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Summary

The financial value of a carcass is influenced by lean meat yield percentage (LMY%),
which represents the proportion of the carcésd is lean meat (muscle). Australian
lamb producers can select for this trait indirectly via three existing Australian Sheep
Breeding Values (ASBVs), namely peseaning weight (PWWT)gc-site fat depth
(PFAT) and eye muscle depth (PEMD). Previous reseagshssing the effect of these
breeding values on carcass composition has focussed on individual point measurements
of tissue depth or the weights of a small number of indicator muscles. In contrast, this
PhD has usedomputed tomographyC(T) scanning to ssess the impact of ASBVs on

composition at a whole carcass level.

Chapters 3 and 4 of this thesis focus on the change in body composition (fat, lean and
bone), in the fore, saddle (middle) and hind sections of the carcass as measured by CT.
An allometrc approach was adopted in the analysis of the data fro6b lanb
carcasses, which allowed a robust interpretation of the impact of the carcass breeding
values and production factors on carcass composition. It was discovered that increasing
sire PEMD andeducing sire PFAT increased LMY% (7.7% and 9.5% units) across the
range of these breeding values. Furthermore, lean was redistributed to the saddle region
(3.8% units for PEMD and 3.7% units for PFAT). Additionally both breeding values
reduced carcass fass across the sire range by 24.7% and 16.6% for PFAT and PEMD
respectively. Increasing sire PWWT had minimal impact on LMY% and carcass fat.
Carcass bone was most influenced by reducing sire PFAT, with the other breeding

values having little (PWWT) or n°EMD) effect.

Chapter 5 uses further analysis of data collected in Chapters 3 and 4 to report on the

financial implications of using ASBVs to select for improved LMYPhe use of CT to
\Y,



report the financial improvement to carcass lean value achievedgthrgenetic
selection has not previously been comprehensively repdrd@abs were compared at a
standard carcass weight (23kg) and age (269 days), which allowed the influence of the
breeding values on both LMY% and HCWT to be accounted for in the cabculait

carcass lean value. Reducing sire PFAT had the greatest impact on carcass lean value

followed by PEMD and PWWT.

The eating quality and nutritive value of lamb are essential traits for consumer
satisfaction Selection for leanness has been showretluce intramuscular fat (IMF) in

the loin (ongissimus lumborujnmuscle and so have a detrimental impact on eating
quality. For this reason, selection to improve LMY% must be balanced against the
consumer focused traits. The measurement of IMF% in reléi@enetic selection is
undertaken in the loin muscle, with little known about the other muscles of the carcass.
Chapters 6 and 7 detail the correlation of IMF% between 5 muscles located in different
carcass regions (fore, saddle and hind). These ciooredavere generally found to be
strong, particularly for that of the loin IMF% with the fore and hind section muscles.
From an industry perspective this is a significant outcome, as it implies that genetic
selection for IMF% in the loin will also causerpelated changes in the other muscles.
The relationship between LMY% and IMF% in each of these muscles was also
assessed, and found to be consistently negative. Lastly, CT was assessed for its
effectiveness to predict IMF%. Although a negative correlati@s found between
average pixel density and IMF%, the ability of CT scanning to predict IMF%

demonstrated relatively poor precision.

In summary this work has utilised CT to quantify the impact of ASBVs on carcass

composition in lamb. It details the fingial impact of these effects due to changes in
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lean % andits distribution throughout the carcass. Additionally it explores the
relationship between IMF% in different regions of the carcass and the impact of
selection for LMY%. Finally it assesses the @pibf CT to predict IMF% which would

be of benefit to industry in the event that CT measurement becomes mainstream within

commercial abattoirs.
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ASBV

C5 fat depth

Abbreviations

Australian Sheep Breeding Value

Measure of fat depth at the 5th rib (mm)

c-site fat depth Measure of fat depth at the 12th rib, 45 mm from the midline (mm)

CT

DXA

Computed tomography

Dual energy X raybsorptiometry

GR tissue depth Total tissue depth (mm) at the 12th rib, 120mm from the midline

HCWT
IMF

LMY

MSA

NIR
PEMD

the midline
PFAT
midline
PWWT

days

Hot carcass weight
Intramuscular fat

Lean meat yield

Meat Standards Australia
Near infrared

Post weaning eye muscle depth measured at the 12#b6riimm from

Postweaning fat depth measured over the 12th 4 mm from the

Post weaning growth assessed by live weight at appet&iyn 240
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Enzymes

Citrate synthase EC 2.33.1
Isocitrate dehydrogenase EC1.1.141
Lactate dehydrogenase EC1.1.1.27
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Chapter dIntroduction

Chapter 1. Introduction

Lean meat yield is the amount of meat that can be obtained from a carcass, and this is a
significant driver of profability for meat supply chain@Pethick, Bll, Bankset al.

2010. The amount of saleable meat is assessed by the determination of carcass weight
in combination with an estimate of lean meat yield percent (LMY%), which is defined

as theproportionof lean meat (muscle) in the carcass. As suth . MY% of a carcass

is maximised when there are large amounts of muscle with diminishing proportions of

fat and bone.

Improving LMY% in lamb is of value at multiple points throughout the lamb supply
chain, creating value for consumers, retailers, psmss and producer€onsumers

have a preference for lamb cuts which are larger and leaner and have lesislérim
(Banks 2002Laville, Bouix, Saydet al. 2004 Williams and Droulez 200)0which is a
stronger marker drivedor the production of lamb carcasses that meet these preferences
Knowledge of LMY% carbetter enable retailers to guarantee the consumer they will
receive their desired cut preferenc@stailersalsobenefit from high yielding lambs as
carcasses have more salable meat and if this muscle is located in the more valuable
regions of the carcassuch as the loin, ultimately they improve profits through
increased carcass valu&dditionally, if retailers deliver cuts which meet consumer
preferences, then consumer confidence gnotish mayincrease sale$.or processors,

higher yielding carcasseme more valuable as they require less trimming of fat and
bone, resulting in less waste and reduced labour atdatr{elopkins, Wotton, Gamble

et al. 19953. Additionally, processorwill likely have paid for lambs based on their hot
carcass weight, therefore less saleable meat from low yielding carcasses results in less

return on the carcass purchase price. For the producer, increasing LMY% of lambs is
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advantageous as they can basfied to heavier weights without lambs becoming too

fat. Overly fat or lean carcasses receive price penalties at processing in Australia, based
upon palpated GR tissue depth thus penaltiesirema&red for GR >25mm, or GR
<5mm. However, for lambs within ése ranges there is little price incentive to
encourage producers to optimise LMY%, in part a reflection of the processors need to

compete for a declining total sheep slaugffathicket al.2010.

In order to attract producers to turn off lambs that meet market specifications there must
be suitable pricéencentives. A key to a LMY% based pricing scheme is the ability to
accurately and rapidly assess LMY% in the processing plant. Previously systems to
estimate LMY% have included measurement of carcass weight and GR tissue depth,
however this is not an acaie assessment of LMY%, especially in commercial
abattoirs with a high througbut (Hopkins, Safari, Thompsoet al. 2004). The use of

Video Image Analysis (VIA) systems have been shown to improve the accuracy and
speed of predicting carcass LMY®blopkins et al. 20049 and has been usemh a
limited commercial basis in Australia. Development of technologies, such as dual
energy xray absorptiometry (DXA), is underway and will enable more accurate, rapid
and cost effective measurement of LMY% in the processing plant. Computed
tomography CT) has been used to measure carcass composition in (f@ardner,
Williams, Siddellet al.201Q Lambe, Navajs, McLeanet al. 2007, however currently
remains too expensive and slow to be incorporated into Australian processing plants,
though advances in technology may see their more widespread commercial use in the

future.

One of the biggest market drigeis the desire of processors to receive lambs of high

LMY% to reduce costs associated with carcass trimm@ansumersalso reflect this
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same desire for lean lamlfgvilliams and Doulez 2010, with the outcome being a
drive the lamb industry to preferentially select for lambs whichhagk yieldingand

lean. Australian lamb producers use genetic selection to manipulate LMY%, which
historically has been the focus in the termisak breedgyBanks 200R It is now
increasingly important for all sectors of the Australian lamb industry to produce lambs
that have improved muscling and reduced salvage fat to provide valuable income to
wool or mixed production systems. As such there is a drive to improve the LMY% not
only in Terminal sired lambs but also the Merino and Maternal breeds of sheep.
Therefore Australian lamb producers are looking to utilise genetics that will improve

LMY% in breeds of sheep that were previously used for the production of wool alone.

In the modern day Australian lamb industry, genetic improvement in a range of traits is
facilitated by using Australian Sheep Breeding Values (ASBVs) which estimate an
ani mal s06 breeding value for a wi{Bhen, r ang
Huisman, Swaret al. 2007). The values are based on bo
performance. The carcass breedingueal include growth and weight information:
weight (pre weaning measured at 100 days (WWT) or post weaning measured at 200
days (PWWT)). There are also measurements taken atdite @ocated 45mm from

the midline at the 12rib) of live animals (using ltrasound) to produce post weaning

fat depth (mm) (PFAT) and eye muscle depth (mm) (PEMD) breeding values.

