can be 

made to improve condition in the “tough” times without increasing overall ewe 

size or fatness. The analysis is based around change traits (change in weight or 

condition between two points), bi-variate analyses between measurement times 

and multi-variate analyses to determine genetic by environment interactions for 

weight and fat score. Chapter 4 contains a cubic spline analysis of both weight 

and fat score to quantify the major influences on fluctuations in weight and fat 

score. To validate the findings in Chapters 3 and 4, Chapter 5 comprises of the 

analyses in Chapter 3 replicated in a Merino data set that was run under slightly 

tougher conditions than those experienced in the MCPT. Whilst both the MCPT 

and Trangie D flock data sets provide a large historic data set covering weight 

and condition scores as well as other performance traits they provide a limited 

indication of ewe body composition. The Lambpro maternal composite ewes 

were ultrasound scanned, weighed, condition scored as well as hip height 
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measured to get a better understanding of body type and body composition 

across the production cycle (Chapter 6). 

Whilst chapters 3 to 6 provided an understanding of the additive genetic 

variance in ewe body composition, they do not provide an understanding of the 

influence of selection for increased condition on maternal productivity. Chapter 

7 focuses on the importance of ewe body composition within an industry flock as 

a selection tool to improve ewe stay ability within the flock and lifetime maternal 

performance.  

Chapter 8 re-visits the MCPT data set and focusses on the genetic relationship 

between ewe weight and fat with reproduction, lactation and fleece traits. The 

effect of lifetime fleece and lamb production on fluctuations in ewe weight and 

fat score is also examined.  

Chapter 9 contains the analysis of a Scottish highland production system. Whilst 

the production environment is very different to the production systems in 

Australia, both systems are faced with a period in which feed availability is 

severely limited. The analyses focus on the links between adult ewe condition 

and maternal performance as well as the ability to select on young animal body 

composition to improve lifetime maternal performance. The analyses within the 

chapters covered above provides answers to the research questions presented 

whilst also as a whole providing evidence to why selection for a robust ewe has 

merit within the Australian sheep industry. 

 





 

 

 

 

 

 

 

 

 

Chapter 2. Breeding for robustness 

in maternal sheep: Literature 

review 
 

 

 

 





Chapter Two 

43 | P a g e  

 

2.1. The Australian sheep industry (2010) 

In the past decade producers have been rewarded by exceptionally high prices 

for lamb. This is being driven by an increase in international demand for 

Australian lamb meat combined with lamb supply being limited due to adverse 

seasonal conditions and falling sheep numbers (ABARE 2010). This has meant 

that the relative value of lamb meat compared to wool has increased. 

Consequently the number of farms selling slaughter lambs increased by 21% in 

the 15 years leading up to 2010, the greatest increase was seen in small scale 

lamb producers (less than 200 slaughter lambs per year) (ABARE 2010).  The 

response by the producers to changes in market signals has seen a drastic 

decline in wether flock numbers (Figure 2.1), as their prime lamb value 

outweighed their returns from wool production. This saw an increase in the 

proportion of breeding ewes within the national flock, in 1990-91 the ewe flock 

contributed to 55% of the national flock compared to 75% in 2008-09 (Figure 2.1) 

(ABARE 2010). As a result a greater proportion of available resources were being 

consumed by the breeding ewe and lamb. With lamb now a major product of 

sheep enterprises, the breeding ewe flock is becoming increasingly more 

influential in its effect on the profitability of the production system (Wang and 

Dickerson 1991; Snowder and Fogarty 2009). 
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Figure 2.1: Composition of the Australian sheep flock from 1990 to 2009, 

highlighting the proportion of the Australian sheep flock which is attributed to 

the ewe breeding flock (ABARE 2010). 

 

2.2. Introduction 

The productivity of the breeding ewe can be improved by improving production 

efficiency through a combination of increased net reproduction rate, a shorter 

production cycle and optimised fibre production (Olivier et al. 1998; Cloete et al. 

2002; Snowder and Fogarty 2009). Historic selection indexes were designed to 

maximise improvement in wool quality and production often at the expense of 

genetic improvement in reproductive traits (Ponzoni 1987). Weak to moderate 

genetic correlations between reproductive traits and the production traits 

associated with lamb and especially wool production (Safari et al. 2005; Afolayan 

et al. 2009b) have resulted in ewe reproductive performance remaining relatively 

constant in the past as producers focus selection on carcase and fleece traits. 

Past preferences for wool production by producers and the long production life 

of wethers, resulted in low replacement rates within flocks consequently, 
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producers placed very little emphasis on reproductive traits and ewe 

productivity, especially in Merino flocks. 

The value of maternal productivity is potentially greater in the sheep industry 

than the beef and pork industries because of the greater variation in lamb 

performance compared to cattle and smaller litter sizes than in pigs. In 

comparison to the beef industry, the majority of the slaughter lambs growth 

occurs whilst the lamb is dependent on their mother’s milk (Bradford 1972). The 

reproductive rate of the Australian sheep industry has remained relatively 

constant with a low reproductive rate of 79 lambs per 100 ewes compared to 

118+ lambs per 100 ewes observed in New Zealand (Kleemann and Walker 

2005). Reproductive rates are hindered by high reproductive wastage, with 42% 

of potential lambs (ova) being lost between ovulation and weaning. 

Consequently inputs required to maintain the dam contribute a far larger 

proportion of the cost of meat production than is seen in the more intense 

industries such as pork and poultry (Rosati et al. 2002). Large input costs and the 

large influence of the maternal environment on the growth of the lamb leading 

up to slaughter means that the productivity of the breeding ewe flock cannot be 

overlooked within the production system. 

Maternal productivity refers to the productivity of the maternal unit within the 

breeding system. The maternal productivity of the ewe can be defined by several 

components which include fertility, fecundity, lamb survival or ewe rearing 

ability and lamb growth (Long et al. 1989; Afolayan et al. 2009b). The maternal 

productivity of the ewe is defined as the weight of lamb weaned per ewe joined 
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(Snowder and Fogarty 2009).  This is a complex composite trait that is influenced 

by many independent components including age at puberty, ovulation, oestrus, 

fertilisation, embryo implantation, pregnancy, parturition, lactation, mothering 

ability and lamb growth and survival (Snowder and Fogarty 2009). The large 

number of factors associated within the efficiency of the ewe and lamb and the 

large environmental influence has led to the maternal unit often being 

overlooked for production traits due to their greater response and ease of 

selection. However, this historic opinion is changing as producers see the value 

of improving maternal efficiency in regards to whole farm productivity (Fogarty 

et al. 2007). 

The need for improving our understanding of maternal productivity will increase 

in the future as increased demand for agricultural products and continued 

competition for prime agricultural land requires the sheep industry to make 

better use of marginal production environments. Australia is also going through a 

period of noticeable climate change with periods of poor rain and pasture 

growth becoming increasingly common. The sheep industry has however, shown 

that it has the ability to produce a variety of commodities across extreme agro-

eco-logical zones that vary in climatic conditions, diets, management, diseases, 

culture and religious rituals (Rasali et al. 2006). This has resulted in the theory 

that maternal productivity is more than just reproduction and fertility traits but 

also the ewe’s ability to interact with the environment and react to the 

conditions without negatively influencing lifetime number or ideally weight of 

lambs weaned. The following review looks into the components and factors 
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affecting maternal productivity and the importance of including robustness into 

discussions associated with the productivity of the female breeding flock. 

2.3. Defining robustness 

Reproductive traits have been shown to be greatly influenced by the 

environment (Lindsay 1996). The success of lamb breeding systems is not just 

defined by the level of production, but also the ability to respond to changes in 

the production environment. As producers look to improve productivity and the 

consistency of the product the importance of ewe robustness increases. To 

improve maternal productivity, selection needs to improve reproductive and 

fertility traits whilst improving robustness by selecting for ewes that can 

maintain a high level of productivity across a variety of production environments.  

Robustness has also been described by Kitano (2004) to encompass ‘the 

maintenance of specific functionalities of the system against perturbations, and 

it often requires the system to change the mode of operation in a flexible way. 

Robustness in dairy cattle has been defined by Napel et al. (2009) and Veerkamp 

et al. (2009) as ‘the ability to maintain homeostasis in commonly accepted and 

sustainable dairy herds for the future’. This suggests that robustness relates to 

the animal’s ability to respond to the evolution of the production system over 

time without experiencing a decline in production.  The ability of the ewe to 

respond to the changes i.e. to be robust, requires a response in the traits 

associated with the animal’s fitness and health without losing the integrity of the 

production traits (Star et al. 2008). 



Breeding for robustness in maternal sheep 

48 | P a g e  

 

Star et al. (2008) has described an animal that shows robustness, as one that 

exhibits ‘minimal variation in a target feature following a disturbance, regardless 

of whether it is due to switching between underlying processes, insensitively or 

quickly regaining balance, or the ability to switch between underlying processes 

to maintain this balance’. This can be simplified in that a robust animal will either 

change their behaviour whilst maintaining their production or can adapt to 

changing conditions before quickly regaining their original production levels. 

Therefore, the ideal animal is one that under normal physical conditions has the 

potential to keep functioning and take short periods to recover under varying 

environmental conditions (Star et al. 2008).  If robustness is ignored, gains in 

production can and will still be seen. However, when the environment fluctuates, 

highly productive animals will often fail to meet production targets due to a lack 

of development within their fitness and health traits.  

Robustness refers to individual traits that are associated with the fitness and 

health of  an animal whilst maintaining the natural improvement of production 

traits (Star et al. 2008). Health traits in sheep refer to the ability for the animal to 

respond to disease, including internal and external parasites (Raadsma et al. 

1997). Measurement of these traits is determined by the animal’s resilience and 

resistance to the disease, which is determined by changes in the production 

traits when the disease is present. The fitness of the animal relates primarily to 

reproduction of the ewe (Olivier et al. 1998) as well as the ability of the animal to 

respond to environmental changes such as feed quality or quantity. This brings 

into question the importance of traits associated with feed efficiency and stress 

associated with feed supply. 
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Blaxter et al. (1966) tried to relate the importance of robustness in sheep 

through his work relating feed intake and resistance to cold stresses. From this 

work, Blaxter et al. (1966) highlighted that there are breed differences seen in 

the ability to react to climatic stresses and these can be related quite heavily 

towards the fleece characteristics but can also be linked to behavioural 

differences between the breeds in response to the cold stresses. Early research 

suggested that pushing the production traits too heavily would negatively 

influence the animal’s robustness. Relating robustness to the breeding ewe is 

just the same as to the dairy cow as seen in the work of Napel et al. (2009) and 

Veerkamp et al. (2009). This leads to the summary that robustness has been 

defined as ‘the ability for an animal to maintain a desired level of production (eg. 

lamb weaned per ewe exposed per year) within the normal constraints and 

variations of the production system or environment’. When looking at improving 

robustness in sheep the aim is to improve upon health and welfare traits whilst 

maintaining the animals’ integrity through sustaining production levels. By 

focussing on robustness, the aim is to increase the animals’ ability to interact 

successfully with the environment and make them more able to adapt to the 

appropriate husbandry system. 

Breeding for robustness requires that the producer move away from breeding for 

maximised production under ideal conditions. Veerkamp et al. (2009) stated that 

the classic breeding tools for robustness are; avoiding  inbreeding, including 

fitness traits, natural selection, acquiring favourable characteristics through 

building up experience through exposure to a very large number of minor and 

major environmental signals. What this highlights is that it is better to breed for 
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an animal that can produce solid performances across a variety of environments 

than to have a superior animal that is only able to perform in a limited 

environment. Consequently, a robust ewe is a ewe that is able to continually 

produce a lamb every year even when the environment may be restricting 

production within the highly productive ewes. 

It is hypothesised in this thesis that breeding for increased condition in maternal 

sheep breeds will improve the robustness of the ewe. Simm et al. (1996) 

concluded that in extensive grazing systems body condition and change in 

condition provide an ideal indication of an individual’s ability to adapt to 

environmental stressors. Breeding for improved welfare or robustness should 

not be seen as a trade off with Kingwell (2002) showing that the managing ewes 

within desired welfare ranges was in fact more profitable. The influence of body 

condition on maternal performance, and the robustness of the ewe is further 

explored within the following thesis. 

2.4. Nutritional requirements of the ewe 

The productivity of the ewe is dependent on her ability to consume or store 

sufficient nutrients to become pregnant, produce a lamb and maintain milk 

production at sufficient levels up until weaning. The energy and protein required 

during pregnancy and lactation are of importance to maternal productivity. 

However, the animal must first cover the cost of maintenance as is shown by 

Freer et al. (1997) (Figure 2.2). Furthermore, nutrient demands of pregnancy and 

lactation are met before the nutrients are partitioned toward wool growth and 

weight gain (Freer et al. 1997). If the nutritional value of the available feed does 
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not meet the requirements of the ewe she will become dependent on her own 

body reserves to meet the nutritional requirements of producing a lamb. The 

requirements for maintenance are complex but for the point of this exercise, the 

energy requirements will be pooled together under maintenance requirements 

(Figure 2.2). The distribution of nutrients being absorbed by the digestive system 

or mobilised from body stores to meet maintenance, reproduction and 

production demands is controlled by hormonal pathways (Adams and Liu 2003). 

 

Figure 2.2: Flow of protein and energy from the crude consumed product 

through digestion with the major pools of energy and protein demand 

associated with maintenance and after maintenance (Freer et al. 1997). 
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2.4.1. Energy demands of the breeding ewe 

2.4.1.1. Maintenance energy requirements 

In a review, the National Research Council (NRC 2007) concluded that the 

equation of  Kearl (1982) provided an accurate prediction  of maintenance 

energy requirements of sheep, and is presented in Equation 2.1, 

Equation 2.1: Maintenance energy requirements for sheep, (Kearl 1982) 

��� = ���. �	
�/
	 × ����������.�� 

 

with a range from 305.6 to 460.5 kJ/kg LW0.75 (Kearl 1982). The work by Nsahlai 

et al. (1997) reported similar findings with Menz sheep (course fleece sheep 

from Africa) with a maintenance energy requirement of 422.9 kJ/kg LW0.75. 

Dawson and Steen (1998) prediction of 416 kJ/kg LW0.75  metabolic body weight 

for British meat breeds (included Suffolk and Texel). With the review by 

Finlayson et al. (1995) combining 14 studies across a variety of breeds to produce 

a maintenance energy requirement value of 500 kJ/kg LW0.75. It has been 

suggested that the energy requirements for maintenance are influenced by more 

than just body weight including level of intake, age, activity, temperature and 

parasitism (NRC 2007). Differences were found in maintenance requirements 

when the animals were fed silage vs. concentrate (Dawson and Steen 1998). 

Increasing the intake of feed (dry matter) resulted in an increase in energy 

requirements to metabolise the feed (NRC 2007). Older animals showed a 

natural decline in maintenance requirements up to six years of age (Cannas et al. 

2004). As part of developing a program to simulate energy requirements of 

sheep, Freer et al. (1997) used a more complex model than that highlighted in 
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the NRC review (2007). Equation 2.2 incorporates the influence of the factors 

listed above, 

Equation 2.2: Maintenance energy requirements of sheep, (Freer et al. 1997) 

��� = ������ + �����

� + �� ��!����" 

Where;  

Emetab = the energy associated with basal metabolism incorporating 

metabolic changes associated with animals age 

Egraze = the energy associated with grazing, chewing taking into account 

the dry matter digestibility of the feed and movement required with 

accessing feed and water 

km= the efficiency of the metabolism of the feed influenced by the dry 

matter digestibility of the feed 

CM1=unit assigned to be associated with the energy requirements of 

maintaining weight (0.09 for sheep) 

MEITotal= the total level of metabolisable energy consumed by the sheep 

 

A similar model was used by Cannas et al. (2004). However unlike the Freer et al. 

(1997) model, they divided the energy demands of activity down further to relate 

to the topography of the environment, producing a cost associated with 

locomotion, as well as taking into account the cost of thermoregulation and cold 

stress and the cost of excreting excess protein as urea. The maintenance 

calculations used in the ARC and NRC were unreliable when calculating the 

requirements of some breeds such as the Awassi and Sangsari out of Iran 

(Kamalzadeh and Aouladrabiei 2009). Whilst they seem to provide accurate 

estimates for the common breeds within western culture, there is an obvious 

breed effect on the energy requirements of maintenance. The work by Freer et 

al. (1997) can also be questioned to an extent as the main body of work was 

done on finer wool Merinos although adjustments have been made at various 

stages to account for breed effects. The breed differences in maintenance energy 
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requirements are most likely brought about by the differences in the propensity 

for breeds to lay down fat stores. 

2.4.1.2. Energy requirements of fleece production 

The energy required for fleece production is very small. In the work by Cannas et 

al. (2004), the cost of producing wool is ignored whilst the review by the NRC 

(2007) suggested that energy consumption should only be attributed to wool 

production when it exceeds 6g/day (>2kg /day). The assumption made within the 

NRC review (2007) suggests that the cost of wool production below the 

threshold is consumed within the maintenance energy requirements. It was 

reported that the energy of wool production was around 23.9 kJ/g of wool 

produced (NRC 2007). The low efficiency of energy associated with wool 

production can be linked to the requirements of maintaining the wool follicles as 

well as a direct loss of energy due to the lack of protein turnover once the fibre is 

synthesised. The energy consumption associated with wool production can then 

be described in Equation 2.3. 

Equation 2.3: Energy requirements of fleece production, (NRC 2007) 

 

��#"��$� = (&. ��	
�/
	 × ����������.��) + ��. (
�/	 × ���"����� 

 

The work by Freer et al. (1997) indicates that the energy associated with wool 

production is directly limited by the energy requirements of the ewe associated 

with pregnancy and lactation and cannot be calculated without first 

understanding the energy pressure placed on the ewe during these stages. The 

energy requirements of the skin and wool production is relatively insignificant 
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requiring only one sixth the requirements of muscle on a weight bases (Adams 

and Liu 2003). However, wool growth will continue even during periods of 

negative energy balance (Adams and Liu 2003). Finlayson et al. (1995) 

highlighted that fleece growth rate is seasonal and has an influence on energy 

and protein requirements, with wool growth and therefore demand increasing 

with day length. 

2.4.1.3. Energy requirements during pregnancy 

The energy requirements of the ewe during pregnancy are influenced by the size 

of the foetus and the stage of its development rather than the size or 

characteristics of the ewe. The energy demands of the ewe follow an exponential 

growth pattern across the 150 days of gestation, Figure 2.3 (Freer et al. 1997). 

 

Figure 2.3 Metabolisable energy requirements for pregnancy, in relation to day 

of gestation, for a ewe with a standard reference weight of 50kg, in average 

condition and carrying foetus of normal weight twin foetus (dashed) single 

foetus (solid) (Freer et al. 1997). 

 

To model this curve Freer et al. (1997) came up with Equation 2.4 to cover the 

energy requirements of the ewe during pregnancy, 
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Equation 2.4: Energy requirements of the ewe during pregnancy, (Freer et al. 

1997) 

ME+,-. =
Y 010	2345	106789×:;<=>?@	AB	B<@CD<D

ECFG<H	AB	B<@CD<DI×-JH<>×-KLM0NO	(-JH<>P-KLM×QBP-JH<> 0NORP-KLM×QBS)-TT6U60VU05	3T	OW07VXVU5   

Where; 

Epreg = energy use during pregnancy with a fixed value of 11.45 

Eday = the daily increase in energy associated with pregnancy given a value 

of 6.43 x 10-3 days-1 for sheep 

Af= The age of the fetus in days 

 

The work by Cannas et al. (2004) suggests that the energy requirements of the 

ewe during pregnancy only influenced the net energy requirements in the third 

trimester or late gestation. This is supported by the review by NRC (2007) but 

they suggested that to be safe, the energy requirements of the foetus should be 

included throughout the pregnancy. Equation 2.5 proposed by Cannas is shown 

below, 

Equation 2.5: Energy requirements for of the ewe during pregnancy, (Cannas et 

al. 2004) 

YZ[\]^ _ Y`abcd

= :36.9644 × iPjj.klm×nop.ppqrs×(tuvwxy	z{u) − 0.00643 × ~i����	b�iI × (���4 )
0.031  

This is similar to the equation provided by Freer et al. (1997) except that it is 

focused primarily on covering energy requirements in late gestation. 

Consequently the energy demands on the ewe during gestation are largely 

influenced by the size and number of lambs (Table 2.1) (NRC 2007). 
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Table 2.1: Energy (metabolisable energy, ME) and protein (metabolisable 

protein, MP) requirements of sheep from the SCA (1990), Sahlu et al. (2004) 

and NRC (1985), Requirements for ewes giving birth to singles, twins and 

triplets in the last trimester of pregnancy (NRC 2007). 

   SCA (1990) Sahlu et al (2004) NRC (2007) 

Litter 

size 

Birth 

weight 

Day of 

gestation 

MEPREG 

(MJ) 

MEPREG 

(MJ) 

MPPREG 

(g) 

MEPREG 

(MJ) 

1 

 

5 kg 100 1.88 1.00 17 2.26 

120 3.43 3.81 46 4.69 

140 5.74 5.69 66 8.37 

2 4.5 kg 100 3.39 1.76 26 4.02 

120 6.20 5.36 66 8.54 

140 10.30 8.08 96 14.19 

3 3.83kg 100 4.35 2.18 32 5.48 

120 7.91 6.24 77 11.10 

140 13.15 9.38 114 18.38 

 

2.4.1.4. Energy requirements during lactation 

The energy requirements of milk production during lactation are influenced by a 

multitude of factors and have been described by an equation produced by Wood 

(1969). This equation was used by Freer et al. (1997) to produce Figure 2.4, 

which shows that energy requirements for milk production are at a maximum at 

approximately 20 days into lactation before it falls away as milk production 

declines and the lamb’s dependence on the milk decreases. The energy 

requirements associated with lactation are driven by the volume of milk 

produced. However, energy requirements are influenced by the protein and fat 

content of the milk as well as if the milk is being suckled by a lamb or if the ewe 

is part of a dairy operation (Freer et al. 1997). 
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Figure 2.4: Potential milk production expressed as metabolisable energy, in 

relation to day of gestation, for a ewe with a standard reference weight of 

50kg, in average condition and carrying foetus of normal weight, twin foetus 

(dashed), single foetus (solid) (Freer et al. 1997).  

 

Cannas et al. (2004) described the metabolisable energy requirements of milk 

production as an estimate from the net energy value of the milk. This can be 

estimated from Equation 2.6 provided by Pulina et al. (1989) which uses milk 

protein and fat content as the key factors along with total milk yield. 

Equation 2.6: Energy requirements of the ewe during lactation, (Cannas et al. 

2004). 

YZ� _Y�b�abc d

= ��251.73 � 89.64 �%����	~b� � 37.85%%����	����i�� � 0.95'� � 0.001 � ����	c�i�a�
i�i��c	i~~���i��c	%0.644'  

The requirements of energy for lactation are driven by milk production which will 

differ across individuals. As a result in most cases energy demand for lactation is 

calculated by taking away maintenance requirements from the total energy 

requirements to produce the energy being consumed by milk production. 
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2.4.1.5. Energy demands across the production cycle 

The above calculations were used and in most cases where possible the fitted 

effects were chosen to represent the requirements of maternal and meat breeds 

to produce the energy requirements of a 60kg ewe across the breeding cycle 

(Figure 2.5). The maintenance equation (Equation 2.1) from the NRC (2007), was 

used with the value of the maintenance requirements per kg body weight 

averaged across the literature. The energy requirements were calculated from 

Equation 2.3 provided by Freer et al. (1997) with the seasonal wool growth curve 

referenced from Montgomery and Hawker (1987). The energy requirements for 

lactation were calculated using Equation 2.6 from Cannas et al. (2004) with the 

protein and fat content of the milk calculated from results by Bencini and Pulina 

(1997) and the milk yield curve formulated from the yield results of Wohlt et al. 

(1981), Cardellino and Benson (2002) and Coombe et al. (1960). The energy 

demands of the ewe are significantly greater than maintenance during 

pregnancy and lactation (Figure 2.5) and if feed is insufficient she will become 

reliant on body reserves to meet requirements resulting in loss in condition. 

 



 

 

 

Figure 2.5 Energy requirements of a 60kg ewe producing a 5kg lamb, with moderate fleece growth and a maximum lactation yield of 2 

litres/day. Energy requirements for maintenance (red), fleece production (orange), pregnancy (blue) and lactation (pink)  
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2.4.2. Protein demands of breeding ewe 

2.4.2.1. Protein requirements for maintenance and fleece production 

In the work by Cannas et al. (2004), the metabolisable protein (MPm) 

requirements for maintenance of sheep included the sum of dermal (wool) 

protein, urinary endogenous protein and faecal endogenous protein losses. This 

is not agreed upon from by all reports with Freer et al. (1997) describing protein 

requirements for fleece production to sit outside the maintenance requirements 

due to the greater fleece demands seen in sheep compared to other species. It is 

probably advisable to separate protein requirements for fleece production due 

to its economic value and importance to the sheep industry. When fleece protein 

demand is fitted in with maintenance, Equation 2.7 can be used (Cannas et al. 

2004), 

Equation 2.7: Protein requirements for maintenance and wool production in 

sheep, (Cannas et al. 2004). 

Y�� = _%��Z��	����/365)0.6 d +  (0.147 × ��¡¢	�Z£¤¥¦ + 3.375)
0.67 §

+ _(15.2 × ¡Y£)
0.67 d 

Where; 

Clean Wool = wool production over the year (kg) 

Body weight = Full body weight in (kg) 

DMI= dry matter intake (kg/d) 

 

Equation 2.8 can be used when fibre production was separated from 

maintenance protein demands are as follows (Freer et al. 1997), 
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Equation 2.8: Protein requirements of maintenance and fleece production of 

sheep, (Freer et al. 1997). 

Maintenance Y�̈ = Z©� � Zª� Y�̈ = R0.0152(£��b�i«¬®¯n + £°±²²³n¨n´µ)S+ R(1.47 × 10P¶) × ��¡¢�Z£¤¥¦ + 3.375 × 10P¶S 
 

With fleece production 

 

Y�· = 1.06 _���i���b�	~�ii�i	¸i��ℎ��i�b��ºi	��»i d × (1 + exp(−0.011 × b�i))»¿¶ × (1
+ 0.108(abc	�i���ℎ − 12)) × ¡��À· 

 

Fleece production is influenced by several factors including the age of the animal, 

the photoperiod or the length of day and the level of energy available for wool 

production described in the Freer et al. (1997) equation as DPLSW. Wool growth 

rate is effectively driven by the availability of amino acids (protein) in the skin. 

Even when the diet is high in protein half the protein requirements for fleece 

production will come from protein turnover within the ewe (Adams and Liu 

2003). 

2.4.2.2. Protein requirements during pregnancy 

The protein requirements of ewes during pregnancy in the last trimester are 

shown in Table 2.1. Along with the energy requirements during pregnancy, the 

key protein requirements are primarily controlled by the foetus. The factors 

driving protein demand include time of pregnancy (t) and the expected total 

lamb weight (LBW) which can be combined to produce Equation 2.9 (Cannas et 

al. 2004), 
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Equation 2.9: Protein requirements of ewes during pregnancy, (Cannas et al. 

2004). 

Y�²n¯
= �%���/4) × 0.0674exp	�11.347 − 11.22 exp(−0.00601 × �) − 0.00601 × ���

0.7  

Whilst Freer et al. (1997) uses Equation 2.10 to produce protein requirements of 

pregnancy as, 

Equation 2.10: Protein requirements of ewes during pregnancy, (Freer et al. 

1997). 

Y�²n¯ = ¢ 1
. 35 × i¸i	Á�ac	¸i��ℎ� × _ ~�i���	¸i��ℎ�

~�i���	���Ái��d × 11.22 × (6.01
× 10P¶) × exp	(3.056 − (6.01 × 10P¶) × ~�i���	b�i
− 11.22	exp	(−6.43 × 10P¶ × ~�i���	b�i) 

2.4.2.3. Protein requirements during lactation 

The protein requirements during lactation relate directly back to the protein 

content of the milk. The protein requirements for milk production in sheep are 

ideally met by the feed available and yet if insufficient the ewe will rely on 

protein stores within the body, especially during peak milk production, to meet 

demands of the lamb (NRC 2007). The protein requirements of milk production 

are described by Cannas et al. (2004) as being a simple calculation of the total 

protein within the milk divided by the efficiency of protein production as shown 

in Equation 2.11. 

Equation 2.11: Protein requirements of ewe during lactation, (Cannas et al. 

2004) 

Y�³®Â = %10 ×%����	����i�� × ����	c�i�a)
0.58  
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Equation 2.11 seems to be a much simpler equation to that shown in Freer et al. 

(1997) which also takes into account the body condition of the ewe, weight loss 

since parturition, the lag between protein consumption and protein expenditure, 

milk demand of the lamb as well as the influence of suckling verses dairy based 

milk production. 

2.4.2.4. Protein demands across the production cycle 

The above calculations were used and in most cases where possible the fitted 

effects were chosen to represent the requirements of maternal and meat breeds 

to produce the protein requirements of a 60kg ewe across the breeding cycle 

(Figure 2.6). Maintenance equation from Cannas et al. (2004), was used with the 

value of the maintenance requirements per kg body weight averaged across the 

literature (Equation 2.7). Dry matter intake estimates were based on a 

recommended diet for a 60kg maternal breed ewe for various stages during 

breeding provided by NRC (2007). 

The protein requirements were calculated from Equation 2.7 provided by Cannas 

et al. (2004) with the seasonal wool growth curve referenced from Montgomery 

and Hawker (1987). The protein requirements for lactation were calculated using 

Equation 2.11 from Cannas et al. (2004) with the protein and fat content of the 

milk calculated from results by Bencini & Pulina (1997) and the milk yield curve 

formulated from the yield results of Wohlt et al. (1981), Cardellino and Benson 

(2002) and Coombe et al. (1960). 

 



 

 

 

Figure 2.6: Protein requirements of a 60kg ewe producing a 5kg lamb, with moderate fleece growth and a maximum lactation yield of 2 

litres/day.Protein requirements for maintenance (red), fleece production (orange), pregnancy (blue) and lactation (pink). 

0

50

100

150

200

250

300

350

400

1-Jan 1-Feb 1-Mar 1-Apr 1-May 1-Jun 1-Jul 1-Aug 1-Sep 1-Oct 1-Nov 1-Dec

M
et

ab
o

lis
ab

le
 p

ro
te

in
 g

/d
ay

Time



Breeding for robustness in maternal sheep 

66 | P a g e  

 

2.5. Genetic variation in body composition of adult ewe 

The review of genetic estimates by Fogarty (1995) reported a heritability range 

of 0.25 to 0.57 for adult live weight with heritability estimates slightly higher in 

the studies focused on wool breeds (Merino) compared to meat and dual 

purpose breeds (Poll Dorset, Border Leicester). The 2005 review by Safari et al. 

(2005) presented a tighter heritability range (0.30 to 0.41) with the higher 

estimates still being seen in the studies based on wool breeds.  

The review by Safari et al. (2005) presented a heritability estimate of 0.26 ± 0.02 

for adult fat depth (C site, 12 rib) which was in agreement with the previous 

review by Fogarty (1995) (0.28 ± 0.02).  Lee et al. (2002) presented a heritability 

of 0.06 ± 0.07 for fat depth in young sheep with a higher heritability reported in 

the same study for Adult sheep (0.22 ± 0.08). Analysis of the Sheep Genetics 

database by Huisman et al. (2008) also highlighted a slightly lower heritability of 

fat depth in the younger animal with post-weaning fat depth heritability of 0.15 ± 

0.04 compared to 0.21 ± 0.02 and 0.20 ± 0.02 for yearling and hogget fat depth 

respectively. Lower heritabilities are expected in the younger animals as there 

was reduced phenotypic variation in fat depth and yet the error variance 

associated with trait measurement remains the same irrespective of phenotypic 

variation.  

The lower heritability estimates in the young animal for fat depth was not 

observed to the same extent for eye muscle depth (Huisman et al. 2008). 

Huisman et al. (2008) provided estimates for post-weaning eye muscle depth of 

0.24 ± 0.04 along with 0.33 ± 0.03 for yearling and 0.31 ± 0.03 for hogget eye 
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muscle depth. This aligns with the estimates presented in the reviews by Fogarty 

(1995) (0.24 ± 0.04) and Safari et al. (2005) (0.24 ± 0.03).   

Lee et al. (2002) reported a strong genetic correlation between weight and fat 

depth at 12 (0.82 ± 0.37) and 28 months (0.65 ± 0.17) of age in Merinos. This is 

stronger than earlier estimates by Gilmour et al. (1994b)  of 0.47 ± 0.04 in Poll 

Dorset hoggets. The review by Safari et al. (2005) predicted a genetic correlation 

of 0.36 although if fat depth, is adjusted for weight the genetic correlation was 

only 0.03. The genetic correlation between muscle depth with fat and weight is 

low, 0.33 and 0.34 respectively (Safari et al. 2005). 

2.6. Relationship between body condition and reproduction 

Body condition score is regarded as a useful indicator of the energy status of 

animals and has been linked to the re-breeding performance of the dam 

(DeRouen et al. 1994). Body condition is a subjective measure of body fat and 

tissue reserves in cattle and is used to monitor and manage the health and 

nutrition of the herd, and has been shown to be an indirect indicator of fitness 

(Dechow et al. 2001). The earlier work by Domecq et al. (1997a) described body 

condition score as a tool that can be used to gauge the mobilization of body 

adipose and the periods of negative energy balance. Body condition score in 

sheep is again a subjective measure but relates to the level of soft tissue, 

predominantly fat, in the lumbar region (Kenyon et al. 2009b). In the mature 

ewe, higher condition scores have been related to improvements in reproductive 

performance (Kenyon et al. 2009b); this relationship has also been shown in 

cattle (Spitzer et al. 1995; Domecq et al. 1997a).  
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Body condition score is used as a guide of available energy reserves within the 

ewe. The energy reserves primarily appear as adipose tissue. Adipose tissue is 

the natural pooling point of energy and is built up with fat cells. The fat is stored 

in the form of triglycerides which consist of three fatty acid chains and a glycerol 

backbone (Stanfield and Germann 2008). To produce energy from the 

triglycerides, the glycerol backbone and fatty acids are first separated. The fatty 

acid chains then get broken down into adenosine triphosphate (ATP) via the Kreb 

cycle. Glycerol is also broken down to energy in the form of ketones which are 

used by the nervous system (Stanfield and Germann 2008). This mechanism of 

energy storage is the most efficient with a gram of fat containing 37.66 kiloJoules 

compared to 16.74 and 20.92 kiloJoules/gram for stored carbohydrates and 

protein respectively (Stanfield and Germann 2008). Human fat stores make up 75 

to 80% of total energy stores (Stanfield and Germann 2008) whilst in sheep the 

total weight of fat is only 14% of live weight (Keenan et al. 1969). 

The mobilisation of fat in the ewe is greatest during pregnancy and lactation due 

to an increase in physiological requirements (Vernon et al. 1981; Chilliard et al. 

2000). During periods such as pregnancy and lactation when the energy 

requirements exceed supply leading to under nutrition, the main processes 

within the animal will be focussed on sustaining homeostasis. This is done by the 

mobilisation of body reserves as well as the lowering of the metabolic rate and 

energy expenditure (Chilliard et al. 2000). Vernon et al. (1981) found that the key 

period of fat mobilisation occurred between day 135 of pregnancy and day 18 of 

lactation with tapering off occurring later in lactation. It is during this period that 

there is an associated decrease in both the serum insulin concentration and the 
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number of insulin receptors in the adipose tissue (Vernon et al. 1981). These two 

factors are at least partially responsible for the change to increased lipid 

mobilisation and decreased synthesis. Under-nutrition of the ewe leads to 

changes in the sympathetic nervous system which along with changes in insulin 

levels leads to increased secretion of catecholamines (Chilliard et al. 2000). 

Catecholamines generally stimulate lipolysis with the level of fat breakdown 

experienced greatest in the fatter ewes (Chilliard et al. 2000). 

Ewes with heavier live weights and higher body condition scores have been 

shown to produce a greater number of follicles and of greater diameter than 

ewes of lesser weight and condition (Allison 1977; Rhind and McNeilly 1986; 

Abecia et al. 2006). The effect of body condition on fertility or the ability for the 

ewe to mate was highlighted in the work by Kenyon et al. (2004) (Figure 2.7). 

Ewes with condition scores below 2 were found to be more likely to mate in the 

second cycle compared to their higher condition counterparts. It was suggested 

by Gunn and Doney (1975) that the lower condition ewes experienced delayed or 

suppressed oestrus. However, this contradicted their earlier findings and the 

delayed oestrus in the study may be due to nutritional stress prior and during the 

joining period (Gunn and Doney 1975). Dunn and Moss (1992) highlight the 

importance of body condition although they suggest that other influences such 

live weight, pre-joining nutrition and the associated interactions between them 

will also effect maternal productivity. Kenyon et al. (2004) observed a positive 

relationship between liveweight and pregnancy rate that plateaued once 

minimum requirements were met as monitored by body condition.  



Breeding for robustness in maternal sheep 

70 | P a g e  

 

The Australian sheep industry is dominated by winter-spring lambings and 

seasonality of oestrus which takes advantage of the spring feed spike to 

maximise lamb growth. This means that ewes will be leaving the negative energy 

balance associated with lactation as they head towards joining in summer when 

feed quality and availability are waning. This suggests that the key in the 

Australian system is to improve ewe condition so as to achieve a high joining 

rate. 

 

Figure 2.7: The relationship between condition score at mating of mixed aged 

Romney (▲) and composite two-tooth (●) ewes, and scanning percentage (the 

number of lambs counted at ultrasound examination 50 days after the end of 

mating divided by the number of ewes mated x 100%) (Kenyon et al. 2004) 

 

In a study into the fat-tailed Barabrine ewes, Atti et al. (2001) found that heavier 

ewes at joining were fertilised earlier and, so lambed earlier. A 20% fall in fertility 

levels was recorded in the Barabrine ewe and were associated with 

approximately 15kg difference in live weight at joining (Atti et al. 2001). These 
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findings were made in fat-tailed sheep in Tunisia and whilst the breed greatly 

differs in appearance and performance from the major Australian breeds the 

message is the same, which is that getting ewes in to optimum condition at 

joining is paramount. Carter et al. (1971) demonstrated that when considering 

yearly fluctuations in live weight, the most valuable measure relating weight to 

reproductive performance was weight at joining. It can be suggested that this is 

the same with body condition. The ability for the ewe to get into condition is 

determined by the length of time spent in a negative energy balance (NEB) which 

occurs at the end of pregnancy and through lactation when energy demand 

outweighs intake (Buckley et al. 2003). The period of NEB is when condition is 

lost as energy demands cannot be met from feed intake and the animal must 

mobilise fat stores. In dairy cattle it has been reported that the greater this 

period of NEB the lower the fertility levels in the corresponding service (Buckley 

et al. 2003). To highlight the impact of condition loss on fertility, Butler and 

Smith (1989) showed in dairy cattle that when dairy cows lost more than 1 

condition score, fertility was only 17% compared to 53% when the condition 

score loss was between 0.5 and 1. Sheep are not joined during lactation which 

along with the shorter gestation period means that there is often a greater 

recuperation period (Denicolo et al. 2008) and with the magnitude of NEB falling 

off during lactation (Domecq et al. 1997b), most of the lower milk yielding 

breeds such as the Poll Dorset (Bencini and Pulina 1997) should be able to limit 

condition loss. 

Development of the embryo in the first 8 days has been shown to be delayed in 

undernourished and poor condition ewes (Abecia et al. 2006). The nutrient 
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deficiencies of pregnant ewes experiencing poor planes of nutrition have been 

shown to negatively influence embryo development (Muñoz et al. 2009). This 

highlights the importance of the ewe being in reasonable condition during 

pregnancy so fat stores can be mobilised to combat feed deficiencies and 

hopefully combat development and mortality issues. It was also observed that 

ewes lambing in a poor nutritional condition had an increased level of lamb 

mortality at six weeks of age (Muñoz et al. 2009). 

Lactation has a huge influence on body condition. When the ewe is lactating the 

animal is in such high demand for energy (Chilliard et al. 2000) that it 

experiences a period of NEB. During this period the ewe draws upon body stores 

to provide the energy required for milk production. The level of body condition 

loss is directly related to milk yield with Buckley et al. (2003) suggesting that in 

dairy cattle a 100kg genetic increase in milk production will relate to a 6% 

increase in condition loss. Borg et al. (2009b) proposed that ewes with higher 

genetic merit for lamb growth and maternal ability (milk production) tend to lose 

more condition during lactation. However, these animals compensated for this 

by increased body weight gains during breeding and gestation (Borg et al. 

2009b). It has been suggested that sheep with high genetic potential for fleece 

production such as the Merino have smaller metabolic reserves which limit 

lactation levels (Adams and Liu 2003). Lambs born to heavier ewes and those fed 

an ad lib diet significantly outperform the growth rate of lambs born to light 

ewes or those fed on a maintenance diet (Kenyon et al. 2009a). If body condition 

(ie. energy stores) is low during lactation the performance of the lamb, especially 

multiple born lambs, will be greatly disadvantaged. 
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Ewes will stay in the breeding flock for many years with some staying past five 

years of service. What this means is that the ewes will be going through multiple 

periods of weight and condition loss throughout their lifetime. In humans, a 

species that regularly puts itself through low nutrient diets and periods of excess, 

it has been found that the body responds differently at the following cycles of 

weight loss. It has been suggested that the repeated dieting results in a 

metabolic slowdown which makes the body more efficient at fat utilization and 

storage (Blackburn et al. 1989). It was shown in humans that by the second cycle 

(period of weight loss) the daily weight loss was 20% less than their initial cycle  

(Blackburn et al. 1989). This weight cycling effect was first noticed in rats 

(Brownell et al. 1986). In a trial by Brownell et al. (1989) it was found that 

through a series of weight cycles (periods of weight loss and regain), obese rats 

were more nutrient efficient than obese rats that hadn’t experienced the weight 

cycle to the magnitude of 142% with the cycled rats taking twice as long to lose 

the same weight. The rats that went through multiple weight cycles were also 

shown to regain weight at a far greater rate (Brownell et al. 1986). This is good 

news from a sheep point of view, if it holds true across species, as it would mean 

that as ewes go through tough times they are becoming more robust and in turn 

better preparing themselves for the next period they experience negative energy 

balance. 