With producers increasingly using genetic selection and ASBVs to increase HCWT and
LMY%, it is important to assess the magnitude of the improvesreamd translate them

to financial gains. The HCWT of lambs has been shown to increase in response to
selection for increased sire PWWT and PEMD and reduced sire RBAifdner,

Williams, Ball et al. 2015. However, the impact of ASBVs on LMY %, its distribution

3



Chapter 1Introduction

within the carcass, and the financial implications of genetic selection for improved

LMY% have not been well documented.

The ASBVS PWWT, PEMD and PFAGan be cmbined into indexes such Carcass
Plus which place different weightings on certain breeding values to give a single value
which selects for a desired trait, for exampéecasaveight (HCWT) and LMY%. The
current weightings for the carcass plus index af8s 3veaning weight (WWT), 35%
PWWT, 30% PEMD and 5% on PFAThe Carcass Plus index is dominated by the
selection for growth (PWWT and WWTWith a specific aim of promoting high growth

to achieve slaughter weights quickly. The incorporation of PEMD andTPiEA
specifically toimprove muscling and reduce carcass fat in the carcass. The 5% inclusion
of PFAT in the carcass plus index is@aller tharearlier forms of the indexyhich
wasto address the negative impact that heavy selection for reduced sifleRRBAon
intramuscular fat and eating quali(iannier, Gardner, Peare¢ al. 2014a Pannier,
Pethick, Gedsk et al.20149. There was also a perception that producers were finding

it challenging to finish lambs to amdequatdevel of back fat depth at the point of
slaughterThis change has also been shown to impact on the%NNd carcass value

of lambs (Anderson, Williams, Panniest al. 20133 , therefore further investigation

into the impact of ASBVs on yield and carcass value is warranted.

The use of ASBVs to improvEMY% has also been shown to impact negatively on
eating quality. This is important because consumers have been shown to purchase and
pay more for lamb of a higher eating qualiBethick, Banks, Halest al. 20063. This
negative effect on eating quality is delivered in part by causing a decrease in
intramuscular fat %(Pannieret al. 2014@ Pannieret al. 20149. Intramuscular fat

influences eating qualityntough its impact on flavour, juiciness and tenderness and is
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linked to overall liking(Neely, Lorenzen, Milleret al. 1998 Pannieret al. 2014a
Pannieret al. 2014¢ Thompson 2004aNheeler, Cundiff ad Koch 1994 Nonethe
less, the impact of LMY% has only previously been demonstrated in th@kmieret

al. 20149. To date this effect has not been shown in atbgions of the carcass.

Due to the importance of IMF% on eating quality, a rapid-destructive method for
measuring IMF% would potentially allow cuts of low IMF% to be identified prior to
sale. One method of identifying IMF% in lamb is computed tomuolgy (CT)
(Clelland, Bunger, McLearet al. 2014 Lambe, McLean, Macfarlanet al. 2010,
however this reseahn has focussed on its use in the longissimus. If CT is used for
determination of carcass composition, then it would also be important to know the

accuracy of CT at predicting IMF% in other regions of the carcass.

This thesis provides important industrglevant information about the impacts of
selection for increased LMY% through the use of ASBVs on the composition of the
carcass. It utilises computed tomography (CT) to accurately determine the composition
of fat, lean and bone in three regions of taecass from approximately 1700 lambs and
provides important information on the financial implications of genetic selection on
carcass lean value. Additionally, the impact of selection using ASBVs and LMY% on
IMF% throughout different regions of the carcassvestigated. Finally the use of CT

to predict IMF% in different regions of the carcass is determined and the correlation of
IMF% in the loin, the most commonly measured muscle, with other muscles throughout
the carcass was determined. The resultisfthesis will provide the Australian Sheep
Industry with valuable information that will directly influence the use of genetics to

select for LMY% and the development of new breeding values for IMF%.
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Chapter 2. Literature Review

2.1 Biology of lamb growth

Carcass comition is defined as the proportion of the major tissues bone, muscle and
fat (Berg and Butterfield 1968with these tissues comprising approximatyto 50%

of sheep live weightButterfield 1988 Gardneret al.20195. Fat, lean and bone develop

at different rates to each other and to the weight of the carcass as a(Bérgleand

Butterfield 1968 Butterfield 1988. As an animal grows, the organs and carcass tissues

wi || comprise varying proportions of the ani

its mature body weight. Throughout growth and at maturity, carcass sdrmapaand
distribution of the three major tissue types is impacted by a number of factors,
including: lamb age, proportion of maturity, mature size, genetics (including sire type

and dam breed), sex, nutrition, carcass weight.

2.1.1Growth impetus and maturity
Growth impetus refers to the relative rate of growth of different body parts and was first
described by Mc Meekafi940 and Wallacg1948D. It is challenging to definevhen

an animal has reached maturity. Thompebal (19850 suggested that maturity for an

n

adlibf eedi ng program was Ad...when it had reache

exponatial relationship between body weight and cumulative food consumed, and the

average weekly increment in body weight for at least 10 weeks prior to slaughter was

not significantly different from zero (P<O.

state of anatomical equilibrium achieved when an animal has ceased to grow
(Butterfield, Griffiths, Thompsoet al. 19833, and all tissues have reached their mature
weights.However given fat may continue to be deposited after the bone and muscle

components have reached their point of matuttity definition of maturity can be

6
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extrapolated to mean that the point of maturity is reached when the muscle and bone are
no longer being deposited. As such, maturity was defined by Berg and Butterfield
(1966as ..t he s tnagigd conmonantsiofctliie badyreach a steady

state. . 0.

Growth patterns of the three main carcass tissues (fat, lean and bone) can be determined
by the serial assessment of the tissuesifbirth until maturity. This allows the rate of
development of each of these tissues as they relate to the growth of the carcass as a
whole to be evaluated. Within each of these tissues, it is also possible to determine the
regional rate of development tiese tissues as they relate to the total weight of the

respective tissue.

The growth impetus of the three main carcass tissues is roughly similar between
species, however the magnitudes of the impetus will vary within and between species
according to tferent age, weight, breed and nutriti¢Berg and Butterfiel 1969.

Early maturation of a tissue means the tissue comprises a higher proportion of the
carcass weight at birth than it does later in I{@utterfield et al. 19833. The
relationship in sheep of tissue weight as it relates to mature body weight is shown in
Figure2-1. Investigations into the relative growth of the three main carcass tissues show
bone as the earliest maturing tissue (i.e. a low growth impetus), followed by muscle and
then fat, which has a high growth impe{B®rg and Butterfield 1968Butterfield et al.

19833. This means that bone is relatively early maturing and as the animal progresses
to maturity the weight of bone as a portion of the whole carcass weight decreases. Fat
hasthe highest growth impetus, becoming a larger portion of the carcass weight as the

animal proceeds to maturity. Muscle develops at a similar rate to that of the whole
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carcass but as the animal reaches maturity the muscle weight does become a decreasing

portion of the carcass weight.
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Figure2-1 The progress of carcass tissues (fat, lean and bone) as a portion of maturity
as they relate to live weight as a proportion of maturity. (Adapted from Buttegtiald
(1984h)

It is important to describe the conditions under which an animal has been grown if
comments are to be made about its progression to mature size. Optimal nutrition for
example is necessaryrf maximal expression of genetic characteris{Bstterfield

1988. It is important to remember that a mature weight may be influenced by many
nongenetic factors. Taylo(19853 listed the following as factors likely to influence
mature sizenutrition, disease, physical environment, activity, social environment, and

age.
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2.1.2Methods of describing carcass growth and composition
2.1.2.1Allometry

Allometry hasbeen used to describe the changes in size or dimension of one part of an
organism as they relate to the overall change in size or dimension of the whole organism
(Gayon 200D Allometry was originally used to describe the relative changes in the
proportions of the body tissues as they related to the overall size of the animal by
Huxley and TeissiefHuxley and Teissier 1936They initially described a relationship
between the whole body (y) and its components (x) in the eqqat’;dmo which was
altered to y =ax” . Where y is the dependent variable and is used to describe the relative
rate of growth of a component (x) in relation to the growth of the wholebTéen in

this equation has commonly been called the growth coefficient. The equation can be
analysedn the loglog form logy = loga + b log x, which allows thd coefficient to be
determined from the slope of the linear equation. Using this technique, growth impetus
is described a$ coéfftieny is @reatehtban 1.tThie means the
comporent being measured is becoming an increasing proportion of the total weight.
For example fat with a high growth impetus is likely to have ao-efficient >1
compared to bone which has a low growth impelsdY An faver ageo i mpe
t hled & oemtfisfciose to 1 and therefore the component being measured is growing

at the same rate as the whole.

The principles of allometry have been used to describe the rate of growth of the main
carcass tissues in catf{Berg and Butterfield 1968Berg and Butterfield 1968 and
sheep (Butterfield et al. 19833. Similarity, the allometric equatn can be adapted to
examine the relative growth of muscles in relation to whole carcass musculature
(Thompson, Atkins and Gilmour 1979®&dditionally, fat depots within the carcass can

be ranked as being of high, low or average growth imp@hbsmpson, Atkins and

9
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Gilmour 1979a Thompsonet al. 19799. The same approach was also used for bone

(Thompsoret al.19799.

2.1.2.2Quadratic equation

Butterfield (19833 adapted the Huxley equation to describe relative growth in terms of

a quadratic equation but the meaning of high, average and low growth impetus remained

the same. The pathway followed by tissues as they progress totynats specified

by a single valuéButterfield 1983 @6 . T hi s nheanmg te thdrcodffiaent in

Huxl eyds equation, however i f <1 then the ti:
low growth impetus. At g of 1, the component is considered to be growing at the same

rate as the animal or carcass, which has the sameimgeas wheninHixe y 6 s equati on

theb co-efficient is equal tol

2.1.3Growth and development of the carcass tissues (lean, fat and
bone)

A number of experiments have been performed which examine the relative rates of
maturation, mature composition and dtsition of the three main carcass tissues in
lamb (Butterfield et al. 1983a Butterfield and Thompsod983 Butterfield, Zamora,
Jameset al. 1983h Butterfield, Zamora, Jame= al. 1983(. These studies utilise data
from serial slaughter a@hdissection of Merino rams over a range of carcass weights.
Carcass composition has also been studied in other sheep breeds, a(BgexésId,
Reddaclif, Thompson et al. 1984a Butterfield, Thompson and Reddacliff 1985
Butterfieldet al. 1984 Thompson, Atkins and Gilmour 1979bhompsoret al. 1979¢

Thompson and Parks 19383

2.1.3.1Development of lean tissue
As described previougl the musculature is described as being relatively early

maturing, when compared to the growth of the carcass as a (B#®lg and Butterfield

10
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1968 Bultterfield 1988. The number of myofibres in musdls mostly determined prior

to birth (Greenwood, Hunt, Hermansem al. 200Q Nissen, Danielsen, Jorgensenal.

2003. In lamb, primary myogenesis begins at day 32 of gestation, secondary
myogenesis at day 38, with myo@gsis generally completed by day 110 of gestation
(Greenwood, Slepetis, Bedlt al. 1999 Maier, McEwan, Dodd®t al. 1992 Wilson,
McEwan, Shearet al. 1992. Muscle mainly develops througlogtnatal hypertrophy
(Greenwoodet al. 200Q Zhu, Ford, Nathanielset al. 2004 Zhu, Ford, Meant al.

2006 but also through hyperplasia in some spe¢isard, Lefaucheur, Beret al.

2002,

The growth of muscles within the carcass have been described fo(Battérfield et

al. 19839 and bee{Butterfield and Berg 1966&). Similar to the growth of the carcass
tissues, muscles cdre defined as either early or late maturing when compared to the
total weight of muscle within the she@putterfieldet al. 19839. A study by Thompson

et al (Thompsonet al. 19799 showed no difference in the distribution of muscle
between lamb breeds, in contrast to studies by Se€bh868 who showed some small

differences.

Butterfield et al (19839 examined the disstad weights of many of the muscles of the
lamb carcass in small and large mature size Merinos. The experiment divided these
muscles into 9 main groups: proximal hind limb, distal hind limb, surrounding spinal
column, abdominal wall, proximal forelimb, dastfore limb, thorax to fordimb, neck

to forelimb, neck and thorax. Muscles within these groups largely matured at the same
rate, although there are some inconsistencies within a group of muscles. The results of

the study by Butterfiel@t al (19839 are described below.

11
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Group 1 (proximal hind limb) ere considered late maturing, and are poorly developed

at birth. Group 2 (distal hind limb) were early maturing compared to the growth of the
musculature as a whole making up a large proportion of the muscle weight at birth, with
this proportion declinings the sheep approached maturity. Group 3 muscles include the
muscles surrounding the spinal column and in in the study of Butteefiedti(19839

were described as early maturing. This is in contrast to other studies (Hammond 1932)
which were discussed by Pomer¢¥978 where the spinal musculae was shown to

be a late maturing tissue. Group 4 (abdominal musculature) grew at the same rate as the
total musculature and was considered average in its rate of maturation. Group 5 and 6
consisted of the proximal distal fore limb musculature. Althogegiherally classified as

being early maturing there was considerable variation between individual muscles.
Groups 79 are comprised of the muscles of the cranial aspect of the sheep which are
not related to forelimb function. Overall these groups weresifies as being late
maturing, with the most extreme being the splenius muscle, which in rams is especially

well developed, likely as a mechanism for fighting with other rams at sexual maturity.

2.1.3.2Development of the fat depots

In general fat is considered late maturing tissu€éBerg and Butterfield 1968
Butterfield et al. 1985 Butterfield et al. 1984h Ponnampalam, Butler, Hopkiret al.

2008 when compared to the growth of the carcass. Lambs are comprised of a number
of fat depots: subcutaneoustramuscular, intermuscular, and mesenteric. Greater focus
has been on the carcass fat depots (subcutaneous anchustrlar fat) as they will
influence the amount of saleable meat in the carcass. Intramuscular fat (IMF) has also
received specific attgion due to its influence on juiciness and tenderriBsshick,

Barendse, Hocquettt al. 9-13 September, 200.7

12
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In Merino rams, the allometric coefficients) (for all fat depots were not significantly
different from 1 indicating that they develapat the same rate as total carcass fat
(Butterfield and Thompson 1983 In comparison, in Dorset Horn rams and wethers,
the intermuscularral thoracic fat depots are considered early maturing and omental fat
late maturing(Butterfield et al 1985. Castration of Dorset Horn rams resulted in
wethers having a greater portion of subcutaneous fat and less intermuscular fat when

compared to ram@Butterfieldet al. 1989.

The development of IMF is discussed in greater detai2.ih1.3 Factors affecting

intramuscular fat

2.1.3.3Development of bone

Bone is considered an early maturing tis¢Berg and Butterfield 1968 Butterfield

1988. The limb bones of sheep are relatively early matufBwgterfield 1988, which
implies that their proportion of total bone weight decreases over time. The limb bones
of sheep have been shown to have a gistaximal growth(Thompsonet al. 19799,
similar to that described in pigPavies 197%and cattlgJones, Price and Berg 1978

This implies the distal bones mature earlier than the more proximal bones, with this
effect more pronounced in the forelimbsake et al (2007 discovered contrasting
results with the humerus. The growth of bone weight is partially dependent on other
tissues in the body. For example the influence of body weight on limb load and bone

modelling(Cake, Gardner, Boyaet al. 20063.

Cake et al (2007 showed that Poll Dorset x Merino lambs selected for increased
muscling had lower bone weights relative to HCWT compared to other genotypes. This
same study by Caket al (2007 showed pure Merino lambs to have similar total bone

lengths to other breeds but with shorter proximal limb bones and longer distal limb
13
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bones. Additionally, bones of pure Merino lambs were heavier at a given carcass
weight, whichsupports the notion of Hopkins and Fogait$98h that Merinos have

higher bone trim.

2.1.4Mature size and comparing composition of lambs

Due to the differences in the rates of development of the tissues (fat, lean, bone and
organs), the composition of a carcass with respeproportions of these tissues will

vary as the animal matures. Depending on the nature of the information required to be
obtained, it may be appropriate to compare lambs at the same live weight, carcass
weight, lean weight, fat depths, stage of mayudt age. In the past sheep carcass
composition was often compared based on age. Due to the differences in the tissue
maturation rates this can give misleading information about the effect that different
genetics, sex or breeds have on the compositioheoglheep. Furthermore, comparing
lambs at the same age does not necessarily compare them at the same stage of maturity
if their mature size is different. If market specifications are important then comparisons

of lamb composition at the same carcass weighjustified.

2.1.4.1Influence of mature size on carcass composition

Ani mals have a predetermined Omature sizeb
embr yoni c st ageTagdr 1985). Thee matureasizeédasd cbmpbsiion of

an animal at maturity is often unknowrigure 2-2 shows the gneth of two steers on

their way to different mature sizes. Regardless of their mature size they will follow a

similar growth path to maturity that has been described by Biabdy 1945 with the

time taken for two animals of different mature sizes to reach their mature weights
differing. An animal of large mature size takes a longer time to reach its mature weight

than theanimal of small mature size.
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Figure2-2 Growth path of two steers to different mature sizes (adapted from Butterfield

et al(1989 )

Given the differing rates of maturation of the three carcass tissues (fat, lean and bone)

the relative proportions these tissues exist in wdly as the animal approaches

maturity (Berg and Butterfieldl968 Figure 2-3. Muscle and bone are relatively early

maturing tissues when compared to the growth rate of the carcass and are expected to

make up a high proportion of carcass weight at an early stage of maturity, with this

proportion declining as the animal approaches maturity. The converse is true of fat.