2.7. Maternal productivity 

With the Australian industry increasing lamb production, the breeding ewe flock 

is becoming increasingly more influential. The profitability of any production 

system is influenced by the relationship between the cost of inputs and the value 
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of outputs. The major cost of prime lamb breeding systems is associated with the 

cost of feed, and of this 60 to 80% can be attributed to the breeding ewe (Byerly 

1967). To overcome the cost of ewe management, the ewe’s maternal qualities 

must be improved. According to the review by Snowder and Fogarty (2009), to 

improve the profitability of the flock, improvements need to be made by 

increasing the productivity of every ewe joined.  

Dziuk and Bellows (1983) suggested that reproductive efficiency is determined by 

the number of offspring per breeding ewe per unit time. However, the fertility of 

the breeding unit is only a small component of maternal productivity with the 

survival and performance of the lamb also paramount. The productivity of the 

ewe can be defined as the weight of lamb weaned per ewe exposed to breeding 

per year and is determined by its component traits associated with fertility, 

prolificacy, lamb survival and lamb weaning weight (Long et al. 1989; Snowder 

and Fogarty 2009). This statement is supported by Afolayan et al. (2009b) who 

highlighted the influence of fertility, litter size, ewe rearing ability and lamb 

growth on maternal productivity. This relates well to the older work by Cloete et 

al. (2002) in Merinos, with maternal productivity defined as the weight of lamb 

weaned per breeding ewe. The weight of lamb at weaning refers to the total 

litter weight not individual lamb weight and must be measured as a trait of the 

ewe. This trait alone can be used as a descriptor of maternal productivity as it is a 

biological phenotypic index in itself that incorporates, and is determined by litter 

size, neonatal survival, pre-weaning survival and lamb weaning weight 

(Abdulklaliq et al. 1989). The description in sheep for maternal productivity is 

similar to that of cattle with the work of Mwansa et al. (2002) highlighting the 
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importance of fertility, offspring survival and dam mature size on the cows value, 

with the lifetime value of the cow driven primarily by the number and weight of 

the calves weaned (Mwansa et al. 2002). The lifetime output of ewes has been 

referred to as the total weight of lamb weaned over a minimum of 3 

reproductive opportunities (Cloete et al. 2002). 

As described earlier by Long et al. (1989) maternal productivity is determined by 

fertility, prolificacy, lamb survival and lamb growth. Fertility in sheep refers to 

the ability for the ewe to “get in lamb” and is measured by the number of ewes 

lambing per ewe joined (Young et al. 1963; Abdulklaliq et al. 1989; Fogarty 1995; 

Safari et al. 2005). Fecundity refers to the performance of ewes that have 

successfully mated with the ram. Litter survival or mothering ability are traits of 

the dam and relate to the ability for the ewe to rear a lamb to weaning and 

directly  influence number of lambs weaned (NLW), with the maternal trait often 

referred to as weight of lamb weaned (WLW) (Abdulklaliq et al. 1989; Fogarty 

1995; Safari et al. 2005). Other reproductive measures can be produced from 

birth and weaning measurements such as lambing ease, lamb and embryo 

survival as well as ovulation rate (Abdulklaliq et al. 1989; Fogarty 1995; Safari et 

al. 2005). Maternal productivity as a result relates to the performance of the ewe 

from mating to weaning with the key measurements being taken around the 

birth and weaning of the lamb. 

Reproductive traits have been found to be greatly influenced by the 

environment. The works of Carter et al. (1971) with sheep in the US and Canada 

coupled with the review by Lindsay (1996) and Denicolo et al. (2008) with 
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multiple New Zealand sheep  breeds have highlighted that the measurement and 

success of reproductive traits is greatly influenced by seasonal effects especially 

in highly aseasonal sheep breeds such as the long wool and British meat breeds. 

Reproductive success is also influenced by factors associated with the ewe’s 

condition and nutrition, access to rams, the photo-period and ewe age 

(Hohenboken et al. 1976; Lindsay 1996). The breed of the ewe has also been 

shown to influence maternal productivity with genetic evolution of breeds such 

as the Booroola Merino (high fertility) and the Finn sheep (high fertility and milk 

production) leading to the high maternal ratings of some breeds (Souza et al. 

2004; Fogarty et al. 2007). Whilst the phenotype of the reproductive traits 

consists of a large environmental component the genetics within the trait can 

still be selected upon, as has occurred in breeds such as the Finn sheep, and are 

important to the formation of selection indexes for sheep breeding. The 

heritability of lambs born is higher than that of lambs weaned primarily due to 

the increased environmental factors that occur (Young et al. 1963). Due to the 

large environmental effects on maternal and reproductive traits, selection is 

most successful in ewes which have gone through multiple lambing periods (3-

4yrs). However, selection for multiple offspring can be achieved with some 

success by selecting for and using twin born individuals within the breeding 

program (Young et al. 1963). 

The most readily available selection indexes to the Australian sheep producers 

are those developed by Sheep Genetics via LAMBPLAN and MERINOSELECT 

(Banks 2000; Brown et al. 2006). Several of these indexes have maternal 

components within them. The two maternal indexes are the Coopworth and 
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Border Leicester indexes, each give a 35% weighting to the number of lambs 

weaned (Banks 2000). As was stated above, the number or weight of lamb 

weaned by the ewe is a biological phenotypic index in its self that incorporates 

fertility, prolificacy, lamb survival and lamb performance (Abdulklaliq et al. 1989; 

Long et al. 1989; Cloete et al. 2002; Mwansa et al. 2002; Afolayan et al. 2009b). 

The number of lambs weaned can as a result be used in an index to improve a 

multitude of reproductive traits with the simplicity of selection on a single trait. 

However, as number of lambs weaned is a composite trait, the increased “noise” 

created from the low heritability of litter survival will reduce the rate gains in 

litter size and maternal performance can be achieved.” The sheep genetics 

maternal indexes also put a weighting on weaning weight and maternal weaning 

weight so as to improve the milk and mothering ability of the ewes (Banks 2000). 

Emphasis within selection indexes on the different traits is determined by the 

economic value of the trait. In the past selection on fleece traits has been high 

due to the economic value of wool.  

2.8. Breed Influences on Maternal Productivity 

The majority of the Australian sheep flock is pure Merino or first cross ewes 

derived mainly from the Merino base being sired by terminal and maternal sire 

breeds. The major parental terminal breeds are the Poll Dorset, Suffolk and 

Texel, whilst the White Suffolk is also used and is a composite in itself, created 

from a combination of Suffolk, Poll Dorset and Border Leicester genetics (Rasali 

et al. 2006). Scales et al. (2000) completed a study comparing the effects of 

several terminal sire breeds over a Merino ewe flock in the New Zealand 

production system. It was found that using a Poll Dorset or Suffolk sire would 
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lead to significant improvements in growth rate and live weight gain in their 

crossbred lambs over a pure Merino lamb. The use of terminal sires compared to 

a Merino sire was shown to increase carcase weights and improve muscle size 

and the yield of commercial cuts (Scales et al. 2000). The Texel and Oxford 

Downs cross lambs showed superiority over the Merino lambs for growth, 

carcase weight and muscle although they were out performed by the Poll Dorset 

and Suffolk cross lambs (Scales et al. 2000). The terminal sires had very little 

effect on fatness with the pure Merino lambs being only slightly leaner than the 

crossbred counterparts. The study did suggest that the Poll Dorset and Border 

Leicester cross lambs were fatter during the winter and spring period with the 

Suffolk, Texel and Oxford Downs carrying greater fat stores to slaughter during 

the summer months (Scales et al. 2000). 

The Maternal Central Progeny Test (MCPT), which is analysed within this study, 

was developed in Australia to test the value of different maternal breed lines as 

sires when crossed to a pure Merino dam line, the process and techniques 

behind the trial are highlighted in the paper by Afolayan et al. (2008a). The study 

looked into the following breeds; Border Leicester, East Friesian, Finn sheep, 

White Suffolk, Coopworth, Corriedale and Booroola Leicester, the sires were 

chosen by the industry and were selected for their superior maternal 

performance. The trial showed that weaning rate was lowest in the Corriedale 

cross ewes with the highest weaning rates seen in the Finn Sheep and East 

Friesian cross ewes with weaning rates of 116% and 110% respectively (Casas et 

al. 2005; Fogarty et al. 2005a). The highest birth rates were in the Finn Sheep 

and Booroola Leicester cross ewes with the number of higher order litter sizes 
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greatest in these breeds. However, these breeds also had the lowest level of a 

lamb survival, potentially due to low birth weights, which in the case of the 

Booroola Leicester meant that it was out performed by breeds such as the East 

Friesian for weaning rate (Fogarty et al. 2005a). The ability for the crossbred 

ewes to get into lamb at 7mths of age was found to be improved by the use of an 

East Friesian or Finn Sheep genetics with the Border Leicester, White Suffolk and 

Booroola Leicester cross ewes also performing well when joined at 7 months. 

The variation within the breeds was of greater magnitude to the variation 

between breeds (Fogarty et al. 2005a). 

The growth of lambs leading up to weaning is influenced heavily by milk 

production of the ewe. In the MCPT trial it was found that the Finn Sheep cross 

ewes had the lowest peak yield, lowest total lactation production levels and the 

shortest persistence of lactation. The East Friesian on the other hand showed the 

greatest persistence for lactation and as a result showed the greatest milk 

production during lactation (Fogarty et al. 2005a). 

Crossbreeding in the Australian sheep industry is primarily about increasing 

production in certain traits so as to improve the productivity of the system or to 

make use of multiple markets, for example, running a Merino ewe flock for their 

wool and crossing with a Poll Dorset to gain access to the prime lamb markets. 

Australia does however also have many composite lines that include the Hyfer, 

Booroola Merino and Trangie Fertility which were developed for their maternal 

characteristics. These maternal composites were created to take advantage of 

the Booroola gene which has been linked to increased litter size (Rasali et al. 
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2006). As was shown in the MCPT trial the maternal strengths of the East Friesian 

and Finn sheep mean that they are often used to increase weaning rates and 

litter sizes. This is noted by their involvement in composite lines in South Africa, 

New Zealand and USA. The advantage of composite lines is that breeding within 

the two breeds and the fact that beneficial traits often show dominance, lines 

can be developed to capture particular traits from each of the breeds. Whilst the 

variation in many of the traits is greater within breeds than across breeds 

(Fogarty et al. 2005a) the use of crossbreeding enables the producer to take 

advantage of heterosis and in turn improved vigour.  

2.9. Influence of Heterosis on Maternal Productivity 

Crossbreeding has been a part of the agricultural industry for quite some time 

with the first recordings of crossbreeding (Hybridization) seen in maize brought 

back to Europe by Columbus in 1493 (Zirkle 1952). The advantages seen in 

crossbred individual’s performances lead to the terming of this effect as ‘Hybrid 

Vigour’ and was first described by Koelreuter in 1766 from findings in 

interspecific crosses between flowering plants (Zirkle 1952). Hybrid vigour is the 

improvement in performance above that of the expected average between the 

two parental breeds. From the understanding of hybrid vigour and the 

phenomenon of the crossbreeding effect, Shull  (1911) proposed the term 

Heterosis to avoid the implication that hybrid vigour was Mendelian in nature 

and due to the fact there were multiple drivers behind the increase in 

experienced vigour. Pitchford (1992b) reported two principal hypotheses for the 

basis of heterosis. The first is associated with dominant gene action and is based 

on the correlation between dominance and a beneficial effect, with the 
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alternative being a theory of over dominance where it is assumed that 

something about hybridity per se is contributing to the observed vigour. The 

preference towards the different models seems to be driven by the species and 

form of the study (Pitchford 1992b). There seems to still be a level of uncertainty 

of the mechanisms behind heterosis with the different hypothesised models 

each having strong evidential support, dominance model (McGloughlin 1980), 

overdominance (Pirchner and Mergl 1977), epistasis model (Sheridan 1980) and 

the enzymatic and threshold model shown by Cunningham (1980). 

Crossbreeding is a large component of the breeding programs used in the 

Australian sheep industry. It is most noticeable in its use by Merino breeders 

which produce first cross or second cross lambs through the use of terminal sire 

breeds (Poll Dorset, White Suffolk, Texel) to improve the growth and carcase 

qualities of the lambs and in turn productivity (Pitchford 1992b). The success of 

these crossbreds and the level of increased vigour are driven by the dominance 

level within the beneficial traits and the combining ability of the parental breeds. 

When referring to a first cross animal its genetic value can be grouped in to 

families with individuals from similar parental crosses. The degree of relationship 

or ‘closeness’ within a crossbred line is driven by the inbreeding coefficient of 

the parental lines (Falconer 1981), the greater the inbreeding or uniformity 

within the parental breed’s genetics the lower the genetic variance experienced 

within the crossbred line. The average performance across the crossbred line, 

exhibiting hybrid combination, relates to the combining ability of the parents, 

the greater this value is above the expected norm, the greater the combining 

ability. In animal breeding combining ability is referred to as ‘nicking’ (Lush 



Breeding for robustness in maternal sheep 

82 | P a g e  

 

1945). Breeds that ‘nick’ well together for particular traits show improved hybrid 

vigour greater than the heterosis effects experienced when crossing either of the 

parental breeds with a third breed. 

In a review by (Pitchford 1992b) the heterosis effect in sheep on weaning weight 

was shown to be between 2% and 7% for Merino crosses with Border Leicesters 

and Corriedales. The Krogmeier et al. (1990) study showed heterosis levels of 

9.1% for post weaning gain in German breed crosses. The heterosis effect in 

reproductive traits was found to be relatively low. However, lamb survival was 

found to show heterosis of 10% with the index based traits such as number of 

lambs weaned showing greater variability and magnitude in the effects of 

heterosis (0 to 50%). In a study crossing Dorset Horns, Corriedales and Merinos 

the heterosis of reproductive rate averaged 23% whilst individual heterosis was 

exhibited at 9% compared to a negligible maternal heterosis effect (Pitchford 

1992b). In all cases the crossbred individuals would out perform their pure 

parental lines in the reproductive traits when fitting for condition and weight, in 

that a cross breed Dorset Horn - Corriedale was in better condition and exhibited 

improved reproductive rates and prolificacy then either pure line (Pitchford 

1992b). Pitchford et al. (1993) concluded that the principal effect of heterosis in 

crossbred cattle was an increased demand for nutrients. Consequently, when 

under restricted nutrition heterosis effects on growth were not expressed. 

Potentially, increasing the level of heterosis within the ewe will lead to increased 

weight and condition gain when feed is available. 
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Developing an understanding of heterosis and the combining ability of the 

different breeds is carried out by producing diallel sets of the F1 progeny. In an 

animal study diallel crosses are produced by crossing sires of all the different 

breeds in question to dams from all the other breed groups. In the Hohenboken 

et al. (1976) study where they looked at the reproductive performance of the 

ewe in three breeds they would have produced a diallel cross. The performance 

of the different crosses can then be compared to both the parental lines and the 

reciprocal crosses. This can highlight both the maternal and paternal dominance 

within traits as well as the vigour experienced across the breed combinations. 

The combining ability of the breed takes into account the frequency of the gene, 

the allele of interest and dominance effect of the allele whilst also drawing upon 

the additive direct, dominance direct, additive maternal and dominance 

maternal contributions behind the means of the parental lines (Eisen et al. 1983). 

The specific combinability is the difference the Suffolk x Hampshire showed over 

its parental mean (Pitchford 1992b). The size of the specific combinability 

between breeds does not have to be large for it to exhibit heterosis (Eisen et al. 

1983). The differences in the crosses to their parental lines are driven by additive 

and dominance effects but the present form of analysis does not allow for 

distinction between these. The maternal influence of a breed can be determined 

from comparisons between its reciprocal crosses (Eisen et al. 1983). The use of 

diallel crosses in sheep based studies is shown in the work of Bourfia and 

Touchberry (1993) and Boujenane et al. (1991). 
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2.10. Genetic variation in maternal productivity components 

Environmental effects on reproductive and maternal traits are large so the 

heritability of these traits is generally low (Carter et al. 1971; Turner 1978; 

Lindsay 1996). Current literature suggests that the heritability of reproductive 

traits is low to moderate at best (Table 2.2).  

2.10.1. Fertility 

The fertility of the ewe is the ewes ability to become pregnant during the joining 

period and is often described as ewes in lamb per ewes joined. The estimates for 

fertility suggest that this trait is lowly heritable (Table 2.2). In a review of genetic 

parameters, by Safari et al. (2005) provided an estimate of heritability of 0.08, 

the same value was also found in the earlier review by Fogarty (1995) and 

supported by the most recent maternal breed based trial, with a heritability 

estimate of 0.11 (Afolayan et al. 2009b). Afolayan et al. (2009b) produced a 

phenotypic variance of 0.118 which suggests that the ability to select for 

increased fertility is limited by both the low heritability and small level of 

variance within the trait. The review by Safari et al. (2005) reported greater 

variation in fertility than the levels reported by Afolayan et al. (2009c).  

2.10.2. Embryo survival 

There have been very few genetic studies on embryo survival in sheep primarily 

due to the difficulty in measurement (Table 2.2). The Safari et al. (2005) review 

was only able to base findings on four previous studies (in comparison to 18 

papers for fertility), producing a heritability estimate of 0.01 with a CV of 26.8 ± 
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0.4%. Again heritability estimates are low with the small variation limiting the 

ability to improve the trait through direct selection. 

2.10.3.  Number of lambs born 

Number of lambs born per ewe joined is a measure of both the fertility and 

fecundity of the ewe (Fertility x Fecundity). The heritability estimates within the 

literature ranged from 0.00 to 0.30 (Table 2.2). The majority of the heritability 

estimates were around the 0.10 value produced in the review by Safari et al. 

(2005) (Abdulklaliq et al. 1989; Fogarty 1995; Rosati et al. 2002; Afolayan et al. 

2008a). Both the highest and lowest estimates were provided by Abdulklaliq et 

al. (1989), in three breeds the Suffolk, Targhee and Columbia, the low number of 

animals recorded within the trial suggests that there might be an influence of the 

small data set with the standard error on the estimates suggesting they fit within 

the range presented by Safari et al. (2005). The phenotypic variance for lamb 

survival was estimated at 0.545, this is positive in terms of genetic selection, as it 

suggests there is enough variation so that selection can be made far enough 

from the mean to achieve gains when heritability estimates are low. Safari et al. 

(2005) suggests that the success of selection for number of lambs born is reliant 

on the large phenotypic variation in the trait. 

2.10.4. Rearing ability 

Rearing ability or lamb survival refers to the ability for the lambs to survive to 

weaning from birth. Since this thesis is focussed on maternal productivity the 

trait will be described as a trait of the ewe, being the ability to rear a lamb from 

birth to weaning. The heritability is low (Table 2.2) with a range of 0.03 to 0.06 
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(Fogarty 1995; Safari et al. 2005; Afolayan et al. 2009b). The study by Afolayan et 

al. (2009c) estimated the heritability rearing ability and found a heritability 

estimate of 0.03 for rearing ability. The Safari et al. (2005) review suggests that 

the heritability of lamb survival is 0.03 which aligns with the Afolayan et al. 

(2009c) study. The Safari et al. (2005) review provides a CV estimate of 47.0%, 

this suggests there is scope for genetic selection yet due to the low heritability 

genetic gains will be slow. 

2.10.5. Number of lambs weaned 

The number of lambs weaned per ewe joined is a similar trait to the number of 

lambs born per ewe joined. However, instead of being just a measure of fertility 

and fecundity, it also takes into account the ability of the lamb to survive through 

to weaning. Heritability estimates were given in the Fogarty (1995) and Safari et 

al. (2007) reviews suggesting a value 0.05 and 0.07 respectively. The most recent 

maternal trial suggested however that it may be more heritable providing an 

estimate of 0.14 (Afolayan et al. 2008a). The higher heritability estimates for 

reproductive traits in the Afolayan et al. (2008a) trial was seen across the 

reproductive trait measures used and may be due to the high level of selection 

for maternally sound sires during the development of the trial. It was shown to 

have a reasonable level of variance (σp
2= 0.482 in Afolayan et al. 2008a) this was 

supported in the thinking of Safari et al. (2005) from their CV estimate. The 

variation within the trait is considerable and will assist genetic selection but the 

issue again is the low heritability of the trait. 
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2.10.6. Weight of lamb weaned 

Weight of lamb weaned per ewe joined (WWt/EJ) is an extension from number 

of lambs weaned per ewe joined. As well as taking into account fertility, 

fecundity and survival, it is also a function of weaning weight which is a function 

of the lamb’s growth performance as well as the lactation performance of the 

ewe. Being a component trait the relationship between weight of lamb weaned 

and other traits and its response to changes in the contributing traits mean that 

it is important to analyse the contributing traits at the same time. This trait is the 

most common measure of maternal productivity within the sheep industry and is 

the most heavily reported trait within the literature. The heritability estimates 

within the literature range from 0.02 to 0.32 (Shelton and Menzies 1970; Fogarty 

et al. 1985; Abdulklaliq et al. 1989; Bunge et al. 1990; Fogarty et al. 1994; Fogarty 

1995; Bromley et al. 2001; Safari et al. 2005; Afolayan et al. 2008a; Lôbo et al. 

2009; Mokhtari et al. 2010). This trait seems to have the highest heritability 

estimates across the literature within the reproductive traits. There are 

suggestions of a slight breed effect on heritability estimates with the 

Rambouillet, a French Merino showing higher estimates across several trials 

(Shelton and Menzies 1970; Bunge et al. 1990). The phenotypic variance 

provided by Afolayan et al. (2009b) for WWt/EJ was 309.140 kg2 this highlights 

that there is a lot of variation within the trait. The Safari et al. (2005) review 

again suggests that there is a large level of variation in WWt/EJ although the 

differences in its variation compared to the other maternal traits is not as 

noticeable.  

 



Breeding for robustness in maternal sheep 

88 | P a g e  

 

Table 2.2: Heritability estimates of reproductive traits within the literature 

Trait Heritability 

(h2) 

Records Breed Reference 

Number of lambs 

born per ewe joined  

0.10 ± 0.01 n/a Multiple (Review) (Safari et al. 2005) 

(Fertility x Fecundity) 0.08 ± 0.02 n/a Multiple (Review) (Fogarty 1995) 

 0.17 ± 0.05 2460 Merino/Corriedale 

ewes crossed to 

multiple sire breeds 

(no Merino) 

(Afolayan et al. 

2008a) 

 0.04 to 0.19 

± 0.23 

1854 Columbia (Abdulklaliq et al. 

1989) 

 0.00 to 0.10 

±0.23 

2082 Suffolk (Abdulklaliq et al. 

1989) 

 0.08 to 0.30 

± 0.23 

2458 Targhee (Abdulklaliq et al. 

1989) 

 0.10 7642 5 pure and 2 

composite lines 

(Rosati et al. 2002) 

Number of lambs 

weaned per ewe 

joined  

0.07 ± 0.01 n/a Multiple (Review) (Safari et al. 2005) 

(Fertility x fecundity x 

survival) 

0.05 ± 0.01 n/a Multiple (Review) (Fogarty 1995) 

 0.14 ± 0.04 2460 Merino/Corriedale 

ewes crossed to 

multiple sire breeds 

(no Merino) 

(Afolayan et al. 

2008a) 

Weight of lamb 

weaned per ewe 

joined  

0.13 ± 0.03 n/a Multiple (Review) (Safari et al. 2005) 

(Fertility x fecundity x 

survival x weaning 

weight) 

0.13 ± 0.06 n/a Multiple (Review) (Fogarty 1995) 

 0.16 ± 0.05 2460 Merino/Corriedale 

ewes crossed to 

multiple sire breeds 

(no Merino) 

(Afolayan et al. 

2008a) 

 0.29 - Rambouillet (Shelton and Menzies 

1970) 

 0.06 ± 0.02 81 sires 5 pure and 2 

composite lines 

(Fogarty et al. 1985) 

 0.27 ± 0.13  Rambouillet (Bunge et al. 1990) 

 0.06 ± 0.02 4707 Hyfer (Fogarty et al. 1994) 

 0.13 ± 0.06 4707 Hyfer (Fogarty et al. 1994) 
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(Table 2.2 continued) 

 0.15 ±0.05 - Polled Dorset (Hall et al. 1994) 

 0.00 to 0.21 - Columbia (Okut et al. 1999) 

 0.05 to 0.08 - Polypay (Okut et al. 1999) 

 0.02 to 0.26 -- Rambouillet (Okut et al. 1999) 

 0.06 to 0.14 - Targhee (Okut et al. 1999) 

 0.02 - Columbia (Bromley et al. 2001) 

 0.10 - Polypay (Bromley et al. 2001) 

 0.11 - Rambouillet (Bromley et al. 2001) 

 0.08 - Targhee (Bromley et al. 2001) 

 0.11 7642 5 pure and 2 

composite lines 

(Rosati et al. 2002) 

 0.17 ± 0.04 2460 Crossbred (Afolayan et al. 

2008a) 

 0.32 to 0.20 

± 0.23 

1854 Columbia (Abdulklaliq et al. 

1989) 

 0.26  to 

0.03 ± 0.23 

2082 Suffolk (Abdulklaliq et al. 

1989) 

 0.11 to 0.16 

± 0.23 

2458 Targhee (Abdulklaliq et al. 

1989) 

 0.18 ± 0.03 860 Kermani (Mokhtari et al. 2010) 

 0.11 ±0.02 4272 Brazilian breed and 

meat breed 

composites 

(Lôbo et al. 2009) 

Fertility 0.08 ± 0.01 n/a Multiple (Review) (Safari et al. 2005) 

Number of ewes 

lambing per ewe 

joined 

0.06 ± 0.02 n/a Multiple (Review) (Fogarty 1995) 

 0.11 ± 0.04 2460 Merino/Corriedale 

ewes crossed to 

multiple sire breeds 

(no Merino) 

(Afolayan et al. 

2008a) 

Embryo survival 0.01 ± 0.01 n/a Multiple (Review) (Safari et al. 2005) 

Lamb survival, 

Number of lambs 

weaned per lamb 

born 

0.03 ± 0.01 n/a Multiple (Review) (Safari et al. 2005) 

(Rearing ability) 0.04 ± 0.01 n/a Multiple (Review) (Fogarty 1995) 

 0.03 ± 0.02 2460 Merino/Corriedale 

ewes crossed to 

multiple sire breeds 

(no Merino) 

(Afolayan et al. 

2008a) 

Ovulation rate 0.15 ± 0.02 n/a Multiple (Review) (Safari et al. 2005) 

 0.21 ± 0.07 n/a Multiple (Review) (Fogarty 1995) 
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2.11. Genetic relationships between reproductive traits 

Phenotypic and genetic correlations among reproductive traits are moderately to 

strongly positive despite low heritability estimates. The correlations between 

traits are expected to be strong due to many of the traits such as fertility being a 

component of traits such as number of lambs weaned. The genetic and 

phenotypic correlations between the reproductive traits were recently estimated 

in the review by Safari et al. (2005). In the review the correlations were strong 

between traits. However, genetic correlations were weak to moderate between 

the ewe’s ability to rear a lamb (NLW) and the growth of the lamb to weaning 

(WtLW). The correlations produced by Safari et al. (2007) are in support of the 

earlier review by Fogarty (1995) and are supported by the Afloyan et al. (2008) 

maternal breed trial, the Abdulkhaliq et al. (1989) trial with meat breeds in the 

US and the Rosati et al. (2002) study using maternal and meat based crossbreds. 

The biggest difference observed between the phenotypic and genetic 

correlations were experienced between traits of the lamb foetus and the lamb at 

foot. For example foetal survival (ewes lambing per ewe scanned pregnant) has a 

genetic correlation of 0.44 with lamb survival (number of lambs weaned per 

number of lambs born) yet the phenotypic correlation is only 0.04 (Safari et al. 

2005). This highlights the large influence of the environment during pregnancy 

and lactation on reproductive performance. This trend was supported by Rosati 

et al. (2002) although that study produced slightly lower correlation estimates 

than reported in the Safari et al. (2005) review. 
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2.12. Genetic relationship for growth and carcase traits with 
reproduction 

The correlations between the growth traits and reproductive traits are moderate 

and positive (Table 2.3). The rearing ability of the ewe has a strong positive 

correlation with birth weight and weaning weight (Afolayan et al. 2008a). 

Phenotypic correlations between growth and reproductive traits were weaker 

than the genetic correlations and in some cases highlighting a strong and 

sometimes detrimental influence of the environment on reproduction traits. 

Afolayan et al. (2008a) estimated a genetic correlation of 0.38 between NLW and 

birth weight but the phenotypic correlation was -0.23. The genetic relationship 

should lead to a moderate increase in lamb size as selection is placed on NLW yet 

if lamb size becomes too great it could lead to birthing difficulties and therefore 

lower NLW.  



 

 

Table 2.3: Genetic and phenotypic correlations between growth, wool and carcase production traits and reproduction. 

 Fertility Fecundity 

(NLB/EJ) 

Number of lambs 

weaned 

Rearing Ability 

(NLW/NLB) 

Weight of 

lambs 

weaned 

Reference 

Genetic correlation       

Birth weight - 0.10 0.00 - - (Safari et al. 2005) 

 0.15 ± 0.20 0.11 ± 0.19 0.14 ± 0.20 0.38 ± 0.26 - (Afolayan et al. 2008a) 

Weaning weight -0.28 0.15 0.18 - 0.75 (Safari et al. 2005) 

 -0.12 ± 0.20 0.14 ± 0.19 0.36 ± 0.18 0.57 ± 0.19 - (Afolayan et al. 2008a) 

Adult weight 0.40 0.15 0.33 0.20 0.70 (Safari et al. 2005) 

Fleece weight -0.10 -0.13 -0.12 - 0.16 (Safari et al. 2005) 

Fibre diameter - -0.17 0.00 - 0.15 (Safari et al. 2005) 

Staple length -0.45 -0.05 -0.20 - - (Safari et al. 2005) 

Hot Carcase Weight 0.33 ± 0.19 0.36 ± 0.17 0.53 ± 0.16 0.44 ± 0.23 - (Afolayan et al. 2008a) 

Fat depth site C -0.06 ± 0.23 -0.30 ± 0.20 -0.45 ± 0.19 -0.16 ±0.27 - (Afolayan et al. 2008a) 

Eye Muscle Area -0.17 ± 0.23 -0.05 ± 0.22 0.03 ± 0.23 0.08 ± 0.30 - (Afolayan et al. 2008a) 

Phenotypic correlation       

Birth weight - - - - - (Safari et al. 2005) 

 -0.27 ± 0.02 -0.03 ± 0.02 -0.28 ± 0.02 -0.23 ± 0.02 - (Afolayan et al. 2008a) 

Weaning weight 0.09 0.04 0.03 - 0.13 (Safari et al. 2005) 

 -0.49 ± 0.02 -0.15 ± 0.02 -0.08 ± 0.02 0.37 ± 0.02 - (Afolayan et al. 2008a) 

Adult weight 0.11 0.03 0.09 0.03 0.21 (Safari et al. 2005) 

Fleece weight - -0.03 0.00 - 0.01 (Safari et al. 2005) 

Fibre diameter - -0.03 0.01 - 0.06 (Safari et al. 2005) 

Hot carcase weight -0.14 ± 0.02 -0.05 ± 0.02 -0.01 ± 0.02 -0.09 ± 0.02 - (Afolayan et al. 2008a) 

Fat depth at C site 0.06 ± 0.02 0.03 ± 0.02 -0.03 ± 0.02 -0.04 ± 0.02 - (Afolayan et al. 2008a) 

Eye muscle area 0.03 ± 0.02 -0.01 ± 0.02 0.02 ± 0.02 0.07 ± 0.02 - (Afolayan et al. 2008a) 
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Similar findings occurred in a cattle trial reported by Archer et al. (1998) where it 

was found that yearling growth could be selected upon to increase mature 

weights without negatively influencing reproductive traits. The results showed 

that calving percentages for the high growth line of Angus cattle was 0.86 

compared to 0.77 for the low growth line with a confidence interval of 99.5% 

(P<0.005) (Archer et al. 1998). Improving growth rates was also shown to bring 

the onset of puberty on at a younger age (Archer et al. 1998). However, when 

considering the importance of increased growth rate and improving fertility it 

seems that the production environment has an influence on the strength of the 

correlation between growth and reproduction. In the cattle trial by Jenkins and 

Ferrell (1994) where nine breeds were run across four diets ranging in energy 

content for a five year period, under low feed intake diets the breeds with high 

genetic potential for growth and milk production had lower reproductive rates 

(Jenkins and Ferrell 1994). This highlights the importance of selection for both 

growth and reproduction so as to maintain robustness within the dam in poor 

feed conditions.  

Correlations with the carcase traits were much higher than those with the 

growth and fleece traits (Table 2.3). Moderate positive correlations were 

experienced between hot carcase weight with fertility, rearing ability, NLB/EJ, 

NLW/EJ and WtW/EJ. However, the phenotypic correlations were weak. The 

genetic and phenotypic relationships between fat depth and muscle size with 

reproduction traits showed similar patterns to the relationship between weight 

and reproduction. Interestingly pH showed a strong beneficial genetic correlation 

with rearing ability and yet the phenotypic correlation again was non-existent 
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(0.00) (Afolayan et al. 2008a). This is not surprising due to the strong 

environmental influence on both pH and rearing ability. The genetic correlation 

between pH and fertility was 0.56 and, unlike the other correlations, still 

moderately phenotypically correlated (0.21). Unfortunately both correlations are 

non-beneficial as they suggest that as you improve fertility you indirectly select 

for higher pH meat and will trend towards problems with meat colour and 

tenderness.   

2.13. Genetic relationship between wool production and 
reproduction 

The influence of fleece production on reproduction is small as a result of weak 

genetic and phenotypic correlations (Table 2.3). Staple length has a moderate 

negative genetic correlation with fertility (-0.45) (Safari et al. 2005). The 

moderate genetic correlation suggests that ewes with longer fibres are less 

fertile than ewes with shorter fibres. The low genetic correlation between fleece 

weight and fertility suggests that the fertility of ewes with longer fibres are less 

fertile than ewes that produce the same amount of fleece but as a result have 

higher fibre numbers.  

2.14. Conclusion 

The Australian sheep industry is moving towards a prime lamb focus due to an 

increased demand for lamb meat consequently the value of the breeding ewe 

flock is increasing. With producers looking to increase lamb numbers from a 

similar size ewe flock the importance of reproductive traits has increased. The 

heritability of many of these traits is low which limits the scope for genetic gain. 

However, genetic variation at both the breed and animal level offers hope if 
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intensity of selection is strong enough. Reproductive traits have weak genetic 

correlations with key production traits associated with growth, fleece and 

carcase production. Consequently, focussed selection on production traits will 

not hinder or lead to improvements in the reproductive performance of the ewe 

at a genetic level.  

There is potential to improve the reproductive and maternal performance of the 

breeding ewe through direct selection on reproduction. However, this won’t 

necessarily address the real issue surrounding the rebreeding ability of the ewe 

across consecutive years and variable production environments. The robustness 

of the breeding ewe still remains poorly examined within literature especially in 

regards to changes in body condition across the year. The area of robustness has 

recently come to the fore as the influence of droughts on feed supplies became 

critical and high performing ewes (weight of lamb weaned) struggled to rebreed 

after producing a lamb under “tough” conditions. As the genetic potential of 

production traits increase within the sheep flock and the production 

environment becomes increasingly more variable the industry will move towards 

more robust sheep to reduce the risks associated with variation in production 

environments. 
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3.1. Abstract 

The Australian sheep industry has historically made rapid advances in the quality 

and quantity of meat and wool through genetic improvement, but unfortunately, 

maternal performance is still well below desired levels. The aim of this paper was 

to investigate the potential to select for increased weight and fat across the 

production cycle to improve maternal performance. The analysis explores the 

potential to improve the weight and fat score of breeding ewes during “tough” 

periods, preparing the breeding ewe for the upcoming mating without an 

increase in overall ewe size. The 2,846 ewes within the Maternal Central Progeny 

Test were weighed and scored for fatness 12 times across three production 

cycles. Low to moderate heritability estimates for weight (0.04 - 0.23) and fat 

(0.02 – 0.06) changes across the production cycle provide little hope for selection 

against weight loss during the tough periods. The analysis showed very strong 

genetic correlations between time points across multiple production cycles for 

both weight (0.99 to 0.93) and fat score (0.88 to 0.98). The very strong 

correlations between measurements suggest that both weight and fat score are 

genetically the same trait throughout the ewe’s adult life. With 74% and 77% of 

the genetic variation in weight and fat respectively constant across the 

production cycle, there is little opportunity to select against the natural 

fluctuations in weight and fat reserves. In conclusion, selection for increased fat 

can be made at any time and will result in more fat during the “tough” times. 
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3.2. Introduction 

Australian sheep producers have been very successful at improving wool and 

meat production traits. The performance of the breeding flock has become 

increasingly important as the industry aims to maximise slaughter lamb numbers 

in production systems prone to environmental variation. The success of the 

slaughter lamb enterprise is dependent on the ability of the breeding ewe to 

produce  lambs annually across variable seasonal conditions and feed supplies 

(Snowder and Fogarty 2009). 

The greatest energy demand on the ewe throughout the production cycle is 

during pregnancy and lactation (Freer et al. 1997). During the last trimester of 

pregnancy and lactation ewes increase mobilisation of fat stores to meet the 

physiological requirements of producing a lamb (Vernon et al. 1981; Chilliard et 

al. 2000). The mobilisation of fat stores during pregnancy and lactation, along 

with seasonal variation in feed supply are the major influences on variation in 

liveweight and fat across the production cycle. The current solution to limiting 

the level of fluctuation in weight and fat across the year is to align the periods of 

peak energy demand with the peak in pasture supply (available energy). The 

large temporal variation in rainfall across Australia presented by Nicholls et al. 

(2012) suggest that even in the best designed systems pasture supply will not 

always meet demand. As a result costly supplementation of feed is required to 

maintain liveweight and condition during the “tough” periods when pasture 

quality, quantity or both are below the nutritional requirements of the ewe. 
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Within flocks heavier liveweights in ewes have been associated with increased 

weaning rates (Coop 1962) and the condition of the breeding ewe has been 

shown to influence fertility (Gunn et al. 1969) and lambing percentage (Gunn et 

al. 1969, 1972). Recent lifetime wool guidelines recommend a high average live 

weight and condition scores (score of 3 on 1 - 5 scale) at mating to improve 

maternal performance (Curnow et al. 2011; Young et al. 2011). The uptake of 

Lifetime wool guidelines has seen an 11-13% increase in lamb marking, 14% 

increase in whole farm stocking rates and 43% reduction in ewe mortality 

(Trompf et al. 2011). The on farm outcomes presented by Trompf et al. (2011) 

were achieved as a result of optimised ewe nutrition and condition score 

profiles. Kenyon et al. (2004) showed that there is a threshold relationship 

between liveweight and body condition, and reproductive performance 

highlighting that in regards to ewe condition it is about optimisation not 

maximisation. 

Breeding for sustainability is a balancing act  between maximising genetic 

changes in production potential without increasing genetic change in 

environmental sensitivity (Knap 2008; Napel et al. 2009). Young et al. (2011) 

proposed that it is economically sensible to select for ewes that have minimal 

fluctuations in weight across the reproductive cycle. The economic advantage of 

such a breeding system occurs because maintenance energy requirements of the 

ewe are a direct function of body weight (Freer et al. 1997) with the heavier 

ewes requiring more feed to maintain weight. Young et al. (2011) suggested that 

by selecting against fluctuations in the weight profile producers can improve ewe 

weights in the tough periods without an increase in ewe size or feed demand. To 
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select against fluctuation in weight Rose et al. (2013) proposed that selection 

should be made on weight change. Rose et al. (2013) estimated that weight loss 

in Merino ewes over summer has a heritability of 0.04 to 0.15 and that the 

corresponding gain in weight has a heritability of 0.11 to 0.33. Rauw et al. (2010) 

also reported a moderate heritability (0.29) for weight change in Merino and 

Merino cross ewes.  

This paper aims to quantify the genetic relationship between measurements 

across the production cycle for liveweight and fat in first cross ewes from 

maternal breed sires. The fat score and weight of the ewes were measured at 4 

time points during the year, pre-joining, post-joining, mid-pregnancy and 

weaning. It is hypothesised that animals respond differently to feed availability 

and maternal stresses during the production cycle and as a result, there will be 

genetic variation in fluctuations in weight and fat score. The variation in 

fluctuations in weight and fat will provide the producer with the ability to select 

for an animal that is genetically more robust to changes in the production 

environment. 

3.3. Materials and methods 

3.3.1. Data  

This study utilises data from first cross ewes in the Maternal Central Progeny 

Test (MCPT) (Fogarty et al. 2005b). The data set includes the weight and fat score 

of 2,846 ewes that were joined over 3 production cycles at 3 sites (Cowra, 

Hamilton and Rutherglen). The ewes were weighed and fat scored at pre-joining, 
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post-joining, mid-pregnancy and weaning in each of their first three production 

cycles. 

3.3.2. First cross ewes 

The first cross ewes were progeny of base ewe flocks that were artificially 

inseminated over 3 years by 91 sires from predominantly maternal breeds 

(Fogarty et al. 2005b).  The base ewes (dams of the ewes analysed) at Cowra 

were mature medium-wool Merino, at Hamilton approximately half the ewes 

were fine-wool Merino and half were Corriedale, and at Rutherglen they were 

broad-wool Merino. The data set lacked pedigree information on the base ewe 

flock. To account for potential genetic links, the base ewes were grouped by the 

industry flock source (Table 3.1). The Hamilton ewes were analysed as two 

separate cohorts to adjust for the effect of dam breed 1. First cross Merino ewes 

and 2. First cross Corriedale ewes. 

Table 3.1: Grouping of pure bred base dams by industry flock sources within 

research sites.  