Composition

0.4

0.3

0.2

0.1

-
-
- - Fat
-
- Eone =
e o . -
- -
- - —
-
1 1
| 1
50 100
Stage of Maturity

Figure2-3 The change in carcass composition of fat, lean and bone as an animal reaches
maturity. (adapted from Butterfieket al (1988)
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When two animals that are programmed to grow to differeture sizes are compared
at the same carcass weight, then it is expected they will have different proportions of

fat, lean and bone as they will be at different stages of makigtye2-4.
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Figure 2-4 Comparison of carcass composition of large and small strains of animals

when compared at the same carcass weight. (adapted from Buttetrbe(d988) )

It was determined by Butterfield 9833 that maturity coefficients for fat, lean and bone
were very similar between large and small mature sized rams. As expected, based on the
rates of maturation of the three tissues, wherbkamere compared at the same live
weight, the large mature sized rams had increased proportions of bone and less fat when
compared to the small mature sized lambs due to the early maturation of bone when
compared to fat. When compared at the same propoatfianaturity there were few
differences in their composition, although the large mature sized rams had slightly more
fat (Butterfield et al. 19833 compared to the small mature sized rams. When compared

at maturity, the larger sized sheep had higher weights of muscle, fat and bone but as a
percentage ofhe total carcass weight these proportions were very similar between the

two groupgButterfieldet al. 19833.
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This also applies to the situation where the distribution of tissue types within a carcass
IS being investigated. In animals of different mature size, tissue depots that mature at a
rate differat to that of the carcass will comprise different portion of the carcass weight
at different stages of maturity. The rate of maturation of the bones was similar between
the two strains of lamb with limb bones considered early mat(@ageet al. 20063.

When compared at the same live wejghe larger stains of animals appear to have a
larger proportion of bone weight in the limbs, compared with smaller strains

(Butterfield 1988 due to them being at an earlier stage of maturity.

The maturation rate of muscles from large and small mature sized rams was also shown
to be very similar(Butterfield et al. 19839. When the two strainsfaams were
compared at the same total muscle weight, the large strain of ram had a higher
proportion of their muscle mass comprised of the early maturing muscles compared to
the later maturing muscle@Butterfield et al. 19839. When the two strains were
compared at theasne proportion of their mature muscle weight these differences largely
disappeared which indicates that mature size accounted for muscle of the differences in

muscle distribution of the rams.

It can be difficult to extrapolate the results of early stsigdiemature size to the modern
day lamb as much of this early work was performed in Merino IgiBbterfield et al.
1983a Butterfield and Thompson 1983Butterfield et al. 1983h Butterfield et al.
1983¢ Thompson 1983Thompson, Butterfield and Perry 1983887, Thompsoret d.
19850, which were the predominant breed at this time. The impact of mature size in
other breeds has been investiga{@ditterfield et al. 1984 Perry, Thompson and
Butterfield 1992aThompson and Parks 1988ut less extensively and it is difficult to

know if these breeds respond differently to esébn pressure for increased
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growth/mature size. Therefore the mature size and pattern of growth of a breed/strain of
sheep is not always known, so it can be difficult to determine if changes in composition
at the same weight or age are due to mature siaéure composition or growth of the
carcass tissues. Additionally these early experiments regarding mature size and serial
measurement of composition to maturity have not been repeated in the current

Australian Sheep Industry.

The rate of maturation dét did not differ between high and low mature sized merinos
(Butterfield and Thompson 1983Animals selected for high and low weaning weigh
produced different maturation patterns of fat relative to body weight despite mature fat

proportions remaining the sar(iEhompson and Parks 1983

2.1.4.2Measures of carcass maturity

The rate of maturation of tissues can vary betweeessaxd breeds of laniButterfield

1988. Additionally, differences in matursize and composition can account for the
variation in composition when lambs are compared at the same weight or age. If lambs
are to be compared at the same stage of maturity then it is important to be able to assess

or measure maturity.

The muscle to tne ratio has been used to measure the stage of maturity of sheep
(Butterfield 1988, cattle (Berg and Butterfield 19§6and pigs(Davies 1974 Davies

and Kallweit 1979. As a result of the relative maturation rates of muscle and bone it is
expected that when an animal is immature it will have a low muscle:bone ratio, but that
this ratio will increase as the animal matures. For example ataikMerino ram has

been shown to have a muscle:bone ratio of 2:1, which increases to 3:1 at 10% of

maturity and 4:1 at 60% maturi(Butterfield 1988.
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Muscle to bone ratios may be less accurate in modern lamb breeding systems where
terminal sires are often selected for extremes of mus@@adeet al. 2006g. In this
instance, bone indices alone have been suggesteavide more accurate assessment

of maturity (Cakeet al. 20063. The thickness and appearance of the boneepteve

been used to assess skeletal maturity through a -fwedkscore (USDA 1983.
Problems associated with this method has been that longitudinal growth can cease well
before the closure of the physé3berbauer, Currie, 00k et al. 1989 Oberbauer,

Krook, Hogueet al. 1989.

Bone mineral content may also be been used to indicate stage of maturity, with an
increase in calcium:phosphor(Grynpas 1998 and a decline in magnesiui@akeet

al. 2006a Ravaglioli, Krajewski, Celottet al. 1996 reported with increase animal age.
Cake et al (20068 described the allometric growth of lamb forelimb bones and

suggested that forelimb growth may be a useful indicator aintat

The muscle:fat ratio is less often used but it may provide important information with
respect to composition of economic importance. Excessive levels of fat are not desired
by consumers and processors. In contrast to bone, the ratio of mustik ficrease

as the animal reaches maturity.

The eruption of teeth is a crude measure in lamb to differentiate lambs from hoggets,
and offers rapid assessment in the processing plant. In lamb there are breed effects with
Border Leicester cross lambs shog earlier eruption of the first molgiHopkins,
Stanley, Martinet al. 20073. The eruption of dentition in cattle has been poorly
correlated to other indices such as ossificaflawrence, Whatley, Montgomest al.

2009).
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2.1.50ther factors that influence carcass composition

2.1.5.1Influence of sex on carcass composition

A difficulty encountered when examining the literature is the variation in study design
that has been used to analyse sex differences in compositionssme maturation.
Some studies examine differences between rams and w@Buttesrfield et al. 19841,
others examine wethers versus ewes, with some looking at ctypi®revethers and
ewes(Kirton, Clarke and Hickey 19§2It would be ideal to compare in the same study,

the difference between rams, ewes and wethers of a number of sheep breeds.

2.1.5.1.1Weight and growthate

Within breeds, the males have been shown to have a greater mature size and faster
growth rate when compared to ew@utler-Hogg, Francombe and Dransfiel®84

Hopkins et al. 20073 Kirton et al. 1982 Thompsonet al. 1985h. There was no
difference in the mature weight of Dorset Horn rams and wef{lBargerfield et al.

19843 however this study compared only 5 rams to 7 wetherset.a&(1990) looked

at the effect of sex on growth and carcass composition on second cross lambs that were
under commercial grazing conditions. The results of this study show that entire animals

(rams and cryptorchids) grew faster than ewes and wethers.

2.1.5.1.2Compositon at maturity

McClellend, Bonaiti and Taylof1976 looked at ewes and rams at a range of 40 to 70

% of their mature weights. When they compared these animals at the same degree of
maturity they found that there was little difference in their carcass compo8ased

on this information they hypothesised that at maturity the tissue composition of ewes
and rams would be similar, but were concerned about extrapolation to predict
composition that was well beyond their study. Thompd®83 and (19853 examined

maturation patterns of sexes by comparing ewes and rams to maturity. In contrast to
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Mc Cl el | e n di$ Fhormpgop showed that at maturity rams had significantly
more muscle (lean) and bone but less fat than the ewes. ERif@ also obtained data

from mature rams and ewes similar to that of Thompson. At maturity, rams have been
shown to have a higher proportion of live glei as bone and muscle compared to the
wethers, with the wethers showing increased proportions ofBfatterfield et al.

19843.

2.1.5.1.3Vvariations in tissue maturation and carcass composition between sexes

Some studies show no impact of sex on the rate of maturation of carcassassthes

relate to carcass weigffourieet al. 1970 Thompsonet al. 1979a Tulloh 1963. In

contrast, it has also been shown to differ between ¢8xeterfield 1988. Thompsoret

al. (1983 show a cross over effect where at very early ages the rams had more fat and
less lean and bone than the females, with this situation reversed as the animals approach
maturty. At approximately 50% of mature weight, the composition of males and
females is relatively similar which is similar to the results of McClelléii¥6. The
maturation of fat, lean and bone were similar for Dorset Horn rams and wethers

(Butterfieldet al. 19841.

When lambs from a range of genotypes were compared at the same age using dual
energy xray absorptiometry (DXA), the wether lambs had more lean% and less fat% at
all ages examined (4, 8, 14, 22 monttBponnampalam, Hopkins, Dunshea al.

20078H. This was a similar result to L8990 showed cryptorchid and rams to be

leaner than both wethers and ewes, as measured by GR tissue depth.

Across breeds (Southdown and Romney), Fo(t®/0Q showed that both rams and
ewes both showed increasing proporsiaf fat and corresponding decreases in lean and

bone. The three breeds studied showed ewes consistently had more fat and less bone
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and lean in the 80kg carcass weight range the animals were studied over. Thompson
et al. (19799 showed no difference in the distribution of subcutaneous or internamscul

fat in cross bred lambs of various breed cross over®3d range.

The distribution of musculature between sexes in Merinos has been examined using 9
6standar d mBearyg Thompgon and Buwtérfield 1988n this study they

found a difference in muscle distribution between rams and ewes in 7 out of the 9
standard muscle groups. In this study it was shownetivat were heavier than rams in

all limb groupings but lighter than rams in three groups associated with the neck
musculature. The sex differences between the muscle development post puberty may be
a reflection of hormonal influences, behavioural and mggical differencegPerryet

al. 1988. Butterfield and Berg (1972) and Los(t973 suggested males required a
larger muscle mass in the neck region to support a larger head and horns and exert their

dominance resulting in the increased weight of splenius muscle observed in rams.