Site Dam Group Ewe breed Base dams 

Cowra 1 Medium wool Merino 509 

 2 Medium wool Merino 374 

 3 Medium wool Merino 268 

 4 Medium wool Merino 86 

Hamilton 5 Corriedale 325 

 6 Fine wool Merino 399 

Struan 7 Broad wool Merino 170 

 8 Broad wool Merino 250 

 9 Broad wool Merino 133 

 10 Broad wool Merino 318 

Unassigned   47 

 

The estimated breeding values (EBVs) of the industry sourced sires covered a 

wide range within breeds for most traits with the averages reasonably close to 

breed means. The source and distribution of the MCPT sires were presented by 
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Fogarty et al. (2005a) and grouped within breed. There were 12 – 14 sires used 

for each site each year, including 3 individual sires (Border Leicester, Coopworth 

and Finn) used each year for each site to provide genetic links. Breeds that had 

fewer than six sires tested were grouped as either maternal or terminal (Table 

3.2). The breeds with the greatest number of sires included Border Leicester, 

East Friesian, Finn, Coopworth, White Suffolk, Corriedale, and Booroola Leicester 

(Table 3.2). Further details on the management, genetic merit of the sires, source 

of base ewes and insemination protocols used within the MCPT have been 

reported by Fogarty et al. (2005b; 2005a). 

Table 3.2: Grouping of sires into breed types as a result of sire numbers within 

each breed 

Sire Breed Type Breed Sires 

Border Leicester  18 

Booroola Leicester  6 

Coopworth  9 

Corriedale  6 

East Friesian  9 

Finn  9 

White Suffolk  7 

Maternal  18 

 Coronga Composite 1 

 Cheviot 1 

 East Friesian x Perendale 2 

 East Friesian x Romney 1 

 English Leicester 2 

 Finn x Friesian 2 

 Finn x Leicester 1 

 Gromark 2 

 Hyfer 4 

 Romney 2 

 Merino 2 

 South African Meat Merino 1 

Terminal  6 

 Poll Dorset 2 

 South Hampshire Down 1 

 Texel 1 

 White Dorper 1 

 Wiltshire Horn 1 
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3.3.3. Management cohorts 

The first cross ewes were run at: Cowra Agricultural Research and Advisory 

Station (born 1997 to 1999), the Pastoral and Veterinary Institute Hamilton (born 

1997 to 1999), and Rutherglen Research Institute (born 1997 to 1999 at Struan 

Research Centre). At Cowra, each cohort of first cross ewe lambs was split into 

Autumn and Spring joining groups by stratified randomisation based on weaning 

weight within sire group. The Autumn groups were first joined at 7 months of 

age in February for lambing in July. The Spring-joined groups were joined in 

Spring (14 months of age). At Hamilton, each cohort of first cross ewes was 

joined at 7 months of age in Autumn (March) for lambing in August. The ewes in 

each cohort at Rutherglen were first joined in late Spring-summer (19 months of 

age). Each cohort of first cross ewes was mated to terminal sire rams to assess 

their second-cross lamb production in each of 3 years. The project was 

conducted under approval of the relevant Department Animal Ethics Committee 

at each site (Fogarty et al. 2005b; 2005a). 

Five cohorts were formed to describe combinations of research stations (Cowra, 

Hamilton and Rutherglen), dam breeds (Merino and Corriedale) and timing of 

lambing (Spring or Autumn). These cohorts were 1. Autumn joining ewes at 

Cowra, 2. Spring joining ewes at Cowra, 3. First cross Merino ewes at Hamilton, 

4. First cross Corriedale ewes at Hamilton and 5. Rutherglen ewes. 

3.3.4. Weight and fat measurement of ewes 

First cross ewes were weighed and fat scored  (scored 1-5 for fat coverage at the 

GR-site on the twelfth rib  with 1 being lean and 5 being fat) at 4 management 
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times across each production cycle (Moxham and Brownlie 1976). The first 

measurement was taken at pre-joining. This measurement was on average 5 

days prior to the ewes being joined to terminal rams fitted with sire harnesses 

and on average 27 days before oestrus was first detected by the appearance of a 

raddle mark. Post-joining measurements were taken when the rams were 

removed after joining. The joining period was generally 5-6 weeks in autumn, 

with the first autumn joining at 7 months of age being up to 8 weeks and 

generally 6-7 weeks in spring. Mid-pregnancy measurements were taken on 

average 9 weeks after the rams were removed and an average 53 days prior to 

lambing.  The ewes were weighed and fat scored at weaning, at an average lamb 

age of 98 days. This provided 12 weight and fat measurements across 3 

production cycles or production cycles (Figure 3.1). 

 

 

Figure 3.1: Timing of weight (solid line) and fat score (dashed line) 

measurements of first cross ewes within maternal central progeny test. 

Measurements were taken at pre-joining (square), post-joining (triangle), mid-

pregnancy (circle) and weaning (diamond) across the first three production 

cycles of the ewes breeding life. 
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3.3.5. Measurement Records 

Weight and fat were measured on 2,846 first cross ewes bred from 91 sires and 

2,164 dams. There were a total of 29,276 weight measurements and 23,803 fat 

scores (Table 3.3) across 4 time points (pre-joining, post-joining, mid-pregnancy 

and weaning) within the production cycle. The predicted means and standard 

deviations within measurements and across production cycles are shown in 

Table 3.3.  

Table 3.3: Mean, standard deviation and range of weight and fat score records 

of maternal first cross ewes at pre-joining, post-joining, mid-pregnancy and 

weaning across first, second and third production cycle. 

 Weight Fat Score 

 Records Mean s.d Min Max Records Mean s.d Min Max 

First  2846 

ewes 

    2846 ewes     

Pre-joining 2803 45.4 11.2 18.0 75.5 1559 3.4 1.0 1 5 

Post-joining 2308 48.2 12.0 18.5 83.5 1384 3.4 0.9 1 5 

Mid-pregnancy 2131 51.2 11.2 24.0 88.0 1092 3.2 0.7 1 5 

Weaning 2573 58.4 9.0 31.5 102.0 2573 3.3 1.0 1 5 

Second  2770 

ewes 

    2770 

ewes 

    

Pre-joining 2399 61.1 8.9 32.0 89.5 2233 3.6 0.9 1 5 

Post-joining 2718 62.0 9.7 30.8 95.0 1997 3.5 0.9 1 5 

Mid-pregnancy 2243 66.1 8.8 35.0 97.5 1613 3.3 0.8 1 5 

Weaning 2387 65.1 9.6 37.5 106.5 1982 3.3 0.9 1 5 

Third  2688 

ewes 

    2688 

ewes 

    

Pre-joining 2450 66.1 9.7 38.5 95.5 2661 3.7 0.9 1 5 

Post-joining 2126 69.0 10.2 36.0 101.0 2297 3.7 0.8 1 5 

Mid-pregnancy 2569 73.3 8.3 48.5 102.0 1989 3.6 0.8 1 5 

Weaning 2569 67.8 9.1 42.0 104.5 2423 3.3 0.9 1 5 
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3.3.6. Statistical Analysis  

Linear mixed models were fitted in ASReml (Gilmour et al. 2009) to determine 

the genetic and phenotypic variation in live weight and fat score. Model 1 (Table 

3.4) was fitted to both live weight and fat score to determine the variation 

between measurement points within the production cycle. The genetic variation 

in weight and fat score change was estimated using model 2. The weaning and 

post-weaning traits were analysed using Model 3 to determine genetic 

correlation between young animal liveweight and adult liveweight. The multi-

trait analysis (Model 4) focusses on the genetic variation and re-ranking of 

breeds and sires due to the production environment, maturity and reproductive 

status. 
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Table 3.4: Description of terms fitted within the models used to analyse the 

body composition traits measured on first cross ewes within the maternal 

central progeny test. (mp = fitted to mid-pregnancy measurements, w = fitted 

to weaning measurements, poj-mp = fitted to change trait between post-

joining and mid-pregnancy, mp-w/w-pj = fitted to change trait between mid-

pregnancy and weaning and weaning and pre-joining).  

 Levels Model 1 Model 2 Model 3 Model 4 Components 

Fixed Effects       

Cohort 5 � � � �  

Cohort x Dam Group 15 � � � �  

Production cycle 3 � �  �  

Cohort x Production cycle 15      

Age 1   �   

Production cycle  x Age 3 � �  �  

Previous Number of lambs 

weaned  (NLW) 

3 � �  �  

Previous lactation length (LL) 1 � �  �  

Production cycle  x Previous 

NLW 

9 � �  �  

Production cycle  x Previous LL 3 � �  �  

Current Number of lambs born 

(NLB) 

3 (mp) (poj-mp)  (mp)  

Current NLW 3 (w) (mp-w/w-pj)  (w)  

Current lactation length 1 (w) (mp-w/w-pj)  (w)  

Production cycle  x Current 

NLB 

9 (mp) (poj-mp)  (mp)  

Production cycle  x Current 

NLW 

9 (w) (mp-w/w-pj)  (w)  

Production cycle  x Current LL 3 (w) (mp-w/w-pj)  (w)  

Random Effects       

Cohort x Year 15 � � � � 1 

Cohort x Year x Time point 60    � 1 

Breed 9 � � � � 1 

Breed x Production Cycle 27    � 1 

Breed x Time point 36    � 1 

Breed x Previous NLW 27    � 1 

Breed x Current NLW 27    � 1 

Sire 91 � � � � 1 

Sire x Cohort x Year  1,365 � � � � 1 

Sire x Production Cycle 273 �   � 1 

Sire x Time point 364    � 1 

Sire x Previous NLW 273    � 1 

Sire x Current NLW 273    � 1 (3) 

 

3.3.6.1. Time point analyses – Model 1 

A linear mixed model was fitted to weight and fat score at the four time points 

(Table 3.4). The fixed effects included cohort (5 levels), cohort x dam group (15 

levels), production cycle (1st, 2nd, 3rd joining), cohort by production cycle 

interaction, and joining age nested within production cycle. The number of lambs 
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weaned by the ewe in her previous production cycle (0, 1, Multiple) and her 

length of lactation (46-132 days) were also included in the model to account for 

the maternal performance in the previous year. Ewes given a zero for number of 

lambs weaned included ewes that did not fall pregnant, ewes that lost lambs 

during pregnancy and ewes that gave birth but failed to rear a lamb. Accounting 

for the maternal performance of the ewe during the current breeding system 

was limited by the timing of the measurement within the production cycle.  The 

measurements at mid-pregnancy were fitted with the number of lambs the ewes 

was carrying (0, 1, multiple). The weaning measurements were fitted with 

current number of lambs weaned (0,1, multiple) and the current length of 

lactation. Parity by maternal performance interaction was also fitted. The order 

of the fixed effects in the model is shown in Table 3.4. The random terms 

included cohort x year (1998 -2003), sire breed (Border Leicester, Booroola 

Leicester, Corriedale, Coopworth, East Friesian, Finn, White Suffolk, other 

maternal and other terminal), sire (91 sires), sire x production cycle and cohort x 

year x sire.  

3.3.6.2. Change traits – Model 2 

The change traits calculated the weight or fat gained between points within the 

production cycle. Change traits remained in the same units as the time point 

measurements. The fixed effects model fitted to the change traits was based on 

the effects fitted to the time point traits (Table 3.4). The fitting of reproductive 

effects to change traits was based on the effects fitted to the time point in which 

the period of change concluded (Table 3.4). The random model included cohort x 

year, breed, sire and cohort x year x sire. 
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3.3.6.3. Young animal traits – Model 3 

The fixed effects fitted to weaning weight and post-weaning weight included 

cohort, cohort x dam group and age (days). The random terms included cohort x 

year, breed, cohort x year x sire, sire and dam (Table 3.4). 

3.3.6.4. Multi-trait analyses –Model 4 

The multi-trait analyses, are based on the assumption that the 4 time points 

within each of the 3 production cycles were assumed to be multiple 

measurements of the same trait allowing for the use of a multi-variate analysis.  

The fixed effects fitted are based on the terms fitted in Model 1 (Table 3.4). The 

random effects in Model 4 were fitted to account for the overall effects of breed 

and sire as well as to determine the consistency of sire and breed performances 

under different production influences. The random model included cohort by 

year, cohort by year by time point (12 levels), sire breed, sire breed x parity, sire 

breed x time point, sire (within breed), sire x parity, sire x time point, sire x 

previous number of lambs weaned (0, 1, multiple) and sire x current number of 

lambs weaned (0, 1,multiple) (Table 3.4). The variance component estimates of 

the random terms were used to quantify the size of the sire and sire breed 

interactions for weight and fat score across the production cycle. The three-way 

interaction between sire x time point x parity was originally fitted but later 

removed due to a lack of significance at the 95% confidence interval using a log 

likelihood ratio test. 
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3.4. Results  

3.4.1. Quantifying size of fixed effects 

The fixed effects accounted for 45 to 71% of the variation in weight across the 3 

production cycles and 34 to 48% of the variation in fat score. Ewe weight and fat 

score were affected by cohort, environmental effects (cohort x year), parity and 

maternal performance within the previous and current parity (Table 3.5). The 

largest influences on ewe weight within parity were associated with cohort and 

seasonal interactions within cohort. The cohort effects accounted for differences 

in the age of the ewe at first joining, the dam breed and location differences in 

management and feed supply. Yearly variation in rainfall and pasture growth is 

most likely the key influence behind the variation associated with the cohort by 

year effect. Parity or ewe maturity accounted for a large proportion of the 

variation in weight, and is most likely associated with age and growth (Table 3.5).  

Ewes that reared a lamb were lighter and leaner across the production cycle 

compared to barren ewes. Ewes weaning multiple lambs were on average 4% 

lighter and 18% leaner (lower fat score) than ewes rearing a single lamb at 

weaning. This trend continued through to joining with dry ewes being 

significantly fatter and heavier than ewes that had weaned a lamb. Ewes that 

weaned multiple lambs were also at a significant disadvantage compared to 

those that only weaned a single lamb, being 7% leaner at pre-joining of the next 

production cycle.  



 

 

Table 3.5: Defined levels, F-statistic of fixed effects fitted to uni-variate analysis (Model 1) and variance components for random terms for 

weight and fat score measurements across the production cycle. Significance of fixed effects; (* P < 0.05, ** P < 0.01, *** P < 0.001, ns. = not 

significant) 

  Weight Fat Score 

 Levels Pre-joining Post-joining Mid-

pregnancy 

Weaning Pre-joining Post-joining Mid-

pregnancy 

Weaning 

Fixed Effects          

Cohort 5 14.86 (***) 24.05 (***) 7.51 (**) 3.22 (*) 3.46 (ns.) 2.91 (ns.) 0.18 (ns.) 6.28 (**) 

Cohort x dam source 15 124.96 (***) 102.37 (***) 102.11 (***) 45.57 (***) 4.79 (***) 7.18 (***) 7.48 (***) 3.83 (***) 

Production cycle 3 1208.64 (***) 918.47 (***) 476.29 (***) 286.55 (***) 88.73 (***) 16.39 (***) 35.08 (***) 18.3 (***) 

Cohort x production cycle 15 123.11 (***) 40.29 (***) 158.32 (***) 7.93 (***) 20.9 (***) 6.02 (***) 47.23 (***) 2.65 (**) 

Production cycle x age 1 0.67 (ns.) 40.29 (**) 4.15 (**) 9.04 (***) 3.55  (*) 0.94 (ns.) 3.61 (*) 4.00 (*) 

Current Number of Lambs Born (NLB) 3   157.51 (***)    14.03 (***)  

Current Number of lambs weaned (NLW) 3    316.76 (***)    698.51 (***) 

Current lactation length 1    11.49 (***)    1.42  (***) 

Production cycle x current NLB 9   4.4 (**)    3.92 (**)  

Production cycle x current NLW 3    5.76 (***)    10.74 

Production cycle x current lactation length 3    2.34    0.68 

Previous NLW 3 186.37 (***) 79.74 (***) 31.81 (***) 17.86(***) 238.62 (***) 111.54 (***) 47.09 (***) 3.97 (**) 

Previous lactation length 1 0.00 (ns.) 0.54 (ns.) 4.04 (*) 0.89 (ns.) 0.18 (ns.) 3.68 (ns.) 0.37 (ns.) 1.24 (ns.) 

Production cycle x previous  NLW 9 4.21 (**) 3.82 (**) 1.61 (ns.) 1.96 (ns.) 2.90 (*) 0.65 (ns.) 2.41 (ns.) 0.07 (ns.) 

Production cycle x previous lactation length 3 6.13 (*) 2.79 (ns.) 3.24 (ns.) 2.71 (ns.) 0.24 (ns.) 10.39 (***) 0.20 (ns.) 2.14 (ns.) 

Random Terms          

Cohort x Year 15 23.783 21.030 53.521 24.775 0.240 0.201 0.362 0.107 

Breed 9 6.168 6.236 6.101 8.800 0.124 0.095 0.085 0.093 

Sire 91 5.255 6.264 5.499 6.022 0.034 0.024 0.028 0.034 

Sire x production cycle 273 0.211 0.297 0.257 0.000 0.004 0.002 0.001 0.002 

Sire x cohort x year 1,365 0.599 0.584 0.208 0.353 0.007 0.020 0.009 0.003 

Residual  29.346 32.103 31.776 43.496 0.383 0.325 0.354 0.455 

Phenotypic Variance  65.362 66.514 97.362 83.445 0.793 0.667 0.840 0.695 
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3.4.2. Genetic variation in weight and fat score 

The between breed and between sire within breed variation in weight were of 

similar magnitude. Variation between breed was greater than sire variation 

within breed for fat score at all measurement points (Table 3.5). There was no 

interaction between sires within cohort, environment (cohort x year) or parity 

(Table 3.5). A statistically significant but negligible proportion (< 5%) of the 

phenotypic variation was accounted for by sire interactions within cohort x year 

and maturity. Therefore, sire estimated breeding values (EBVs) at pre-joining for 

weight and fat score do not re-rank under different production environments or 

maturities. The lack of genetic re-ranking was also observed at post-joining, mid-

pregnancy and weaning. 

3.4.3. Effect of sire breed on ewe weight and fat score 

The sire breed type accounted for between 14 to 15% and 16 to 22% of the 

variation in weight and fat score respectively at the 4 time points. Corriedale and 

Finn cross ewes were significantly lighter than the other first cross types (Figure 

3.2). Sire breed effects on ewe weight and fat score were constant across the 

four time points (Figure 3.2). Despite being one of the heavier first crosses, the 

East Friesian was the leanest breed at all times. The Booroola Leicester and 

Border Leicester sires bred the fattest first cross ewes within the trial (Figure 

3.2). 
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Figure 3.2: Sire breed effects on a) weight (kg) and b) fat score (1-5) of first 

cross ewes at pre-joining, post-joining, mid-pregnancy and weaning. 

 

3.4.4. Heritability of weight and fat score across parity 

High heritability estimates were found at all measurement points with a range of 

0.41 to 0.55 (Table 3.6). The phenotypic variation in weight and fat score was 29 
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and 6% greater respectively at weaning than at pre-joining. However, the sire 

variance was relatively constant across time points (Table 3.6). The moderate 

heritability range for fat score (Table 3.6) is promising and provides potential for 

selection to improve fat reserves within the production cycle. 

Table 3.6: Phenotypic, sire variance and heritability estimates for weight and 

fat score at Pre-joining, Post-joining, Mid-pregnancy and Weaning across the 

first three production cycles. 

 Phenotypic Variance Sire Variance Heritability 

Weight    

Pre-joining 41.53 5.271 0.51 (0.03) 

Post-joining 45.40 6.294 0.55 (0.03) 

Mid-pregnancy 43.80 5.517 0.50 (0.03) 

Weaning 58.67 6.022 0.41 (0.03) 

Fat Score    

Pre-joining 0.5532 0.0357 0.26 (0.02) 

Post-joining 0.4656 0.0245 0.21 (0.02) 

Mid-pregnancy 0.4782 0.0287 0.24 (0.02) 

Weaning 0.5882 0.0347 0.24  (0.02) 

 

While weight and fat were highly heritable, the change in weight and fat score 

was far less heritable (Table 3.7). The greatest variation in weight and fat change 

was between mid-pregnancy and weaning for both traits. 

Table 3.7: Phenotypic variance and heritability estimates for weight and fat 

score change between measurement points 

Starting time point Finishing time point Phenotypic Variance Sire Variance Heritability 

Weight     

Pre-joining Post-joining 6.251 0.3519 0.23 (0.03) 

Post-joining Mid-pregnancy 7.798 0.1200 0.06 (0.03) 

Mid-pregnancy Weaning 21.047 0.2292 0.04 (0.03) 

Weaning Pre-joining 11.591 0.2926 0.10 (0.03) 

Fat Score     

Pre-joining Post-joining 0.4246 0.0018 0.02 (0.03) 

Post-joining Mid-pregnancy 0.4083 0.0046 0.04 (0.03) 

Mid-pregnancy Weaning 0.6129 0.0095 0.06 (0.03) 

Weaning Pre-joining 0.4968 0.0049 0.04 (0.03) 
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3.4.5. Correlations between weight and fat score across production 
cycles 

Correlations were estimated between weight and fat score at the four time 

points. A low positive genetic correlation was found between weight and fat 

(Table 3.8). The average genetic correlation between weight and fat score was 

0.34 which is an r2 of 12%. Thus somewhat surprisingly, 88% of the genetic 

variation in fat score was independent of genetic variation in weight. 

Table 3.8: Phenotypic, environmental and genetic correlations between weight 

and fat score of first cross ewes at 4 time points across the production cycle. 

 Phenotypic Environmental Genetic 

Pre-joining 0.33 (0.01) 0.35 (0.01) 0.22 (0.13) 

Post-joining 0.34 (0.02) 0.33 (0.01) 0.44 (0.13) 

Mid-pregnancy 0.25 (0.02) 0.26 (0.01) 0.20 (0.16) 

Weaning 0.46 (0.02) 0.46 (0.01) 0.48 (0.11) 

 

3.4.6. Correlations between times within parity 

To test if the measurements at the four time points are the same trait with 

multiple measurements of different traits correlations between the time points 

were calculated for weight and fat score.  The genetic correlations between time 

points for both weight and fat were extremely high (Table 3.9). A genetic 

correlation range from 0.88 to 0.99 suggests that genetically, for both weight and 

fat score, even when they were measured at different points within the 

production cycle, they are effectively the same trait across time. These results do 

not support the hypothesis that there is genetic variation in fluctuation of weight 

and fat across the production cycle. For weight, the environmental correlations 

between the measurement points were also strong but they were low to 

negligible for fat score (Table 3.9). 
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Table 3.9: Phenotypic (above diagonal) and genetic correlations (below 

diagonal in bold) between time points for weight and fat score of first cross 

ewes across the production cycle. 

 Pre-joining Post-joining Mid-pregnancy Weaning 

Weight     

Pre-joining  0.93 (0.00) 0.88 (0.01) 0.76 (0.01) 

Post-joining 0.98 (0.00)  0.91 (0.00) 0.78 (0.01) 

Mid-pregnancy 0.98 (0.01) 0.99 (0.01)  0.79 (0.01) 

Weaning 0.94 (0.02) 0.93 (0.02) 0.96 (0.02)  

Fat score     

Pre-joining  0.48 (0.01) 0.43 (0.02) 0.29 (0.02) 

Post-joining 0.97 (0.05)  0.46 (0.01) 0.30 (0.02) 

Mid-pregnancy 0.98 (0.05) 0.98 (0.05)  0.32 (0.02) 

Weaning 0.88 (0.06) 0.93 (0.06) 0.89 (0.07)  

 

3.4.7. Selection on weaning and post-weaning weight  

Genetic correlations with weaning and post weaning weight were calculated to 

test if selection at a young age (ie. weaning or post-weaning) can predict genetic 

merit for adult weight (Table 3.10). Post-weaning weight was strongly genetically 

correlated (0.74 to 0.99) with all 12 measurements as was weaning weight (0.69– 

0.99), albeit slightly weaker as expected with the earlier measure (Table 3.10). 

Thus given that there is little genetic “re-ranking” over time, variation in weight 

change is primarily environmental rather than genetic in origin. 
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Table 3.10: Phenotypic (rP) and genetic correlations (rG) between weaning and 

post-weaning weight with adult weight at the twelve measurement points 

across the three production cycles. 

 Weaning weight Post-weaning weight 

 rP rG rP rG 

Weaning - - 0.77 (0.01) 0.78 (0.09) 

Post-Weaning 0.77 (0.01) 0.78 (0.09) - - 

Adult weights     

1
st

 parity Pre-joining 0.70 (0.01) 0.99 (0.08) 0.86 (0.01) 0.99 (0.03) 

1
st

 parity Post-joining 0.74 (0.01) 0.96 (0.08) 0.85 (0.01) 0.97 (0.04) 

1
st

 parity Mid-pregnancy 0.71 (0.02) 0.99 (0.09) 0.81 (0.01) 0.97 (0.04) 

1
st

 parity Weaning 0.60 (0.02)  0.79 (0.12) 0.68 (0.02) 0.86 (0.08) 

2
nd

 parity Pre-joining 0.59 (0.02)  0.85 (0.10) 0.68 (0.02) 0.89 (0.06) 

2
nd

 parity Post-joining 0.59 (0.02) 0.83 (0.11) 0.68 (0.02) 0.82 (0.07) 

2
nd

 parity Mid-pregnancy 0.55 (0.02)  0.68 (0.14) 0.67 (0.02) 0.87 (0.07) 

2
nd

 parity Weaning 0.54 (0.02) 0.69 (0.14) 0.62 (0.02) 0.83 (0.07) 

3
rd

 parity Pre-joining 0.55 (0.02) 0.84 (0.11) 0.64 (0.02) 0.84 (0.06) 

3
rd

 parity Post-joining 0.58 (0.02) 0.74 (0.12) 0.67 (0.02) 0.78 (0.07) 

3
rd

 parity Mid-pregnancy 0.57 (0.02)  0.76 (0.12) 0.68 (0.02) 0.85 (0.06) 

3
rd

 parity Weaning 0.52 (0.02) 0.79 (0.14) 0.61 (0.02) 0.74 (0.10) 

3.4.8. Multi-variate analysis 

The multivariate analysis estimated the genetic variation within each of the 

measurement points, within production cycles as well as across parities and 

measurements by treating weight and fat scores as multiple measurements on 

these traits (Table 3.11). High genetic correlations between the time point traits 

prevented the formation of a genetic structure on the between sire x time point 

interaction. 

The genetic variation was partitioned into variances associated with between 

breed differences and within breeds at a sire level. Overall breed differences 

accounted for 39% of the genetic variation in weight and 61% of the genetic 

variation in fat score (Table 3.11). Sire and breed interactions were fitted to 

quantify the consistency of sire or breed performances under different 

conditions. There were significant breed interactions with parity for ewe weight 

and fat score. However, these accounted for less than 5% of total genetic 
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variation (weight and fat score) so whilst statistically significant, the likely 

biological impact would be minimal. Breed interactions within measurement 

points were significant but accounted for less than 1% of genetic variation in 

weight and fat score (Table 3.11). Re-ranking of breeds across the production 

cycle was negligible as evidenced by the very low interactions between time 

points, production cycles and number of lambs weaned.  

Sire main effects accounted for 35% of the total genetic variation in weight 

(Table 3.11). Sixteen percent of the genetic variation in fat score was accounted 

for by overall sire variation. Sire interactions within measurements only 

accounted for 3% of genetic variance, again demonstrating that there is very 

little re-ranking of individuals across the production cycle. The analysis also 

showed that there was no sire interaction between production cycles. The small 

genetic variance associated with sire by time point and parity interaction limits 

the potential to select for increased weight or fat score at a single time point 

without changing the traits at the other time points. 

 



 

 

Table 3.11: Multivariate analysis of weight and fat score (Model 4) of first cross ewes within their first 3 production cycles and across 

measurements at pre-joining, post-joining, mid-pregnancy and weaning. Analysis separates out breed and sire variation within total 

phenotypic variance (Vp) and total genetic variance (VG). 

  Weight   Fat Score  

 Variance % VP % VG Variance % VP % VG 

Cohort variation 15.99   0.046   

Cohort variation between time points 11.89   0.229   

Between breed variation 5.61 12% 39% 0.097 18% 61% 

Between breed variation by parity interaction 0.75 2% 5% 0.002 0% 2% 

Between breed variation by time point interaction 0.05 0% 0% 0.000 0% 0% 

Between breed variation by previous number of lambs weaned interaction 0.00 0% 0% 0.000 0% 0% 

Between breed variation by current  number of lambs weaned interaction 0.25 1% 2% 0.003 1% 2% 

Between sire genetic variation 4.97 10% 35% 0.025 5% 16% 

Between sire genetic by cohort interaction 0.00 0% 0% 0.002 0% 1% 

Between sire genetic by parity interaction 0.00 0% 0% 0.002 0% 2% 

Between sire genetic by time point interaction  0.30 1% 2% 0.004 1% 3% 

Between sire genetic by previous number of lambs weaned interaction 1.25 3% 9% 0.004 1% 2% 

Between sire genetic by current  number of lambs weaned interaction 1.19 2% 8% 0.017 3% 11% 

Residual* 34.20 70%  0.381 71%  

Residual variance within pre-joining 30.84   0.384   

Residual co-variance between pre-joining and post-joining 28.41   0.152   

Residual variance within post-joining 31.78   0.33   

Residual co-variance between pre-joining and mid-pregnancy 26.26   0.134   

Residual co-variance between post-joining and mid-pregnancy 27.79   0.142   

Residual variance within mid-pregnancy 31.27   0.360   

Residual co-variance between pre-joining and weaning 26.53   0.096   

Residual co-variance between post-joining and weaning 27.38   0.090   

Residual co-variance between mid-pregnancy and weaning 27.28   0.106   

Residual variance within weaning 42.89   0.448   

Phenotypic Variation (*residual is average across variance of 4 measurements) 48.51   0.538   
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3.4.9. Sire interaction with number of lambs weaned 

The between sire x current number of lambs weaned interaction accounted for 

8% and 11% of the genetic variation in weight and fat score respectively.  The 

interaction suggests that sire progeny are performing differently at weaning for 

both weight and fat score depending whether they weaned zero, single or 

multiple lambs. The interactions suggest there is some “re-ranking” of sire lines. 

Thus, potentially sire lines are performing differently as a result of the 

reproductive status for both weight and fat score. 

A genetic structure was fitted to the between sire x current number of lambs 

weaned interaction. This allowed for the estimation of correlations between sire 

means for ewe weight and fat score when the ewe weaned zero, single or 

multiple lambs. Correlations between sire means within number of lambs 

weaned were significant for ewe weight. Very strong correlations of 0.93 and 

0.83 between the ewes weight when rearing a single lamb and their weight when 

weaning multiple or zero lambs respectively. The strength of the correlations 

suggests that “re-ranking” of sire lines is minimal. However, a potential “re-

ranking” of sire lines occurs when comparing the extremes for reproductive 

stress. A correlation of 0.76 between ewe weight when weaning zero and 

multiple lambs suggests that some of the sire lines were performing better when 

weaning multiple lambs if expectations are based on sire EBVs for dry ewe 

weights at weaning.  The genetic variance associated with the sire x current 

number of lambs weaned interaction was halved when the records from ewes 

that failed to wean a lamb were removed.  
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Sire correlations between the ewe’s fat score when weaning a single lamb and 

when weaning multiple lambs were high with a genetic correlation of 0.92. 

Strong correlations of 0.87 and 0.74 occurred between the ewe fat score when 

rearing zero lambs and their fat score when weaning single or multiple lambs 

respectively. 

3.5. Discussion  

3.5.1. Breeding for weight and fat change 

Weight and condition loss occurs during periods of negative energy balance, 

when the ewe relies on her body stores to meet the demands of rearing a lamb. 

The level of weight and condition loss is limited by the size of the energy stores, 

such that ewes carrying more condition have a greater level of energy stores that 

can be mobilised as required.  Therefore, ideally selection can be made for an 

individual that relative to others, is genetically heavier in the “tough” period and 

genetically lighter in the normal periods. Re-ranking of genetic lines during a 

period of energy deficiency would allow for selection of a ewe that is resilient to 

normal weight change. 

A lack of genetic variation in fat score change provides minimal opportunity to 

select against phenotypic fluctuations in weight and fat score. Young et al. (2011) 

suggested that whole farm profitability would be improved by breeding for a 

stable weight profile and Rose et al. (2013) proposed that selection against 

weight loss will lead to less fluctuations in the weight profile. Heritability of 

weight change across the production cycle in the current study ranged from 0.04 

to 0.23 and indicates limited scope for selection. These values are weaker than 
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those estimated by both Rose et al. (2013) of (0.11 to 0.33) and  Rauw et al. 

(2010) (0.29). The lower heritability estimates in this study for weight change 

compared to estimates by Rose et al. (2013) could have partly resulted due to 

differences in data treatment between studies with  Rose et al. (2013) adjusting 

liveweight for the fleece or conceptus weight. Rose et al. (2013) also reported 

slightly greater phenotypic variation in the change traits (weight loss 6.24-10.9 

kg2, weight gain 23.5-29.3 kg2) than identified in the current study (6.25 – 21.05 

kg2, Table 3.7) which could contribute to the diference between studies. The low 

heritability and phenotypic variation of change traits and the inability to define 

selection periods for weight change limit the potential for selection on increased 

weight or fat in the tough periods without an increase in overall size. 

3.5.2. Correlation of weight and fat across time 

The phenotypic correlation between ewe fat score at weaning and ewe fat score 

across the production cycle was moderate (0.29 to 0.48), suggesting a moderate 

preservation of sire rankings. However, the genetic correlations of fat score 

across the production cycle were high (0.88 to 0.98). The strong genetic 

correlations between time points is supported by Shackell et al. (2011) who 

found a range of 0.74 to 0.91 for genetic correlations between body condition 

score across the production cycle. Moreover, Lambe et al. (2004) found strong 

genetic correlations between time points for scanned carcase fat (0.78 to 0.98), 

internal fat (0.57 to 0.87), and muscle (0.48 to 0.92) in an analysis of Scottish 

Blackface ewes. The lowest genetic correlations reported by Lambe et al. (2004) 

were associated with measurements during mid-lactation. The analysis of weight 

in the current study produced strong genetic correlations between time points 
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(0.93 to 0.98) which were noticeably stronger than those for fat score or 

previous estimates of Lambe et al. (2004) and Shackell et al. (2011) for body 

composition traits. 

Whilst the heritability of change traits is similar to that reported by Rose et al. 

(2013), the heritability and phenotypic variance estimates for the weight and fat 

change traits are not ideal for genetic improvement in change traits. As a result 

the focus of the analysis moved from looking at change to looking at the 

variation and re-ranking of weight and fat score. The genetic variance in the 

change trait can be estimated using the following, 

σ2
(Time point 2 – Time point 1)= σ2

(Time point 2) + σ
2

(Time point 1) – 2x cov (Time point 2, Time point 1) 

in which σ2
(Time point 2)  and σ2

(Time point 1)   are the additive genetic variance for the 

trait at time points 1 and 2 and cov (Time point 2, Time point 1) the covariance between 

the measurements of different times. The variance in the change trait as a result 

is dependent on the covariance between the two traits. With the correlation 

between time points being very high and positive in this study (Table 3.9) and 

previous literature (Lambe et al. 2004; Shackell et al. 2011), the genetic variance 

in the change traits will be small unless there is large independent genetic 

variation in the change traits. The multi-variate analysis (Model 4) was used in 

this case to validate the strong genetic correlations between time points (Table 

3.9) whilst at the same time highlighting potential difference in genetic variance 

between traits. The multi-variate analyses focuses on the consistency of sire and 

breed performance across traits and formally tests for deviations from this. The 
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genetic variation weight and fat score was highly repeatable across production 

cycles, cohorts and time points (Table 3.11). 

The strong genetic correlations suggest that sire lines are not “re-ranking” across 

the production cycle and that it is virtually impossible to select for increased 

weight or fat at a single time point without corresponding increase occurring 

across the whole production cycle. The multi-variate analysis tested genotype x 

environment interactions for weight and fat score but found no evidence to 

suggest that sire lines or sire breeds were re-ranking between production 

environments, measurements or with age (Table 3.11). The repeatability of 

weight and fat score was very high with 91% and 92% of genetic variance 

constant across cohorts, measurement time points and production cycles (Table 

3.11). The very high correlations observed between measurements for weight 

and fat score suggest that variation in the larger trait is driving the variation in 

the change trait. 

Osman and Bradford (1965) found no genetic re-ranking of sheep breeds for 

weight from birth to 450 days. Osorio-Avalos et al. (2012) reported a significant 

genotype x environment interaction for weaning and adult weights under high 

and low nutrition but the genetic “re-ranking” difference in performance was 

minimal. Carrick and van der Werf (2007) suggest that the correlation between 

yearling and hogget body weight across extreme environments is only moderate, 

0.61 and 0.70 respectively, suggesting potential re-ranking. Whereas the 

correlation was moderate for yearling fat depth across environments (0.62) 

hogget fat depth was strongly correlated across environments (0.91) (Carrick and 
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van der Werf 2007). Research in pigs suggest that there is minimal genetic 

variation in the sows ability to mobilise back fat (Hermesch et al. 2010) 

suggesting there is no genotype by environment interaction. The lack of a 

genotype by environment interaction for back fat was also observed in the 

growing pig (Cameron and Curran 1995). Arango et al. (2002) reported very high 

genetic correlations for weight at different ages (0.92 -1.00) and high genetic 

correlations for condition score between ages (0.67-0.90) and seasons (0.98-

1.00) in beef cattle. Results herein and previous studies suggest that the ability to 

select for individuals that are better at maintaining weight or fat in tougher 

environments without an overall increase in weight or fat is limited. 

3.5.3. Breeding heavier and fatter ewes 

Large variation in weight and fat score as well as heritability ranges of 0.41 to 

0.55 and 0.21 to 0.26 for weight and fat score respectively (Table 3.6) 

demonstrate the potential to breed for a heavier or fatter ewe. Heritability 

estimates within the current study for weight align with the heritability range 

presented by Safari et al. (2005) (0.29 to 0.42). The idea of breeding for a 

“robust” ewe is based on the ability to select for proportionally more body 

reserves, which the ewe can rely on during periods of stress, whilst maintaining 

the performance of key output traits (Knap 2008; Napel et al. 2009). The low-

moderate heritability estimates (0.21-0.26) of fat score in this study are similar to 

Shackell et al. (2011) in terms of an estimate for body condition score and those 

of Fogarty (1995) and Safari et al. (2005) for ultra-sound fat depth. Fat score, due 

to the simplicity of assessment, provides the potential to improve ewe fat 

reserves at any time point across the production cycle. 
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Selection can be made for increased weight across the production cycle with 

weight moderately heritable across the production cycle. The phenotypic 

variation in weight peaked at weaning with the genetic variation in weight 

remaining constant across the production cycle (Table 3.6) (Shackell et al. 2011). 

The Border Leicester, White Suffolk and East Friesian sires produced the heaviest 

first cross ewes. However, the East Friesian crosses whilst being heavy, were 

considerably leaner (Figure 3.2).  

In the current study ewe weight was moderately positively correlated with fat 

score (0.22 to 0.48, Table 3.8). However, 88% of the genetic variation in weight 

was independent of fat score and as a result selection for more weight will most 

likely lead to increased size and not just more fat. One of the major influences on 

the relationship between weight and condition is the frame of the ewe (Kenyon 

et al. 2004). Kenyon et al. (2004) found that larger framed Romney ewes needed 

to gain 7.88kg compared to 4.78kg needed by the smaller framed composites for 

a 1 unit change in condition. Potentially for the genotypes represented in this 

work, the larger framed ewes require more weight gain to achieve the same 

proportional change in condition as smaller ewes. The positive moderate genetic 

correlation between these two traits suggests that selection on either weight or 

fat score will lead to heavier and fatter ewes. However, the maintenance energy 

and protein demands of the ewe are directly related to ewe size (Kearl 1982; 

Freer et al. 1997). To avoid producing too large a ewe and potentially 

exacerbating the effect of poor feed availability ewe size should be optimised 

with selection focussing on increased fat stores within an optimised ewe weight. 
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3.5.4. Influence of fecundity on ewe weight and fat 

The breeding ewe mobilises energy reserves to produce lambs, with the ewes 

that weaned multiple lambs 4% lighter and 18% leaner than single rearing ewes 

at weaning. As a result the multiple bearing ewes had to gain more weight and 

fat before the next cycle to be in equivalent condition for joining. They failed to 

do this so these ewes were significantly leaner (0.2 scores) by the beginning of 

the next production cycle. The difference between the stresses on the ewe when 

rearing multiple lambs and that of the barren ewe is potentially due to some 

ewes coping better with the stress associated with rearing multiple lambs. Sire 

breed did not influence the ewe’s ability to maintain fat when weaning a single 

or multiple lambs above the constant breed effects on fat score. The sire 

correlations for weight at weaning between barren weight and weight when 

rearing multiple lambs was just 0.76 and for fat score the correlation was 0.74. 

This would suggest that only 56% of the genetic variation is in common between 

the traits expressed in ewes in different physiological states. Whilst this indicates 

that there is potential to select for individuals that perform better under the 

increased stress of rearing multiple lambs, it is common in most production 

systems to cull barren ewes after their first or second failed mating (Lee et al. 

2009). Consequently, if producers were to select for ewe condition at the 

following mating it is most likely that the dry ewes would have already been 

culled. Therefore current selection is already being carried out on the ewe’s 

ability to maintain weight when under the stress of rearing a lamb. 
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3.5.5. Improving maternal performance in a variable environment 

The results of this study suggest that in order to breed an animal that is heavier 

and fatter than her contemporaries in the “tough” times, selection should be 

made for more overall weight or fat. Whilst this will generate a correlated 

increase in weight or fat at all times, it will not influence the natural fluctuations 

in weight and fat. Therefore nutritional management of breeding ewes still 

remains the best tool to limit weight and fat fluctuations across the production 

cycle. The current high genetic correlations between adult weights and young 

animal weights (0.74 to 0.99) are supported by the previous estimates of 

Shackell et al. (2011) of 0.73 to 0.97. This indicates the potential to genetically 

equip the breeding ewe with weight and fat reserves for the “tough” times by 

selecting for increased weight and fat as a lamb. 