Thompson(1983 showed in Merinos, that the ratio of muscle to bone (muscle:bone)
was very similar between rams and ewes as they progress to maturity. In contrast
Butle-Hogg et al (1984 and Fourie(1970 showed that ewes were superior with a
higher muscle to bone ratio compared to males. Compared at the same carcass weight,
wether lambs were shown to have higher bone % than ewe l@hbmpsonet al.

19793. Thompsoret al. (19799 showed wethers had more forelimb and less hind limb
bone than ewe lambs when compared at the same bone weight. Mature rams were
shown to have greater bone weightthe axial skeleton and less limb bone when
compared to ewePerry, Thompson and Butterfield 1992Differences in limb bone

length between ewes and wethers are min(i@akeet al. 20063 and can be adjusted,

making tis index of maturity potentially more reliable than others.
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2.1.5.2Influence of nutrition on carcass compaosition

Maternal nutrition has been shown to impact lamb growth and carcass composition
(Greenwoodet al. 200Q Harding and Johnston 199B%uhlhausler, Duffield and
McMillen 2007, Zhu et al. 2004 Zhu et al. 200§. The impact of maternal nutrition is
likely to be severand prolonged before it will impact on the carcass composition of the
progeny(Kenyon and Blair 2014 A study of nutritional restriction in first cross ewes
showed that severe feed shortage in earggmpancy will not impact significantly on
lamb production, proving there is adequate nutrition supplied in late pregnancy and
during postnatal growtliKrausgrill, Tulloh, Shorthoset al. 1999. This result was
supported by a more recent study of GreenwoodTdrmmpson(2007). However, the
expression of the genetic potential for growth has been shown to be reduced when
lambs are underfed during lactatioHegarty, Shands, Marchardt al. 20069,

demonstrating the importance of maternal nutrition for lamb growth.

Ewes providethemaor i ty of t he -weanimpnitationnthraughitheii o n
milk, with pasture intake increasing as ewe lactation dec(ireesglands 1972 Mellor

and Murray(1985 showed in Scottish Blackfaced sheep that under nutrition in late
gestation reduces udder developmantd manufacture of colostrum, which has the
potential to influence postnatal lamb growth. Additionally, compared to mature ewes,
maiden ewesolse more weight under nutrition restriction which impacts their ability to
produce milk and may impose more sevarutritional restriction on their lambs

(Hegartyet al.20069.

There has been some debate about the effect that nutrition has on fat deposition in
lambs. A study by Muhlhauslet al. (2007 show that increased maternal nutrition in

the prenatal period can influence the development of adipose tissue in eamtados
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life. Measures of carcass fatness like GR tissue depth have been shown to be reduced in
lambs on low nutrition(Hegartyet al. 20069. In this study, these differences were
reduced when lambs were adjusted for weaning live weight. Other studies have
indicated that rapidly growing lambs are fatter than slower growing lambs
(Ponnampalanet al.2008. In this study, the authors suggested the result may be due to
variations in grazing by the lambs where the fast growing lambs had increased feed
intake Similarly, when compared at the same carcass weightetlI(2001) showed

that fast growing lambs were fatter, as measured by GR asitd dat depth, than the

slow growing lambs. This result was true for both the cryptorchid and ewe lambs.
Similar results were shown by LEES90. It has been shown that when energy intake is
greater than that required for maximal bone and lean accretion that the excess energy is
used for fat accretio(Black 1983. Conversely it has been shown that slow growth will
result in leaner lamb&hestnutt 1994Murphy, Loerch, McClurest al. 1994 Thatcher

and Gaunt 1992

Hegartyet al (1999 showed over a range of live weights {&3kg) that deposition of

fat was most influenced by emgrintake with less impact of protein. Alternatively, it

has been shown that high protein diets can result in increased growth rates and fatter
carcasses (Agricultural Research Council 1980) Howe v e r 6l eanerd 1|ive
have been obtained with increased by pass pré&@iskov, McDonald, Grublet al.

1976. In contrast, other studies haveowim little effect of nutrition/growth rate on

carcass fafKirton, Bennett, Dobbiet al. 1995h Lee 198, although in these studies

growth rates were quite modest (<200g/day).

It has been shown that maternal restriction during gestation can reduce foetal muscle

fibore numberdGreenwoodet al. 200Q Quigley, Kleemann, Kakagt al. 2005 Zhu et
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al. 2009 and therefore may detrimentally affect postnatal skeletal mugwth.
Greenwoodet al. (2000 showed that there was variation in the impact maternal
nutrition has on muscular growth in different regions of the lamb carcass. This same
study showed thahe impact of postnatal growth was most severe in the smaller, slow
growing lambs. The duration of the maternal nutrition restriction has also been shown to
be a factor in determining the degree of reduction in body size in(pigdowson

1974 which may also be relevant to maternal nutritional restriction in sheep.

Bone growth is generally getmeally predetermined, however nutrition can have an
impact. Effects of under nutrition on lamb growth were initially studied by Wallace
(19483 and P#sson(1952. They established #t early maturing tissues such as bone

are less affected by nutritional restriction than late maturing tissug$at).

2.1.5.3Influence of genetics on carcass composition

Genetic selection is used to improve a wide range of traits including carcassuthits s

as LMY%. Few studies compare the differences due to breed type with existing studies
often comparing a small number of breeds or breed types, with small numbers of
animals in each category. There is evidence that breed can influence tissue maturation
and carcass compositigifthompsonet al. 1979h Wolf, Smith and Sales 198Wood,
MacFie, Pomeroyet al. 1980 Wynn and Thwaites 1981 However some studies
showed little variation in the composition of lamb carcasses across hreeudd,
Gharaybeh, Dudzinsleét al. 1969, though these comparisons were made in lambs of
very low live weights. McClellan@t al (1976 and showed there was little diffexae

in the proportions of fat, lean and bone between different breeds of sheep when
compared at the same degree of maturity. Cross bred lambs were compared at a range of

slaughter weights (384kg) with Dorset Horn sires producing lambs that were fast
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growing and reached slaughter weights earlier than otfitlsns and Thompson

1979.

2.1.5.3.1Sire type

The impact of sire type on lean tigsias previously been studiéBonnampalam,
Hopkins, Butleret al. 20073. This experiment showed Merino sired lambs to have
lower values for loin weight, eye muscle area and depth compared to the Maternal
(Border Leicester) and Terminal (Poll Dorset) sired lambs at the same age. In a related
study, lambs sired by Tminal sires had more muscle and less bone and fat than
Maternal sired lambgPonnampalanet al. 20078). Most Terminal breeds have been
selected for lean growth which results in progeny that grow faster thamadder
(Hopkins, Stanley, Mrtin et al. 2007h and deposit more lean tissue than Maternal and

Merino sired lambs.

The partitioning of fat between different compartments in sheep was shown to differ
bet weesi dmedtypeséiard tympaetde rborechk (d98). by Kempst e
comparison between mature Merino and Dorset Horn rams revPalsgét Horns to

have a larger proportion of carcass f&utterfield and Thompson 1983In a
comparison of Terminal (Dorset Horn) and Matdr (Border Leicester) rams, the
Maternal sired breeds like the Border Leicester have produced lambs with more fat and
less muscle than Terminal sire breeds (Dorset Horns) when compared at the same
carcass weight. Additionally the Terminal sires producaaibls that increased fat
measures more slowlfAtkins and Thompson 1979In a related study, the Border
Leicester sires producedrhbs that had more subcutaneous and intermuscular fat and
more bone than those sired by Dorset HgfAsompsonet al. 19793. More recent
studiesalso show Maternal sired lambs to have increased carca$®fatampalanet

al. 2008. Other studies have indicated that maternal breeds have kdegets of
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internal fat, likely as a reserve for their increased milk produ¢idoodet al.1980. In

a DXA experiment, Maternal sired lambs (Border Leicester) had the most fat compared
to the Terminal (Poll Dorset) and Merino sired lambs, with the converse true of lean
tissue(Ponnampalanet al. 2007h. Fergusonret al. (Ferguson, Young, Kearnest al.

2010 demonstrated a link between fatness and reproductive capacity. Given that
Maternal breeds have been selectedrfgoroved reproductive performance, it is likely
that this has been linked to increased fatness within these animals, which will also be

evident within Maternal sired lambs.

Sire type also impacts the weight of bone in the lamb carcass, witheCakg2007)
showing Merino sired lambs to have heavier limb bone weights compared to Terminal
and Maternal sired lambs. Additionally, Thompseh al. (19799 demonstrated
Maternal sired lambs (Bordéeicestey had more carcass bone than Terminal (Dorset

Horns).

2.1.5.3.2Dam breed

Atkins and Thompsoi(1979 showed that the Merino ewes produced lambs that were
slower growing than other ewe breeds, with progeny of Border Leicester x Merino ewes
being the fastest. The progeny of the Merino ewes were also slower to accrete fat (as
measured tathe csite) than the Border Leicester x Merino ewes. Some studies have
shown only a small impact of dam breed on carcass compositlmmpsonet al.