3.6. Conclusion 

The key finding of this study is that the majority (74%) of genetic variation in 

weight is constant across the production cycle and so it can be concluded that 

“genetic re-ranking” throughout the production cycle is minimal and could be 

considered negligible relative to weight at any given time. Therefore robustness 

is not so much about the change in condition across the year, but actual 

condition during the tough times of the year. The results suggest the most likely 

way to genetically improve weight and condition at tough times during the 

production cycle is to have more genetic weight and condition at all times. This 

can, in the case of adult weight, be achieved by selecting on post weaning 

weight. Ideally, the focus should still remain on output traits as condition is really 

a proxy (character) of maternal performance.  
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4.1. Abstract 

The success of slaughter lamb enterprises is heavily influenced by the ability of 

the breeding ewe to produce a lamb annually across variable environments. It 

has been shown that by maintaining heavier weight and condition across the 

annual production cycle, producers can make significant improvements in 

maternal performance. This paper follows on from a previous analysis of 

crossbred ewes within the Maternal Central Progeny Test and examines the 

potential to select for reduced fluctuation in weight and fat across the 

production cycle. A cubic spline model was fitted to the weight and fat score 

data from the first three parities of 2,688 first cross ewes. The analysis 

partitioned the influence of environment, reproduction and genetic effects on 

the shape of the weight and fat score splines across three parities. Yearly and 

seasonal variation in feed supply and the demands of raising a lamb are the 

major influences on fluctuations in the weight and fat score of the breeding ewe. 

The genetic effects were constant across time with 98% and 92% of the genetic 

variation for weight and fat respectively associated with the spline’s intercept. In 

agreement with the findings of the first paper of the series it can be concluded 

that genetic lines do not re-rank for weight or fat score over time. The influence 

of sire breed on weight and fat score was constant across time with sire breeds 

fluctuating in parallel across time. As a result it is concluded that to avoid low fat 

reserves and the subsequent low fertility during the “tough” periods, selection to 

improve ewe body condition could be made at any time and under any 

environmental conditions. 
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4.2. Introduction 

The major profit driver in slaughter lamb production systems is the ability of the 

breeding ewe to produce a lamb (Snowder and Fogarty 2009).  The increased 

energy and protein demands of rearing a lamb (Freer et al. 1997) result in the 

ewe mobilising energy stores during lactation, and as a consequence weight and 

condition loss regularly occurs (Vernon et al. 1981; Chilliard et al. 2000). The 

breeding ewe relies on body reserves to successfully reproduce, and so fatter 

and heavier ewes tend to be more productive. Consequently producers use live 

weight and body condition as an indicator of ewe wellbeing and reproductive 

potential (van Burgel et al. 2011).  

Lifetime wool guidelines (Oldham and Thompson 2004) encourage producers to 

manage ewes so that they reach joining at condition score 3 and on average do 

not fall below 2.5 during gestation (Edwards et al. 2011). The weight and 

condition of the ewe fluctuates due to reproductive and environmental stress 

and in some cases will fall below the desired condition of 2.5. A strong 

phenotypic relationship means that maintaining ewes in good condition leads to 

improved joining success (higher twinning rates) and reduced mortality levels in 

the ewe and lamb (Kenyon et al. 2004; Oldham and Thompson 2004).  

It was proposed in Chapter 3 that to breed against the natural weight and 

condition profiles of the ewe i.e. for less fluctuations in condition, genetic lines 

need to re-rank across the “good” and “tough” periods. Strong genetic 

correlations between time points within the production cycle for weight and fat 

score suggest that genetic lines do not re-rank (Chapter 3).  With 74% and 77% of 
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the genetic variation in weight and fat score respectively being constant across 

the production cycle, the ability to select against fluctuations in body shape 

seems limited (Chapter 3). This suggests that the individual ewe’s genes do not 

influence the magnitude of fluctuations in weight or condition in response to 

environmental and reproductive stress. 

High genetic correlations between time points suggest that weight and fat score 

should be treated as single traits that have multiple measurements across the 

ewe’s breeding life (Chapter 3). The Maternal Central Progeny Test (MCPT) has 

12 measurements across 3 production cycles providing the opportunity to 

analyse weight and fat across a longitudinal data set. The strength of cubic 

splines and their ability to model the shape of longitudinal data was presented 

by Verbyla et al. (1999) and the method has been used to predict lactation 

curves in dairy cattle (Beerda et al. 2007; Verbyla and Verbyla 2009). Verbyla et 

al. (1999) outlined the use of a cubic spline model to analyse longitudinal data 

separating out variation in weight and fat score profiles into an intercept, linear 

and curved components. Large genetic variation in the linear or curved 

components would suggest that genetic lines re-rank over time and that 

selection could be made for a breeding ewe that is resilient to weight and fat 

change. 

The aim of this paper is to endorse the findings and method of analysis in 

Chapter 3 which showed that the genetic variation in weight and fat score is 

constant across production cycles and age. This paper describes the use of a 

cubic spline model to quantify the influence of maternal performance, 
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management system, environmental (seasonal and annual) variation, breed and 

sire have on fluctuations in weight and fat score across the lifetime of the 

breeding ewes. It is hypothesised that fluctuations in weight and fat across the 

production cycle are predominantly influenced by reproductive and 

environmental stress and not the genes of the sires. 

4.3. Methods 

4.3.1. Data 

The study involves the data from 2,688 first cross ewes born over three years in 

the Maternal Central Progeny Test (MCPT) (Fogarty et al. 2005b). The first cross 

ewes were the progeny of 91 sires from 22 maternal breeds with major sire 

contributions from Border Leicester, East Friesian and Finn breeds. Ewes were 

naturally mated with terminal sires at 3 research sites at Cowra, Hamilton and 

Rutherglen. Three joining opportunities were provided to each ewe with weight 

and fat score measured at 4 time points; pre-joining, post-joining, mid-pregnancy 

and weaning across the 3 parities. Thus, providing 12 measurements per ewe to 

which the cubic spline was fitted. Further description of the data and first cross 

ewes including trait means and standard deviations at the twelve time points can 

be found in Table 3.3. 

4.3.2. Statistical Analysis 

4.3.2.1. Cohort 

Contemporary groups were formed to account for the major influences on 

weight and fat score across the production cycles. Five cohorts were formed to 

avoid confounding between research stations (Cowra, Hamilton and Rutherglen), 

dam breeds (Merino and Corriedale) and timing of lambing (Spring or Autumn). 
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These cohorts were 1. Autumn joining ewes at Cowra (587 ewes), 2. Spring 

joining ewes at Cowra (573), 3. First cross Merino ewes at Hamilton (383), 4. First 

cross Corriedale ewes at Hamilton (311) and 5. Ewes managed at Rutherglen 

(834, Chapter 3).  

4.3.2.2. Pregnancy status 

Results in Chapter 3 demonstrated that the weight and fat score of the ewe is 

influenced by her previous and current reproductive status. Therefore, 

contemporary groups were formed to allow the estimation of weight and fat 

score splines across time based on the cumulative reproductive status of the ewe 

across three parities (lambing opportunity). Each ewe was assigned a code 

dependent on the number of lambs weaned (NLW) per parity. The reproductive 

status of the ewe in the three production cycles was split into groups by the 

NLW, into three groups: dry, reared a single or reared multiple lambs. The code 

for the three parities was combined giving each ewe a three part code resulting 

in 27 reproductive status groups (Table 4.1). 

Table 4.1: Lifetime reproductive status of the first cross ewes and the number 

of ewes in each class. (D = dry or zero lambs, S = single lamb, M = multiple 

lambs) 

Reproductive 

status 

Records Reproductive 

status 

Records Reproductive 

status 

Records 

D – D – D 127 S – D – D 33 M – D – D 6 

D – D – S 121 S – D – S 93 M – D – S 8 

D – D – M 89 S – D – M 52 M – D – M 12 

D – S – D 96 S – S – D 72 M – S – D 14 

D – S – S 255 S – S – S 320 M – S – S 50 

D – S – M 159 S – S – M 304 M – S – M 71 

D – M – D 37 S – M – D 32 M – M – D 9 

D – M – S 97 S – M – S 121 M – M – S 50 

D – M – M 120 S – M – M 224 M– M – M 116 
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4.3.2.3. Statistical model 

A cubic spline model was analysed in ASReml (Gilmour et al. 2009) to estimate 

sire variation in the intercept, linear and curved components of the ewe lifetime 

weight and fat profiles. The splines began with the first measurement at pre-

joining of the first parity. Measurement points were on average at days 0, 37, 

115, 276, 371, 421, 478, 629, 736, 782, 840 and 997 thus providing twelve knot 

points on which the cubic spline was based. Day was centred at day 473 and 

scaled so that the standard deviation of day was one. 

The model fitted in the following analysis was based on the models fitted in 

Chapter 3. The base spline model was first created taking into account variation 

due to day and the spline by day effect. To describe the variation away from the 

base spline the overall effects of cohort (5 levels), cohort x year (1998-2001), 

reproductive status (27 levels), Source of dam (10 levels) nested within cohort, 

sire breed (7 breeds), and sire (91 sires) were fitted. The interactions between 

the factors with the linear and curved spline components were also fitted (Table 

4.2). The change in the log-likelihood was used as an indicator of significance at 

the 95% confidence level. The final model developed for the analysis of weight 

was also used for fat score. 

4.4. Results 

Production environment (cohort & cohort x year), age at first joining (ewe lamb 

vs. hogget), reproductive status, sire breed and sire within breed influenced the 

shape of the weight and fat splines over the three parities. The base spline 
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represented a ewe that grew 25kg over the three production cycles with her fat 

score fluctuating around 3 to 3.5 (Figure 4.1). 

 

Figure 4.1: Predicted overall splines for weight (a) and fat score (b) profiles 

across first three reproductive cycles. Dotted lines represent 95% confidence 

intervals. 

 

4.4.1. Effect of cohort and yearly variation 

Comparison between cohorts allows for the influence of age, dam breed, joining 

season and research station to be quantified. The older ewes at Struan - 

Rutherglen (19 months) and the Spring joining ewes at Cowra (14 months) were 

upwards of 20 kg heavier at pre-joining of the first parity and greater than half a 

fat score fatter than the cohorts that had their first joining at 7 months of age 

(Figure 4.2). The younger ewes were still going through their growth phase and 

by the start of the third parity were only 10 kg lighter (Cowra Autumn vs. Cowra 

Spring). The Autumn joining ewes at Cowra whilst being lighter at joining than 

their Spring joining contemporaries also experienced a greater level of 

fluctuation in weight most likely due to differences in seasonal pasture supply 

(Figure 4.2). The Hamilton cohorts differed only by the breed of their mothers. 

The first cross Corriedale ewes were heavier and fatter than the first cross 
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Merino ewes with the two cohort splines fluctuating in parallel across the three 

parities (Figure 4.2).  
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Figure 4.2: Predicted weight and fat score splines for the five environment 

cohorts and the variation with year of first joining. Ewes first joined in 1998 

(Solid line), 1999 (dashed line), 2000 (dotted line) and 2001 (grey solid line) 
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Year, refers to the year in which the ewe had her first joining opportunity. By 

fitting year, the model can adjust for the seasonal conditions experienced by the 

ewes over the three parities. Environmental variation within cohort was a major 

influence on the fluctuations in weight and fat across time influencing the 

intercept and curvature of the weight and fat score profiles. The year to year 

variation in curvature within cohort was much larger than the across year cohort 

effect for both weight and fat score (Table 4.2). Seasonal variation within years 

had a noticeable influence on the curvature of the spline. The greater level of 

fluctuation in the Autumn joining flock at Cowra compared to the Spring joining 

flock highlights the value in aligning the pasture supplies with the feed 

requirements of the breeding ewes (Figure 4.2). This demonstrates that seasonal 

and year effects on feed supply have the greatest influence on fluctuations in 

weight and fat. 

Table 4.2: Variance components for each model term for weight and fat score 

profiles across the first 3 reproductive cycles 

 Weight Fat Score 

Term Intercept Linear Curvature Intercept Linear Curvature 

Mean Fixed Fixed 0.000 Fixed Fixed 0.505 

Cohort Fixed 4.292 100.402 Fixed 0.014 0.000 

Cohort by year 6.973 1.191 198.076 0.101 0.005 3.524 

Dam Source Fixed 0.125 0.005 Fixed 0.001 0.000 

Reproductive status Fixed 0.550 7.921 Fixed 0.012 0.119 

Sire breed 6.367 0.257 0.005 0.090 0.002 0.001 

Sire 4.772 0.255 0.027 0.027 0.003 0.001 

Reproductive status x sire breed 0.000 0.045 0.000 0.002 0.000 0.000 

Reproductive status x sire  14.750 0.096 0.000 0.063 0.004 0.001 

Residual 25.038   0.340   

 

4.4.2. Effect of reproductive status 

Reproductive status of the ewe influenced the fluctuations in weight and fat 

across the production cycles. The influence of reproductive status on the 
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fluctuations in the weight and fat profiles was noticeably smaller than the 

influence of yearly environmental variation (Table 4.2). However, ewes that were 

barren in all three parities were 10kg heavier than ewes rearing singles by the 

start of the second joining period and maintained a heavier weight across the 

second and third parities (Figure 4.3). The weight profile of ewes weaning 

multiple lambs every year was greater than that of ewes that weaned a single 

every year and was influenced by increased conceptus weight associated with 

multiple births. This suggests that the influence of having an extra lamb on ewe 

weight was minimal. However, highly prolific ewes were lighter near weaning of 

the third parity (Figure 4.3). The ewes that raised a single lamb in the first parity 

were almost a whole fat score leaner than the barren ewes (Figure 4.3). The 

highly prolific ewes were half a fat score leaner by the end of the third parity 

compared to ewes producing a single lamb per parity. The cost of having the 

extra lamb at each lambing resulted in the ewe failing to recover fat levels at the 

same rate as single rearing ewes with the highly prolific ewes being leaner over 

time (Figure 4.3). 

 

Figure 4.3: Effect of reproductive status on the predicted weight and fat score 

splines across three joining opportunities. Barren ewes (D-D-D) are represented 

by a solid black line, ewes producing a single lamb each year (S-S-S) by the 

larger dash and the ewes producing multiple lambs (M-M-M) each year 

represented by the dotted line. 
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4.4.3. Genetic variation in weight and fat profiles 

The effect of sire breed and sire on weight and fat score was constant across 

time. Variation due to sire breed accounted for 12% of the phenotypic variation 

in weight and 17% of the phenotypic variation in fat score and the effects did not 

change significantly with Maternal Performance (Pregnancy Status) or over time 

(Table 4.2) with sire breeds fluctuating in parallel (Figure 4.4). Sires within Sire 

Breed explained somewhat less variation than Sire Breed and also did not change 

over time (Table 4.2). However, there was a larger effect of the Sire by Pregnancy 

Status (Maternal Performance) interaction (Table 4.2), independent of time, on 

both weight and fat score. While sire breed and sire had statistically significant 

effects on the linear and curved component of the weight and fat profiles, the 

phenotypic and genetic variances associated with these effects were negligible 

(Table 4.2). The results suggest that sires and sire breeds do not change ranking 

across time for either weight or fat score. 

 

 

Figure 4.4: Predicted weight and fat score profiles for the major first cross sire 

breeds. Sire breeds in order from heaviest to lightest; White Suffolk, East 

Friesian, Border Leicester, Coopworth, Booroola Leicester, Finn, and Corriedale. 
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4.5. Discussion 

4.5.1. Selection against fluctuations in weight and fat 

Breed and sire lines fluctuated in parallel for both the weight and fat score 

splines. All of the influence of sire and breed occurred on the splines intercept so 

it is concluded that sire lines do not re-rank across time for weight or fat score. 

The multivariate analysis used on the data previously showed that 74% and 77% 

of the genetic variation in weight and fat, respectively, was constant (Chapter 3). 

Whilst the results from the multi-variate analysis in Chapter 3 were weaker than 

in this analysis, only 6% and 10% of the genetic variation in weight and fat, 

respectively, was associated with time point, maturity or genotype x 

environment interactions. Strong genetic correlations between time points for 

weight and fat score Chapter 3 support the conclusion that genetic lines do not 

“re-rank” across the production cycle.  

The interaction between sires within reproductive status categories at the 

intercept accounted for 56% and 33% of the genetic variation in weight and fat 

score. The results suggest there is re-ranking of sires depending on reproductive 

status and that the re-ranking is determined by maternal performance but 

remains constant throughout the production life. The multi-variate analysis in 

Chapter 3 showed genetic re-ranking within number of lambs weaned (0, 1, 

multiple) which accounted for 17% and 13% of the genetic variation in weight 

and fat score, respectively. It was also shown that this was primarily an effect of 

barren ewes as the genetic correlations between ewe performance when rearing 

a single and when rearing multiple lambs being 0.93 and 0.92 for weight and fat 

score, respectively (Chapter 3). In contrast, the correlation between ewe 
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performance when barren and when rearing multiple lambs was 0.76 and 0.74 

for weight and fat score respectively. The influence of the interaction on the 

intercept was found not to be as a result of ewe age (ewe lamb vs. hogget 

joining) or if the ewe produced a lamb as a result of her first joining. The re-

ranking of sires based on the performance of barren ewes is the most likely 

influence although this is potentially due to heterogeneous variance rather than 

re-ranking. However, as was concluded in Chapter 3, this potential re-ranking 

would be of little commercial relevance as selection on ewe weight and fat score 

should already be carried out on the ewes that have weaned a lamb.  

In Chapter 3 it was concluded that whilst Young et al. (2011) provided an 

economic value in selecting ewes resilient to weight change, the ability to breed 

for such an individual was limited. Rose et al. (2013) suggested that selection 

could be made against weight change through selection against weight loss 

which they found was lowly to moderately heritable. By contrast in this study, 

sire and sire breed had negligible influence on the linear or curved components 

of the weight and fat score splines. It is possible that selection on weight change 

is just a proxy for selection on overall weight. As a result, fluctuations in weight 

and fat score across the three production cycles were influenced almost entirely 

by the environmental and reproductive stresses placed on the ewe. 

4.5.2. Breeding for a maternally productive ewe 

With the potential for selection against change in weight and fat score being 

limited, a better solution is to breed for increased weight or fat at a given time. 

The economic value of the flatter weight profile was influenced by the ability for 
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the breeding ewe to meet Lifetime Wool Guidelines (Oldham and Thompson 

2004) and in turn improve maternal performance (Young et al. 2011). Selection 

for increased genetic merit for weight or fat, for which Australian Sheep Breeding 

Values are available, for both body weight and ultra-sound fat at a range of 

measurement ages could provide the ewe with an insurance policy against 

environmental and reproductive stresses. Knap (2008) stated that breeding pigs 

for an “insurance policy” will produce a more robust individual. As genetically 

fatter individuals fluctuated in parallel to the leaner individuals, they need to lose 

a greater amount of fat before they reach a threshold and are at risk of being too 

lean. Selection on fitness traits such as weight and fat will help to produce a 

robust sheep that can maintain reproductive performance in variable production 

environments. 

4.5.3. Influence of environment on weight and fat fluctuations 

Cohort and year had the greatest influence on the linear and curved components 

of the weight and fat score splines. Thus environmental variation in feed supply 

has the greatest influence on fluctuations in weight and fat during the lifetime of 

breeding ewes. As a result, it can be concluded that management holds the key 

to maintaining ewe weight and fat above thresholds required for successful 

reproduction. The greatest energy and protein requirements on the breeding 

ewe occur during the last trimester of pregnancy and lactation (Freer et al. 

1997). Standard practice in the sheep industry has been to minimise the effect of 

seasonal variation in pasture supply by aligning the reproductive cycle so 

lactation occurs during peak pasture production. The results showed that the 

magnitude of fluctuations in weight was greater in the autumn joined ewes 
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compared to their spring joined contemporaries (Figure 4.2). Whilst the influence 

of seasonal variation in pasture supply affected by rainfall can be managed 

temporal variation in rainfall often exceeds the seasonal variation and cannot be 

foreseen in many cases (Nicholls et al. 2012). By selecting for increased genetic 

fat, the producer can potentially both safe guard against temporal variation in 

rainfall and reduce reliance on supplementary feed. 

4.5.4. Influence of reproduction on weight and fat fluctuations 

This study has shown that the highly prolific ewes struggled to restore their fat 

reserves before the next joining period and that as breeding opportunities 

accumulated, they continue to be leaner than their contemporaries. The 

increased demand of rearing multiple lambs increases the ewe’s requirement to 

mobilise fat reserves (Vernon et al. 1981; Chilliard et al. 2000). Managing twin 

bearing ewes separately to single bearing ewes across the last trimester has 

been shown to improve weaning weights in twin born lambs (Edwards et al. 

2011). Separating the ewes by reproductive status allows producers to better 

manage feed supply and demand. The results suggest that multiple rearing ewes 

should be preferentially treated all the way through to joining to prevent highly 

prolific ewes being culled from the breeding system due to the influence of poor 

condition on maternal performance. 

4.6. Conclusion 

Breed and sire lines maintained their superiority for weight and fat score across 

the three annual-production cycles. With sire and breed having no influence on 

the linear and curved components of the spline it can be concluded that 
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selection cannot be made against fluctuations in the weight and fat profiles. This 

strongly supports the previous findings in Chapter 3 and highlights the 

importance of feed management in maintaining ewe condition above 

reproductive thresholds. 
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5.1. Abstract 

The profitability of southern Australian sheep production systems is dependent 

on the optimisation of stocking rates by meeting the nutritional demands of the 

breeding ewe whilst effectively utilising grown pasture. The aim of the study is to 

evaluate the genetic variation in weight and body condition of Merino ewes 

across their breeding life within a wool based enterprise. The results were 

consistent with findings in crossbred ewes and showed that the genetic 

component of weight and body condition remained constant across the 

production cycle and age. The overall additive genetic effect accounted for 92% 

of the genetic variation in weight of Merino ewes bred across five production 

cycles. A genetic correlation of 0.85 suggested that ewes which were superior at 

maintaining their condition when rearing a single lamb will maintain this 

superiority when rearing multiple lambs. To improve weight and condition of 

Merino ewes during the “tough” times, selection can be made at any time and 

this will result in more genetic condition at all times. 

5.2. Introduction 

Over recent decades, the Merino wool industry has seen a reduction in its real 

farm value of about 60% to under $1.8 billion in 2009 while the real farm value 

of lamb production has increased to $1.75 billion in 2009 (Rowe 2010). Even with 

an improvement in wool returns in recent years (ABS 2013), lamb and meat sales 

are still contributing a large proportion of farm income. As Merino based 

enterprises take advantage of the increased value of slaughter lambs the 

profitability of the Merino enterprise has become increasingly dependent on the 

ewe producing a lamb annually (Snowder and Fogarty 2009). However, the 
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Merino breed is not renowned for its maternal performance especially when 

rearing twin lambs (Edwards et al. 2011). 

There is a strong phenotypic relationship between ewe weight and condition 

with maternal performance. Lifetime wool has guided producers to achieve high 

average live weight and condition scores (score of 3 on 1 - 5 scale) at mating 

(Oldham and Thompson 2004) and to maintain body condition above 2.5 during 

gestation (Edwards et al. 2011). Increased phenotypic condition and weight in 

Merinos have been linked to increased twinning rates, improved joining success, 

reduced ewe mortality during pregnancy and increased lamb survival (Curnow et 

al. 2011; Young et al. 2011). A whole farm economical study by  Young et al. 

(2011) has proposed that it is profitable to breed for a ewe that maintains a 

constant body weight therefore changing the genetic component of weight 

during “tough times” to produce a ewe that is more likely to hit the phenotypic 

weight and condition targets and in turn improve maternal performance. 

The heritability of weight change (kg gained) ranges from low to moderately 

heritable (Rauw et al. 2010; Rose et al. 2013, Table 3.7), whilst change in fat 

score across the production cycle was lowly heritable (Table 3.7). Whilst the 

heritability is low, the findings suggest that selection can be made against weight 

loss in ewes. However, very strong correlations between measurements across 

time for weight and body condition (fat score) in Table 3.9 and by Shackell et al. 

(2011) suggest that additive genetic variance does not change much across the 

production cycle. Chapter 3 supports these findings by showing that 74% and 

79% of the additive genetic variation in weight and fat score, respectively, is 
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constant across the production cycle. It has also been reported that breed and 

sire lines had no effect on the curvature of the weight and fat score profiles 

across the production cycle (Chapter 4). This would suggest that genotypes do 

not “re-rank” across the production cycle and that genetic variation in weight 

change is most likely dependent on the ewes overall genetic weight. 

The findings in Chapter 3 and 4 suggest that Rose et al. (2013) has over stated 

the value of selection on weight change traits (kg gained). The perceived 

differences between the two findings relate to, 1. The breed of the ewe with 

Chapter 3 focussed on crossbred ewes whilst Rose et al. (2013) examined Merino 

ewe data. 2.  Rose et al. (2013) reported a phenotypic variation in weight change 

(weight loss 6.24-10.9,weight gain 23.5-29.3) that was larger than observed in 

Chapter 3 (6.25-21.05). 3. Differences in analysis techniques and the potential 

influence of adjusting for conceptus weight and fleece weight. 

 The Merino “D Flock” run at Trangie provides weight and body condition records 

across the breeding life of ewes managed within a wool based enterprise in a low 

rainfall grazing system. Weight and body condition score of ewes were measured 

four times per year; at pre-joining, mid-pregnancy, pre-lambing and weaning on 

average across 5 parities. The D flock comprises data across the major Merino 

strains ranging from fine wool Merino to the South Australian Strong wool strains 

(Mortimer and Atkins 1989). Repeating the analysis reported in Chapter 3 in this 

case on the D Flock data will help to obtain an understanding of at least two (1 

and 2) of the major factors leading to potential differences between the findings 

in Chapters 3 and 4 and Rose et al. (2013). It is hypothesised that the influence of 
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genetic factors on ewe weight and fat are maintained uniformly across seasons 

and remain unaffected by changes in reproductive status (fecundity and stage of 

pregnancy). As a result, genetically heavier and fatter ewes will remain 

genetically heavier and fatter in both the “tough” and “good” times. 

5.3. Materials and Methods 

5.3.1. Data and management 

The study used data from the multiple-bloodline D flock managed at the 

Agricultural Research Centre Trangie from 1975 to 1989 (Mortimer and Atkins 

1989). The research centre is located on the central western plains of New South 

Wales with the environmental conditions of Trangie previously described by 

Morley (1956).  

The ewes were maintained as fifteen distinct flocks but managed as a single 

group for key management practices (shearing etc.) (Mortimer and Atkins 1989). 

The flocks were sampled from across the Merino strains of importance at the 

time (fine-wool Saxon, medium-wool non-Peppin, medium-wool Peppin, South 

Australian strong-wool and medium-wool fertility Peppin, Table 5.1). The size of 

each individual flock was stabilised at 100 breeding ewes (apart from a fertility 

line stabilised at 200 breeding ewes), with replacement ewes bred from within 

each flock (Table 5.1). The original base flocks were established from 100 flock 

ewes (2 – 3 years old) sourced from stud and commercial flocks through random 

sampling. Weaner ewes were managed as separate mobs from the breeding 

flocks until their hogget shearing in October when replacements were selected in 

time for the next joining in February. Replacement ewes were first joined at 19 



Chapter Five 

159 | P a g e  

 

months of age with the average ewe allowed five mating opportunities in a 

spring lambing system. Management of the breeding ewes is described by Lee 

and Atkins (1996). 

Table 5.1: Flock structure of Trangie D flock. Number of ewes in each flock by 

year of birth with ewes entering the breeding flock in time for first mating at 

19mths. 

Strain Flock 1975 1976 1977 1978 1979 1980 1981 1982 1983 Total 

Fine wool Saxon 1 25 28 17 27 14 27 28 30 3 199 

 2 24 2 15 26 20 10 14 15 6 132 

Medium wool non-

Peppin 

3 28 29 22 25 20 20 20 60 26 250 

 4 29 27 23 24 20 21 23 41 28 236 

Medium wool Peppin 5 23 30 21 24 20 20 25 27 11 201 

 6 29 30 21 25 20 19 28 18 13 203 

 7 29 30 23 27 19 17 20 27 12 204 

 8 30 29 23 25 7 18 29 11 11 183 

 9 27 25 18 30 18 24 21 21 14 198 

 10 25 14 28 22 24 23 20 24 14 194 

 11 30 28 21 23 20 22 28 39 26 237 

 12 13 26 27 23 19 21 28 20 33 210 

 13 18 30 27 25 14 20 27 38 21 220 

South Australian 

strong wool 

14 27 11 11 29 39 24 18 37 13 209 

Fertility Line  

(medium wool 

Peppin) 

15 57 59 41 49 40 40 54 41 43 424 

Total           3,300 

 

The Merino ewes were weighed and body condition scored (scored 1 – 5 for fat 

coverage of the anterior lumbar vertebrate with 1 being lean and 5 being fat) at 

four measurement times across the production cycles (Russel et al. 1969). The 

first measurement on the ewes was taken one week prior to natural mating in 

single sire groups spanning a five week period. Ewes were then measured again 

at mid-pregnancy (6 weeks prior to lambing) pre-lambing (1 week prior to 

lambing) and at weaning. Lambs were weaned from their ewes at 4 -5 months of 

age. Ewes provided 20 weight and body condition measurements across five 

production cycles or parities (Figure 5.1). The change traits, as were described in 
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Chapter 3, refer to the gain in weight and body condition between time points 

within the production cycle. Ewes were weighed and body condition scored for 

an average of five parities including their first joining as hoggets. 

 

 

Figure 5.1: Timing of weight (solid line) and body condition (dashed line) 

measurements on D flock ewes. Measurements were taken at pre-joining 

(square), mid-pregnancy (triangle), pre-lambing (circle) and weaning (diamond) 

across the first five parities of the ewes breeding life. 

 

The data includes a total of 3,300 Merino ewes from 406 sires with an average of 

8 breeding ewe progeny per sire. Across the five parties, 57,568 measurements 

for weight and body condition score were available prior to the removal of 

statistical outliers. The means and standard deviations within measurements and 

across parities are shown in Table 5.2. 
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Table 5.2: Mean and standard deviation of weight and body condition records 

of Merino ewes at pre-joining, mid-pregnancy, pre-lambing and weaning across 

first, second, third, fourth and fifth parity. 

 Weight   Body Condition   

 Mean s.d Min Max Mean s.d Min Max 

First Parity 3300 ewes    3300 ewes    

Pre-joining 41.2 7.3 20 66 3.3 0.7 1 4 

Mid-pregnancy 43.5 6.0 24 66.1 3.2 0.7 1 4 

Pre-lambing 47.0 6.3 25 69 3.3 0.8 1 4 

Weaning 46.5 6.6 30 71 3.3 0.6 1 4 

Second Parity 3117 ewes    3117 ewes    

Pre-joining 44.9 7.5 27 73.2 3.2 0.7 1 5 

Mid-pregnancy 48.5 6.9 27.6 78.1 3.1 0.7 1 4 

Pre-lambing 52.0 7.1 30 80.6 3.1 0.8 1 4 

Weaning 49.0 6.9 31 75.7 3.1 0.8 1 4 

Third Parity 2925 ewes    2925 ewes    

Pre-joining 47.1 7.1 29 76.8 3.2 0.7 1 4 

Mid-pregnancy 52.1 7.8 31 80 3.1 0.7 1 4 

Pre-lambing 55.5 8.0 32 88 3.1 0.8 1 4 

Weaning 48.6 7.4 28 81 3.0 0.9 1 5 

Forth Parity 2623 ewes    2623 ewes    

Pre-joining 47.6 7.5 27.3 76.3 2.9 0.8 1 4 

Mid-pregnancy 53.0 7.8 30 83.3 3.0 0.6 1 5 

Pre-lambing 56.7 8.0 29.8 87.9 3.1 0.7 1 4 

Weaning 49.2 7.2 31 77 3.0 0.9 1 4 

Fifth Parity 2427 ewes    2427 ewes    

Pre-joining 50.0 7.6 32 80.2 2.9 0.7 1 4 

Mid-pregnancy 54.5 7.4 32 82.5 2.9 0.7 1 4 

Pre-lambing 57.3 7.8 32.7 86.5 2.9 0.7 1 4 

Weaning - -   - -   

 

5.3.2. Statistical Analysis 

An animal model with complete pedigree was fitted to weight and body 

condition measures at the four time points using ASReml (Gilmour et al. 2009) to 

estimate the extent of re-ranking of individuals estimated breeding value (EBV) 

across time points, reproductive cycles and environments. 

5.3.2.1. Time point analysis – Model 1  

A linear mixed model was fitted to weight and fat score at the four time points. 

The fixed model included year of joining (1976 -1989), Merino strain (fine-wool 

Saxon, medium-wool non-Peppin, medium-wool Peppin, South Australian strong-

wool and medium-wool fertility Peppin), flock (1 to 15), flock by year interaction, 
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parity (1 to 5) and joining age nested within parity (Table 5.3). The previous 

number of lambs weaned by the ewe (0, 1, multiple) and the parity interaction 

were fitted to account for the maternal performance in the previous year. 

Accounting for the maternal performance of the ewe during the current breeding 

system was limited by the timing of the measurement within the production 

cycle (Table 5.3). Mid-pregnancy measurements were fitted with fertility, dry vs 

lambed. The measurements at pre-lambing were fitted with the number of 

lambs the ewe were carrying (0, 1, multiple).  The weaning measurements were 

fitted with the number of lambs weaned (0,1, multiple). There were 13,811 

pregnancies within the study with 38% of the pregnancies failing to wean a lamb 

whilst 46% and 14% lead to the ewe weaning a single or multiple lambs, 

respectively. The pedigree and permanent environment effects were fitted as 

random terms to calculate additive genetic and permanent environment 

variance. 

5.3.2.2. Change Traits – Model 2 

The change traits calculated the weight or fat gained between points within the 

production cycle (Table 5.3). Change traits remained in the same units as the 

time point measurements. The fixed effects model fitted to the change traits was 

based on the effects fitted to the time point traits. The fitting of reproductive 

effects to change traits was based on the effects fitted to the time point in which 

the period of change concluded. 
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5.3.2.3. Multi trait analysis – Model 3 

The genetic variance in the change trait can be estimated using the following 

calculation 

σ2
(Time point 2 – Time point 1)= σ2

(Time point 2) + σ
2

(Time point 1) – 2x cov (Time point 2, Time point 1) 

in which σ2
(Time point 2)  and σ2

(Time point  1) are the additive genetic variances for the 

two traits and cov (Time point  2, Time point 1) is the covariance between the traits.  The 

variance in the change trait as a result is dependent on the covariance between 

the two traits. If the heritability of the change trait is representing a difference in 

the genetic merit of the two traits then the covariance and correlation between 

the traits must be small. To test this, multi-trait analysis looks at the consistency 

of the additive genetic variance under different conditions by fitting interaction 

terms associated with season, environment and reproductive status (stage of 

cycle and number of lambs weaned). 

In the multi-trait analysis, four time points within the five parities were assumed 

to be multiple measurements of the same trait allowing the use of a multi-

variate analysis. The fixed effects remain the same as the initial analysis with the 

random model adjusted to estimate genotype x environment interactions (Table 

5.3). The random fitted terms included additive genetic variance, additive genetic 

variance by year (1976 – 1989), additive genetic variance by parity (parity 1 to 5), 

additive genetic variance by measurement point, additive genetic variance by 

previous number of lambs weaned (dry, single, multiple) and additive genetic 

variance by current number of lambs weaned (dry, single, multiple; Table 5.3). 
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Table 5.3: Description of terms fitted within the models used to analyse the 

body composition traits measured on Merino ewes within the Trangie D flock. 

(mp = fitted to mid-pregnancy measurements, pl = fitted to pre-lambing 

measurements, w = fitted to weaning measurements, pj-mp = fitted to change 

trait between pre-joining and mid-pregnancy, mp-pl= fitted to change trait 

between mid-pregnancy and pre-lambing, pl-w/w-pj= fitted to change trait 

between pre-lambing and weaning and weaning and pre-joining). 

 Levels Model 1 Model 2 Model 3 Components 

Fixed Effects      

Year 14 � � �  

Strain 5 � � �  

Flock 15 � � �  

Flock x Year 210 � � �  

Production cycle 5 � � �  

Production cycle x age 5 � � �  

Previous Number of lambs weaned  (NLW) 3 � � �  

Production cycle x Previous NLW 15 � � �  

Current Fertility 2 (mp) (pj-mp) (mp)  

Parity x Current Fertility 10 (mp) (pj-mp) (mp)  

Current number of lambs born (NLB) 3 (pl) (mp-pl) (pl)  

Production cycle x current NLB 15 (pl) (mp-pl) (pl)  

Current number of lambs weaned (NLW) 3 (w) (pl-w/w-pj) (w)  

Production cycle x current NLW 15 (w) (pl-w/w-pj) (w)  

Random Effects      

Pedigree (relationship matrix) 16124 � � � 1 

Permanent environment variance 16124 �   1 

Pedigree x year 225736   � 1 

Pedigree x production cycle 96744   � 1 

Pedigree x measurement point 64496   � 1 

Pedigree x Previous NLW 48372   � 1 

Pedigree x Current NLW 48372   � 1 (3) 

 

5.4. Results 

5.4.1. Influence of maternal performance 

The maternal performance of the ewe had a significant effect on the weight and 

condition score of the ewe (Table 5.4). Single bearing ewes were 8% lighter and 

15% leaner than barren ewes when they weaned a lamb and were still 10% 

leaner at the next mating than the barren ewe. Merino ewes with multiple lambs 

were 10% leaner at weaning and 4% leaner at the next mating than ewes that 

produced a single lamb.  



 

 

Table 5.4: Number of levels, tests of significance of fixed effects fitted to uni-variate analysis (Model 1) and variance components for 

random terms for weight and body condition measurements across the production cycle. Significance of fixed effects; (* P < 0.05, ** P < 

0.01, *** P < 0.001, ns. = not significant) 

  Weight Fat Score 

 Levels Pre-joining Mid-

pregnancy 

Pre-lambing Weaning Pre-joining Mid-

pregnancy 

Pre-lambing Weaning 

Fixed Effects          

Year 14 3041.53 (***) 3435.80 (***) 2481.76 (***) 654.14 (***) 938.97 (***) 1044.60 (***) 2243.41 (***) 300.89 (***) 

Strain 5 66.23 (***)  65.46 (***) 77.72 (***) 39.84 (***) 3.99 (***) 6.70 (***) 5.88 (***) 3.25 (***) 

Flock 15 8.23 (***)  8.35 (***) 6.5 (***) 6.48 (***) 2.95 (***) 6.33 (***) 3.87 (***) 5.32 (***) 

Flock x Year 210 6.99 (***)  5.68 (***) 7.97 (***) 4.15 (***) 4.62 (***) 3.13 (***) 2.47 (***) 2.74 (***) 

Production cycle 5 704.19 (***)  1210.55 (***) 1147.04 (***) 282.77 (***) 8.82 (***) 54.11 (***) 38.83 (***) 12.33 (***) 

Production cycle x age 5 11.12 (***) 3.7 (***) 4.29 (***) 6.56 (***) 19.11 (***) 2.35 (***) 9.08 (***) 10.71 (***) 

Current Fertility 2  554.40 (***)    6.63 (***)   

Parity x Current Fertility 10  1.74    1.31 (ns.)   

Current number of lambs born (NLB) 3   659.37 (***)    52.49 (***)  

Production cycle x current NLB 15   3.67 (ns.)    3.11 (ns.)  

Current number of lambs weaned (NLW) 3    230.74 (***)    116.26 (***) 

Production cycle x current NLW 15    3.59 (***)    1.91 (***) 

Previous Number of lambs weaned  (NLW) 3 574.96 (***) 296.82 (***) 227.71 (***) 0.34 (ns.) 268.42 (***) 71.37 (***) 30.34 (***) 14.38 (ns.) 

Production cycle x Previous NLW 15 3.81 (*) 0.82 (ns.) 0.81 (ns.) 1.89 (ns.) 1.2 (***) 1.02 (ns.) 1.36 (ns.) 0.86 (ns.) 

Random terms          

Additive genetic variance 16124 10.307 10.524 12.687 11.165 0.028 0.024 0.015 0.035 

Permanent environmental variance 16124 6.339 8.007 8.548 8.035 0.008 0.010 0.006 0.026 

Residual variance  8.775 7.946 8.967 9.480 0.236 0.183 0.158 0.332 

Phenotypic variance  25.421 26.478 30.201 28.679 0.273 0.218 0.179 0.392 

 



Breeding for robustness in maternal sheep 

166 | P a g e  

 

5.4.2. Influence of Merino strain 

The strain of Merino had a significant effect on the weight and condition of the 

ewe (Table 5.4), with the fine-wool Saxon being the lightest and leanest of the 

five strains (Figure 5.2). The South Australian strong-wool Merino ewes were the 

heaviest strain with the heavier weight most likely due to a larger frame and not 

greater fat or muscle reserves as highlighted by lower body condition scores 

(Figure 5.2). Comparison between the two Peppin lines would suggest that by 

selecting for increased fertility the ewes will be heavier but not fatter. Ewes from 

the fertility Merino strain mobilised more of its energy stores during the last 

trimester of gestation and lactation resulting in slightly lower condition scores at 

pre-lambing and weaning than in the medium wool peppin strain (Figure 5.2). 
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Figure 5.2: Best linear un-biased estimates for weight (kg) and body condition 

score (1 to 5) for the five Merino strains represented among D flock ewes. 

(Black solid line = fine wool Saxon, black dash line = medium-wool non-Peppin, 

grey solid line = medium-wool Peppin, black dotted line = medium-wool 

fertility Peppin and grey dashed line = South Australian strong wool) 
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5.4.3. Heritability of weight and body condition score across the 
production cycle 

The heritability of weight across the production cycle was high (range of 0.39 to 

0.42: Table 5.5) whereas the heritability of body condition score was low (range 

0.08 to 0.11). The phenotypic and additive genetic variances were similar across 

the production cycle (Table 5.5).  

Table 5.5: Estimates of phenotypic and additive genetic variance, heritability 

and repeatability of weight and body condition score  measured at pre-joining, 

mid-pregnancy, pre-lambing and weaning across fives parities. Standard errors 

are shown in brackets. 

 Phenotypic 

variance 

Additive genetic 

variance 

Heritability Repeatability 

Weight     

Pre-joining 25.42 10.31 0.41 (0.02) 0.65 (0.02) 

Mid-pregnancy 26.49 10.52 0.40 (0.02) 0.70 (0.02) 

Pre-lambing 30.20 12.69 0.42 (0.02) 0.70 (0.02) 

Weaning 28.68 11.17 0.39 (0.02) 0.67 (0.02) 

Body Condition     

Pre-joining 0.2725 0.0284 0.10 (0.02) 0.13 (0.02) 

Mid-pregnancy 0.2177 0.0238 0.11 (0.02) 0.16 (0.02) 

Pre-lambing 0.1792 0.0150 0.08 (0.02) 0.12 (0.02) 

Weaning 0.3924 0.0346 0.09 (0.02) 0.15 (0.02) 

 

The heritability of change in weight and body condition was found to be very low 

to negligible. Phenotypic variation in body condition change was across the 

production cycle was similar to the phenotypic variation in body condition at the 

four time points (Table 5.6).  
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Table 5.6: Estimates of phenotypic and additive genetic variance and 

heritability (standard error) of weight and body condition score change 

between measurements across fives parities. 

Starting time 

point 

Finishing time 

point 

Phenotypic 

variance 

Additive genetic 

variance 

Heritability 

Weight     

Pre-joining Mid-pregnancy 9.25 0.17 0.02 (0.02) 

Mid-pregnancy Pre-lambing 7.36 0.04 0.01 (0.02) 

Pre-lambing Weaning 16.4 0.50 0.03 (0.02) 

Weaning Pre-joining 8.78 0.21 0.02 (0.02) 

Body Condition     

Pre-joining Mid-pregnancy 0.3449 0.0000 0.00 (0.02) 

Mid-pregnancy Pre-lambing 0.2708 0.0005 0.00 (0.02) 

Pre-lambing Weaning 0.4999 0.0136 0.03 (0.02) 

Weaning Pre-joining 0.4288 0.0062 0.01 (0.02) 

 

5.4.4. Correlations between weight and body condition across parity 

Body condition score was moderately to strongly correlated to weight across the 

production cycle ranging from 0.53 to 0.62 (Table 5.7). The average genetic 

correlation between weight and body condition score was 0.58 which is an r2 

value of 34%. Consequently, 66% of the genetic variation in body condition score 

was independent of the genetic variation in weight.  

Table 5.7: Estimates (standard error) of phenotypic, environmental and genetic 

correlations between weight and body condition score at four time points 

across the production cycle. 

 Phenotypic Environmental Genetic 

Pre-joining 0.36 (0.01) 0.34 (0.01) 0.59 (0.03) 

Mid-pregnancy  0.28 (0.01) 0.21 (0.01) 0.53 (0.03) 

Pre-lambing 0.28 (0.01) 0.20 (0.01) 0.62 (0.03) 

Weaning 0.39 (0.01) 0.38 (0.01) 0.59 (0.04) 

 

5.4.5. Correlations between measurements within the production 
cycle 

Weight measurements across the production cycle were very strongly genetically 

correlated ranging from 0.99 to 1.00 (Table 5.8). The very strong genetic 

correlations between measurements also occurred for body condition score with 

a range from 0.92 to 1.00. The phenotypic correlations between the 
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measurements highlight the large influence of environmental and reproductive 

stress on ewe weight and body condition (Table 5.8).  

Table 5.8: Estimates (standard errors) of phenotypic (above diagonal) and 

genetic correlations (below diagonal in bold) between time points for weight 

and body condition of Merino ewes across the production cycle. 

 Pre-joining Mid-pregnancy Pre-joining Weaning 

Weight     

Pre-joining  0.84 (0.01) 0.81 (0.01) 0.74 (0.01) 

Mid-pregnancy 1.00 (0.01)  0.89 (0.01) 0.76 (0.01) 

Pre-lambing 0.99 (0.01) 1.00 (0.01)  0.76 (0.01) 

Weaning 1.00 (0.01) 1.00 (0.01) 1.00 (0.01)  

Body Condition     

Pre-joining  0.29 (0.01) 0.23 (0.01) 0.15 (0.01) 

Mid-pregnancy 1.00 (0.03)  0.32 (0.01) 0.20 (0.01) 

Pre-lambing 0.99 (0.03) 1.00 (0.03)  0.15 (0.01) 

Weaning 1.00 (0.03) 0.99 (0.03) 0.92 (0.03)  

 

5.4.6. Multi-variate analysis 

Statistically significant but likely biologically negligible interactions between 

genetic lines within measurements, parities and environments were found for 

weight and condition score (Table 5.9). Seventy two percent of the phenotypic 

variation in weight across the five parities was constant resulting in 92% of the 

genetic variation in weight being constant across age, measurements and 

maternal performance (Table 5.9). For body condition score, only 25% of the 

phenotypic variation was accounted for by the additive genetic variance (Table 

5.9). Only 47% of the genetic variation in body condition score was constant 

across the 20 measurements (Table 5.9). Genotype interactions within 

measurements and parity accounted for less than 10% of the total genetic 

variation in body condition scores. However, 43% of the genetic variation in body 

condition score was due to interactions as a result of maternal performance 

within the current and previous cycle (Table 5.9). 



 

 

Table 5.9: Multivariate analysis of weight and body condition score of Merino ewes within their first 5 parities and across measurements at 

pre-joining,  mid-pregnancy, pre-lambing and weaning. Analysis separates out additive genetic variation within total phenotypic variation 

(Vp) and total genetic variation. 

  Weight  Body condition score 

 Variance % of  

phenotypic 

% of 

genetic 

Variance % of  

phenotypic 

% of 

genetic 

Between additive genetic variation 24.33 72 % 92 % 0.034 12 % 47 % 

Between additive genetic by parity interaction 0.99 3 % 4 % 0.007 3 % 10 % 

Between additive genetic by time point interaction  0.04 0 % 0 % 0.000 0 % 0 % 

Between additive genetic by previous number of lambs weaned interaction 0.74 2 % 3 % 0.007 2 % 10 % 

Between additive genetic by current  number of lambs weaned interaction 0.22 1 % 1 % 0.024 8 % 33 % 

Residual* 7.44 22 %  0.210 75 %  

Residual variance within pre-joining 6.82   0.224   

Residual co-variance between pre-joining and mid-pregnancy 1.82   0.022   

Residual variance within mid-pregnancy 6.78   0.174   

Residual co-variance between pre-joining and pre-lambing 1.26   0.008   

Residual co-variance between mid-pregnancy and pre-lambing 3.53   0.023   

Residual variance within pre-lambing 8.28   0.145   

Residual co-variance between pre-joining and weaning -0.98   -0.009   

Residual co-variance between mid-pregnancy and weaning -0.69   0.005   

Residual co-variance between pre-lambing and weaning -0.47   -0.005   

Residual variance within weaning 7.90   0.315   

Phenotypic Variation 40.6   0.290   
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5.4.7. Interaction between genetic lines within number of lambs 
weaned 

There was an interaction between the individual EBVs (estimated breeding value) 

within the number of lambs weaned, with the interaction accounting for 33% of 

the genetic variation in body condition (Table 5.9). The genetic correlation 

between weaning condition of a dry ewe and the condition of ewes that reared a 

single lamb was 0.50 and 0.49 with the condition of ewes that reared multiple 

lambs. However, difference in the genetic condition (EBV) between barren ewe 

performance and when rearing lambs is around a third the size of the total 

genetic range in condition. The genetic correlation between condition at 

weaning when rearing a single and rearing multiple lambs was very strong (0.85; 

Figure 5.3).  
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Figure 5.3: Estimated breeding values for ewe weight after weaning a lamb for 

barren, single rearing, and multiple rearing Merino ewes. Axes refer to the 

reproductive status of the ewe at weaning (barren, reared a single lamb, reared 

multiple lambs) 

 

5.5. Discussion 

5.5.1. Genotype by environment interaction within number of lambs 
weaned 

The energy demands of rearing lambs puts the ewe into a negative energy 

balance resulting in weight and condition loss. Comparing the performance of a 

barren ewe with the performance of a ewe rearing a lamb can be seen as 

comparing performance in “good” and “tough” environments. The moderate, 

positive genetic correlation between the condition of the ewe when barren and 

the ewe’s condition when weaning multiple lambs suggests that genetic lines 
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“re-rank” and that ewes which are in better condition when barren are not 

necessarily the best at maintaining condition when weaning multiple lambs. The 

strong correlation between the body condition of the ewe when weaning a single 

or multiple lambs (0.85) suggests that ewes that can maintain condition will 

maintain their superiority irrespective of the number of lambs weaned. Currently 

the practice in most Merino production systems is to cull ewes after one to two 

failed joining opportunities (Lee et al. 2009). Consequently, with the barren ewes 

removed from the flock, selection for increased ewe condition will be made 

solely on ewes which have endured the stress of rearing a lamb. 

To improve condition, selection should not be made on the performance of the 

ewe when barren. Osorio-Avalos et al. (2012) had reported genetic “re-ranking” 

of individuals within high and low nutrition for weaning weights. However, the 

value of the “re-ranking” was questioned, as the difference in genetic potential 

due to nutrition was outweighed by the overall variation in the trait. In the case 

of ewe condition, the maximum “re-ranking” was approximately an EBV change 

of 0.5 compared to the population range which exceeded a whole condition 

score. The results here and in Chapter 3 showed that for both weight and fat or 

condition score, the genetic correlation between ewe performance when rearing 

a single or multiple lambs was high to very high. From a production point of view, 

the ability of the ewe to maintain condition when rearing lambs is paramount, 

with our results herein suggesting that increased fecundity will not reduce an 

individual’s genetic superiority for weight and condition. 
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5.5.2. The ability to breed against weight and condition fluctuations is 
limited 

As there was no “re-ranking” of estimated breeding values within measurements 

or parities of the Merino ewes, our findings support Chapter 3. It can be 

concluded that the genetic components of weight and condition do not “re-rank” 

across breeds and production systems. For a Merino based wool enterprise 

managed in a low rainfall environment, the genetics of weight and fat do not “re-

rank” over time. Consequently, ewes which are genetically heavier and fatter in 

the “tough” times will be genetically heavier and fatter at all times. 

In Chapter 3 it was concluded that the ability to select on fluctuations in weight 

and condition was limited and that it is more viable to select for more overall 

weight or condition. Young et al. (2011) proposed that a ewe which maintains a 

rather constant weight or condition profile across a variable environment is 

economically superior. Very low to low heritability estimates for change in 

weight and condition reported here in and in Chapter 3 suggest that selection 

against weight and condition loss will not lead to substantial genetic change. This 

contradicts the findings of Rauw et al. (2010) and Rose et al. (2013) who both 

reported a more favourable low to moderate heritability range for weight 

change. Findings in this study suggest that differences between Chapter 3 and 

Rose et al. (2013) are not due to the Merino genotype or as a consequence of 

wool based breeding systems. The findings reported in this study align with 

research in pigs which showed there was minimal genetic variation in the ability 

of the growing pig (Cameron and Curran 1995) and breeding sow (Hermesch et 

al. 2010) to mobilise back fat suggesting there is no genotype by environment 
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interaction. Arango et al. (2002) reported very high genetic correlations for 

weight at different ages (0.92 -1.00) and high genetic correlations for condition 

score between ages (0.67-0.90) and seasons (0.98-1.00) in beef cattle. The 

results herein and across other species and studies show that, as well as the 

unfavourable heritability estimates for weight change, the additive genetic 

component was not “re-ranking” across environments or times.  

Consequently it can be concluded that weight change is most likely a scale effect 

and that the ewes with the most weight to lose are the ewes that lose the most 

weight. This potentially means that by having more genetic weight or condition 

the ewe will remain above the reproductive thresholds longer and potentially 

require less feed supplementation throughout the production cycle. 

5.5.3. Factors influencing fluctuations in weight and condition 

The production environment and the stress of reproduction have the greatest 

influence on the weight and condition of the breeding ewe (Freer et al. 1997). 

Breeding ewes lose condition during the last trimester of the pregnancy and 

during lactation due to nutritional demands exceeding the ewe’s physical ability 

to consume feed (Vernon et al. 1981; Chilliard et al. 2000). Chapters 3 and 4 

showed that the influence of environmental and reproductive stress on weight 

and condition and in particular change in composition exceeded the genetic 

variation in condition and weight. This highlights that when looking to breed for 

more condition in the tough times, the focus needs to be primarily on using 

weight and condition somewhat like an insurance policy. During the “good” 

times when pasture is plentiful the ewe can develop weight and condition from 
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which she will then rely upon to meet reproductive demands during the “tough” 

times. Potentially these ewes could get too fat. However, correct management of 

pasture and the potential for increased stocking rates could limit the adverse 

effects of positive genetic fat. 

5.6. Conclusion 

The majority (92%) of genetic variation in weight of adult Merino ewes is 

constant across measurement times, similar to findings for crossbred ewes 

(Chapters 3 and 4). Ewes that are superior for maintaining condition when 

rearing a single lamb will also maintain this superiority when rearing multiple 

lambs. To genetically improve weight and condition at “tough” times, selection 

should be focussed on having more genetic weight and condition at all times. 

Ideally, the focus should still remain on output traits as condition is really a proxy 

(character) of maternal performance and will work as insurance against poor 

management or unforeseeably tough periods. 
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6.1. Abstract 

An increase in the value of prime lambs has brought an increased demand for 

maternal self-replacing composite ewe flocks. Composite flocks have been 

developed by combining breed types to take advantage of favourable 

characteristics and heterosis benefits. The following paper considers the use of 

simulation techniques and the ASReml.monte function to produce breed additive 

and dominance matrices to partition out breed additive and dominance effects 

along with the within breed additive component in composite flocks. The 

analyses were carried out on a maternal composite flock to partition the breed 

additive and dominance effects. The traits examined included post-weaning and 

adult body composition measurements. Breed effects accounted for 40% and 

31% of the genetic variation in post-weaning and adult weight, respectively. 

Breed effects accounted for less than 1% of the genetic variation in fatness and 

muscularity traits at post weaning and in the adult ewe. Breed additive and 

dominance effects were successfully partitioned from the additive variance. 

However, very strong correlations between the within-breed EBVs for the un-

adjusted and breed adjusted models suggests that accounting for breed effects 

do not improve the producer’s ability to select for the genetically superior 

individuals within this composite population. 

6.2. Introduction 

The Australian sheep industry has traditionally been based on the Merino and 

crossbreeding from the Merino dam and remains the dominant structure. 

However, composite flocks are becoming more common, taking advantage of 

genes from multiple breeds and retained heterosis (Rasali et al. 2006), as 
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producers look to improve the output of the breeding flock in response to a 

growing lamb market and the demand for a self-replacing “maternal” ewe. The 

majority of the composite flocks within Australia are focussed on maternal 

productivity with an aim to incorporate the favourable characteristics of multiple 

breed types whilst taking advantage of ‘hybrid vigour’. Cross breeding has been 

used to incorporate the milking characteristics of the East Friesian breed and the 

high fertility of the Finn breed into existing meat breeds such as the Romney in 

New Zealand and the White Suffolk in Australia. 

In purebred or simplistic crosses (first, second cross and back crosses), breed 

type can be fitted as a fixed effect, which allows the estimation of breed effects 

and an accurate estimate of the additive component. This technique is viable 

when the numbers of breed types are low, the frequency of each breed type is 

high and the relationship between breeds is irrelevant. However, fitting breed as 

a fixed effect will not work in the analysis of many composite flocks due to a 

large number of breed combinations, multiple breed contributions and low 

replications of crossbred types. Traditionally, composite flocks within research 

are designed around diallel crosses, where analysis techniques have been refined 

to account for maternal effects and epistasis to successfully analyse composite 

populations (Gardner and Eberhart 1966; Eisen et al. 1983; Pitchford 1992b; 

Pitchford 1992a; Pitchford et al. 1993). Recently, genetic grouping has been used 

to account for animals of genetically similar makeup, in most cases breed or 

strains (Westell et al. 1988; Brown et al. 2007; Khusro et al. 2007). However, the 

strength and viability of these models is dependent on availability of information 

for all the developed crosses and founding purebreds. The unstructured nature 
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and large number of crosses in the composite flock used within this study led to 

the use of simulation techniques (Ovaskainen et al. 2008) to capture the breed 

additive and dominance effects within the composite population. 

The following chapter reports on the ability to partition the phenotypic variance 

into breed additive and dominance (heterosis) variation, additive genetic 

variation (animal model) within breed, repeatability of additive variance and 

maternal variance within a composite sheep flock. The analysis was carried out 

on data from a maternal composite stud flock based near Holbrook, New South 

Wales. To get an understanding of maternal productivity and the influence of 

breeds on maternal characteristics, the analysis is based on post-weaning 

ultrasound scan data of the lambs and the body composition measurements on 

the breeding ewes. 

6.3. Materials and Methods 

6.3.1. Data 

This study involves data collected from an industry stud flock based near 

Holbrook, New South Wales. Holbrook has a temperate climate with an average 

annual rainfall of 700mm, with the annual rainfall during the collection period 

(2010-2012) ranging from 777 to 1030 mm. The data set includes performance 

records for post-weaning body composition and adult body composition traits. 

6.3.2. Maternal composite flock 

The ewes analysed within the study were part of the Lambpro maternal 

composite stud (http://lambpro.com.au/). The flock was developed from a 

combination of maternal breeds with the distribution and prolificacy of breeds 
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within the composite random across time (Figure 6.1). The influx of new genetic 

material into the flock was based on the individual genetic merit of sires (AI and 

natural mating) and dams (embryo transfer) and not the breed composition of 

the introduced individual. The dominant breeds within the composite flock 

include the Border Leicester, Coopworth, East Friesian, Finn, Poll Dorset, Texel 

and White Suffolk (Figure 6.1). The lifetime of ewes within the stud flock is short 

as the stud requires ewes to rear a lamb as a yearling and then annually, with 

barren ewes culled from the stud flock. Selection is based on a commercial 

maternal index with selection criteria focused on high quality lamb skins, growth 

and carcase quality of lambs, the ability for ewes to recover condition after 

rearing a lamb and a body type that is not “framey” or “leggy” in appearance 

(Tom Bull, principal, Lambpro Primeline Maternal). 

 

Figure 6.1: Contribution of the seven major breeds over time (2003 – 2011) in 

the Lambpro maternal composite flock.    
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6.3.3. Post-weaning traits  

The 2007 to 2011 progeny from the composite flock were weighed and scanned 

at post-weaning with 5,683 measured at an average age of 142 days. Ultra-sound 

fat and muscle were measured by the same accredited scanner, with records 

taken on the 12th rib at the C-Site of the ewe (Gooden et al. 1980). The 

composite lambs weighed on average 40.9kg with a fat depth of 3.7mm and a 

muscle depth of 30.2mm (Table 6.1). 

Table 6.1: Summary stats for body composition measurements at post-weaning 

in maternal composite flock at an average age of 142 days. 

Trait Count Min Mean Max St dev. 

Weight (kg) 5683 10.0 40.9 77.0 9.2 

Ultrasound fat depth (mm) 4110 1.0 3.7 8.0 1.2 

Ultrasound muscle depth (mm) 4103 17.0 30.2 46.0 4.5 

 

6.3.4. Adult body composition traits 

The maternal composite flock was scanned twice each year from 2010 to 2012 

with records collected on 2,796 ewes that were on average scanned 1.8 times 

within the trial. Body composition traits were measured on yearling, hogget and 

adult ewes in autumn (mid-pregnancy) and late spring (post-weaning; Table 6.2). 

The body composition traits included weight (kg), ultra-sound fat depth (mm), 

ultra-sound muscle depth (mm), body condition score and hip height (cm). Ewes 

were body condition scored on a scale of 1 to 5 with 1 being lean (Russel et al. 

1969). Ultra-sound fat and muscle were measured by an accredited scanner, with 

recording taken on the 12th rib at the C-Site of the ewe (Gooden et al. 1980). Hip 

height was measured in centimetres from the ground to the top of the hip in 

2.5cm increments. A summary of the adult body composition traits measured 

within the trial is presented in Table 6.3. Whilst the initial aim of the study was to 
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investigate ewe body composition under different seasonal conditions, autumn 

vs. spring, a three year period of above average rainfall meant that seasonal 

differences were not observed within the study (Table 6.2). 

Table 6.2: Mean and standard deviation of ewe body composition traits for 

yearling, hogget and adult maternal composite ewes for autumn and spring 

measurements 

 Count Weight Fat depth Muscle 

depth 

Body 

Condition 

Hip Height 

Overall 4886 72.2 (11.1) 5.7 (2.0) 34.3 (3.6) 3.3 (0.8) 73.3 (8.0) 

Yearling 1836 64.1 (9.0) 5.3 (1.6) 33.5 (3.7) 3.3 (0.8) 71.5 (6.0) 

Autumn scan 1444 64.2 (9.2) 5.6 (1.3) 34.5 (2.7) 3.5 (0.6) 69.0 (3.5) 

Spring scan 392 63.9 (8.3) 3.8 (1.9) 29.8 (4.6) 2.7 (1.0) 81.0 (3.2) 

Hogget 1486 75.0 (8.7) 6.0 (2.1) 35.0 (3.3) 3.3 (0.8) 75.3 (9.6) 

Autumn scan 948 75.4 (8.2) 6.3 (2.0) 35.9 (2.8) 3.3 (0.7) 78.7 (5.3) 

Spring scan 538 74.3 (9.5) 5.6 (2.2) 33.5 (3.6) 3.4 (0.9) 69.5 (12.1) 

Adult 1564 78.9 (9.3) 6.1 (2.2) 34.4 (3.5) 3.4 (0.8) 73.5 (8.0) 

Autumn scan 920 79.2 (8.9) 6.1 (2.0) 35.4 (3.0) 3.3 (0.7) 72.3 (4.8) 

Spring scan 466 78.6 (9.8) 6.0 (2.4) 33.1 (3.7) 3.5 (0.9) 75.1 (10.7) 

 

Table 6.3: Summary statistics of body composition traits measured on the 

maternal composite ewes.  

Trait Count Min Mean Max St dev. 

Weight (kg) 4886 37.5 72.2 112.5 11.1 

Ultrasound fat depth (mm) 4824 1.0 5.7 19.0 2.0 

Ultrasound muscle depth (mm) 4826 11.0 34.3 48.0 3.6 

Body Condition Score (1 -5) 4816 0.5 3.3 5.0 0.8 

Hip Height (cm) 4818 48.0 73.3 94.0 8.0 

 

6.3.5. Statistical Analysis 

The analyses within this study focus on genetic variation in the body composition 

of maternal composite ewes. The study focusses on the use of breed additive 

and dominance matrices along with a relationship matrix to separate the genetic 

variation and variance attributed to breed effects within the body condition 

traits for a composite flock. Using ASReml (Gilmour et al. 2009) the following 
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model incorporating breed additive and dominance matrices formed in ASREML-

R (Butler et al. 2007) was fitted to the body composition traits.  

�̰ = ÄÅ̰̅ � Ç���̰� � Ç���̰	��Ç��̰ � Ç�Ḛ̀ � �̰ 

Where, Ḛ́	 ; observed value  ÊḚ̈ ̅; vectors of fixed effects, as described in Table 6.4 ÌÍÎḬ́Î; breed additive effect (a̰2= breed additive matrix), assuming, a̰2~N%0̰	, σX2¿ A2) ÌÕÎÕ̰	Î; breed dominance effect (d̰̰
	2

= breed dominance matrix), assuming, 

d ̰G~N(0̰	, σ42
¿ D2) 

ÌÍḬ́ ; animal additive effect (a̰ = additive matrix), assuming,  a̰~N(0̰	, σX
¿	�¿Ø,ØkÙ) 

ÌÚṴ̂	; permanent environment effect, assuming,  ṵ~N(0̰	, σ6
¿I¿,ØÞl), 

ß̰; is the temporary environment effect (residual), assuming, ḛ~N(0̰	, σ6
¿Ik,ÙÙl).  

 

6.3.5.1. Breed additive and dominance matrices 

To form the additive and dominance matrices each animal was assigned a breed 

identification developed from the contributions of the seven founder breeds and 

the parent lines from which the breed was incorporated. The code provides 

information on the integration of breeds via the maternal and paternal lines 

from the pure bred source. A pedigree at the breed level could then be formed 

(Figure 6.2). The breed pedigree was based on the seven founder breeds and 

included the developmental crosses required to reach the composite breed types 

present within the flock. An eighth breed type (unknown) was included to group 

breeds with small contributions and to assign a code to individuals missing 

pedigree information. 

The breed level pedigree is like the animal pedigree used regularly within genetic 

analysis and allows for the formation of a relationship matrix. At the parent 

breed level it must be assumed that there is a level of inbreeding experienced 
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within pure breeds. Breeds breed ‘true’ to type in that, for example, a Texel 

mated with a Texel will always produce a Texel. Each breed was assigned an 

inbreeding coefficient depending on the classification guidelines of the breed’s 

Australian flock book. If a breed required greater than four generations of back 

crossing (maximum ½4 = 1/16th another breed) it was given an average 

inbreeding coefficient of 31/32 = 0.96875 ≈ 0.97 (East Friesian, Finn, Poll Dorset 

and Texel). For three generations the value was 15/16 = 0.9375 ≈ 0.94  (Border 

Leicester) compared to the more open flock books of the Coopworth and White 

Suffolk which require only two generations and were given a value of 7/8 = 

0.875. 

The relationship matrices for the flock pedigree were calculated using simulation 

techniques (Ovaskainen et al. 2008) implemented using the ‘asreml.monte’ 

function in ASReml-R (Butler et al. 2007). This produced the additive and 

dominance matrices encapsulating the 3,637 breed combinations within the 

breed pedigree and providing the additive and dominance genetic effects 

between these combinations (eg. Additive and Dominance matrices for a 

simplified breed pedigree, Figure 6.2). 
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Figure 6.2: Demonstration of breed pedigree from crossing East Friesian (E), 

Border Leicester (B) and Coopworth breeds (C) with corresponding additive (A) 

and dominance (D) matrices. 

 

6.3.5.2. Post-weaning traits –Model 1 & 2 

The fixed effects fitted to the post-weaning traits include cohort (2006-2011), 

maturity of the dam (yearling, hogget, adult) nested within cohort, age of the 

lamb at post-weaning (days), the rearing type of the lamb (single or multiple) and 

the sex of the lamb (ram or ewe; Table 6.4). Post-weaning weight was fitted as a 

co-variate to ultra-sound fat and muscle depth to create the post-weaning 

“fatness” and “muscularity” traits respectively. The random model included 

pedigree (additive genetic variance), maternal pedigree (maternal genetic 

variance) and permanent maternal environment (model 1; Table 6.4). To account 

for breed effects, the breed additive matrix and the breed dominance matrix 

were also included in the breed adjusted model (model 2; Table 6.4).  
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Table 6.4: Description of terms fitted to the analysis of body composition traits 

within the maternal composite stud flock. Ticks refer to the terms fitted within 

the model. 

 Levels 1 2 3 4 5 Components 

Fixed effects        

Post-weaning weight 1 f, m f, m     

Weight 1   f, m f, m f, m  

Cohort 6 � �     

Scan year 3   � � �  

Season 2   � � �  

Scan year x Season 6   � � �  

Dam maturity 3 �      

Cohort x Dam maturity 18 � �     

Cohort x Dam maturity x Scan date 18 � �     

Maturity 3   � � �  

Maturity x Age 3   � � �  

Post weaning age 1 � �     

Rear type 2 � �     

Dam maturity x Rear type 6 � �     

Sex 2 � �     

Previous NLW 3   � � �  

Maturity x Previous NLW 6   � � �  

Season x Current NLW 6   � � �  

Season x Maturity x Current NLW 18   � � �  

Random effects        

Identity (Additive genetic matrix) 27,748  � � � � � 1 

Dam (Additive genetic matrix) 27,748 � �    1 

Permanent maternal environment 27,748 � �    1 

Identity (repeatability) 27,748   � �  1 

Identity x Maturity 83,244     � 1 

Identity x Season 55,496     � 1 

Additive Breed Matrix 3,637  �  � � 1 

Dominance Breed Matrix 3,637  �  � � 1 

* f, m = weight fitted as co-variate to ultrasound fat and muscle depth to create 

“fatness” and “muscularity” respectively. 

 

6.3.5.3. Adult body composition traits – Model 3 & 4 

The fixed effects fitted to the adult body composition traits include scan year 

(2010-2012), season (autumn or spring), scan year x season, maturity (yearling, 

hogget or adult), ewe age in years nested within maturity, previous number of 

lambs weaned (0, 1, 2+), maturity x previous number of lambs weaned, season x 

current number of lambs weaned (0, 1, 2+) and season x maturity x current 

number of lambs weaned (Table 6.4). Weight was fitted as a covariate to ultra-
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sound fat and muscle depth and termed adult “fatness” and “muscularity” 

respectively. The random model included pedigree (additive genetic variance) 

and permanent environment effects (model 3; Table 6.4). To account for breed 

effects the breed additive matrix and the breed dominance matrix were included 

(model 4; Table 6.4). Model 5 was used to test for interactions between the 

within breed additive component within season and maturity (Table 6.4).

6.4. Results 

By fitting the breed additive and dominance matrices in addition to the additive 

relationship matrix, the analysis successfully partitioned out breed additive, 

breed dominance and within breed additive variance components. The influence 

of breed additive and dominance effects varied across the traits with the 

greatest influence of breed seen in post-weaning and adult weight (Table 6.6 and 

Table 6.8). 

6.4.1. Post-weaning traits 

The heritability of post weaning weight was estimated at 0.17 with a maternal 

heritability of 0.13 (Table 6.5). However, when breed effects were accounted for 

the heritability was estimated at 0.15 with a maternal heritability of 0.09 (Table 

6.6). Fitting the breed additive and dominance matrices resulted in a lower 

heritability due to large breed effects on post-weaning weight which accounted 

for 17% and 23% respectively of the genetic variation in post-weaning weight. 

Heritability estimates for post-weaning fat depth (0.10) and post-weaning 

fatness (0.08; weight adjusted fat depth) were lower than those for post-

weaning weight. Whilst the breed effects accounted for a total of 19% of the 
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genetic variation in ultrasound fat depth, it accounted for less than 3% of the 

genetic variation in fatness, when fat depth was adjusted for weight. Breed 

effects also accounted for a large proportion of the genetic variation in muscle 

depth with breed additive and dominance effects accounting for 20% and 5% of 

the genetic variation, respectively. As with fatness, the breed additive effects on 

muscularity accounted for less than 2% of the genetic variance, suggesting that 

the additive breed effects are primarily associated with weight and not fat or 

muscle. Heritability estimates of post-weaning fat and muscle traits calculated 

using the breed adjusted Model 4 (Table 6.6) were similar to those produced 

from the unadjusted Model 3 (Table 6.5). However, maternal additive variance 

estimates were potentially being over-estimated within the composite flock 

when the model does not adjust for breed effects (Table 6.5). 

Table 6.5: Estimate of, additive, maternal, permanent maternal environment, 

environmental and phenotypic variances of post-weaning traits analysed with 

an animal model (Model 1).  

 Weight Fat depth Fatness Muscle 

depth 

Muscularity 

Additive Variance 8.260 0.090 0.066 0.465 0.459 

Maternal Variance 6.225 0.061 0.064 1.500 1.487 

Permanent Maternal Environment 0.707 0.000 0.000 0.000 0.000 

Residual 33.273 0.742 0.743 10.353 10.327 

Phenotypic variance 48.485 0.894 0.873 12.317 12.272 

Heritability 0.17 0.10 0.08 0.04 0.04 

Maternal Heritability 0.13 0.07 0.07 0.12 0.12 
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Table 6.6: Estimate of additive, breed additive, breed dominance, maternal, 

permanent maternal environment, environmental and phenotypic variances of 

post-weaning traits analysed with an animal model including breed additive 

and dominance matrices (Model 2). 

 Weight Fat depth Fatness Muscle 

depth 

Muscularity 

Additive Variance 6.176 0.074 0.063 0.656 0.261 

Breed additive variance 1.760 0.009 0.002 0.174 0.000 

Breed dominance variance 2.406 0.008 0.000 0.042 0.039 

Maternal Variance 3.609 0.046 0.004 1.391 0.343 

Permanent Maternal 

Environment 

1.545 
0.000 0.000 

0.020 0.086 

Residual 25.822 0.732 0.529 9.706 5.654 

Phenotypic variance 41.318 0.868 0.598 11.989 6.383 

Breed additive 0.04 0.01 0.00 0.01 0.00 

Breed dominance 0.06 0.01 0.00 0.00 0.01 

Heritability 0.15 0.09 0.11 0.05 0.04 

Maternal Heritability 0.09 0.05 0.01 0.12 0.05 

 

6.4.2. Adult Body composition traits 

Whilst the heritability and phenotypic variation in the adult body composition 

traits were greater than in the corresponding post-weaning traits, the effective 

size of breed effects were relatively similar.  When breed effects were not 

accounted for, the heritability of weight was estimated at 0.31 (Table 6.7) 

compared to 0.23 (Table 6.8) when breed additive (9% of genetic variation) and 

breed dominance (22%) were accounted for. Weight was highly repeatable even 

when breed effects were accounted for (0.50, Table 6.8). The ultrasound traits 

were low to moderately heritable (0.18 - 0.23) and were moderately repeatable 

within this study (0.30 – 0.44; Table 6.8). As with post-weaning fat depth and 

fatness, the influence of breed on adult fat depth and fatness traits was minimal 

although slightly greater accounting for 13% and 8% of genetic variation 

respectively. The breed effects on adult post-weaning muscle depth and 

muscularity were smaller than that observed for post-weaning muscle and 
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muscularity (Table 6.8). As was observed in the post-weaning traits, the breed 

effects had their greatest influence on the weight of the adult ewe and not 

fatness or muscularity.  Both hip height and body condition were influenced by 

breed dominance effects (heterosis), accounting for 11% and 8% of the genetic 

variance respectively (Table 6.8). 

Table 6.7: Estimate of additive, permanent environment, environmental and 

phenotypic variances of adult body composition traits analysed with an animal 

model (Model 3). 

 Weight Fat depth Fatness Muscle 

depth 

Muscularity Body 

condition 

score 

Hip 

Height 

Additive Variance 25.097 0.741 0.669 2.051 1.548 0.076 10.331 

Permanent 

Environment 
22.200 0.759 0.539 1.783 0.985 0.070 0.000 

Residual 34.204 1.946 1.755 6.143 5.847 0.341 5.349 

Phenotypic variance 81.501 3.446 2.963 9.978 8.381 0.487 15.680 

Heritability 0.31 0.22 0.23 0.21 0.18 0.16 0.66 

Repeatability 0.58 0.44 0.41 0.38 0.30 0.30 0.66 

 

Table 6.8: Estimate of additive, breed additive, breed dominance, permanent 

environment, environmental and phenotypic variances of adult body 

composition traits analysed with an animal model (Model 4). 

 Weight Fat 

depth 

Fatness Muscle 

depth 

Muscularity Body 

condition 

score 

Hip 

Height 

Additive Variance 19.706 0.632 0.631 1.435 1.065 0.084 8.254 

Breed additive 2.555 0.000 0.010 0.041 0.000 0.000 0.012 

Breed dominance 6.230 0.096 0.047 0.138 0.030 0.011 0.726 

Permanent 

Environment 
21.937 0.787 0.544 2.108 1.271 0.113 0.000 

Residual 33.659 1.905 1.716 5.992 5.698 0.355 5.334 

Phenotypic variance 84.086 3.420 2.948 9.714 8.065 0.564 14.326 

Breed additive 0.03 0.00 0.00 0.00 0.00 0.00 0.00 

Breed dominance 0.07 0.03 0.02 0.01 0.00 0.02 0.05 

Heritability 0.23 0.18 0.21 0.15 0.13 0.15 0.58 

Repeatability 0.50 0.41 0.40 0.36 0.29 0.35 0.58 

 

6.4.3. Influence of breed effects on estimated breeding value 

There was a statistically significant effect of breed on the post-weaning and adult 

body composition traits. The magnitude of the breed additive and dominance 
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effects differed across the traits with the influence of breed effects was greatest 

in the weight traits. To test the influence of the breed effects on the additive 

component the estimated breeding values (EBV) from the unadjusted (Model 1 & 

3) and breed adjusted models (Models 2 and 4) were correlated using a standard 

correlation and the spearman-rank correlation (Zar 2005) (Table 6.9). The 

correlations across all traits were very strong ranging from 0.88 to 1.00 (Table 

6.9). The strength of the correlations suggests that accounting for the breed 

additive and dominance effects has minimal effect on the EBV of the body 

composition traits or the genetic rank of the individual within this flock. 

Table 6.9: Correlations between estimated breeding values from the 

unadjusted (Model 1 and 3) and breed additive and dominance adjusted 

models (Models 2 and 4) 

Trait Pearson 

Correlation 

Spearman rank 

Correlation 

Post-weaning traits   

Weight (kg) 0.88 0.83 

Ultrasound fat depth (mm) 0.97 0.93 

Fatness 1.00 0.99 

Ultrasound muscle depth (mm) 0.97 0.93 

Muscularity 1.00 1.00 

Adult body composition traits   

Weight (kg) 0.90 0.81 

Ultrasound fat depth (mm) 0.99 0.98 

Fatness 0.98 0.99 

Ultrasound muscle depth (mm) 0.98 0.98 

Muscularity 1.00 1.00 

Body Condition Score (1 -5) 0.99 0.97 

Hip Height (cm) 0.99 0.98 

 

6.4.4. Genotype by environment interaction 

One of the original aims of the study was to test the consistency of the additive 

genetic variance across seasons and maturity. The test is effectively looking for 

genotype x environment effects on the within breed additive component. The 

phenotypic means presented in Table 6.2 suggest that there were minimal 
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differences between seasons. The genetic variances in adult body composition 

traits were constant across seasons. Very small variance estimates for the 

interaction terms suggest that the additive variance is consistent across seasons 

and ages. Both interaction terms accounted for less than 0.5 % of total genetic 

variation of weight, fat depth, fatness, muscle depth, muscularity and body 

condition. There was a noticeable interaction between the additive variance 

within season (6% of additive genetic variance) and maturity (3%) for hip height. 

However, the season interaction experienced for hip height is most likely due to 

genetic differences in the length of wool clip and errors with measurement 

technique. The results suggest that the genetic merits of individuals for the body 

composition traits are not re-ranking. 

6.5. Discussion 

6.5.1. Accounting for breed in composite populations 

Traditionally when calculating within breed and heterosis effects for a crossbred 

or a multi-breed analysis, breed is fitted as a fixed effect within the animal 

model. Analysis of populations that contain a large amount of unstructured 

crossbreeding, backcrossing and composite flocks have been analysed using 

genetic groups to account for the additive genetic variance effects at the strain 

and breed level (Westell et al. 1988; Brown et al. 2007; Khusro et al. 2007). One 

of the primary aims of this chapter was to provide an alternative method to 

account for breed effects within a composite flock rather than the use of genetic 

groups and the W-matrix approach of Westell et al. (1988). By fitting the breed 

matrices it was proposed that breed additive and dominance variances could be 

partitioned from the phenotypic variation in the body composition traits. 
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Furthermore, the breed effect predictions could be reported to guide future 

introductions of sheep into the flock. 

The initial analyses (preliminary model development) using the breed additive 

and dominance matrices looked to be fruitful (Walkom et al. 2011). However, 

with the current larger data set the value of the extra variance terms seems 

limited. Earlier findings (Walkom et al. 2011) suggested that when breed additive 

and dominance effects were accounted for, there was significant re-ranking of 

within breed estimated breeding values (EBVs). Potential re-ranking of EBVs was 

occurring between the unadjusted and breed adjusted models as highlighted by 

correlations of 0.56 and 0.72 for weight and hip height respectively in the earlier 

work. However, while the additive genetic variance was generally lower, strong 

to very strong correlations (Table 6.9) between the unadjusted and adjusted 

models across the body composition traits in the current study (containing a 

larger data set) suggest that the breed effects were not influencing the within 

breed additive component of this composite flock. 

The breed matrices were originally preferred over the genetic groups analysis 

technique (Gilmour et al. 2009) due to the ability to account for both breed 

additive and dominance effects. Breed dominance or heterosis effects accounted 

for 23% and 22% of the genetic variance in post-weaning and adult weight, 

respectively. Traditional genetic groups can only account for the breed additive 

effects and as a result the breed dominance effects would be hidden within the 

breed and within breed additive variance. The value of the breed additive and 

dominance matrices when analysing composite populations is potentially being 
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understated in the current data set due to, 1. a lack of information on the 

purebred and early crossbred individuals; and 2. the majority of individuals with 

data are as a result of four or more generations of crossbreeding. The data set 

was also limited by poor replication of breed combinations. Consequently, the 

breed and animal pedigrees followed similar relationship pathways. Using the W-

matrix and genetic groups proposed by Westell et al. (1988) would most likely be 

sufficient within this population as the pedigree can be traced back to the base 

breeds (genetic groups) easily. 

6.5.2. Effect of breed on body composition traits 

The influence of breed within the composite flock was greatest in adult and post-

weaning weight. However, the analysis suggests that within this composite 

population the influence of breed on body composition traits is limited. Previous 

analyses in first cross maternal ewes showed large breed effects for weight and 

fat score, accounting for 39 and 61% of the genetic variation respectively (Table 

3.11). This is noticeably larger than the findings in the current study with breed 

effects accounting for less than 23% of the genetic variation in adult weight and 

less than 1% of the genetic variation in adult fatness and muscularity. As 

suggested above, this is most likely due a limited ability to distinguish breed 

verses within breed genetic variation. Whilst focussed selection by the producer 

on the body composition traits in question has produced a desired breed type, 

this intense breeding program has most likely reduced genetic variation in the 

stud flock which is aiming for consistency in “type”.  
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6.5.3. Heritability and repeatability of body composition traits 

The heritability of post-weaning weight (0.17 and 0.15) was on the lower end of 

estimates within literature which range from 0.16 to 0.32 (Atkins et al. 1991; 

Waldron et al. 1992; Safari and Fogarty 2003; Safari et al. 2005) for similar 

breeds and aged lambs. Post-weaning fat depth and fatness were lowly heritable 

(0.08 to 0.11) which aligned with the current literature range of 0.05 to 0.28 

(Conington et al. 1995; Safari and Fogarty 2003; Safari et al. 2005). Post-weaning 

muscle depth and muscularity were very lowly heritable and below previous 

estimates outlined in the review by Safari and Fogarty (2003) although in line 

with estimates by Gilmour et al. (1994b) in Poll Dorset lambs of 0.03 - 0.05. 