19794, and others no effe¢Arnold et al. 1969, although the latter study was of lambs

at 14.8kg.
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2.1.5.3.3Australian Sheep Breeding Values

Sheep Genetics Ustralia produces Australian Sheep Breeding Values (ASBVs) for
many economically significant wool and carcass traits. These ASBVs are based on the
measurement of phenotypic information of sheep and their progeny and estimate the
potential for these sheep tleliver genetic improvement for the desired trait to their
progeny. Australian lamb producers indirectly select for yield via three existing ASBVs:
post weaning weight (PWWT),-6lte fat depth (PFAT) and eye muscle depth (PEMD).
They are used to seledrfgrowth, leanness and muscling respectively. Both PFAT and
PEMD are both measured on live animals by ultrasound at fAeidand PWWT is
calculated from a post weaning weight at 240 days of age. These breeding values, with
the addition of weaning weig (WWT) can be combined into an index called Carcass
Plus: 30% weaning weight (WWT), 35% RW, 30% on PEMD and 5% on PFAT.

The Carcass Plusdex is designed for use by Terminal sired breeders with a specific

aim of promoting high growth and muscling, Vehkeeping carcasses lean.

The impact of selection using these breeding values to improve lean meat yield has been
investigated using indicators like muscle and fat de(@sdneret al. 201Q Hegarty

et al. 2006¢ Hopkins et al. 2007h Ponnampalanet al. 20073, bone lengths and
weights (Cake et al. 2007, Cake, Gardner, Hegartgt al. 20060 and cut weights
(Gardneret al.2010. The use of technology such as DXPonnampalanet al. 20070

and caonputed tomography (CT) scannif@ardneret al. 2010 enables more detailed
assessmermf carcass composition in response to genediecion using the carcass

ASBVs, with these technologies discussed in a later section.
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Post weaning weight (PWWT)

It has been shown that lambs growing at a faster rate are proportionately leaner when
compared at the same carcass weight, largely duentmcrease in mature weight
(Bennett, Kirton, Johnsoet al. 1991, Butterfield 1988. There is evidence for PWWT

to increase growth rate and mature gi@eisman and Brown 2B, Thompsonet al.
19850, therefore when lambs of high PWWT are compared to lambs of low PWWT
they would be less physiologically mature. Bone and lean are considered early maturing
tissues(Berg and Butterfield 1968utterfield et al. 19833, and it would be expected

they comprise a larger proportion of carcass weight if the lamb is less physiologically
mature. Therefie at the same carcass weight, high PWWT lambs would be expected to
contain a greater proportion of lean and bone compared to low PWWT lambs. The
progeny of sires with increased PWWT ASBVs have been shown to have increased
weight at slaughter and a conant increase in HSC\{Gardneret al. 2015 Gardneret

al. 2010, but no increase in lean meat yield @ardneret al.2010.

Hegarty in (20068 showed there was little impact of the PWWT ASBV on carcass
composition apart from an increasehe amount of bone, consistent with these animals
reaching a larger mature size. Gardeteal (2010 showed that with a 10 unit increase

in sire PWWT the wight of the hind limb bone increased by 10.5g (1.2%) and whole
carcass CT bone was increased by 0.26 units. In the same study, increasing sire PWWT
resulted in an 8% decrease irsiie fat depth and 0.40 unit decrease in CT fat%, which
would be consistewith a less physiologically mature lamb. A small increase in muscle

weight was detected in the topside.

Animals selected for high growth (PWWT) have been shown to be negatively impacted

by low nutrition (Hall, Gilmour, Fogartyet al. 2002 Hegarty et al. 20069. The
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expression of PWWT was shown to be reduced in lambs at low nutrition for pre

weaning live weighgain, weaning weight and slaughter weigtéegartyet al. 20069.

Post weaning eye muscle depth (PEMD)

Numerous studies have shown that selection for PEMD impacts at its site of
measurement, the-€ite (Hall et al. 2002 Hegartyet al. 2006a Hegartyet al. 20069.
Hegartyet al (20069 reported that for each millimetre increase in sire PEMD resulted

in an increase in eye muscle depth of 0.61mm, similar to the increases observed by Hall
et al. (2002. The study of Hegartgt al (20068 showed that sires of increase&MD
produced lambs with increased loin weights and some increase in weights of hind limb
muscles (topside), indicating a more whole carcass effect on muscularity. Increasing
sire PEMD also reduced carcass C site fat depth more than can be attribtiegdofo t

the PFAT ASBV (Hegarty et al. 20069. Gardneret al (2010 has shown that
increasing sire PEMD increased eye muscle area as well as the weight of the eye of the
short loin. This same study revealed a decreassiieGat depth which was very site
specific as the total weight of shddin fat was not altered. Therefore the reported
increase in GR tissue depth in the study of Garaneal (2010 was thought to be
associated with increased muscularity or a very localised redistributionaviég from

the Gsite measurement site. This same steldgwed using CT that PEMD had little
impact on the overall lean meat yield % of te@gcass whiclsuggests redistribution of

muscle from other muscles in the carcass to the loin.

Hegartyet al (20069 have highlighted the importance of understanding how nutrition
and genetics interact in order to manipulate lamb growth and composition. It was shown
that the genetic potential for muscling was not aéédy nutrition as both high and

low levels of nutrition allowed for maximal expression of the animals potential for
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muscling. Thiswas shown bya consistent increase in the depth of the loin associated
with increasing the PEMD ASBV over both high and I@hanes of nutrition. In
response to high nutrition, lambs selected for muscling (increasing PEMD ASBYV) did
not increase total fatness and this result was not explained by their corresponding PFAT

ASBV.

Post weaning -site fat depth (PFAT)

Selecting for éan tissue growth has been shown to increase the depth of the
ultrasonographic eye muscle measurement and decrease fat depth a&iteh@€bso,

Young and Beabn 2004 Work in pigs has shown that selection for decreasing back

fat can alter the distribution of f@frezanaMurray 2008 Wood, Whelehan, Elligt al.

1983, decreasing it at the site of measurement and redistributing it other subcutaneous
fat depots. The PFAT ASBV has been shown to impact on muscle aitehef &s
measurement, thesite (Hall et al. 2002 Hegartyet al. 20069. Hegartyet al (20069

showed that both GR tissue depth anrsite fat depth were both reduced in lambs
whose sires were of low PFAT values. Gardsteal. (2010 showed a decrease in all fat

depth indicators: loin fat weight,-€ite fat depth, GR tissue depth and C5 fat depth.
Additionally, the same study revealed a decrease in whole carcass fat % as measured by
CT. Based on this information it igély that selection for decreasing sire PFAT, will

lead to a decrease in total carcass fat, but with the strongest effect in the saddle region.
In this same experiment, Gardredral. (2010, showed that selection for reduced sire
PFAT, increased carcass bone % of lamb, and weight of hind limb bone. Low nutrition
impacted on the expression of the PFATSs influence on carcass fat measures, as when on

low nutrition, he lambs accreted less fat per millimetre increase in sire REXNBQ.
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2.1.5.3.4The impact of carcasadexbreeding values on composition.

The carcass related indexa® used by industry which combine a numbeASBVs,

each with a specific weighting to provide breeders with a single number to select for
increased weight and muscling. The Carcass Plus Index at the time of this analysis was
made up of: PWWT 35%, WWT 30%, PEMD 30% and PFAT 5%. Therefore we expect
the impact of the Carcass Plus index to largely reflect the combined impact of PWWT,
WWT and PEMD, with a heavy influence delivered by growth (PWWT and WWT)
given its 65% representation in the Ind&ke current inclusion of breeding values was
altered fromthe original inclusion of PFAT at 20% to the current 5% as the extreme
selection for leanness was negatively impacting intramuscular fat% and eating quality
(Panner, Gardner, Peara# al.2013 Pannieret al. 20149. There was also a perception

that producers were finding it challenging to finish lambs to an adequate level of back
fat depth at the point ofaughter.The impact this has had on the financial value of the
carcass has beepreliminarily explored (Anderson et al. 2013ghowever further
investigation into its impact on carcass cosipon and retail value is warranted. The
Carcass Plus index is not used commercially by Merino breeders as it does not
incorporate selection for wool traits, with index selection in Maternal sires having more
emphasis on traits such as number of lambsnedaand ewe resilience, including
maintaining fat to optimise fertility. The impact the breeding values and Carcass Plus
index have on carcass composition of Merino and Maternal sired lambs is still important

to determine as their progeny is similarly gJatered for commercial consumption.

Carcass 2020 is structured with some differences: BWT (body weight) 8%, WWT

(weaning weight) 24%, PWWT 25%, PFAT 9%, PEMD 22%, PWEC (post weaning

worm egg count) 12%. The Carcass 2020 Index has a 90% correlation vads<RBIlus

32



Chapter P Literature review

due the similar high weighting of growth, fat and muscle and therefore its effects on

LMY % should be similar, although less in magnitude.