The adult body composition traits were highly repeatable across the 

measurements and maturities (Table 6.5 and Table 6.6). The high repeatability 

and lack of significant interactions with season or maturity suggests that the 

within breed estimated breeding values are not re-ranking which is in support of 

findings in Chapters 3, 4 and 5. However, the conclusions surrounding the lack of 

re-ranking between seasons should be tempered as the environmental 

conditions did not create season differences in the phenotype. 

Adult weight was moderately heritable although slightly lower than the expected 

range of 0.29 to 0.42 (Safari et al. 2005). Analysis of another data set (Chapter 5) 

estimated the heritability of body condition ranged from 0.08 to 0.11 which is 

slightly lower than the estimate of 0.15 in this study. The adult fat and muscle 

traits had a slightly higher heritability than body condition score, ranging from 

0.13 to 0.23 (Table 6.5 and Table 6.6). However, this again was slightly below the 
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estimates within literature for fat depth of 0.20 to 0.28 and eye muscle depth of 

0.18 to 0.31 (Gilmour et al. 1994a; Safari et al. 2005; Huisman and Brown 2009). 

The heritability of hip height was higher than previous estimates in the literature 

for Polwarth (0.29, Fernandez Abella 1986), Belgian Bleu du Maine (0.43), Suffolk 

(0.57) and Texel sheep 0.40, (0.40, Janssens and Vandepitte 2004). The 

repeatability of hip height was high as expected in this experiment, however this 

is most likely not due to re-ranking of genetic lines but as a result of the majority 

of the repeatable variation being heritable rather than permanent 

environmental. 

6.6. Conclusion 

The use of breed additive and dominance matrices provides potential 

opportunities to partition breed additive and dominance variance alongside the 

additive genetic variance within composite or crossbreed data sets. Whilst the 

analysis technique was successful in partitioning the extra breed variances, the 

within-breed EBVs for the un-adjusted and breed adjusted models were very 

strongly correlated. Consequently, a more traditional animal model (with genetic 

groups) should suffice and is the approach taken in the next chapter. Accounting 

for breed effects will not influence the producer’s ability to select for the 

genetically superior individual. 
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7.1. Abstract 

The following chapter focusses on the importance of genetic merit for fat on the 

lifetime productivity of the ewe. The analysis was carried out on a maternal 

composite stud flock in Holbrook, New South Wales. The lifetime of ewes within 

the stud flock is short as the stud requires ewes to rear a lamb as a yearling and 

then annually with barren ewes culled from the stud flock. It was hypothesised 

that selection for increased condition in the ewe would lead to improved 

reproduction levels and increased longevity within the stud flock. In this 

maternal flock, selection on scanned post-weaning fat and muscle depth will lead 

to increased fat muscle and body condition in the breeding ewe due to strong 

genetic correlations between the post-weaning and adult traits of 0.68 to 0.99. 

However, the influence of body composition traits on reproduction (number of 

lambs weaned), lifetime productivity and longevity within the stud flock was 

weak. Selection for increased fat will have a negligible or even potentially 

detrimental effect in production environments where feed is readily available 

and or the ewes are easily meeting body condition targets at joining and across 

pregnancy. 

7.2. Introduction 

The value of a self-replacing maternal ewe has increased in Australia as a result 

of a thriving prime lamb industry and the move away from first cross Merino 

production systems. As with all ewe breeds or crosses the profitability of the ewe 

will be dependent on her ability to produce at least one lamb annually (Snowder 

and Fogarty 2009). 
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Recent lifetime wool guidelines recommend a high average live weight and 

condition score (score of 3 on a 1 to 5 scale) at mating to improve maternal 

performance (Curnow et al. 2011; Edwards et al. 2011; Young et al. 2011). The 

uptake of Lifetime wool guidelines has seen a 11-13% increase in lamb marking, 

a 14% increase in whole farm stocking rates and a 43% reduction in ewe 

mortality (Trompf et al. 2011). The on-farm outcomes presented by Trompf et al. 

(2011) were achieved as a result of optimised ewe nutrition and condition score 

profiles. Ewe body condition is also a welfare issue from the point of view of 

survival and wellbeing especially in extensive grazing systems (Morgan-Davies et 

al. 2008). 

Producers are currently looking for breeding techniques to improve the genetic 

condition of the ewe in a hope to take advantage of her reproductive 

performance. It has been demonstrated that the additive genetic component for 

body composition traits is constant across time (Chapters 3 to 5). Selection can 

be made in young sheep (post weaning) to improve the weight of the adult ewe 

(Chapter 3). Consequently, there is potential to select on the young animal to 

improve condition in the adult breeding ewe, allowing the producer to take 

advantage of the phenotypic relationship between condition and reproduction 

highlighted within the lifetime wool guidelines. 

This chapter aims to quantify the genetic relationship between body composition 

traits and subsequent reproductive performance. The analysis was carried out on 

a maternal composite stud flock in Holbrook, New South Wales. The analyses 

focus on the genetic correlations between post-weaning body composition, adult 
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body composition, reproduction, lifetime productivity and longevity traits of 

maternal composite ewes. It is hypothesised that improving the genetic body 

condition of the ewe will result in an improvement in the ewe’s maternal 

performance and longevity within the maternal stud. 

7.3. Materials and Methods 

7.3.1. Data 

This study involves data collected from an industry stud flock (Lambpro) based 

near Holbrook, New South Wales. Holbrook has a Mediterranean climate with an 

average annual rainfall of 700mm with the annual rainfall during the collection 

period (2010-2012) ranging from 777 to 1030 mm. The data set includes 

performance records for post-weaning body composition, adult body 

composition, and reproduction and longevity traits. 

7.3.2. Maternal composite flock 

The ewes analysed within the study are a part of the Lambpro maternal 

composite stud (http://lambpro.com.au/). The Lambpro maternal composite was 

developed from a combination of maternal breeds (Figure 6.1). The influx of new 

genetic material into the flock was based on the individual genetic merit of sires 

(AI and natural mating) and dams (embryo transfer) and not the breed 

composition of the individual. The dominant breeds within the composite flock 

include the Border Leicester, Coopworth, East Friesian, Finn, Poll Dorset, Texel 

and White Suffolk. The lifetime of ewes within the stud flock is short as the stud 

requires ewes to rear a lamb as a yearling and then annually, with ewes that fail 

this criterion culled from the stud flock. Selection is based on a commercial 
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maternal index with selection criteria focused on high quality lamb skins, growth 

and carcase quality of lambs, the ability for ewes to recover condition after 

rearing a lamb, and a body type that is not described as being “framey” or 

“leggy” in appearance (Figure 1.1). 

7.3.3. Post-weaning traits  

The 2007 to 2011 progeny from the composite flock were weighed and scanned 

post-weaning (average 142 days). Ultra-sound fat and muscle were measured by 

the same accredited scanner on the 12th rib at the C-Site of the ewe (Gooden et 

al. 1980). The composite lambs weighed on average 40.9kg with a fat depth of 

3.7mm and a muscle depth of 30.2mm (Table 7.1). 

Table 7.1: Summary statistics of post-weaning body composition, adult body 

composition, reproduction, and lifetime maternal performance traits of 

maternal composite flock. 

Trait Count Min Mean Max St dev. 

Post-weaning traits      

Weight (kg) 5683 10.0 40.9 77.0 9.2 

Fat depth (mm) 4110 1.0 3.7 8.0 1.2 

Muscle depth (mm) 4103 17.0 30.2 46.0 4.5 

Adult body composition traits      

Weight (kg) 4886 37.5 72.2 112.5 11.1 

Fat depth (mm) 4824 1.0 5.7 19.0 2.0 

Muscle depth (mm) 4826 11.0 34.3 48.0 3.6 

Body Condition Score (1 -5) 4816 0.5 3.3 5.0 0.8 

Hip Height (cm) 4818 48.0 73.3 94.0 8.0 

Reproduction      

Number of lambs weaned (NLW) 5829 0.0 1.24 4 0.77 

Weight of lamb weaned (kg) 3216 0.0 33.7 148 27.7 

Lifetime productivity      

NLW in 2 parities 3,396 0.0 1.0 6.0 1.3 

NLW in 3 parities 2,274 0.0 1.4 8.0 1.7 

Ewe longevity (years)      

To hogget lambing 3,396 0.0 0.9 2.0 0.9 

To third lambing 2,274 0.0 1.1 3.0 1.2 

To fourth lambing 1,591 0.0 1.3 4.0 1.5 
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7.3.4. Adult body composition traits 

The maternal composite flock was scanned twice a year from 2010 to 2012, 

capturing records from 2,796 ewes that on average were scanned 1.8 times 

during the trial. Body composition traits were measured on yearling, hogget and 

adult ewes in autumn (mid-pregnancy) and in late spring (post-weaning). The 

body composition traits included weight, fat depth, muscle depth, body 

condition score and hip height (Table 7.1). Ewes were body condition scored on a 

scale of 1 to 5 with 1 being lean (Russel et al. 1969). Fat and muscle depth were 

measured by an accredited ultrasound scanner at the 12th rib at the C-Site of the 

ewe (Gooden et al. 1980). Hip height was measured in centimetres from the 

ground to the top of the hip in 2.5cm increments.  

7.3.5. Reproductive traits 

The reproductive records were provided on the flock from 2007 (yearling 

lambing of 2007 cohort) to 2011. During the five year period, the flock had an 

average fertility of 94% (ewes lambed / ewe joined) with the ewes that lambed 

weaning on average 1.6 lambs with an average weaning weight of 34kg. The 

production system is based on single sire mating with adult ewes on average 

joined a month earlier than hogget ewes and two to three months earlier than 

the yearling ewes which are joined at seven months of age. The major 

reproductive traits analysed were the ewe’s number of lambs weaned and 

weight of lamb weaned per ewe joined as yearlings, hoggets and as adults (Table 

7.1). Also included were the total number of lambs weaned after the ewe’s 

second (hogget lambing) and third production cycle and ewe longevity within the 

stud flock. For the ewe to survive within the stud flock it must rear a lamb as a 
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yearling and then produce at least one lamb annually. Ewes are also culled from 

the flock due to poor condition pre-joining or due to low breeding value for the 

maternal selection index. The longevity traits refer to the number of years the 

ewe remained in the stud flock. Consequently, the longevity of the ewe at the 

cohorts third lambing can be 0-3 years (Table 7.1). 

7.3.6. Statistical analysis 

The analyses within this study focussed on the genetic relationship between 

body composition traits and the reproduction and longevity of maternal 

composite ewes. A series of bi-variate mixed models were fitted in ASReml 

(Gilmour et al. 2009) and genetic and phenotypic correlations were calculated. 

The correlations were then analysed using cluster analysis to portray phenotypic 

and genetic relationships between traits. 

Genetic groups were used in the analysis to account for the effect of breed 

within the maternal composite. The genetic groups are incorporated into the 

additive relationship matrix.  This is done by adjusting the matrix so that each 

base animal is assigned to a genetic group. Eight genetic groups were formed 

and based on the major seven breeds with the remainder assigned to an 

unknown breed type. The genetic groups are incorporated through Westall-

Quaas machinery (Westell et al. 1988) in ASReml (Gilmour et al. 2009) with the 

genetic group terms fitted as fixed. This technique allows the individuals to 

exhibit a mixture of group effects depending on the proportion of group or breed 

present.  
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7.3.6.1. Post-weaning traits –Model 1  

The fixed effects fitted to the post-weaning traits include cohort (2006-2011), 

maturity of the dam (yearling, hogget, adult) nested within cohort, age of the 

lamb at post-weaning in days, the rearing type of the lamb (single or multiple) 

and the lamb’s sex (ram or ewe; Table 7.2). Post-weaning weight was fitted as a 

covariate to fat and muscle depth to create the post-weaning fatness and 

muscularity traits. The random effects included animal and dam variances and 

covariances. 

Table 7.2: Description of terms fitted to the analysis of maternal performance 

and body composition traits within the maternal composite stud flock. Ticks 

refer to the terms fitted within the model. 

 Levels 1 2 3 Components 

Fixed effects      

Post-weaning weight 1 f, m    

Weight 1  f, m   

Cohort 6 � � �  

Scan year 3  �   

Season 2  �   

Scan year x Season 6     

Dam maturity 3 �  �  

Cohort x Dam maturity 18 �    

Cohort x Dam maturity x Scan date 18 � �   

Maturity 3  � �  

Age 1   �  

Maturity x Age 3     

Cohort x Age 6   r  

Post weaning age 1 �    

Rear type 2 �  �  

Dam maturity x Rear type 6 �    

Sex 2 � �   

Previous NLW 3  �   

Maturity x Previous NLW 6  �   

Season x Current NLW 6  �   

Season x Maturity x Current NLW 18     

Random effects      

Animal (Additive genetic matrix) 27,748  � � � 1 

Dam (Additive genetic matrix) 27,748 �   1 

Identity (repeatability) 27,748  � r 1 

* f, m = weight fitted as co-variate to ultrasound fat and muscle depth to create 

“fatness” and “muscularity” respectively. 

r = reproduction traits (number of lambs weaned, weight of lamb weaned and 

average weight of lamb weaned)  
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7.3.6.2. Adult body composition traits – Model 2 

The fixed effects fitted to the adult body composition traits include scan year 

(2010-2012), season (autumn or spring), scan year x season, maturity (yearling, 

hogget or adult), ewe age in years nested within maturity, previous number of 

lambs weaned (0, 1, 2+), maturity x previous number of lambs weaned, season x 

current number of lambs weaned (0, 1, 2+) and season x maturity x current 

number of lambs weaned (Table 7.2). Weight was fitted as a covariate to fat and 

muscle depth to create the fatness and muscularity “traits”. The random model 

included pedigree (additive genetic variance) and permanent environment 

effects (Table 7.2)  

7.3.6.3. Reproduction traits – Model 3 

The number of lambs weaned, weight of lamb weaned and average weight of 

lamb weaned were analysed across yearling, hogget and adult production cycles. 

The fixed effects model included maturity (yearling, hogget, adult), cohort, 

maturity of the ewe’s dam (yearling, hogget, adult), rearing type of the ewe 

(single or multiple), maturity of the dam x rearing type, and cohort x age (days). 

The analysis of adult reproduction traits also included age in years (3, 4, 5, 6, 7+; 

Table 7.2). The fixed terms fitted to the traits of longevity and number of lambs 

weaned to date, included cohort, maturity of the ewe’s dam, rearing type of the 

ewe and maturity of the dam x rearing type (Table 7.2). The random model 

included pedigree (additive genetic variance) and permanent environment 

effects (Table 7.2). 
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7.4. Results 

7.4.1. Genetic variance in traits 

Post-weaning weight was moderately heritable (0.20) with a maternal heritability 

of 0.10 (Table 7.3). Post-weaning fat was slightly less heritable than weight with 

the maternal heritability of post-weaning fat being low. The heritability for post-

weaning muscle depth and muscularity was very low at 0.06 and 0.05 

respectively (Table 7.3). The adult body composition traits were low to 

moderately heritable ranging from 0.13 to 0.29 (Table 7.3). However, they were 

more heritable than their corresponding post-weaning trait. The adult body 

composition traits were highly repeatable across time (Table 7.3). Hip height was 

highly heritable and repeatable. Number of lambs weaned and weight of lambs 

weaned were both lowly heritable but moderately repeatable (Table 7.3).  The 

lifetime productivity and longevity traits were genetically lowly heritable ranging 

from 0.02 to 0.13. 
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Table 7.3: Heritability (h
2
), maternal heritability (m

2
), repeatability (t

2
), and 

phenotypic variance (Vp) of body composition, reproduction and longevity 

traits of maternal composite ewes. 

Trait VP h
2 

m
2 

t
2 

Post-weaning traits     

Weight (kg) 29.294 0.20 (0.06) 0.10 (0.04) - 

Ultrasound fat depth (mm) 0.864 0.14 (0.07) 0.05 (0.04) - 

Fatness 0.651 0.13 (0.07) 0.00 (0.03) - 

Ultrasound muscle depth (mm) 7.420 0.06 (0.05) 0.12 (0.04) - 

Muscularity 4.849 0.05 (0.05) 0.04 (0.04) - 

Adult body composition traits     

Weight (kg) 81.256 0.29 (0.04) - 0.58 (0.02) 

Ultrasound fat depth (mm) 3.408 0.21 (0.04) - 0.44 (0.02) 

Fatness 2.933 0.23 (0.04) - 0.41 (0.02) 

Ultrasound muscle depth (mm) 9.587 0.15 (0.03) - 0.38 (0.02) 

Muscularity 8.025 0.13 (0.03) - 0.29 (0.02) 

Body Condition Score (1 -5) 0.563 0.17 (0.03) - 0.37 (0.02) 

Hip Height (cm) 14.215 0.62 (0.03) - 0.62 (0.03) 

Reproduction     

Number of lambs weaned (NLW) 0.499 0.08 (0.03) - 0.49 (0.02) 

Weight of lambs weaned (kg) 556.21 0.12 (0.15) - 0.46 (0.02) 

Lifetime productivity     

NLW in 2 parities 1.133 0.02 (0.04) - - 

NLW in 3 parities 1.321 0.09 (0.08) - - 

Ewe longevity (years)     

To hogget lambing 0.252 0.10 (0.06) - - 

To third lambing 0.581 0.13 (0.11) - - 

To fourth lambing 1.073 0.12 (0.12) - - 

 

7.4.2. Genetic relationships 

7.4.2.1. Post-weaning body composition 

Post-weaning weight in the composite flock was strongly correlated with post-

weaning fat and very strongly correlated with post-weaning muscle (Table 7.4). 

Fat depth and muscle depth were moderately correlated (0.79). However, when 

the traits were adjusted for post-weaning weight, the correlation was low at 0.22 

(Table 7.4). 
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Table 7.4: Genetic correlations between post-weaning body composition traits 

of maternal composite sheep. Standard errors of estimates are given in 

parentheses. 

Trait PWWT PFAT PFATN PMUS 

Ultrasound fat depth (PFAT) 0.65 (0.16)    

Fatness (PFATN) 0.65 (0.16) 0.83 *   

Ultrasound muscle depth (PMUS) 0.93 (0.08) 0.79 (0.15) 0.62 (0.23)  

Muscularity (PMUSC) 0.93 (0.08) 0.59 (0.28) 0.22 (0.45) 0.71 * 

* Correlation between traits calculated by square root of the proportion of the 

additive variance in common 

7.4.2.2. Adult body composition 

The genetic correlation between adult weight and adult body composition traits 

showed similar trends to those observed between the post-weaning traits (Table 

7.5). Weight was strongly correlated to fat and body condition and very strongly 

correlated to muscle (Table 7.5). Adult fat and muscle were very strongly 

genetically correlated to body condition score (Table 7.5). Adult hip height was 

moderately correlated to weight but was genetically lowly correlated with body 

composition (fat, muscle, and body condition score). 

Table 7.5: Genetic correlations among adult body composition traits of 

maternal composite sheep. Standard errors of estimates are given in 

parentheses. 

Trait WT FAT FATN MUS MUSC BCS 

Fat depth (FAT) 0.66 (0.04)      

Fatness (FATN) 0.64 (0.04) 0.97 *     

Muscle depth (MUS) 0.89 (0.03) 0.82 (0.04) 0.76 (0.05)    

Muscularity (MUSC) 0.89 (0.03) 0.82 (0.04) 0.71 (0.06) 0.85 *   

Body Condition Score 

(BCS) 

0.73 (0.04) 0.92 (0.02) 0.91 (0.02) 0.95 (0.02) 0.96 (0.02)  

Hip Height (HHT) 0.52 (0.03) 0.20 (0.05) -0.03 (0.05) 0.38 (0.05) 0.17 (0.06) 0.09 (0.06) 

* Correlation between traits calculated by square root of the proportion of the 

additive variance in common 

7.4.2.3. Relationships between post-weaning and adult traits 

Moderate to strong genetic correlations were found between the post-weaning 

traits and the corresponding adult trait (Table 7.6). Post-weaning weight was 

strongly genetically correlated with weight and hip height, strongly correlated to 
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muscle depth, moderately correlated with muscularity and lowly correlated to 

fat depth (Table 7.6). A negligible unfavourable correlation was found between 

post-weaning weight and adult fatness (-0.19 ± 0.18). Post-weaning fat depth 

was strongly correlated with adult weight, muscle and body condition score 

(Table 7.6). A positive moderate genetic relationship between fatness and adult 

muscle was observed along with a strong correlation with adult body condition 

score (Table 7.6). Post-weaning muscle was very strongly correlated with adult 

weight and muscle traits (Table 7.6). Adult hip height was positively correlated 

with post weaning weight, fat and muscle depth. However, low to moderate 

negative correlations were observed between the weight adjusted post-weaning 

fat and muscle traits and hip height (Table 7.6). 

Table 7.6: Genetic correlation between adult body composition traits of 

maternal composite sheep and their post-weaning body composition traits. 

Standard errors of estimates are given in parentheses. 

Adult Trait PWWT PFAT PFATN PMUS PMUSC 

Weight (WT) 0.89 (0.04) 0.67 (0.14) -0.19 (0.18) 0.95 (0.15) 0.19 (0.26) 

Fat depth (FAT) 0.29 (0.12) 0.80 (0.10) 0.85 (0.09) 0.83 (0.45) 0.26 (0.22) 

Fatness (FATN) -0.16 (0.13) 0.76 (0.12) 0.88 (0.08) 0.05 (0.25) 0.47 (0.24) 

Muscle depth 

(MUS) 

0.72 (0.09) 0.65 (0.13) 0.46 (0.17) 0.99 (0.17) 0.98 (0.18) 

Muscularity (MUSC) 0.51 (0.14) 0.58 (0.15) 0.53 (0.16) 0.99 (0.17) 0.68 (0.21) 

Body Condition 

Score (BCS) 

0.39 (0.12) 0.71 (0.13) 0.73 (0.14) 0.80 (0.28) 0.47 (0.23) 

Hip Height (HHT) 0.78 (0.06) 0.27 (0.12) -0.39 (0.16) 0.58 (0.20) -0.48 (0.26) 

 

7.4.2.4. Relationships between reproduction and longevity traits 

Number of lambs weaned is very strongly genetically correlated with weight of 

lamb weaned and the number of lambs weaned after two and three production 

cycles (Table 7.7). Lifetime productivity traits were moderately to strongly 

correlated with ewe longevity at 2nd, 3rd and 4th lambings (Table 7.7). Number of 
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lambs and weight of lambs weaned were negligible to lowly-moderately 

correlated to ewe longevity (Table 7.7). The longevity of ewes across the three 

time points were very strongly correlated and in this analysis could be assumed 

to be the same trait (Table 7.7). 

 



 

 

Table 7.7: Genetic correlation between reproduction and longevity traits of maternal composite sheep. Standard errors of estimates are 

given in parentheses. 

Trait NLW WTLW NLW2 NLW3 LH L3 

Number of lambs weaned (NLW)       

Weight of lambs weaned (WLW) 0.98 (0.01)      

NLW after hogget lambing (NLW2) 0.94 (0.06) 0.91 (0.09)     

NLW after the third lambing (NLW3) 0.85 (0.05) 0.81 (0.08) 0.99 (0.10)    

Longevity to hogget lambing (LH) -0.47 (0.18) 0.03 (0.20) 0.75 (0.21) 0.67 (0.45)   

Longevity to third lambing (L3) -0.33 (0.17) -0.02 (0.16) 0.84 (0.54) 0.86 (0.28) 0.99 (0.10)  

Longevity to forth lambing(L4) -0.28 (0.20) 0.07 (0.17) 0.77 (0.85) 0.80 (0.39) 0.99 (0.10) 0.99 (0.10) 
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7.4.2.5. Relationship between body composition and reproduction 

The number of lambs weaned was favourably correlated with post-weaning 

weight (0.42), adult hip height (0.28), post-weaning muscle depth (0.12) and 

adult weight (0.17; Table 7.8). However, it had antagonistic relationships with 

post-weaning fatness (-0.43) and muscularity (-0.30) as well as adult fat depth (-

0.34), fatness (-0.40) and body condition score (-0.17; Table 7.8). Weight of 

lambs weaned is a function of number of lambs weaned and lamb growth. It had 

favourable low to moderate correlations with post-weaning weight (0.54), fat 

depth (0.28), fatness (0.25), muscle depth (0.36) and muscularity (0.28; Table 

7.8). However, it was found to have lowly antagonistic relationships with adult 

fat depth (-0.23) and fatness (-0.29; Table 7.8). 

Table 7.8: Genetic correlation between number of lambs and weight of lambs 

weaned with body composition traits of maternal composite sheep at post-

weaning and as adults. Standard errors of estimates are given in parentheses. 

(adult body composition adjusted for reproductive status) 

Trait Number of lambs 

weaned 

Weight of lambs 

weaned 

Post-weaning   

Weight  0.42 (0.20) 0.54 (0.21) 

Fat depth -0.05 (0.23) 0.28 (0.24) 

Fatness -0.43 (0.40) 0.25 (0.25) 

Muscle depth 0.12 (0.34) 0.36 (0.38) 

Muscularity -0.30 (0.40) 0.28 (0.43) 

Adult   

Weight 0.17 (0.13) 0.20 (0.15) 

Fat depth -0.34 (0.13) -0.23 (0.15) 

Fatness -0.40 (0.13) -0.29 (0.14) 

Muscle depth -0.07 (0.16) 0.20 (0.17) 

Muscularity -0.10 (0.15) 0.15 (0.18) 

Body Condition Score -0.17 (0.15) -0.03 (0.16) 

Hip Height 0.28 (0.11) 0.07 (0.11) 
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7.4.2.6. Influence ewe body composition on longevity 

The longevity traits were analysed to give an indication of the number of years a 

ewe would remain in the stud flock. Ewe longevity was low to moderately 

correlated with reproduction (Table 7.7) and yet weakly correlated with adult 

body composition. The associated standard error of the genetic correlation 

estimates between adult body composition and longevity suggest that the 

relationship this flock is most likely negligible. Post-weaning weight was 

moderately to strongly negatively correlated with longevity (-0.40 to -0.94). Post-

weaning fatness was positively and moderately correlated to longevity at hogget 

lambing (0.52) but the relationship weakened over the next two production 

cycles (0.15 to 0.16). Genetically shorter and fatter ewe lambs lasted longer 

within the stud flock. 

7.4.3. Genetic cluster analysis 

A genetic cluster analysis was formed from the bivariate analyses of post-

weaning and adult body composition traits, reproduction, longevity and lifetime 

productivity traits (Figure 7.1). Three clear clusters formed around adult body 

composition traits, post-weaning body composition traits and the reproduction 

and longevity traits (Figure 7.1). The cluster analysis suggests that the genetic 

relationships between adult body composition and the longevity and lifetime 

productivity are weak as a result of low to lowly moderate genetic correlations 

(Figure 7.1). The genetic relationships between the post-weaning traits and the 

longevity and lifetime productivity of the ewe were stronger than that observed 

with adult body composition. However, the cluster analysis suggests that the 
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post-weaning traits accounted for less than 50% of the genetic variation in ewe 

longevity and lifetime productivity over three parities (Figure 7.1).  



 

 

Figure 7.1: Cluster analysis of genetic relationships between post-weaning and adult body composition traits with reproduction, longevity 

and lifetime maternal productivity in a commercial maternal composite sheep flock. 

 

 



Chapter Seven 

223 | P a g e  

 

7.5. Discussion 

7.5.1. Improving adult ewe body composition 

Strong genetic correlations were found between post-weaning and adult traits 

for weight (0.89), fat depth and fatness (0.80 and 0.88) and muscle depth and 

muscularity (0.99 and 0.68; Table 7.6). The results support the findings in 

Chapter 3 which showed strong genetic correlations between post-weaning 

weight and adult weights across the breeding ewe’s first three production cycles 

(0.74 to 0.99). The strong genetic correlations across ages are in line with 

literature estimates for weight (Safari and Fogarty 2003) and ultra-sound 

measurements (Huisman and Brown 2009). The strength of the genetic 

correlations suggests that selection can be made on the lambs at post-weaning 

to improve the fat and condition levels in the ewe across her production life. 

However, a weak but unfavourable relationship between post-weaning weight 

and adult fatness suggests that if selection is focussed too heavily on maximising 

growth rates, ewes could become undesirably lean if left unchecked. 

Selection on adult body condition is possible although slightly restricted by a 

longer generation interval and a low heritability of 0.17 (Table 7.3) which aligns 

with previous estimates in Chapters 3, 5 and 6 and earlier literature (Shackell et 

al. 2011). Ultra sound fat and muscle measurements on young sheep could be 

used as indirect selection criteria to genetically improve ewe body condition as 

they are very strong genetically correlated over time. Both fat and muscle are 

slightly more heritable ranging from 0.20 to 0.28 and 0.13 to 0.31, respectively 

(Table 7.3) and agree with estimates in literature (Gilmour et al. 1994a; Fogarty 

1995; Safari et al. 2005; Huisman and Brown 2009). The favourable strong 
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correlations between ultrasound fat and muscle and body condition score (Table 

7.5) mean that selection can be made on any of the traits to improve ewe 

condition although heritability of body condition score was lower. Previous 

findings (Chapter 3, 4, 5 and 6) and the high repeatability of measurements (0.29 

– 0.44; Table 7.3) suggest that by selecting for more fat, muscle or condition on 

the adult ewe will lead to more fat, muscle and condition throughout the 

production cycle. This was supported by the findings of Lambe et al. (2004) and 

Shackell et al. (2011) who showed moderate to strong genetic correlations 

between measurement points across the production cycle for fat, muscle and 

condition. 

7.5.2. Genetic merit of selection on hip height 

Hip height was moderate to highly heritable (0.62; Table 7.3). This was slightly 

higher than previous estimates in sheep of 0.29 to 0.57 (Fernandez Abella 1986; 

Janssens and Vandepitte 2004) but lower than estimates in cattle of 0.73 (Vargas 

et al. 2000) and 0.83 (Northcutt and Wilson 1993). Anecdotal comments from 

the producer had suggested that the shorter less “framey” ewes were able to 

maintain condition better and in turn produce more lambs. The results herein 

suggest that genetically the taller ewes were heavier and had more muscle as 

adults although the relationship was weak (Table 7.5). However, the genetic 

relationship between hip height and fatness was negligible (-0.03). This suggests 

that selecting for or against hip height has very little influence on ewe condition. 

Hip height was positively although weakly correlated to number of lambs 

weaned (0.28) and weight of lambs weaned (0.07). It is quite likely in this flock 

that the relationship is being driven by the high fertility of the taller East Friesian 
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bloodlines as was seen in the Maternal Central Progeny Test (Fogarty et al. 

2005a). 

7.5.3. Genetic relationship between body composition and 
reproduction 

The current study showed moderate unfavourable genetic correlations between 

post-weaning and adult fat and fatness with number of lambs weaned. The 

relationship between muscle depth and number of lambs weaned was negligible. 

The genetic relationship between fat and muscle of the adult ewe with 

reproduction is poorly represented within literature. Huisman and Brown (2009) 

have reported weak favourable correlations with number of lambs born and 

weaned with both fat and muscle depth in Merinos. Ap Dewi et al. (2002) 

reported a genetic correlation of 0.20 between fat depth and litter weight and 

0.28 between eye muscle depth and litter weight in Welsh Mountain sheep.  A 

deliberate focus on breeding for genetic fat of the ewe within the stud and 

exceptionally good rainfall and pasture growth led to the majority (≈ 60%) of 

ewes with condition scores above three. An increased proportion of over 

conditioned ewes could lead to a decline in reproductive performance (Rhind et 

al. 1984; Parr et al. 1987).  Tiezzi et al. (2013) observed in dairy cattle that the 

primarilly phenotypic negative influence of over conditioning could dominate the 

favourable relationship between condition and reproduction observed at lower 

body conditions resulting in a negative genetic correlation. The detrimental 

influence of high phenotypic fat during the trial may have contributed to an 

unfavourable genetic relationship between fat and number of lambs weaned.  
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7.5.4. Lifetime productivity and longevity in the commercial flock 

The heritability of the lifetime productivity and longevity traits within the 

maternal composite flock was low (0.10 – 0.13; Table 7.3). The findings align with 

the results of Brash et al. (1994d) who found over 4 production cycles the 

heritability of lifetime number of lambs weaned was 0.12 whilst longevity in the 

flock was not heritable (0.00). Similar, although slightly higher estimates were 

reported by Borg et al. (2009a) (0.04 to 0.10), Duguma et al. (2002) (0.17) and 

Mekkawy et al. (2009) (0.27) for ewe lifetime productivity. The cluster analysis of 

results herein (Figure 7.1) suggests that the longevity of ewes within the 

commercial study is related to lifetime productivity (number of lambs weaned 

after 2nd and 3rd production cycle; Table 7.7) and was weakly related to adult 

body composition. However, this occurred by definition because they couldn’t 

have more lambs if they had been culled. Due to the rather quick turn over of 

ewes within the flock due to selection pressures the value of genetic fat in 

regards to reproduction and ewe longevity was minimal and most likely not fully 

expressed in this flock. 

7.6. Conclusion 

The major conclusion from the genetic study of a maternal composite flock is 

that selection on post-weaning fat and muscle scans will lead to increased fat, 

muscle and body condition in the breeding ewe. However, this was not related to 

reproduction or longevity within this stud flock. Selection for increased genetic 

fat will have a negligible even potentially detrimental effect in production 

environments where feed is readily available or ewes can easily become over 

conditioned at joining and across their pregnancy. 
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8.1. Abstract 

The profitability of a sheep enterprise is greatly influenced by the ability for the 

ewe to produce a lamb annually. The following chapter focusses on the ability to 

breed for more fat and body condition in the ewe to improve body energy 

reserves and her ability to rear a lamb. Fleece, reproduction, lactation and 

weight and fat score were measured on 2,846 first cross ewes from the Maternal 

Central Progeny Test across three production cycles. The analysis focuses on the 

correlations between adult weight and fat with fleece, lactation and reproductive 

traits. Ewes were grouped based on their phenotype for greasy fleece weight, 

fibre diameter, number of lambs weaned and weight of lambs weaned and then 

analysed using a spline model to determine if their fat and weight fluctuates 

differently across the production cycle. The relationship between ewe genetic fat 

score and reproductive traits was negligible and in some cases negative as ewes 

became too fat across the production cycle. It was found that genetic selection 

for increased fat in the breeding ewe will lead to increased fat in the milk and in 

turn larger lambs. Selection for more fat will increase fibre diameter and yet the 

finer or heavier fleeced individuals’ condition did not fluctuate or change in ewe 

any more than their contemporaries across the production cycle. 

8.2. Introduction 

The Australian sheep industry, has successfully improved fleece and lamb meat 

production, but still lags behind in improving reproductive performance on a 

national scale. With lamb meat a major component of Australian sheep 

enterprises, the profitability of the enterprise is greatly influenced by the ability 

for the ewe to produce a lamb for slaughter (Snowder and Fogarty 2009). 
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Farmers have improved weaning percentages by taking advantage of a 

favourable relationship between ewe body condition and reproductive 

performance as promoted in the Lifetime ewe guidelines (Oldham and 

Thompson 2004).  Although, producers can take advantage of this phenotypic 

relationship through good management, it has been shown in Chapters 3, 4, 5, 6 

and 7 that producers can breed for a ewe that has genetically superior condition 

levels and will be better at maintaining these above reproductive thresholds 

across the production cycle. 

It has been demonstrated that the additive genetic component for body 

composition traits is constant across time (Chapters 3, 4, 5, 6 and 7). No evidence 

was found in Chapters 3, 4, 5, 6 and 7 that selection could be made for improved 

condition at one point without increasing condition at all times. However, this 

does mean that selection can be made in young sheep (post weaning) to improve 

ewe weight, fat and muscle reserves (Chapter 3 & 7). The findings suggest that 

with selection on the young animal for more condition in the adult breeding ewe, 

the producer can breed a ewe that genetically has greater potential of taking 

advantage of the relationship highlighted within the lifetime wool guidelines. 

Previous work in this thesis (Chapters 3, 4, 5, 6 and 7) has shown that selection 

can be made to improve ewe condition at joining but this research needs to be 

expanded to determine the genetic relationship between ewe weight and fat on 

maternal performance incorporating the ewe’s reproductive, fleece and lactation 

traits. This chapter focusses on the phenotypic and genetic relationships 

between ewe body composition and her subsequent fleece, milk and 
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reproductive performance. Reproduction, fleece and lactation traits were 

recorded during the first three parities of the ewe’s productive life. It is 

hypothesised that by improving the genetic fatness of the ewe will result in 

improved maternal performance without hindering fleece production. 

8.3. Materials and methods 

8.3.1. Data  

This study involves data from first cross ewes in the Maternal Central Progeny 

Test (MCPT) (Fogarty et al. 2005b). The data set includes the body composition, 

fleece, milk, and reproductive traits of 2846 crossbred ewes that were joined 

over three production cycles at 3 sites (Cowra, Hamilton and Rutherglen). The 

first cross ewes were progeny of Merino or Corriedale “base ewes” that were 

artificially inseminated over three years to 91 sires from predominantly maternal 

breeds (Fogarty et al. 2005b).  The source and distribution of the MCPT sires 

were presented by Fogarty et al. (2005a) and grouped within breed. There were 

12 – 14 sires used for each site each year, including three individual sires (Border 

Leicester, Coopworth and Finn) used each year for each site to provide genetic 

links. The base ewes (dams of the ewes analysed) at Cowra were mature 

medium-wool Merino, at Hamilton approximately half the ewes were fine-wool 

Merino and half were Corriedale, and at Rutherglen they were broad-wool 

Merino.  Further details on the management, genetic merit of the sires, source of 

base ewes and insemination protocols used within the MCPT have been reported 

by Fogarty et al. (2005b; 2005a). 
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8.3.2. Management cohorts 

The first cross ewes were run at: Cowra Agricultural Research and Advisory 

Station, New South Wales (born 1997 to 1999), the Pastoral and Veterinary 

Institute Hamilton, Victoria (born 1997 to 1999), and Rutherglen Research 

Institute, Victoria (born 1997 to 1999 at Struan Research Centre, South 

Australia). At Cowra, each cohort of first cross ewe lambs was split into Autumn 

and Spring joining groups by stratified randomisation based on weaning weight 

within sire group. The autumn groups were first joined at seven months of age in 

February for lambing in July. The Spring-joined groups were joined in spring (14 

months of age). At Hamilton, each cohort of first cross ewes was joined at seven 

months of age in autumn (March) for lambing in August. The ewes in each cohort 

at Rutherglen were first joined in late Spring-summer (19 months of age). Each 

cohort of first cross ewes was mated to terminal sire rams to assess their second-

cross lamb production in each of three years. The project was conducted under 

approval of the relevant Department Animal Ethics Committee at each site 

(Fogarty et al. 2005b; 2005a). 

8.3.3. Body composition traits 

Weight and fat score (scored 1-5 for fat coverage at the GR-site on the 12th rib 

with 1 being lean and 5 being fat; Moxham and Brownlie (1976) were measured 

on the crossbred ewes at four time points; pre-joining, post-joining, mid-

pregnancy and weaning across the three production cycles. Thus, there were 12 

repeat measurements for both weight and fat score per ewe. Further description 

of the data and first cross ewes including trait means and standard deviations at 

the twelve time points are presented in Chapter 3 (Table 3.3).   
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8.3.4. Fleece traits 

Greasy fleece weight (GFW) was recorded over the three production cycles with 

first recorded shearing occurring at approx. 12 months of age with 6-9 months of 

wool growth since the lamb shearing (Table 8.1).  A mid-side wool sample at 

hogget shearing was taken from each fleece for yield (YLD) and average fibre 

diameter (FD) measurement in commercial laboratories and calculation of clean 

fleece weight (CFW) (Fogarty et al. 2005c). 

Table 8.1: Mean, standard deviation and count of fleece traits of maternal 

crossbred ewes 

Trait Records Mean s.d 

Greasy fleece weight (kg) 7704 4.68 1.02 

Fibre diameter (μm) 2820 26.96 3.11 

Fleece yield (%) 2803 75.36 4.69 

Clean fleece weight (kg) 2820 3.34 3.11 

Lifetime    

Greasy fleece weight 2688 13.07 3.58 

 

8.3.5. Reproduction traits 

The first cross ewes were joined to terminal sires over three production cycles 

encompassing being joined as ewe lambs (Hamilton ewes and Cowra ewes joined 

in autumn), hoggets and mature ewes. Ewes were pregnancy scanned by 

ultrasound at mid-pregnancy approximately 53 days prior to lambing to assess 

pregnancy rate (dry or pregnant). The second crossbred lamb progeny were ear 

tagged within 15 hours of birth, and their birth weight, dam identification, sex, 

birth type (number of lambs in the litter) and birth date were recorded (Afolayan 

et al. 2008b). Ewe performance at lambing was presented as fertility (dry vs 

lambed) and number of lambs born per ewe joined (Table 8.2). Lambs were 

weaned and weighed at approximately 12 weeks of age. Weaning measures on 
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the ewe included number of lambs weaned, weight of lambs weaned, litter 

survival and average lamb weight (Table 8.2). 

Table 8.2: Mean, standard deviation and count reproductive performance traits 

of maternal crossbred ewes 

Trait Units Records Mean s.d. 