2.2 Eating quality and nutritional value of lamb

The assessment of meat quality includes factors such asomatrivalue, meat colour,
water holding capacity and palatabilittHopkins and Geesink 2009Warner,
Greenwood Pethicket al.20103. Consumers demand a high quality lamb product and
good value for money(Pethick, Davidson, Hopkingt al. 20053 but have also
identified a willingness to pay premium for a product of high qualifethicket al.
20063. Lamb consumers rate their satisfaction with lamb based on flavour/odour,
tenderness and juicine@@ethick, Pleasants, Geeal.2006h), in contrast to beef where
tenderness is considered more import@Matson, Gee, Polkinghornet al. 2008.
There is good evidence to suggest that improvements to leanness (LMY%) may affect
the eating quality and nutritional value of larHopkins, Hegarty and Farrell 2005
Karamichou, Richardson, Nut al. 2006, through impacts on teerness, juiciness
(Pannieret al. 20144 Pannieret al. 20149, zinc and iron contenfKelman, Pannier,
Pethicket al. 2014h Pannier, Pethick, Boycet al. 2014h. Additionally, fibre type of
muscles may impaain eating quality and nutritive value through impacts on colour,
tenderness and intramuscular fat (IMF) (¥ee, Joo and Ryu 40). The following
sections explore the factors that affect IMF% and fibre type in lamb and the potential
impact that increasing LMY% may have on them and in turn eating quality and the

nutritive value of lamb

2.2.1Intramuscular Fat

2.2.1.1lmpact of intramuscular fat on eating quality

IMF is the amount of fat contained within muscles, in contrast to intermuscular fat

whichis the fat that is located between the muscles. Microscopically, IMF is made up of
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spherical cells which are generally smaller than adipocytes bther fat depoté_ee,
Lee, Kim et al. 2000. IMF is present to varying degrees in all skeletal muscles
(Brackebrush, McKeith, Camt al. 1997, with IMF% is a key determinant of eating
quality in red meatHarper and Pethick 2dg. It is well accepted that IMF% has a
positive impact on flavour, juiciness and tenderngsspkins, Hegarty, Walkeet al.
2006a Murray, Pommier, Gibsoet al. 2004 Pannieret al. 2014a Thompson 2004b
and has been shown to account for apprexaty 10 to 15% of the variation in the
palatability of beefDikeman 198Y. IMF improves tenderness by disrupting alignment
of the surrounding muscle fibre@Varneret al. 2010g9. Marbling is a term used by the
beef industry to describe the white fleck or streaks of IMF between muscle fibres
(Hocquette Gondret, Baézat al. 2010 Watsonet al. 2008 and can be given a visual

score in cattle.

In lamb it is thought that a minimum of%IMF% is required for consumer satisfaction
with regard to palatality (Hopkinset al. 2006g. Accordingly, the IMF% of theM.
longissimus lumborur{short loin) has been identified as a key factor for maintaining
premium eating quality of lamfPannieret al. 2014a Pannieret al. 2014q. There is
concern in the Australian sheep industry that extremely low IMF may result in dry,
tasteless megiMcPhee, Hopkins and Pethick 2008Vith meat quality is becoming
more important to consume(Bethicket al.20063 and given IMF contributes to eating
quality, it is important to consider IMF throughout the cascasd the impact that

current genetic selection has on its content within muscles.

Most research on IMF% in lamb has been conducted oMthHengissimus lumborum
(Hopkins, Hegarty, Walkeet al. 2006hh McPheeet al. 2008 Pannieret al.20149, with

few studies comparing IMF content of this muscle with ah@raigie, Lambe,
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Richardsoret al.2012. Furthermore, there is currently no research that investigates the

IMF% of muscles of the forelimb in lamb.

2.2.1.2Measurement of intramuscular fat

IMF can be measured in muscle by chemical determination (ether or chloroform
extraction) (Perry, Shorthose, Fergusen al. 200]). Chemical determination of IMF
includes the total of phospholipids, triglycerides and cholestéfolcquetteet al. 2010).

This is considered highly accurate but is also time consuming and destructive to the
meat sample being examined. There is increasing pressure to develop rapid, non
destructive and accurate methods for determination of IMF% in carcasses at slaughter.
This may enable the grading of carcasses based on their IMF content and potential
eating quality. Other technologies used to determine IMF% include real time ultrasound
(Mérlein, Rosner, Brandt al. 2005, near infrared spectroscopy (NIRPrevolnik,
CandekPotokar, Skorjanet d. 2005, impedance spectroscofltmann and Pliquett
2006, CT (Clellandet al. 2014 Kongsro and Gjerlaugnger 2013Lambeet al. 201Q
Macfarlane, Young, Lewigt al. 2005 and hyperspectral imagin@arbin, Elmasry,

Sun et al. 2012. Some of these technologies offer rwstrictive methods for

determination of IMF% and can be used on the live animal or carcass.

2.2.1.3Factors affecting intramuscular fat

2.2.1.3.1impact of species and muscle on intramuscular fat

Muscle tends to be similar in its chemical composition, with the exception beting f
contentwhich varies between and within species. For example pork and poultry have
very low IMF%, compared to beef and sheep, where IMF% is gr@dtequetteet al.

2010).
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Levels of IMF have been shown to vary with the location of theclaum beef
(Dikeman 198y and sheefWarner, Jacob, Edwar@s al.20100. The reason for some

of these differences related to muscle function and therefore fibre tydecquette,
CassaiMalek, Jurieet al. 2012. Hocquetteet al (2012 showed that more oxidative
fibres containmore phospholipids and triglycerides. Additionally, Picatdal (2002
showed that muscles responsible for the maintenance of posture tend to be more
oxidative and comprised of Type 1 muscle fibres with a propensity for higher levels of
IMF%. Conversely, muscles with higheglycolytic activity have lower IMF%
(Hocquetteet al. 2010. This is not always true, with one study showing that bison,
which have more oxidative muscles can have low IM@#gabriel, Bony and Micol
19998. Similarly in pigs it has been observed that witthe same muscle, the redder
and therefore likely more oxidative Type 1 fibres can contain less IMF than the in the
white (less oxidative) Type 1 fibréslocquetteet al. 2010. These two examples show
thatalthoughfibre type has some correlatiavith IMF content of the muscle it is not a

sound predictive tool.

Brackebrushet al. (1991) has shown in cattle that there is a high correlation in cattle
between theéM. longissimus thoracis et lumborurand other muscles. This indicates
measurement in one muscle can be predictive of IMF content of other muscles. A
similar study in beep showing correlations between a wide range of muscles has not

been performed.

2.2.1.3.2Impact of age and maturity on intramuscular fat

The development of muscle and fat of animals is linked to the prenatal development of
these tissuefPicardet al. 2002. In addition to the development and differentiation of
muscle fibres, the fatty acid metabolism are important for the final expression of IMF

within a muscle(Cagnazzo, Te Pas, Priest al. 2009. The prenatal development of
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IMF is poorly characterised buitis thought that both hyperplasia and hypertrophy of
adipocytes plays a role in the developmeh IMF (Albrecht, Teuscher, Endeat al.
2006. In cattle,in uterorestriction of nutrition has been shown to have an impact on
the development of IMEGreenvwood and Cafe 20Q0%Greenwood, Cafe, Hearnshatw

al. 20063.

In the postnatal period, age impacts on the IMF content of red meat and generally
increases with age in catt(€ianzio, Topel, Whitehurstt al. 1985 Hood and Allen

1973 and sheegHopkins, Stanley, Martiret al. 2007¢ McPheeet al. 2008 Okeudo

and Moss 2007Pannieret al. 2014¢ Pethick, Hopkins, D'Souzat al. 20050. This

does not mply that IMF is a late maturing tissue, however due to the decrease and
cessation of growth of the lean tissue the relative concentrations of the two tissues
means that IMF% within the muscle will increase. IMF inkhdongissimus lumborum

has been shawin lamb to be early maturingicPheeet al. 2008 compared to other

fat depots. This finding agrees with earlier work on IMFamb by Johnsomt al

(1972 who showed that in relation to total carcass fat depots, IMF was accreted early in
development of the lamb. Ponnampalatmal (2008 reported fat depots in sheep to
increase relative to lean tissue as the accretion of protein decreased. Therefore the
concentration of fat within the muscle will increase later in thmals life, which may

lead to the assumption by some that IMF% is a late maturing {Ssarezioet al. 1985

Hood and Allen 1973

With IMF being an early maturing fat depot and given that other carcass fat depots are
later maturing and continue to develop once an aninzahes maturity it is unlikely
that retention of lambs for prolonged periods will have minimal impact on increasing

IMF content of muscles and may result in the acquisition of penalties for over fat
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carcasse$McPheeet al. 2008. Additionally in cattle, Aokiet al (2001 showed that
beyond a certain carcass weight in cattle that there was no further increase in IMF%

suggess i hg a Omaxi mumdéd | MF content may exi st.

2.2.1.3.3Impact of sex on intramuscular fat

The impact of sex on IMF in lamb has been shown to be variable. Most recently,
Pannieret al (20149 showed that ewe lambs hadore IMF than wether lambs. A
similar finding was reported by Craiget al (2012, although this study compared
ewes with rams. Contrasting these findingsieotstudies have found no difference in

IMF between the sexd®keudo and Moss 200Tejeda, Pefia and Andrés 2008

2.2.1.3.4impact of nutrition on intramuscular fat

Compared to other influence, nutoiti hasa relatively small impact in IMF content of
muscles compared to the genetic impddsPheeet al. 2008 Pannieret al. 20149.
However some impact of nutrition has been observed in sheep, with nutritional
restriction reducing deposition of IMfHegartyet al. 20069. Another stugl in sheep
showed that slow growth that resulted in decreased carcass fat and reduced IMF
(Murphy et al. 1994). Pethicket al (2004 showed in cattle, that compared to grass,
grain was more effective at finishing cattle with refgato increasing IMF due to the

superior energy intake.