Scan fertility Ewes scanned pregnant/ ewes joined 8288 0.85 0.36 

Fertility Ewes lambing/ ewes joined 8288 0.82 0.39 

Fecundity Lambs born/ ewes lambing 6755 1.54 0.55 

Number of lambs born Lambs born/ ewes joined 8288 1.26 0.78 

Number of lambs weaned Lambs reared / ewes joined 8060 1.05 0.74 

Weight of lamb weaned (kg) Total weight of lamb weaned 8060 26.11 17.55 

Average lamb weight (kg) Weight of lamb weaned / number of 

lambs weaned 

6112 34.43 10.95 

Litter survival Lambs reared / lambs born 6112 0.92 0.18 

Lifetime     

Number of lambs weaned  2688 3.10 1.49 

Weight of lamb weaned (kg)  2688 76.83 37.19 

 

8.3.6. Milk traits 

Milk production was measured using a 4-hour milk test (McCance 1959) on three 

occasions, twice during peak lactation (approximately 3 and 4 weeks) and at 12 

weeks of lactation where milk production wanes towards weaning (Morgan et al. 

2006). On each occasion ewes were initially milked out by machine then followed 

by hand-stripping and the time was recorded. They were milked again (machine 

and hand-stripping) approximately 4 hours later, with the time and weight of 

milk recorded and samples taken for analysis of composition. Daily milk yield was 

calculated by extrapolation from the milk yield at the second milking and the 

time interval from the initial milking (Morgan et al. 2006). The milk was sampled 

and analysed at a commercial laboratory for fat, protein, and lactose percentage 

(Table 8.3). Genetic analysis of the milk traits was presented by Afolayan et al. 

(2009a).Total solids was calculated as percentage of solid times yield. 
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Table 8.3: Mean, standard deviation and count of milk traits of maternal 

crossbred ewes 

Trait Records Mean s.d 

Milk Yield (kg/day) 1408 1.639 0.820 

Fat percentage 1322 8.40 1.97 

Protein percentage 1321 4.27 0.63 

Lactose percentage 1238 5.68 0.41 

Total fat solids (kg) 1320 0.139 0.079 

Total protein solids (kg) 1319 0.068 0.031 

Total lactose solids (kg) 1236 0.094 0.049 

 

8.3.7. Lifetime maternal performance 

The lifetime maternal performance of the breeding ewe is driven by fleece 

production and reproductive performance. To calculate the performance of the 

ewe over the three production cycles, greasy fleece weight (Table 8.1), fibre 

diameter, number of lambs weaned and weight of lambs weaned (Table 8.2) 

records were combined across time to give a prediction of lifetime production. 

For the four traits used as indicators of lifetime productivity, the ewes were 

grouped by their phenotypic performance (including between breed and within 

breed genetic and environmental effects). Fibre diameter was grouped into six 

groups; <24 micron fleece (487 ewes), 24-26 micron (500), 26-28 micron (673), 

28-30 micron (573), 30-32 micron (310), 32+ micron (145).  Total fleece 

production over 3 shearings was grouped into five groups <10 kg of wool (564 

ewes), 10-14 kg (993), 14-17 kg (750), 17-20 kg (335), 20+ kg (46).  Ewes were 

grouped by number of lambs weaned over the three production cycles into <2 

lambs (377 ewes), 2-4 lambs (1233),4-6 lambs (949) and 6+ lambs (129). For 

lifetime weight of lamb weaned ewes were grouped into <60kg of lamb weaned 

(825 ewes), 60-90kg (872), 90-120kg (689), 120+kg (302). 
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8.3.8. Statistical analysis 

Bi-variate correlations at the breed and within breed sire level were calculated 

using an animal model in ASReml (Gilmour et al. 2009). The analysis focusses on 

the correlations between the weight and fat score of the ewe and her fleece, 

reproductive performance and milk production during her first three production 

cycles.  

8.3.8.1. Body composition Traits – Model 1 

The model fitted to weight and fat score was based on the model fitted in 

chapter 3. However, it was assumed that they were single traits with multiple 

measurements, repeat records, at pre-joining, post-joining, mid-pregnancy and 

weaning. The fixed effects fitted within the model included cohort (5 levels), 

parity (1st, 2nd, 3rd joining), measurement (4 levels), parity x measurement, 

cohort x dam group, cohort x parity interaction, and joining age nested within 

parity, previous number of lambs weaned (0,1,2+) and previous length of 

lactation (days), parity x previous number of lambs weaned and parity x previous 

lactation length (Chapter 3). To account for reproductive status within the 

current parity, number of lambs born and parity x number of lambs born was 

fitted to the mid-pregnancy records with number of lambs weaned, length of 

lactation, parity x number of lambs weaned and parity by lactation length fitted 

to the weaning records (Table 8.4). The random terms fitted within the model 

include cohort x year (15 levels),sire breed (Border Leicester, Booroola Leicester, 

Corriedale, Coopworth, East Friesian, Finn, White Suffolk, other maternal and 

other terminal), sire (91 sires) and the cohort x year x sire interaction. 
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8.3.8.2. Fleece traits – Model 2 

The model fitted to the fleece traits contained the following fixed effects cohort, 

maturity (ewe lamb, hogget, adult shearing), cohort x dam group, cohort x 

maturity interaction, and joining age nested within maturity (Table 8.4). Maturity 

and maturity x age were only fitted to greasy fleece weight as the other traits 

were only recorded during the hogget shearing. The random terms fitted within 

the model include cohort x year, breed, sire and the cohort x year x sire 

interaction. 

8.3.8.3. Reproduction traits – Model 3 

The model fitted to the reproductive traits contained the following fixed effects 

of cohort, cohort x dam group, maturity, site x maturity and maturity x joining 

age (Table 8.4). Length of lactation and maturity x lactation length were fitted to 

weight of lamb weaned and average lamb weight. The random terms fitted 

within the model include cohort x year, breed, sire and the cohort x year x sire 

interaction. 

8.3.8.4. Lactation traits – Model 4 

The model fitted to the lactation traits contained the following fixed effects of 

cohort, maturity (ewe lamb, hogget, adult mating), cohort x dam group, cohort x 

maturity interaction, and joining age nested within maturity, period of lactation 

(peak, tail), period x day of lactation, number of lambs weaned, period x number 

of lambs weaned and maturity x number of lambs weaned (Table 8.4). The 

random terms fitted within the model include cohort x year, breed, sire and the 

cohort x year x sire interaction. 
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Table 8.4: Description of terms fitted within the models used to analyse the 

body composition, fleece, reproductive and lactation traits measured on first 

cross ewes within the maternal central progeny test. 

 Levels 1 2 3 4 Components 

Fixed Effects       

Cohort 5 � � � �  

Cohort x Dam Group 15 � � � �  

Parity 3 �     

Measurement 4 �     

Parity x Age 3 �     

Maturity 3  � 

(GFW) 

� �  

Site x Maturity 15   �   

Maturity x Age 3  � � �  

Period of lactation 2    �  

Period x day of lactation 2    �  

Period x Number of lambs 

weaned (NLW) 

6    �  

Previous NLW 3 �     

Previous lactation length (LL) 1 �     

Parity x Previous NLW 9 �     

Parity x Previous LL 3 �     

Current NLW 3 �   �  

Current lactation length 1 �  �(NLW, 

WTLW) 

  

Maturity x lactation length 3   �(NLW, 

WTLW) 

  

Parity x Current NLW 9 �   �  

Parity x Current LL 3 �     

Random Effects       

Cohort x Year 15 � � � � 1 

Breed 9 � � � � 1 

Sire 91 � � � � 1 

Cohort x Year x Sire 1,365 � � � � 1 

 

8.3.8.5. Lifetime maternal performance analysis 

To determine the effect of maternal productivity on fluctuations in weight and 

fat across the production cycle four lifetime traits were formed: total greasy 

fleece weight (fleece produced from 3 shearings), hogget fibre diameter, total 

number lambs weaned (sum over 3 production cycles) and total weight of lambs 

weaned.  The models fitted to the lifetime traits include the same terms as those 

fitted in the models for the base traits except without the maturity and maturity 

interactions being included. Ewes were then grouped as per previously stated 
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with fibre diameter split into 6 phenotypic groups, lifetime fleece production into 

5 groups and the lifetime reproduction traits each split into 4 performance 

groups. 

The cubic spline used in Chapter 4 (Table 4.2) was replicated in the following 

analysis in ASReml (Gilmour et al. 2009) to estimate the influence of lifetime 

maternal productivity in the intercept, linear and curved components of the ewe 

lifetime weight and fat profiles. The splines began with the first measurement at 

pre-joining of the first parity. Measurement points were on average at days 0, 

37, 115, 276, 371, 421, 478, 629, 736, 782, 840 and 997 thus providing twelve 

knot points on which the cubic spline was based. Day was centred at day 473 and 

scaled so that the standard deviation of day was one. The base spline model 

contained day and cohort fitted as fixed effects with the random terms including 

site x year, spline term, day x site, spline x site, day x  site x year, spline x site x 

year. Dam group (Table 3.1) and Breed (Table 3.2) along with their interactions 

with the day and spline term were included in the model to remove breed 

effects. The phenotypic groups were then fitted as a random term along with its 

interaction with day and the spline term. This was replicated for each of the 4 

traits. 

8.4. Results 

8.4.1. Genetic relationship with maternal performance traits 

The genetic relationship between ewe body composition and fleece production is 

as a result of moderate to strong correlations at the breed level (Table 8.5). With 

the crossbred population the sire breeds that produced heavier and finer fleeces 
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also produced the lightest and leanest ewes (Table 8.5). Moderate positive 

genetic correlations between ewe fat and fibre diameter at both the breed and 

within breed levels suggest that selection towards a high quality fleece (lower 

fibre diameter) has led to leaner ewes (Table 8.5). Within breed sire correlations 

suggest the relationship between fleece weight and genetic fat was negligible. 

Table 8.5: Breed and within breed genetic correlations between ewe weight 

and fat score with fleece production traits. 

 Breed Correlation Within Breed Correlation 

 Weight Fat Score Weight Fat Score 

Greasy Fleece Weight -0.55 (0.29) -0.25 (0.36) 0.00 (0.11) 0.06 (0.12) 

Clean Fleece Weight -0.44 (0.32) -0.16 (0.37) 0.08 (0.12) 0.13 (0.12) 

Yield -0.02 (0.42) 0.31 (0.37) 0.12 (0.13) 0.15 (0.13) 

Fibre Diameter 0.88 (0.12) 0.41 (0.32) 0.14 (0.12) 0.40 (0.10) 

 

The breeding ewes in the MCPT had an average fat score of 3.4 to 3.7 at pre-

joining (Table 3.3).  As the ewes in the flock were managed well and were able to 

meet pre-joining condition targets, the link between poor condition and poor 

reproduction was not seen. Consequently, at both the breed level and within 

breed level the genetic relationships between ewe fat score and her 

reproductive performance at all three maturities was weak to very weak (Table 

8.6). Strong to very strong genetic correlations were found at the breed level 

between ewe weight and the weight of lamb weaned and average lamb weight 

(Table 8.6). The heavier breeds were also more fertile as a result of strong 

correlation of ewe weight with fertility traits (Table 8.6). The within breed sire 

correlations mirrored the breed correlations with heavier ewes genetically 

correlated to weaning heavier lambs. The weak negative correlations between 

ewe fat score and reproduction (Table 8.6) suggest that under the management 

conditions presented in the Maternal Central Progeny Test, the increased genetic 
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fatness was having a very weak but detrimental influence on reproductive 

performance. 

Table 8.6: Between breed and within breed genetic correlations (standard 

error) between ewe weight and fat score with reproduction as ewe lamb, 

hogget and mature joining. 

 Between breed Correlation Within Breed Correlation 

 Weight Fat Score Weight Fat Score 

Scan Fertility 0.63 (0.31) -0.16 (0.43) -0.02 (0.13) -0.15 (0.13) 

Fertility 0.81 (0.37) -0.06 (0.56) 0.00 (0.13) -0.19 90.13) 

Fecundity -0.03 (0.39) 0.35 (0.34) 0.33 (0.12) -0.19 (0.13) 

Number of lambs born 0.12 (0.40) 0.22 (0.38) 0.20 (0.12) -0.20 (0.13) 

Number of lambs weaned 0.39 (0.46) -0.01 (0.50) 0.14 (0.13) -0.19 (0.13) 

Weight of lamb weaned 0.90 (0.17) -0.20 (0.42) 0.44 (0.12) -0.11 (0.14) 

Average lamb weight 0.84 (0.17) -0.10 (0.41) 0.49 (0.11) -0.13 (0.15) 

Litter survival 0.06 (0.39) -0.40 (0.32) -0.30 (0.18) 0.30 (0.19) 

 

The larger heavier breeds produced more milk during lactation with the fat and 

protein percentage of the milk strongly correlated to the genetic fatness of the 

breed (Table 8.7). Within breed sire correlations between ewe body composition 

and milk production were weak to negligible. The genetically fatter breeds 

produced a greater percentage of fat in their milk (Table 8.7). Whilst the fat 

quality of the milk has a moderate negative correlation with weight of lamb 

weaned and lamb weight, total fat solids in the milk had a very strong positive 

correlation with total weight of lamb weaned and lamb weight (Table 8.7).  The 

breeds and sires with the greatest genetic potential for milk volume total fat and 

protein weaned the greatest weight of lamb and the largest lambs (Table 8.8). 
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Table 8.7: Breed and within breed genetic correlations between ewe weight 

and fat score with lactation traits. 

 Breed Correlation Within Breed Correlation 

 Weight Fat Score Weight Fat Score 

Milk Yield 0.94 (0.09) -0.02 (0.43) 0.16 (0.21) -0.08 (0.22) 

Fat Percentage -0.07 (0.56) 0.88 (0.25) -0.23 (0.20) 0.08 (0.21) 

Protein Percentage -0.13 (0.61) 0.77 (0.29) 0.26 (0.18) 0.35 (0.17) 

Lactose Percentage 0.19 (0.60) 0.33 (0.53) -0.22 (0.19) -0.09 (0.20) 

Total fat solids 0.99 (0.17) 0.48 (0.42) 0.00 (0.00) -0.00 (0.22) 

Total protein solids 0.94 (0.10) 0.15 (0.43) 0.16 (0.22) 0.11 (0.22) 

Total lactose solids 0.94 (0.10) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

  

Table 8.8: Breed and within breed genetic correlations between ewe lactation 

traits and weight of lamb weaned and lamb weight as traits of the ewe. 

 Breed Correlation Within Breed Correlation 

 Weight of 

lamb weaned 

Lamb weight Weight of 

lamb weaned 

Lamb weight 

Milk Yield 0.75 (0.26) 0.79 (0.20) 0.82 (0.19) 0.93 (0.17) 

Fat Percentage -0.47 (0.45) -0.54 (0.39) -0.28 (0.22) -0.29 (0.23) 

Protein Percentage 0.20 (0.68) 0.06 (0.62) -0.30 (0.20) -0.35 (0.20) 

Lactose Percentage -0.73 (0.49) -0.70 (0.47) 0.15 (0.22) 0.22 (0.22) 

Total Fat solids 0.83 (0.36) 0.83 (0.31) 0.44 (0.22) 0.49 (0.22) 

Total Protein solids 0.84 (0.22) 0.87 (0.17) 0.71 (0.21) 0.78 (0.19) 

Total lactose solids 0.72 (0.29) 0.76 (0.23) 0.93 (0.27) 0.99 (0.26) 

 

8.4.2. Influence of fleece production on weight and fat score 
fluctuations 

High fleece production in the breeding ewe had only a constant effect on ewe 

weight and fat score and does not increase fluctuations or change in ewe body 

composition across the production cycle. The total weight of greasy fleece 

produced over the three production cycles had no effect on the fat score of the 

ewes (Figure 8.1, b), but the ewes that produced the most wool were heavier 

(Figure 8.1). 
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Figure 8.1: Influence of lifetime fleece production on weight (a) and fat score 

(b) over 3 production cycles of first cross Merino ewes. Key; <10kg (black dots), 

10-14kg (solid black), 14-17kg (black dash), 17-20kg (solid grey), >20kg (dash 

grey). 

 

8.4.3. Influence of fibre diameter on weight and fat score fluctuations 

Ewes that had genetically finer fleeces were not necessarily lighter or leaner 

when breed effects are accounted for (Figure 8.2) whilst producing a finer fleece 

had no effect on the fluctuations in the ewe’s weight or fat across the three 

production cycles.  
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Figure 8.2: Influence of fibre diameter (hogget measurement) on weight (a) and 

fat score (b) over 3 production cycles of first cross Merino ewes. Key; <24 

micron (black dot), 24-26 micron (black solid), 26-28 micron (black dash), 28-30 

micron (grey solid), 30-32 micron (grey dash), 32+ micron (grey dot). 

 

8.4.4. Influence of NLW on weight and fat score fluctuations 

The influence of number of lambs weaned on ewe weight and fat score across 

the production cycle is primarily phenotypic. As the reproductive productivity of 

the ewe increased, the magnitude of fluctuations in both weight and fat 

increased (Figure 8.3). The most prolific ewes also became leaner and lighter 

with time over the three production cycles due to a noticeable delay in recovery 

(weight and fat gain) after lambing compared to the less prolific contemporaries 

(Figure 8.3). 
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Figure 8.3: Influence of total number of lambs weaned over 3 production cycles 

on weight (a) and fat score (b) over 3 production cycles of first cross Merino 

ewes.Key; <2 lambs (grey dash), 2-4 lambs (black solid), 4-6 lambs (black 

dash),6+ lambs (solid grey). 

 

8.4.5. Influence of WTLW on weight and fat score fluctuations 

The effect of weight of lamb weaned on ewe weight and fat score over the three 

production cycles is similar to the effect of NLW with the influence driven by 

phenotypic performance and not genetic potential. Phenotypically weight of 

lamb weaned had a large effect on the fluctuations in ewe weight with the 

increased weight of lamb weaned leading to a more unstable weight profile 
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(Figure 8.4). The phenotypic increase in weight of lamb weaned whilst resulting 

in leaner ewes also increased the volatility of the ewe’s fat score profile 

compared to the less prolific ewes which had a more stable fat score profile 

across the production cycles (Figure 8.4). 

 

Figure 8.4: Influence of total weight of lambs weaned over 3 production cycles 

on weight (a) and fat score (b) over 3 production cycles of first cross Merino 

ewes. Key; <60kg of lambs (grey dash), 60-90kg of lamb (black solid), 90-120kg 

of lambs (black dash),120+ kg of lambs (solid grey). 
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8.5. Discussion  

8.5.1. Influence of genetic fat on reproduction 

Chapters 3 -6 showed that ewes that had more lambs were lighter and leaner. 

Whilst being lighter and leaner, the magnitude of fluctuations in weight and fat 

of these highly prolific ewes was also greater.  The energy and protein demands 

on the ewe during gestation are driven primarily by the lamb’s weight (Freer et 

al. 1997; Cannas et al. 2004; NRC 2007) as a result the highly prolific ewes will 

experience greater periods of negative energy and therefore greater weight and 

fat loss. The demands on the ewe during lactation are influenced heavily by the 

genetic potential for milk production (yield, protein and fat content) along with 

lamb numbers or weight (Freer et al. 1997; Cannas et al. 2004; NRC 2007) yet 

increased milk production means larger lambs. Consequently, as selection is 

made towards a more prolific ewe through both increased number of lambs 

weaned and lamb weight the breeding ewe flock will experience an increased 

level of fluctuation in both weight and fat score. 

Management practices within the current study were best practice or better in 

most cases with the first cross ewes on average having a fat score of 3.5 at pre-

joining (Table 3.3). It is recommended that ewes enter joining at condition score 

3 and do not drop below 2.5 (Edwards et al. 2011). With the majority of the first 

cross ewes fatter (Figure 3.1) than required to avoid the reproductive thresholds 

reported by Kenyon et al. (2004), the genetic relationships between adult fat and 

reproduction were negligible and in some cases negative due to some ewes 

becoming over fat. Whilst selection for increased genetic fat will help take 

advantage of the positive relationship between ewe condition and reproduction 
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(Coop 1962; Gunn et al. 1969, 1972; Kenyon et al. 2004; Oldham and Thompson 

2004), if ewes are managed correctly then the value of increased genetic fat is 

negligible and in some cases may become detrimental if ewes are allowed to get 

too fat. However, the real value of genetic fat may occur in production systems 

where there is limited opportunity for supplementary feeding so producers have 

very little control over short term feed supplies and management tools are 

limited to stocking rate and genetics (eg. New Zealand and Scottish highlands). 

8.5.2. Influence of genetic fat on lactation 

During lactation the ewe will go through a period of negative energy balance 

where she will draw upon body stores to meet the energy requirements of milk 

supply (Chilliard et al. 2000). It has been shown in dairy cattle that cows with 

more body condition (energy reserves) leading into lactation will produce more 

milk especially early in lactation (Buckley et al. 2003). Borg et al. (2009b) 

proposed that the ewes with high genetic merit for lamb growth and maternal 

ability tend to mobilise a greater quantity of energy reserves (condition) during 

lactation. The current study suggests that the larger breeds have a greater milk 

yield. The increased milk yield also leads to heavier lambs. Further, the 

genetically fatter breeds produce a higher fat concentration in their milk and yet 

milk with a high fat content was negatively correlated with weight of lamb 

weaned. Strong positive genetic correlations suggest that ewes which produce 

large volumes of high quality milk during lactation (total fat solids) will produce 

heavier lambs. Adams and Liu (2003) have suggested that continued genetic 

improvement in fleece traits in Merinos has led to smaller metabolic reserves 

(leaner) which have limited lactation performance. The physiological limitations 
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on milk production due to poor energy reserves (condition) will restrict the 

ability of the ewe to wean a lamb and in turn the performance of the 

replacement ewe lambs. 

8.5.3. Relationship between fat and fleece traits 

Whilst the energy cost of fleece production is considered to be minimal (Cannas 

et al. 2004; NRC 2007), wool production continues through periods of negative 

energy balance (Adams and Liu 2003) with wool growth and energy demand 

increasing with day length in summer when feed quality is at its lowest 

(Finlayson et al. 1995). The analysis showed that within a well-managed 

production system the demands of wool production had no influence on 

fluctuations in weight or fat score across the production cycle (Figure 8.1). The 

energy and protein demands of fleece production are minimal although 

requirements increase with fleece growth (production, Freer et al. 1997). 

Within breed correlations suggest that genetically the relationship between 

greasy fleece weight and ewe weight and fat score is negligible. However, at the 

breed level, greasy fleece weight showed a negative moderate correlation with 

weight and a weak negative correlation with fat score. The breed relationship is 

potentially being driven by the evolutionary breeding for lean large fleece 

breeds. The genetic relationship between breeds seems to differ with Border 

Leicester having a within breed negative genetic relationship between weight 

and greasy fleece weight (-0.21; Brash et al. (1994a)), whilst the Corriedale and 

Coopworth were estimated to have low-moderate positive correlations between 

weight and greasy fleece weight of 0.34 and 0.15 respectively (Brash et al. 
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1994b, c). Huisman and Brown (2009) estimated a weak negative genetic 

relationship between greasy fleece weight and ultrasound fat depth (-0.12) 

which supports the results presented. The findings from Huisman and Brown 

(2009) also suggest that a strong–moderate negative genetic correlation exists 

between fast maturing ewes (high post weaning and yearling fat depth) and 

adult fleece production (-0.39 to -0.80). The results suggest that breeding for a 

heavier fleece will have minimal influence on genetic fat (Table 8.5) yet selection 

for a finer fleece will produce genetically leaner ewes if fat is ignored in the 

selection index (Table 8.5). Selection on fleece traits will have no effect on 

fluctuations in fat or weight (Figure 8.1 & Figure 8.2). 

A strong positive correlation at the breed and within breed level was found 

between fibre diameter and fat score (Table 8.5). The strong genetic relationship 

leads to the finer fleeced ewes being leaner across the production cycle yet it 

had a negligible effect on fluctuations in fat. The genetic correlations in the 

present study align with the findings in Turner et al. (1970) who suggested that 

the relationship becomes stronger as the fleece becomes finer with Lee et al. 

(2002) presenting a genetic correlation of 0.84 in young and 0.37 in adult 

Merinos between fibre diameter and subcutaneous fat. Similar genetic 

correlations although weaker were found by Huisman and Brown (2009, 0.14) 

and Greeff et al. (2008, 0.07). It was concluded by Adams and Cronje (2003) that 

the genes influencing fibre diameter are probably not directly influencing live 

weight or reproduction, but with a finer fleece the proportion of fat in the body 

is reduced. They hypothesise that the decline in fat as a result of a relative 

increase in amino acid turnover in the skin influences whole body protein 
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turnover and in turn the body’s responsiveness to insulin (Adams and Cronje 

2003). The findings in the current study suggest that in finer wool sheep the 

subsequent decline in subcutaneous fat reserves means that they reside very 

close to reproductive thresholds and consequently when pushed may have 

reduced maternal performance. 

8.6. Conclusion 

The potential advantages of high genetic fat are limited in enterprises where the 

production system can easily be adjusted to restrict the influence of temporary 

and long term feed deficiencies.  The relationship between ewe genetic fat score 

and reproductive traits was negligible and in some cases negative as ewes 

became too fat across the production cycle. Ewes that have been breed for 

increased milk yields will wean larger lambs. The relationship between fat score 

and milk production was weak when the ewe is in good condition. Whilst 

selection for more condition could increase fibre diameter the ewe’s genetic 

potential for fleece production does not influence fluctuations or change in ewe 

condition across the production cycle. 
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9.1. Abstract 

Sheep production in the Scottish highlands is characterised, much like the 

Australian sheep industry, by a highly variable and marginal production 

environment as well as a reliance on a hardy but lowly-fertile breed. Maternal 

performance is often improved by increasing ewe condition at mating and 

lambing. The following chapter focusses on the potential to select on young 

animal body composition traits to improve mating body condition in the adult 

Scottish Blackface ewe and take advantage of the favourable phenotypic 

relationship between ewe body condition and corresponding reproductive 

performance. Increasing the body condition of the ewe by a single score at 

mating resulted in an extra 19 - 30 lambs per 100 ewes. However, ultrasound fat 

and muscle depth was weakly genetically correlated to lifetime number lambs 

weaned.  Selection for increased fat and muscle in the young animal improves 

the animal’s potential to take advantage of the favourable phenotypic 

relationship between mating body condition and the subsequent number of 

lambs weaned. 

9.2. Introduction 

The Scottish sheep production system is based around a stratified crossbreeding 

structure that is reliant on taking advantage of pasture available on the Scottish 

highlands (Rodriguez-Ledesma et al. 2011). The production system is reliant on 

the typically low-fertility yet hardy Scottish Blackface ewe’s ability to graze and 

maintain production in the marginal Scottish highlands. The highland production 

system has some similarities to the Australian sheep production where the 

Merino, a historically low-fertility breed, is managed within a marginal 
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production system.  In both production systems improving the ewes’ ability to 

rear a lamb should improve the profitability of the grazing systems. 

Scottish Blackface ewes are renowned for their ability to maintain production in 

environments characterised by extreme weather conditions and periods of 

severely restricted feed supplies. The feed availability from UK hill vegetation is 

typically low during the winter months (Armstrong et al. 1997) when ewes are 

mated and entering gestation. In Australia the ewe is required to recover from 

weaning a lamb during the tough summer months when feed supply is at its 

lowest. Lifetime ewe guidelines based on the Australian Merino suggest that 

ewes with greater body condition entering the mating period will have higher 

fertility, and better survival during pregnancy (Young et al. 2011). 

Profitability of hill based grazing systems is determined by the maternal 

performance of the Scottish Blackface ewe. Unfortunately, hill breeds are inferior 

for conception rate, average litter size, lamb growth rates and carcase 

conformation compared to other sectors of the industry (lowlands) (Dawson and 

Carson 2002). Gunn et al. (1969) found a significant effect of mating body 

condition score on actual fertility (number of lambs born) of Scottish Blackface 

ewes. Poor mating body condition is also associated with delayed oestrus and 

low embryo survival in the Scottish Blackface ewe (Gunn and Doney 1975). 

Therefore, it is likely that by increasing the Scottish Blackface ewe’s condition the 

profitability of the highland production system will be improved. 

The issues surrounding Scottish Blackface ewes focus primarily around the ability 

to improve reproductive rates and lamb growth in marginal production systems. 
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The topographical and environmental challenges facing highland production 

systems mean that producers at times have limited control over ewe body 

condition so genetic improvement is an important strategy. Conington et al. 

(2004) highlighted that it is economically important to improve the number of 

lambs weaned and that in a hill based grazing system the selection index should 

incorporate selection for both the ability to get in lamb and the ewes ability to 

rear the live lamb. Selection for multiple lambs per ewe per mating is considered 

to have a negative economic value with the demands placed on the ewe and the 

cost associated with rearing the extra lamb out weighing the extra income 

(Conington et al. 2004). Scottish Blackface ewes are considered to be superior 

based on their “hardiness” and “survivability” in tough environments (Annett et 

al. 2011). Selection for fitness traits such as fat and body condition could provide 

indirect assistance to improve the maternal performance of Scottish Blackface 

ewes. 

The aim of this chapter is to quantify the potential to select on young animal 

body composition traits to improve mating body condition in the adult Scottish 

Blackface ewe and take advantage of the favourable phenotypic relationship 

between ewe body condition and corresponding reproductive performance. 

Scottish blackface lambs were ultra-sound scanned for fat and muscle shortly 

after weaning. The ewe lambs were then maintained as part of a breeding flock 

and on average given four mating opportunities. It is hypothesised that higher 

body conditions at mating are genetically correlated to increased weaning rates 

and by selecting for increased body reserves as early as weaning, the lifetime 

maternal productivity of the ewe will be improved. 
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9.3. Materials and Methods 

9.3.1. Research farms 

The Scottish Blackface ewes were managed across two Scottish hill farms varying 

in topography, climate and vegetation. Farm 1 covers 322 hectares in the 

Pentlands, Midlothian, Scotland and is 305 to 488m above sea level with an 

average rainfall of 800mm (Conington et al. 2006; McLaren et al. 2012).  Farm 2 

is based on 389 hectares ranging from 108 to 1034m above sea level with a 

rangefall (snow and rain) of 2900mm (Conington et al. 2006; McLaren et al. 

2012).  Pasture at Farm 1 is primarily heather moorland (Callunas vulgaris), and 

acid grassland (Nardus stricta, Agrostis and Festuca) compared to Farm 2 which 

is mainly acid grassland (McLaren et al. 2012).  Pasture availability on both 

properties is typically low during the winter months due to reduced 

temperatures and sunlight (Armstrong et al. 1997). This period of poor growth in 

UK hill pasture occurs across the mating and gestation period.   

9.3.2. Scottish Blackface ewes 

At both farms flocks were stabilised at 600 breeding ewes with the average ewe 

remaining in the flock for four breeding opportunities after a first joining as a 

hogget (Conington et al. 2001). Each flock contained three genetic lines which 

comprised of a selection line based on a multi-trait index focussed on improving 

maternal productivity developed by Conington et al. (2001; 2004), a control line 

selected on average index scores and an industry line based on commercial 

(visual) selection.  
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From 1988 to 2011, ewes were single sire mated to Scottish Blackface rams in 

November through to early-January for a spring lambing. After a 35 day joining 

period white-face rams were used for 17 days as a back-up in case of infertility of 

Blackface rams. Ewes were returned to hill grazing after mating with ewes below 

condition score 2.5 remaining in the unimproved-semi-improved pasture used 

during mating to receive supplementation. Ewes were pregnancy scanned in 

mid-February with subsequent management dependent on reproductive status 

(McLaren et al. 2012). Barren and single bearing ewes were returned to hill 

grazing whist multiple bearing ewes were moved to unimproved-semi-improved 

pasture and received supplementation until lambing. During lambing, ewes were 

maintained on the improved pasture fields with preferential treatment received 

by multiple bearing ewes and those below condition target.  The single bearing 

ewes on Farm 1 were returned to hill grazing shortly after lambing whilst 

multiple bearing ewes and ewes on Farm 2 were managed on improved pasture. 

Lambs and ewes had established themselves sufficiently enough that the hill 

based grazing system would not be detrimental to lamb growth (McLaren et al. 

2012). Lambs were weaned in mid-August and then grazed on lowland farms or 

improved pastures until October when the males were finished for slaughter and 

the ewes were returned to hill grazing until their first joining. 

9.3.3. Animals and Management 

The analyses focus on the relationship between the body composition of Scottish 

Blackface lambs and the subsequent maternal performance of the breeding ewe. 

21,049 Scottish Blackface lambs from 872 sires over 20 mating periods (years) 

were weighed and ultrasound scanned at an average age of 112 days. From the 
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21,049 lambs 6,347 ewe lambs were selected as replacement ewes within the 

breeding flock. Ewes were first mated at 18 months of age and maintained 

within the flock for 4 breeding opportunities. Lambs were weighed as well as 

ultra-sound scanned for fat depth and muscle which was measured on the third 

lumbar vertebra at weaning (Table 9.2). Adult ewe traits included ewe weight 

and body condition score at mating as well as the corresponding reproductive 

performance, number of lambs weaned (NLW) and weight of lambs weaned 

(WLW) (Table 9.3). 

9.3.4. Statistical analyses 

Genetic and phenotypic correlations between traits were calculated from a bi-

variate analysis  using an animal model in ASReml v3.0 (Gilmour et al. 2009). 

Model 1 was fitted to the following lamb traits: weaning weight, ultrasound fat 

depth and ultrasound muscle depth (Table 9.1). The fixed effects fitted in Model 

1 include farm (2 levels), year (1991 to 2011), farm by year, sex (ewe and ram), 

rearing type (single and multiple), farm by grazing group to marking (30 groups), 

farm by grazing group to weaning (24 groups) and weaning age in days fitted as a 

covariate. The 3-way interaction between farm, year and grazing group along 

with the additive relationship matrix and dam were fitted as a random terms in 

Model 1 (Table 9.1). Weaning weight was fitted as a covariate to ultrasound fat 

and muscle depth to create the “fatness” and “muscularity” traits respectively. 

 The adult ewe traits, pre-mating weight, pre-mating body condition score, 

number of lambs weaned and weight of lambs weaned were analysed using 

Model 2 (Table 9.1). The model contained the following fixed effects of farm, 
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year, farm by year and farm by grazing group. Previous number of lambs weaned 

was fitted as a fixed effect to pre-mating weight and body condition score but 

not to number of lambs weaned or weight of lambs weaned. The random effects 

within model 2 include the 3-way interaction between farm, year and grazing 

group along with the additive relationship matrix (Table 9.1). 

Table 9.1: Description of terms fitted within the models used to analyse the 

body composition of the Scottish Blackface ewes. Ticks refer to terms fitted 

within the models. 

 Levels Model 1 Model 2 Components 

Fixed Effects     

Farm 2 � �  

Year 24 � �  

Farm x Year 48 � �  

Sex 2 �   

Rearing type 2 �   

Farm x Grazing Group (Marking) 30 �   

Farm x Grazing Group (Weaning) 24 �   

Farm x Grazing Group (Adult) 14  �  

Age at weaning 1 �   

Previous number of lambs weaned 3  �  

Random Effects     

Year x Farm x Grazing Group (Marking) 1,584 �  1 

Year x Farm x Grazing Group (Weaning) 1,440 �  1 

Year x Farm x Grazing Group (Adult) 624  � 1 

Identity (Additive genetic matrix) 29,978 � � 1 

Dam (Additive genetic matrix) 22,690 � � 1 

 

9.4. Results 

9.4.1. Lamb body composition 

The Scottish Blackface ewes were weaned at an average weight of 28 kg with a 

scanned fat depth of 2mm with 20mm of muscle (Table 9.2). The heritability of 

weaning weight was 0.18 ± 0.02 with a maternal heritability of 0.17 ± 0.01 (Table 

9.2). Uni-variate analysis of ultrasound scan depth measurements of fat and 

muscle produced heritability estimates of 0.26 ± 0.02 and 0.33 ± 0.02 

respectively (Table 9.2). The corresponding heritability of fatness and 
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muscularity (weight adjusted) were 0.33 ± 0.02 and 0.40 ± 0.02 respectively 

(Table 9.2). The maternal heritability of the weight adjusted scan traits was very 

low (0.03). 

Table 9.2: Summary of lamb body composition traits including mean, standard 

deviation (s.d.) as well as heritability (h
2
), maternal heritability (m

2
) and 

phenotypic variance (Vp). Standard error of estimates presented in 

parentheses. 

Trait Count Mean s.d. h
2 

m
2 

Vp 

Weaning weight (kg) 22690 27.77 4.97 0.18 (0.02) 0.17 (0.01) 13.351 

Scan fat depth (mm) 21981 1.75 1.07 0.26 (0.02) 0.08 (0.01) 0.2107 

Fatness * - - - 0.33 (0.02) 0.03 (0.01) 0.1666 

Scan muscle depth (mm) 21982 20.05 2.56 0.33 (0.02) 0.08 (0.01) 5.0115 

Muscularity * - - - 0.40 (0.02) 0.03 (0.01) 3.4629 

 *weaning weight fitted as a covariate to the scan traits 

 

9.4.2. Maternal performance traits 

Breeding ewes weighed on average 49kg at their first joining (18 months old) 

with a condition score of 3 (Table 9.3). The ewe flock on average gained 7kg 

across the next four production cycles with mating body condition remaining 

relatively constant. Heritability of mating weight ranged from 0.32 to 0.40 with 

the heritability of body condition score ranging from 0.15 to 0.21 across the 4 

production cycles (Table 9.3). The heritability of NLW ranged from 0.04 to 0.10 

(Table 9.3). Lifetime maternal performance, the number of lambs weaned over 4 

mating opportunities, had a heritability of 0.13 ± 0.03 whilst lifetime weight of 

lamb weaned had a heritability of 0.15 ± 0.03 (Table 9.3).  
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Table 9.3: Summary of breeding ewe traits at the 4 production cycles including 

mean, standard deviation (s.d.) as well as heritability (h
2
), maternal heritability 

(m
2
) and phenotypic variance (Vp). Standard error of estimates presented in 

parentheses 

Trait Parity Count Mean s.d. h
2 

Vp 

Mating weight (kg) 1 5429 48.58 5.83 0.40 (0.03) 18.514 

 2 5027 51.74 6.45 0.32 (0.03) 25.776 

 3 4461 55.05 6.73 0.40 (0.03) 28.679 

 4 3257 56.25 6.98 0.39 (0.04) 31.814 

Mating body condition score (1-5) 1 5280 3.06 0.34 0.21 (0.03)  0.0591 

 2 5030 2.92 0.38 0.16 (0.03) 0.0953 

 3 4461 2.98 0.39 0.15 (0.03) 0.1011 

 4 3257 2.96 0.38 0.16 (0.04) 0.0991 

Number of lambs weaned 1 6347 0.84 0.68 0.04 (0.02) 0.3463 

 2 5151 1.24 0.66 0.05 (0.02) 0.4000 

 3 4558 1.24 0.69 0.04 (0.02) 0.4347 

 4 3321 1.25 0.70 0.10 (0.03) 0.4579 

Lifetime lambs weaned 1 6347 0.84 0.68 0.04 (0.02) 0.3463 

* NLW to date 2 6347 1.75 1.08 0.05 (0.02) 0.7879 

 3 6347 2.64 1.48 0.11 (0.02) 1.2574 

 4 6347 3.29 1.84 0.13 (0.02) 1.8905 

Weight of lambs weaned (kg) 1 6347 22.58 17.91 0.05 (0.02) 229.82 

 2 5151 31.05 17.96 0.05 (0.02) 280.07 

 3 4557 34.51 19.02 0.07 (0.02) 312.47 

 4 3321 34.69 19.31 0.12 (0.03) 331.43 

Lifetime weight of lamb weaned (kg) 1 6347 22.58 17.91 0.05 (0.02) 229.82 

* WLW to date 2 6347 47.77 29.50 0.07 (0.02) 550.76 

 3 6347 72.56 41.60 0.13 (0.02) 907.42 

 4 6347 90.70 52.56 0.15 (0.02) 1416.1 

 *Lifetime traits are cumulative covering current and past maternal performance 

 

9.4.3. Correlation between mating condition and maternal 
performance 

The body condition of the ewe at mating had a positive influence on maternal 

performance. Phenotypic correlations between mating body condition and 

number of lambs weaned were negligible (0.08 to 0.14) (Table 9.4). However, an 

increase in mating body condition by 1 score was associated with an increase in 

NLW in the corresponding cycle by 19 ± 3.4, 24 ± 3.0, 23 ± 3.3, 30 lambs/100 

ewes ± 4.0 lambs across the first four reproductive cycles respectively. Low to 

moderate genetic correlations between mating body condition with number of 

lambs weaned (0.24 to 0.41) and weight of lambs weaned (0.20 to 0.45) from the 
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second mating opportunity onwards suggest that genetically fatter Scottish 

Blackface ewes are more likely to produce a lamb annually and avoid barren 

years (Table 9.4). The phenotypic correlation between mating weight and 

maternal performance was negligible and unlike body condition was not 

genetically correlated with number of lambs weaned (Table 9.4). 

Table 9.4: Phenotypic and genetic correlations (Standard errors) between 

mating weight and body condition with the number and weight of lambs 

weaned in the corresponding parity. 

  Mating weight Mating body condition 

Trait Parity Phenotypic Genetic Phenotypic Genetic 

Number of lambs weaned 1 0.12 (0.01) 0.18 (0.13) 0.08 (0.01) -0.03 (0.16) 

 2 0.15 (0.01) 0.10 (0.15) 0.12 (0.01) 0.45 (0.18) 

 3 0.11 (0.02) 0.00 (0.16) 0.11 (0.02) 0.24 (0.21) 

 4 0.12 (0.02) 0.06 (0.15) 0.14 (0.02) 0.41 (0.18) 

Weight of lambs weaned 1 0.15 (0.01) 0.38 (0.12) 0.09 (0.01) 0.09 (0.15) 

 2 0.18 (0.01) 0.34 (0.13) 0.12 (0.01) 0.45 (0.17) 

 3 0.15 (0.02) 0.26 (0.15) 0.12 (0.02) 0.20 (0.18) 

 4 0.16 (0.02) 0.23 (0.13) 0.15 (0.02) 0.33 (0.17) 

 

9.4.4. Correlation between lamb body composition and lifetime 
maternal performance 

The genetic correlation between the weaning weight of the lamb and the mating 

weight of the breeding ewe was very strong (0.81 to 0.92).  Weaning weight was 

weak-moderately correlated with mating body condition score ranging from 0.18 

to 0.40 (Table 9.5). A low genetic correlation of 0.20 (0.08) suggests that heavier 

ewe lambs will produce slightly more lambs after 4 breeding opportunities. 

Selection for heavier lambs will produce heavier ewes and heavier progeny but 

limited influence on lifetime number of lambs weaned. 

The earlier maturing ewes with more fat and muscle for their weight at weaning 

have higher mating body condition scores. Fatness (weight adjusted fat depth) 
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was negatively genetically correlated  (-0.28 to -0.35) with mature ewe size 

suggesting that ewes with more fat as lambs were closer to mature size and 

consequently able to start developing fat depots (Table 9.5). Ewe lambs with 

high genetic fatness are likely to have poor maternal performance at their first 

parity (rG = -0.23). However, the increased genetic fat seems to be more 

beneficial to maternal performance in later parities as the genetic correlation 

became favourable by the 4th parity (rG= 0.17). 

Muscularity was lowly correlated with mating ewe weight (0.15 to 0.31) and 

moderately to strongly correlated to body condition (0.46 to 0.61) at mating 

(Table 9.5). Ewe lambs with higher genetic muscularity weaned fewer lambs in 

the first parity (Table 9.5). However, the genetic correlations whilst low were 

favourable in the 2nd, 3rd and 4th parities suggesting the more muscular ewes will 

wean more and heavier lambs over their lifetime (Table 9.5). 

 



 

 

Table 9.5: Phenotypic and genetic correlation (standard error) between young animal body composition traits (weaning) with the maternal 

performance of the breeding ewe across the first four parities. 

  Weight Scan fat depth Fatness Scan Muscle depth Muscularity 

Trait Parity rp rg rp rg rp rg rp rg rp rg 

Mating weight (kg) 1
st

 0.64 (0.02) 0.92 (0.02) 0.15 (0.02) 0.15 (0.06) -0.08 (0.02) -0.28 (0.05) 0.21 (0.02) 0.31 (0.04) 0.21 (0.02) 0.31 (0.04) 

 2
nd

 0.51 (0.01) 0.88 (0.03) 0.06 (0.02) 0.08 (0.06) -0.13 (0.02) -0.35 (0.05) 0.17 (0.02) 0.26 (0.05) 0.17 (0.02) 0.26 (0.05) 

 3
rd

 0.47 (0.02) 0.81 (0.04) 0.02 (0.02) 0.02 (0.06) -0.16 (0.02) -0.35 (0.05) 0.13 (0.02) 0.18 (0.05) 0.13 (0.02) 0.18 (0.05) 

 4
th

 0.48 (0.02) 0.81 (0.04) 0.03 (0.02) 0.05 (0.06) -0.14 (0.02) -0.31 (0.06) 0.12 (0.02) 0.15 (0.06) 0.12 (0.02) 0.15 (0.06) 

Mating body condition score (1-5) 1
st

 0.14 (0.02) 0.40 (0.07) 0.21 (0.02) 0.57 (0.06) 0.17 (0.02) 0.41 (0.06) 0.20 (0.02) 0.58 (0.05) 0.20 (0.02) 0.56 (0.05) 

 2
nd

 0.03 (0.02) 0.23 (0.08) 0.09 (0.02) 0.37 (0.07) 0.07 (0.02) 0.26 (0.07) 0.14 (0.02) 0.61 (0.06) 0.14 (0.02) 0.61 (0.06) 

 3
rd

 0.00 (0.02) 0.18 (0.09) 0.08 (0.02) 0.41 (0.08) 0.08 (0.02) 0.37 (0.08) 0.12 (0.02) 0.56 (0.08) 0.12 (0.02) 0.56 (0.08) 

 4
th

 0.03 (0.02) 0.22 (0.10) 0.11 (0.02) 0.45 (0.09) 0.10 (0.02) 0.40 (0.09) 0.11 (0.02) 0.46 (0.09) 0.11 (0.02) 0.46 (0.09) 

Lifetime lambs weaned 1
st

 0.06 (0.02) 0.00 (0.13) 0.02 (0.01) -0.26 (0.11) -0.01 (0.01) -0.23 (0.11) 0.02 (0.01) -0.18 (0.11) -0.01 (0.01) -0.14 (0.10) 

* NLW to date 2
nd

 0.08 (0.02) 0.02 (0.12) 0.04 (0.02) -0.11 (0.11) 0.01 (0.01) -0.10 (0.10) 0.04 (0.02) 0.04 (0.10) 0.01 (0.01) 0.07 (0.09) 

 3
rd

 0.09 (0.02) 0.14 (0.09) 0.06 (0.02) 0.04 (0.08) 0.02 (0.01) -0.01 (0.07) 0.05 (0.02) 0.09 (0.08) 0.00 (0.01) 0.07 (0.07) 

 4
th

 0.09 (0.02) 0.20 (0.08) 0.07 (0.02) 0.17 (0.08) 0.03 (0.01) 0.09 (0.07) 0.06 (0.02) 0.25 (0.07) 0.02 (0.02) 0.18 (0.06) 

Lifetime weight of lamb weaned (kg) 1
st

 0.09 (0.02) 0.61 (0.11) 0.04 (0.02) 0.18 (0.11) 0.00 (0.01) -0.09 (0.09) 0.00 (0.01) -0.01 (0.09) 0.00 (0.01) -0.01 (0.09) 

* WLW to date 2
nd

 0.13 (0.02) 0.71 (0.07) 0.07 (0.02) 0.41 (0.09) 0.01 (0.01) 0.04 (0.09) 0.01 (0.01) 0.18 (0.08) 0.01 (0.01) 0.18 (0.08) 

 3
rd

 0.15 (0.02) 0.76 (0.05) 0.09 (0.02) 0.49 (0.07) 0.03 (0.01) 0.10 (0.07) 0.01 (0.01) 0.17 (0.06) 0.01 (0.01) 0.17 (0.06) 

 4
th

 0.17 (0.02) 0.78 (0.04) 0.10 (0.02) 0.58 (0.06) 0.04 (0.01) 0.20 (0.07) 0.02 (0.01) 0.26 (0.06) 0.02 (0.01) 0.26 (0.06) 
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9.5. Discussion 

9.5.1. Importance of body condition at mating 

Much like in the Australian Merino (Young et al. 2011), a beneficial phenotypic 

link was found between the condition of the Scottish Blackface ewe prior to 

mating and her subsequent maternal performance. A single condition score 

increase in ewe body condition at mating resulted in 19 to 30 extra lambs per 

100 ewes therefore management and nutrition of the ewe leading into mating is 

paramount. The phenotypic relationship observed in the current study of 

Scottish Blackface ewes aligns with the lifetime wool guidelines for Merinos 

(Oldham and Thompson 2004; Curnow et al. 2011; Young et al. 2011). The 

current study supports conclusions by Gunn et al. (1969) and Coop (1962) who 

showed positive phenotypic relationships between weight and condition with 

number of lambs weaned. Due to the relatively low number of animals with a 

condition score higher than 4 (1 to 5 scale), the threshold relationship observed 

by Kenyon et al. (2004) was not observed in this study instead a linear 

relationship across all ages was seen. A low to moderate genetic correlation 

between mating body condition and maternal performance in the ewe’s non 

maiden lambings will also aid gains achieved by taking advantage of the 

phenotypic relationship observed.  

The genetic relationship between condition and number of lambs weaned was 

negligible in the first mating (hogget mating). However, after the stress of rearing 

a lamb (2nd reproductive cycle onward), the genetic relationship becomes 

stronger potentially due to the ewes increased ability to restore body reserves. 

The positive genetic correlations between mating condition and number of 
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lambs weaned suggest that selection for genetic fatness is potentially improving 

the ewe’s fitness. By breeding for increased condition, selection could be made 

to improve the ewe’s ability to recover condition levels from the previous 

pregnancy. The idea of breeding for increased “fitness” by selecting for increased 

genetic fat come from the work of Veerkamp et al. (2009) and acts as an 

insurance policy for the ewe where it provides the ewe with the genetic potential 

to take advantage of the “good” times by increasing condition levels which can 

be relied on during the “tough” times. 

9.5.2. Selecting on young scan traits to improve ewe body condition 

The weaning weight of the ewe was very strongly genetically correlated with 

(>0.80, Table 9.5) the ewes weight at mating from two to four years old. The 

strong genetic correlations support the findings in Chapter 3 (Table 3.10) where 

post-weaning weight and weaning weight were strongly correlated with ewe 

weights across the first three production cycles at 0.62 to 0.94 and 0.62 to 0.84, 

respectively in first cross Merino ewes sired by a range of maternal breeds. 

Strong genetic correlations were also presented by Shackell et al. (2011) (0.73 to 

0.97) for weight. In this study the relationships between ultrasound fat and 

muscle depth of the lamb and adult body condition were slightly weaker than 

those observed for weight but were still largely in the moderate range (0.37 to 

0.57 and 0.46 to 0.61, respectively). Selection for increased fat and or muscle in 

lambs at weaning will lead to an increase in ewe condition at mating throughout 

the ewe’s adult life. 
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The moderate to strong genetic relationship between young and adult body 

composition supports the findings in Chapter 6. Furthermore, strong genetic 

relationships between ultrasound fat depth measurements across age were also 

seen by Huisman and Brown (2009) (0.56 to 0.82) with similar strong 

relationships seen with ultrasound eye muscle depth (0.61 to 0.87). Therefore, 

conclusions made in Chapters 3, 4, 5, 6 and 7 of this thesis, that the genetic 

rankings of individuals for weight and body composition traits are constant 

across different environments and ages is supported herein. Consequently, 

selection can be made on the young animal to improve the body condition of 

adult ewes. The ability to select at a young age is of huge advantage as it reduces 

the need to ultra-sound measure the adult ewe which is rather costly whilst also 

allowing the use of the ram lamb data for increased accuracy.  The inclusion of 

post-weaning ultrasound fat and muscle in Scottish Blackface selection indexes 

can be used to improve both the carcase qualities of the lamb and the 

productivity of the ewe. 

9.5.3. Selecting on young scan traits to improve maternal 
performance 

The young animal weight and scan traits showed moderate to strong genetic 

correlations with adult body composition traits across the breeding life of ewes. 

However, even though the young animal and adult traits could genetically be 

considered the same trait, the genetic relationship between young animal body 

condition and lifetime productivity was weak. Huisman and Brown (2009) 

reported low genetic correlations between ultrasound fat and muscle depth with 

number of lambs weaned (0.23 and 0.30 respectively). However, the genetic 
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relationship between post weaning fat and NLW was -0.17 (Huisman and Brown 

2009). The correlation of -0.23 (Table 9.5) found in this study aligns with the 

finding of Huisman and Brown (2009) although in both cases the large error of 

both estimates suggests that the evidence is insufficient to suggest the 

relationship is not zero. In Chapter 8 and 7 it was shown that if ewes are 

managed well then the genetic relationship between body composition and 

maternal performance is negligible at both the breed and within breed level. The 

results suggest that selection on increased fat or muscle in the lamb won’t 

improve reproduction traits in the ewe but will improve the ewe’s body 

condition at mating. The increased condition at mating has a favourable 

phenotypic relationship which will lead to more and heavier lambs being 

weaned.  

9.6. Conclusion 

Selection for increased fat and muscle depth in the lamb as early as weaning will 

lead to increased body condition in the ewe throughout her breeding life. Ewes 

with greater genetic body condition have a greater ability to recover from the 

previous production cycle. Genetically fatter ewes will be in better condition at 

mating and are able to take advantage of the favourable phenotypic relationship 

between condition and maternal performance. In the marginal highland 

environment productivity advantages can be experienced by improving mating 

condition through breeding and management practices. 
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10.1. Introduction 

Initial discussions with leading maternal sheep breeder, Tom Bull 

(http://lambpro.com.au/) provided the basis from which the analyses within this 

thesis were developed. The focus of the project was to improve our 

understanding of the genetic relationship between young body composition 

measures with ewe body composition. The analyses also covered the 

relationship between body composition traits and reproduction and lifetime 

productivity of the ewe. 

A positive phenotypic relationship occurs between the body condition of the ewe 

and her subsequent reproduction due to favourable links with fertility, ewe 

survival, lamb survival and lamb growth rates. Lifetime wool guidelines (Curnow 

et al. 2011; Young et al. 2011) have been developed to provide producers with 

an understanding of the favourable phenotypic relationship and improve the 

reproductive performance of the Australian sheep industry and in particular the 

Merino ewe. Lifetime wool has guided producers to achieve high average live 

weight and condition scores (score of 3 on 1 - 5 scale) at mating and to maintain 

body condition above 2.5 during gestation (Edwards et al. 2011). 

Unfortunately management of ewe condition is not always straight forward and 

is heavily dependent on pasture growth and availability. Australian sheep 

producers are faced with highly temporal and locational variation in rainfall 

(Nicholls et al. 2012) so that even in the best designed systems, pasture supply 

will not always meet demand. This often results in producers regularly 

supplementing feed to maintain condition during the “tough” periods when 
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pasture quality and or quantity are below the nutritional requirements of the 

ewe.  

To relieve the vulnerability of the sheep industry to a variable environment a 

strategy could be to breed for an animal that can maintain production across 

variable seasons and environments. Breeding for robustness is a balancing act 

between maximising genetic changes in production potential without increasing 

genetic change in environmental sensitivity (Knap 2008; Napel et al. 2009). One 

way in which a more robust or resilient ewe could be bred for was proposed by 

Young et al. (2011) who suggested it was economically sensible to select for 

ewes that have minimal fluctuations in weight across the annual production 

cycle. Producers such as Tom Bull (http://lambpro.com.au/) have increased 

selection pressure on the body condition of the ewe to produce a ewe with 

superior genetic potential for maintaining and restoring body condition (fat) 

levels. This thesis aimed to explore the potential to breed for a ewe which can 

sustain production across variable environments.  

10.2. Genetics of ewe body composition 

Young et al. (2011) suggested that selection against fluctuations in the weight 

profile can improve ewe weights in the tough periods without resulting in an 

increase in ewe size or feed demand. To select against fluctuation in weight, 

Rose et al. (2013) proposed that selection should be made on weight change. 

However in this thesis, weight change was low to moderately heritable in first-

cross Merino ewes (Table 3.7) and very-lowly heritable in purebred Merino ewes 

(Table 5.8). Furthermore, change in fat score (Table 3.7) and body condition 
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score (Table 5.8) were non-heritable to very lowly heritable. Rose et al. (2013) 

reported slightly higher heritability estimates than those estimated in this study 

with weight loss in Merino ewes over summer estimated at 0.04 to 0.15 and the 

corresponding gain in weight with a heritability of 0.11 to 0.33. These findings 

were supported by Rauw et al. (2010) who also reported a moderate heritability 

(0.29) for weight change in Merino and Merino cross ewes. The rate of genetic 

gain is influenced by both the heritability and available phenotypic variation in 

the trait. The results presented in this thesis have shown that change traits were 

lowly heritable with limited available genetic variation (Table 3.7 and Table 5.6). 

Consequently, to improve ewe weight in tough times a single standard deviation 

improvement in weight change would equate to less than 26% of the 

improvement that can be made from a standard deviation change in weight 

(Table 10.1). The findings in this study suggest that selection on change traits, 

and especially change in body composition, will be limited due to a low 

heritability and limited genetic variation. 

Table 10.1: Potential response in weight, fat score and body condition score of 

ewes from a single standard deviation improvement in the desired trait. 

Heritability and phenotypic variances sourced from Table 3.6 and Table 3.7 

(MCPT) and Table 5.5 and Table 5.6 (Trangie D flock). 

 Heritability Phenotypic 

Variance 

Genetic standard 

deviation 

MCPT    

Weight (kg) 0.41 – 0.55 41.53 – 58.67 4.60 – 5.00 

Weight change (kg) 0.04 – 0.23 6.25 – 21.05 0.68 – 1.20 

Fat score (1-5) 0.21 – 0.26 0.47 – 0.59 0.31 – 0.38 

Fat score change 0.02 – 0.06 0.41 – 0.61 0.09 – 0.19 

Trangie D flock    

Weight (kg) 0.39 – 0.42 25.42 – 30.20 3.23 – 3.56 

Weight change (kg) 0.01 – 0.03 7.36 – 16.40 0.27 – 0.70 

Body condition score (1-5) 0.08 – 0.11 0.18 – 0.39 0.12 – 0.19 

Body condition score change 0.00 – 0.03 0.27 – 0.50 0.01 – 0.12 
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Variation in change traits is a function of the variance in the start and end time 

points and inversely related to the covariance between the two time point traits. 

Consequently, if the correlation between time points is high and there still 

remains a difference in the variance between time points then the change trait 

will largely be a function of the time point with the greatest variance. Therefore, 

high genetic correlations would indicate a scale effect and not a change in the 

genetic variance between points. Genetic correlations were calculated between 

measurement points across the production cycle for weight and condition. 

Strong to very strong genetic correlations were found between time points for 

both weight (0.93- 0.99; Table 3.9 and 0.99 – 1.00; Table 5.8), and fat score (0.88 

to 0.98; Table 3.9) or body condition score (0.92 – 1.00; Table 5.8). These results 

are supported by the strong genetic correlations for body condition score 

reported by Shackell et al. (2011) and the moderate to strong correlations for fat 

and muscle found by Lambe et al. (2004) between time points across the 

production cycle. The strong correlations demonstrate that the co-variance 

between time points is large relative to the variance at the time points. This 

suggests that the additive genetic variance of the change trait is driven by the 

time point with the greatest genetic variance, most likely during periods were 

feed is readily available and the genetic merit for body composition traits can be 

fully expressed.  

The strong to very strong correlations between time points across the production 

cycle for body composition traits suggests that the genetic variance is constant. 

To validate the bivariate analysis, a multi-trait analysis was used to test the 

consistency of the additive genetic variance under different conditions by fitting 



Chapter Ten 

281 | P a g e  

 

interaction terms associated with season, environment and reproductive status 

(stage of cycle and number of lambs weaned). Results showed that the genetic 

variation in weight and fat score or body condition score was constant. The 

overall genetic effect accounted for 74% (Table 3.11) to 92% (Table 5.9) of 

genetic variation in weight and 77% (Table 3.11) and 47% (Table 5.9) of the 

genetic variation in fat score and body condition score respectively. For all traits, 

the genetic variation associated with interactions across environments, ages, 

maturities and measurements were biologically negligible (<10% of VG; Table 

3.11 and Table 5.9, Chapter 6). Previous work has questioned the merit of G x E 

interactions for weight traits in sheep (Osorio-Avalos et al. 2012) and failed to 

distinguish G x E interactions for weight in pigs (Cameron and Curran 1995; 

Hermesch et al. 2010) and cattle (Arango et al. 2002).  

It is likely that the greatest “environmental” pressure on ewes is raising multiple 

compared to single lambs and so testing for G x E for ewe weight and condition 

seemed a sensible approach. Again the additive genetic variance for weight and 

fat or body condition responded consistently when the ewe reared a single lamb 

compared to when rearing multiple lambs (Chapter 3, Figure 5.3). However, 

there was evidence that re-ranking of genotypes occurred when comparing the 

performance of the dry ewe with the ewe that reared a lamb/s (rG=0.76 for 

weight and 0.50 for body condition Figure 5.3). Moderate correlations between 

ewe performances at different reproductive statuses are potentially showing a G 

x E interaction between “good” and “tough” environments. The value of this 

interaction is minimal as common practice in the Australian sheep industry is to 

cull ewes after one or two failed joining opportunities (Lee et al. 2009). 
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Consequently, with barren ewes removed from the flock, selection for increased 

ewe condition will be made solely on ewes which have endured the stress of 

rearing a lamb. 

The spline analysis of weight and fat score profiles of first cross Merino ewes 

demonstrated that breed and sire lines maintained their superiority for weight 

and fat score across the three annual-production cycles (Figure 4.4). Given that 

sire and breed of the ewe had no influence on the linear and curved components 

of the spline (Table 4.2), it was concluded that selection against fluctuations will 

not be effective in leading to genetic change to the weight and condition profiles 

of the ewes. This strongly supports the previous findings in Chapters 3 and 5 and 

highlights the influence of feed supply rather than genetics in creating 

fluctuations in ewe body condition. 

The results reported within this thesis suggest that selection on body 

composition can only be effective in creating constant adjustment in the ewe’s 

body composition across the production cycle and at later ages. The weight of 

the ewe was moderate to highly heritable (Table 3.6, Table 5.5, Table 7.3 and 

Table 9.3). This provides a greater scope to improve ewe weight in tough times 

but selection to maximise weight needs to be tempered as body weight is the 

key influence on maintenance energy requirements and in turn feed 

requirements (Kearl 1982; Freer et al. 1997). Consequently, producers should 

base selection around improving ewe condition whilst optimising stocking rates. 

A favourable phenotypic relationship, whilst not observed in this study, between 

mating condition and reproduction (Coop 1962; Gunn et al. 1969, 1972; Curnow 
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et al. 2011; Young et al. 2011) suggests that there is value in selecting for more 

condition in the breeding ewe. Ultrasound fat and muscle depth were 

moderately heritable, Table 7.3 (Gilmour et al. 1994a; Safari et al. 2005; Huisman 

and Brown 2009). But the aim of the industry is to change the composition of the 

ewe without increasing the weight of the ewe. Consequently, selection should be 

made on weight adjusted body composition traits, fatness and muscularity, 

which are moderately heritable (Table 7.3). Whilst ultrasound measurements 

provide greater accuracy, body condition score (Table 5.5 and Table 7.3) and fat 

score (Table 3.6) were only slightly less heritable. Body condition score had a 

strong positive genetic correlation with the ultrasound measurements (Table 

7.5). Selection for more fat or muscle in the adult ewe will increase the condition 

of the ewe across the production cycle. 

10.3. Genetic relationship between young animal body 
composition and adult body composition. 

As reported in Chapter 3 (Table 3.10), weight records of the young animal, 

weaning and post-weaning weight, were strongly genetically correlated with the 

weight of the ewe throughout her production life. It was also shown in Chapter 7 

(Table 7.6) that body composition traits in particular fat and muscle were 

moderate to strongly correlated with the adult traits. These favourable strong 

genetic correlations across ages are in line with literature estimates for weight 

(Safari and Fogarty 2003) and ultra-sound measurements (Huisman and Brown 

2009). It was also shown in Chapter 9 (Table 9.5) that ultrasound fat and muscle 

measurements on the lamb, as early as weaning, are moderately favourably 

genetically correlated with ewe body composition at mating. Consequently, to 
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improve the condition of the ewe, selection should be made on post-weaning fat 

depth, whilst body condition score or fat score can be used as a visual 

assessment tool to assist in managing fluctuations in body condition. 

10.4. Genetic relationship between body composition and fleece 
production 

In Chapter 8 the Maternal Central Progeny Test ewes were grouped into high and 

low wool producers based on their weight of wool produced over three 

production cycles within management groups. No evidence was found to suggest 

that fleece production influenced the magnitude of fluctuations in the ewe’s 

weight and fat over the production cycle. The results suggest that within a well-

managed production system the demands of wool production had no influence 

on fluctuations in weight or fat score across the production cycle (Figure 8.1). 

Whilst fleece production was not linked to condition loss as shown by Kearl 

(1982) (Equation 2.3), increased fleece weights will need to be compensated by 

increased feed intake. 

There were strong positive correlations between fibre diameter and fat score at 

both the breed level and within breed (Table 8.5). However, the relationship was 

constant as the fat scores of high and low fibre diameter sheep fluctuated in 

parallel (Figure 8.2). The strength of the genetic relationship between fibre 

diameter and fat ranged from low to strong in the literature although it has been 

reported as an antagonistic relationship which Turner et al. (1970) described as 

becoming stronger as the mean fibre diameter becomes finer (Lee et al. 2002; 

Greeff et al. 2008; Huisman and Brown 2009). Adams and Cronje (2003) 

concluded that the genes influencing fibre diameter are probably not directly 
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influencing live weight or reproduction but with a finer fleece the proportion of 

fat in the body is reduced. The findings in the current study suggest that in finer 

wool sheep the subsequent decline in subcutaneous fat reserves means that 

they reside very close to reproductive thresholds and consequently when pushed 

may have reduced maternal performance or require greater levels of 

supplementation. 

10.5. Phenotypic relationship between body composition and 
reproduction 

The weight and condition of the ewe influences reproduction and is influenced 

by the reproductive status of the ewe. It was shown in Chapter 4 (Table 4.2 and 

Figure 4.4) and Chapter 8 (Figure 8.3 and Figure 8.4) that reproductive status has 

a large influence on the magnitude of change in the phenotypic weight and 

condition of the ewe. Highly fertile ewes (rearing multiples) lost more weight and 

condition during pregnancy and lactation than single bearing ewes (Chapter 3, 4 

and 5). Consequently, selection for improved maternal productivity will result in 

a ewe that requires more energy and protein to meet the demands of rearing 

multiple lambs (Freer et al. 1997; Cannas et al. 2004) and remain productive 

within the system. 

The favourable phenotypic relationship between weight and body condition has 

been well reported in the literature (Coop 1962; Gunn et al. 1969, 1972; Curnow 

et al. 2011; Young et al. 2011).  Analysis of Scottish Blackface ewes showed a 

favourable phenotypic relationship between body condition at mating and the 

subsequent number of lambs weaned, resulting in an extra 19-30 lambs per 100 

ewes joined as a result of a single condition score increase (Chapter 9).  A 
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positive phenotypic relationship occurs between the body condition of the ewe 

and her subsequent reproduction due to favourable links with fertility, ewe 

survival, lamb survival and lamb growth rates. However, Kenyon et al. (2004) 

showed that it is a threshold relationship and that genetic fat needs to be 

optimised and not simply maximised. As a result, if selection is made simply to 

maximise genetic fat then potentially the ewes will become too fat resulting in a 

detrimental relationship between fat and reproduction. 

10.6. Genetic relationship between body composition and 
reproduction 

The genetic relationship between fat and muscle of the adult ewe with 

reproduction is poorly represented within literature but is estimated to be a 

weak favourable relationship (Ap Dewi et al. 2002; Huisman and Brown 2009). 

The current study covered three production systems ranging from the low 

fertility Scottish Blackface ewes in tough conditions to a high fertility, high 

fecundity commercial stud run under good conditions due to a series of years 

with above average rainfall. As a result the genetic relationship between fat and 

number of lambs weaned varied from moderately negatively correlated in the 

Lambpro flock (Chapter 7, -0.34 to -0.40) to negligible in the Maternal Central 

Progeny Test (Table 8.6) and low to moderately positive in the Scottish Blackface 

ewe (Table 9.4). It has been reported by Parr et al. (1987) and Rhind et al. (1984) 

that under high nutrition or when ewes are carrying excessive fat the 

reproductive performance of the ewe declines. However, it must be noted that 

the results from the Lambpro flock cluster analysis in Chapter 7 (Figure 7.1) 

indicates that the strength and genetic influence of body composition on 
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reproduction and lifetime productivity is likely to be low and most likely will not 

become detrimental to the flocks productivity. 

Huisman and Brown (2009) reported a weak negative genetic correlation 

between post-weaning weight and adult number of lambs weaned (-0.17). The 

weak genetic relationship was also seen in Chapter 9 (-0.23, Table 9.5) although 

was moderately negatively correlated in the commercial stud (-0.43, Chapter 7). 

This antagonistic relationship may not hold up due to the large error on the 

estimates presented by Huisman and Brown (2009) and in Chapter 9. 

Furthermore, the cluster analysis in Chapter 7 (Figure 7.1) suggests the 

relationship is weak or even potentially negligible. In both the Scottish Blackface 

ewes and the Lambpro maternal ewes, the genetic relationship was weak but 

positively correlated with number of lambs weaned, 0.30 and 0.12 respectively. 

However, in both studies the relationship was weakly negative when post-

weaning muscle was adjusted for weight.  

Chapter 7 explored the ability to select on the longevity of the ewe in the 

Lambpro stud flock and found it to be lowly heritable (0.10 – 0.13, Table 7.3) 

whilst lifetime productivity was very lowly heritable (0.02 – 0.09). Other studies 

have also reported longevity as low (0.08 in Conington et al. 2001), (0.05 to 0.11 

in Zishiri et al. 2013) to moderately heritable (0.27 in Mekkawy et al. 2009). In 

the Scottish Blackface ewes (Table 9.3) lifetime productivity of the ewe was lowly 

heritable (0.04 to 0.13) which aligns with the findings in Chapter 7. Similar 

although slightly higher estimates were reported by Borg et al. (2009a) (0.04 to 

0.10) and Duguma et al. (2002) (0.17) for ewe lifetime productivity. In the 
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Lambpro stud flock there was a very weak relationship between body 

composition and longevity and lifetime productivity (Chapter 7). In contrast, in 

the Scottish Blackface ewe dataset there were weak to negligible correlations 

between post-weaning fat and muscle and lifetime number of lambs weaned 

although these post-weaning measurements were moderately positively 

correlated with total weight of lamb weaned over 2, 3 and 4 production cycles. 

Due to the rather short period of the production life being examined (4yrs) the 

value of genetic fat in regards to reproduction and ewe longevity seems to be 

minimal and most likely not being fully expressed in the Lambpro, Maternal 

Central Progeny Test and Scottish Blackface flocks.  

The physiological limitations on milk production due to poor energy reserves or 

condition will restrict the ability of the ewe to wean a lamb and in turn the 

performance of the replacement ewe lambs. Analysis of the first cross ewes in 

the MCPT demonstrated that the larger breeds have a greater milk yield (Table 

8.7) which led to heavier lambs as a result of more milk and increased growth 

potential (Table 8.8). The genetically fatter breeds produced a higher fat 

concentration in their milk although milk with a high fat content was negatively 

correlated with weight of lamb weaned (Table 8.7). Strong positive genetic 

correlations suggest that ewes which produce large volumes of high quality milk 

during lactation (total fat solids) will produce heavier lambs and as observed in 

dairy cattle (Tabler and Touchberry 1955), fat concentration is negatively 

correlated with milk yield.  
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10.7. Managing the relationship between body composition and 
reproduction 

The focus of maternal sheep breeders is to produce a ewe that can maintain and 

even excel in her reproductive performance whilst exposed to a variable 

seasonal feed supply. Although a favourable phenotypic relationship between 

condition and reproduction is well reported in literature (Coop 1962; Gunn et al. 

1969, 1972; Curnow et al. 2011; Young et al. 2011) the genetic relationship was 

weak and at times antagonistic (Chapters 7 -9). Consequently, it was concluded 

that while the condition of the ewe is important to reproduction, simply 

breeding for more fat or condition in the ewe alone will not improve her 

reproductive potential. Instead, producers should select directly on reproduction 

but as litter size increases, they should aim to have more genetic fat, as it is 

required to maintain condition, since the more productive ewes lost more weight 

and condition across the production cycle (Figure 8.3 and Figure 8.4). 

Selection on fat or condition still has some potential to assist farmers in 

improving maternal productivity. The findings in this study have shown that it is 

possible to breed for more fat and condition and that the ewes will maintain 

their genetic merit across their production life (Chapter 3 – 7). Thus, it is 

hypothesised that by breeding for more genetic fat or condition in the ewe, 

selection will improve the ewe’s genetic merit to maintain and regain condition 

above reproductive thresholds (Figure 10.2). The result of this is ewes that are 

genetically better suited to taking advantage of the favourable phenotypic 

relationship between condition and reproduction. Additional genetic fatness is 
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only of value when times (seasons and or years) are at their toughest i.e. sheep 

are in low condition. 

Ferguson et al. (2010) proposed that the value of genetic fat and the relationship 

between genetic fat and reproduction was dependent on the environmental 

conditions. In an analysis of Merino ewes, Ferguson et al. (2010) reported that 

the relationship between fat (EBV for yearling fat depth) and reproduction was 

only significant and positive in 2 out of 10 years and in both cases anecdotal 

evidence suggests that during these years feed availability was below average 

due to unseasonably low rainfall (Ferguson et al. 2010). Gernand et al. (2008) 

showed in Merinos that when mating under restricted feed the genetic 

relationship was positive and yet under favourable conditions the relationship 

was negative. Influence of environment was seen across this study with the 

leaner Scottish Blackface ewes having a positive genetic realtionship between 

mating condition and reproduction (Table 9.4) compared to the Lambpro and 

MCPT ewes which were in greater condition (Figure 10.1) where the genetic 

correlations were negative (Chapter 7 and Table 8.6, respectively). An 

antagonistic relationship between body condition and reproduction under high 

nutrition or very fat condition levels (Rhind et al. 1984; Parr et al. 1987) could be 

contributing to the difference in the relationship between fat and reproduction 

traits across the flocks. Tiezzi et al. (2013) concluded that in dairy cattle the 

relationship between condition and reproduction is non-linear with the influence 

of energy deficiency dominating over the primarily phenotypic negative influence 

of over conditioning in the genetic correlation. When comparing the Lambpro 

and Scottish Blackface flocks, the difference in direction of correlations between 
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body condition and reproduction can be explained by the Lambpro flock being 

dominated by over conditioned ewes where a slight negative phenotypic 

relationship was observed (Figure 10.1). These findings suggest that genetically 

fatter ewes are more productive in tough times and that they are potentially 

more robust to fluctuating environmental conditions. 

 

Figure 10.1: The proportion of ewes with a specific pre-joining body condition 

or fat score in the case of the maternal central progeny test (a) and the mean 

number of lambs weaned for each condition score (b) for the Maternal Central 

Progeny Test (red squares), Lambpro (purple circles) and the Scottish Black face 

ewes (green triangles). Body condition of the Lambpro ewes was recorded at 

mid-pregnancy. 

 

10.8. Importance of body composition to ewe welfare 

The welfare of animals is becoming increasingly important in extensive grazing 

systems as consumers ideals and perception of welfare are becoming more 

important when purchasing agricultural commodities (Goddard et al. 2006). Body 

condition and change in condition are considered good indicators of an 

individual’s adaptation to environmental stresses (Simm et al. 1996) with 

condition scores below 2 (1 to 5 scale) associated with nutritional stress, disease 

and low production (Stubsjoen et al. 2011). Selection and breeding for more 

condition in the ewe has the potential to produce a ewe that genetically is able 

to take advantage of good times, but also preparing it for the tough times where 
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they will have enough energy reserves to hold off disease and limit the chances 

of malnutrition. Welfare should not be seen as a trade-off for whole farm 

profitability and Kingwell (2002) showed that managing body condition within a 

desired welfare range (BCS 3 – 4) is more profitable than allowing ewes to lose 

excessive condition. When breeding for more condition or to change the body 

composition of the ewe it should not just be looked as a method to improve 

maternal productivity, but as a technique to improve the welfare of the ewe 

during tough periods and environments where current management practices 

may be costly or insufficient. 

10.9. Managing ewe body composition and potential breeding 
solutions 

Phenotypically, body composition of the breeding ewe fluctuates across the 

production cycle. Results from Chapter 4 (Table 4.2) indicate that fluctuations in 

weight and body composition of the ewe are primarily influenced by seasonal 

(feed availability) and reproductive effects. With genetic effects on weight and 

body composition remaining constant across the animal’s lifetime, the solution 

to controlling weight and condition loss still remains with on farm feed 

management practices. Lifetime wool guidelines advise to have a mating 

condition score of 3 and maintain condition without falling below 2.5 during 

pregnancy (Curnow et al. 2011; Edwards et al. 2011; Young et al. 2011). 

Producers who have successfully incorporated these guidelines into their on-

farm management have brought about an 11-13% increase in lamb marking, 14% 

increase in whole farm stocking rates and 43% reduction in ewe mortality 

(Trompf et al. 2011). However, even though management remains the key, 
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Young et al. (2011) proposed that with breeding against fluctuations in weight 

and body composition change, producers could remove the risk and cost of 

supplementary feeding during tough times. 

The effectiveness of selection against fluctuations in weight or body composition 

is severely limited and yet genetic change still provides opportunities to improve 

the ability to manage ewe weight and body composition across the production 

cycle. Selection can be made to change the body composition of the ewe 

allowing an increase in condition, fat and muscle reserves without increasing 

ewe size or weight (Table 7.6). 

Previous research in sheep and cattle suggests that the superiority of genetically 

fatter individuals is not brought about due to an improved efficiency. Webster 

(1989) and Ball et al. (1995) showed that ewes with a larger proportion total 

weight due to fat reserves had lower maintenance requirements at desired live 

weights. However, Ball et al. (1995) showed that the maintenance requirements 

for liveweight of sheep is constant when adjusted for total fat weight. This aligns 

with the findings of several authors who suggest that adjusting for fatness 

(subcutaneous) will account for most if not all of the variation in residual feed 

intake (Knott et al. 2008; Kelly et al. 2010). The conclusion from Webster (1989) 

was that the fatter ewes had lower maintenance requirements due to the higher 

metabolic activity of lean tissue. However, Ball et al. (1995) suggested that the 

change in efficiency between fat and lean lines is brought about by the increased 

proportion of fat making up the ewe body weight. This also links back to the 

anecdotal evidence and thoughts presented by Tom Bull 
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(http://lambpro.com.au/) who argued that the shorter “nuggetty” ewes were 

better at maintaining their weight during feed supplementation (feed restriction) 

(Chapter 1). 

Lines et al. (2013) hypothesised that differences in the intake of individuals must 

result from differences in appetite or energy requirements. Consequently, with 

previous literature suggesting that the genetic variation in efficiency is minimal if 

not negligible, selection on appetite is the key in regards to controlling 

fluctuations in weight and condition. Lines et al. (2013) reported that in cattle 

under maintenance feeding (restricted feed) there was no differences in energy 

intake between High and Low residual feed intake lines. However, on a diet that 

was 1.8 times the energy content of the maintenance diet, Lines et al. (2013) 

observed a significant divergence in intake between lines. This is supported by 

Roberts et al. (2007) who showed that variation in residual feed intake in heifers 

under restriction was lower than when under ad libitum conditions. This suggests 

that under restricted feed or during supplementation the differences in feed 

intake are minimal and therefore it is expected that the fat and lean lines will 

merge but not re-rank (Figure 10.2). However, when feed becomes available the 

geneticially fatter animals have a greater appetite therefore consume more feed 

and deposit more of this feed as fat, resulting in the variation between fat and 

lean lines increasing, as proposed in Figure 10.2. 

A single standard deviation (approx. 0.43 mm) increase in the post-weaning EBV 

for fat would result in a 0.75mm increase in adult fat or 0.69 of a body condition 

score. By increasing the genetic potential of the ewe for condition, the ewe 
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becomes less vulnerable to tough periods (Figure 10.2). The current study has 

shown that the condition of the ewe genetically fluctuates in parallel (Figure 4.4) 

as a result it can be concluded that under the same stressors, a high fat and low 

fat line would follow parallel declines (Figure 10.2). The lifetime wool guidelines 

have suggested that the condition of the ewe should not fall below 2.5 to 

optimise maternal productivity (Edwards et al. 2011). Consequently, if the 

management practice is to supplement the flock at a threshold of condition 

score 2.5, the high Fat line will meet the threshold later, in turn reducing the 

required period of supplementation (Figure 10.2). Lines et al. (2013) and Hebart 

et al. (2013) proposed in beef cattle that the high fat lines have a greater 

appetite which sees them restore and deploy greater levels of fat during periods 

of high feed availability (Figure 10.2). Therefore, economically the high fat 

individuals are more valuable as it makes better use of feed when it is readily 

available and cheap and has a reduced reliance on supplementary feed when 

feed costs are high. 
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Figure 10.2: Adaptation of the effect of selection for increased fat. High fat line 

is represented by the red line with the blue line representing the low fat line 

over time. The dashed line refers to the expected condition profile of the ewe 

were supplementation is provided to prevent the condition of the ewe falling 

below condition score 2.5 (1 to 5 scale). 

 

The advantages of the genetically fatter lines occur because they are able to take 

advantage of cheap readily available feed which in turn results in increased 

energy stores during the tough times. This advantage leads to a greater period of 

time before supplementation is triggered as a result of condition loss. This can be 

expressed in the following equation, 
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�j − �¿ = ∆� =  ~áj − ~«âj § −  ~á¿ − ~«â¿ § 

Where, 

t ; is the time in days until supplementation is triggered 

∆t ; difference in time between high and low fat animals 

fi ; is the initial level of fat reserves 

ff ; is the minimal level of fat reserves before supplementation is require (BCS 

of 2.5 or 4.2mm of fat) 

β; is the rate of decline in condition or fat 

 

Conclusions from this study suggest that the rate of decline in condition is 

constant across genotypes, therefore the equation can be simplified, 

∆� =  ~áj − ~á¿â § 

If the producer was to increase the average post-weaning fat depth of the flock 

by a single standard deviation (0.43mm) then the adult ewes would be 0.75mm 

or 0.69 body condition scores fatter. Using the equation stated above a single 

standard deviation improvement in the post weaning fat depth will see a large 

improvement in the time taken to trigger supplementation (Figure 10.3). The 

economic advantages of selecting for increased post-weaning fat is a decline in 

the number of days the ewe requires supplementary feeding. 
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Figure 10.3: Effect of a single genetic standard deviation increase in post-

weaning fat depth on additional time taken (days) for a ewe losing fat to reach 

a condition score threshold of 2.5 that would trigger supplementary feeding. 

 

10.10. Conclusion 

The analyses in this thesis focussed on the potential to breed for a ewe that was 

able to take advantage of the favourable phenotypic relationship between the 

condition of the ewe and her subsequent maternal productivity. Whilst genetic 

improvement provides some opportunities, managing pasture supply with the 

energy and protein demands of the ewe is still the most important factor when 

managing ewe condition. Selection on fat, condition and muscle from as early as 

post-weaning will result in improved genetic merit for body condition 

throughout her productive life. However, selection on genetic fat is not a silver 

bullet and will not alone improve reproductive performance and in favourable 

nutritional conditions can have an antagonistic relationship with reproduction. 

The results from this thesis suggest that if faced with a highly variable 

environment or a production system where producers struggle to put condition 
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on their ewes, there is merit to select for increased condition to improve both 

the welfare and productivity of the ewe.  
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