2.2.1.3.89impact of genetics and the selection for muscularity/lean meat yield on
intramuscular fat

Intramuscular fat content of muscle is impacted by genetic sele@ibnecht et al.

2006 McPheeet al. 2008 Pannieret al. 20149 Pethicket al (9-13 September, 2007
showed some breeds of cattle displapegh levels of IMF% at low levels of carcass

fat. In this instance the cattle had been selected for increased intramuscular fat over a

long period of time which highlights the potential benefits of genetic selection to
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manipulate IMF. In lamb, IMF has beshown to have high heritabilijYortimer, van
der Werf, Jacolet al. 2014 and therefore provides a good means décmg for

improved or maintained levels of IMF.

In lamb, the IMF% of the loin has been shown to be higher in Maternal (Border
Leicester) sired lambs compared to other brg@disPheeet al. 2008. A study by
Pannieret al (20149 showed no impact of sire type on IMF% however lambs from
BorderLeicester x Merino dams had mdidF% than those from Merino dams. These
results are in line with Border Leicesters having higher levels of overall carcass fat
(Hopkins and Fogarty 1998alopkins et al. 2007¢ Ponnampalamet al. 20070.
Although use of Border Leicester genetics may positively impact on IMF% and
subsequent eating qualitthese benefits must be weighed up against the potential

increase in other fat depots and carcass wastage due to the necessity to trim carcass fat.

The meat from double muscled cattle and cuts of meat from modern pig genotypes has
been shown to havedeced intramuscular fat contef#lbrechtet al. 2006 Channon,
Reynolds and Baud 200Hocquetteet al. 2010. This is in part related to increased

glycolytic activity of the muscle but al:

In lambs, a key factor driving reduced IMF% in thMe longissimuslumborumis
selection for lean growtfPannieret al.20149. Pannieret al (20149 demonstrated an
association beteen various carcass indicators of fatness and IMF% in Mhe
longissimus lumborumwhilst Gardneret al (2010 reported a negative phenotypic (
0.24) and geneticorrelation {0.46) between IMF% and lean meat yield percentage
(LMY%). Pannieret al (20149 demonstrated that both PFAT in Terminal sired lambs

and PEMD in Merino, Maternal and Terminal sired laméduced IMF% in theM.
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longissimus lumborum The impact of selection for reduced carcass fat and increased
muscling in muscles other than thk longissimus lumborurof the lamb carcass is not

well reported.

Sires with high PEMD and/or low PFAT breegdinalues had increased weight of the

M. longissimus lumboruntocated in the saddle sectiPnderson, Williams, Panniet

al. 2013h Gardneret al. 2010 and had proportionately more lean weight in the saddle
(loin) section than in other regions of the carcass. Therefore it seems likely that the
impact of these breeding values on IMF%, delivered through d#ffgicts on muscle
hypertrophy(Hocquetteet al. 2010 and so dilution of IMF%, will be greater in the

saddle musculature.

2.3 Measurement technologies for carcass composition and
eating quality

Currently in Australia producers are paid based ohdarcass weight, fat depths and

GR tissue depths. Within the lamb industry it will become increasingly important to use
and develop technologies that assist the rapid and accurate determination of carcass
composition(Hopkins, Anderson, Morgaet al. 1995h. Inexpensive methods that can

be used to rapidly predict composition are useful in the processing plant and for
selection of breeding animaStanford, Jones and Price 1998or research purposes it

is more useful to utilise accurate and precise technologies, with cost less of a factor
(Stanfordet al. 1998 Additionally, methods that can predict eating quality will enable
processors to provide feedback to producers and a better price based ey so

that there are rewards for lean meat yield and eating quality. The following review
explores technologies currently being used in the Australian Lamb Industry for
commercial and experimental purposes as well as some which are currently being used

overseas or are in the experimental phases.
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2.3.1Subjective measurements of carcass composition

Visual assessment of composition in the live animal and visual assessment of the
carcass has been used to assess carcass comp@sities, Jeremiah, Torg al. 1992
Kempster, Avis, Cuthbertscet al. 1976 Kempste, Croston and Jones 198This has

been more formally described in the Euro
(Chevalier, Leclere, Plusat al. 1993. This system utilises measurements of the carcass
weight, carcass conformation and carcass fat. The conformation classes describe the
profile of the carcass using the 5 letters E, U, R, O, and P with P the least desirable
shape and E the best. Within each letter score the carcass is able to be graded in 3 sub
group (e.g. E+, E and-E Fat is described based on the subcutaneous and internal fat in

5 classes (1 the least and 5 the most carcass fat).

2.3.2Site measurements

Linear measurements of an animalsé heig
measures has been used for a long time in an attempt to predict carcass composition
(Orme 1963 These methods are difficult to adapt to lambs of various sex, age and
breed type and are unable to distinguish between fat and lean depots which limits their
use.More recently the Australian lamb indoshas assessed composition using point
measurements (6ite fat depth, C5 fat depth, GR tissue depth, eye muscle depth)
(Gardneret al. 201Q Hegartyet al. 2006a Hopkins, Hall and Luff 1996Hopkinset al.

20078H and weights of cutsshort loin round,topside)(Gardneret al. 2010 Hegartyet

al. 20063.

GR tissue depth is a measure of total tissue dapthe 13 rib, 110 mm from the
midline and is measured post slaughter in the processing (atdn and Johnson
1979. This measurement can be made manually using a (Kigon, Woods and

Duganzich 198¥or using optical probe@Hopkins and Roberts 199Kirton, Mercer,
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Duganzichet al. 19953 (also see section on probe technologies). In conpmatith
HCWT it has been used to predict lean yield in shédppkins 1994 The
measurement of subcutaneous fat depth at theitb (C5) has been used to assist
prediction of LMY in sheefgSafari, Hopkins and Fogarty 2001The measurement of
the fat depth at the T2%ib 45 mm from the midline (Bite fat depth) has been used to
predict and assess carcass composifftkins, Murray, Gilmouret al. 1991 Atkins

and Thompson 1979The Gsite measurement also forms the basis for the Australian
Sheep Breeding Value PFAT and is measured via ultrasound in the live &Bnoah

et al.2007).

Measurement of thl. longissimus lumboruength, width and depth, plus various fat
measurements have historically been used (Palsson 1939) to predict carcass
composition. It continues to be useful, in combination with otbstmortem measures

to predict carcass compositigBardneret al.2015 Gardnetret al.2010.

2.3.3Ultrasound

A b-mode image is a cross section of the tissues within the body. The image is
generated by the reflection of ultrasound waves at the various tissue boundaries
(Houghton and Turlington 1992The brightness of each echo at each point in the image
corresponds to the strength of the echo: this gives rise to the namoeld (brightness

mode) (Martin 201Q. This technology has allowed the direct measurement of tissues
such as fat and muscle depots in a number of spétaaford, Bailey, Jonest al.

2001, Stanford, Clark and Jones 199Starford et al. 1998 Wilson 1993. An
advantage of ultrasound is that many of the sites measured at slaughter can be assessed
in the live animal and incorporated into breeding progré®nash, Fogarty, Gilmouet

al. 1992. Ultrasound technology is relatively low cost and easily used with wide
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adoption into many sheep instries worldwidgBrashet al. 1992 Stanfordet al. 1999,

including Australia.

Ultrasound measurements that have been used to predict lean meat in the lamb carcass
include: width of the longissimus; maximum depth of the longissimus; depth of the
subcutaneous over the longissimus and the cross sectional attea lohgissimus
(Stanfordet al. 2001). The depth of the longissimus and the fat depth covering the
longissimus have been used to predictdakeablemeat of the carcagslopkinset al.

1996 Stanfordet al. 1995. Ultrasound has been used to assist in the selection of sires
with low fat depth at the Site (Hall et al.2009. A concern over using this technology

to select for leaner carcasses is that as a point measuiat may not effectively select

for whole body composition changes. For example there is evidence in pigs that
selection for reduced back fat at the P2 site has resulted in a decrease in fat only at this

site without affected fat depositions elsewharthe carcasglrezonaMurray 2008.

Ultrasound has also been used for a number of decades to predict IMF (frdrgef
Furnols, Brun, Tougt al. 2013 Herring, Kriese, Bertrandt al. 1998 Prieto, Navajs,
Richardsoret al. 201Q Sapp, Bertrand, Pringlet al. 2002 Whittaker, Park, Thanet
al. 1992 and more recently in pigdorlein et al. 2005 Newcom, Baas and Lampe

2002 and lamb(Lambe, Navajas, Fishet al.2009.

2.3.4Probe technologies

Optical probes can be used to objectively suea fat and muscle depths. Probes that
have been developed include the Hennessy Grading Probe (Henessy Grading System,
Auckland, NZ), the AUSMeat Sheep Probe (SASTEK, Hamilton, Queensland,
Australia), the Swedish FTC lamb probe (FTC Sweden, UpplansyyV8&steden) and

the Ruakura GR Lamb Probe (Hamilton, NEjrton et al. 19953. Work continues in
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the area of probé&chnology to rapidly and more accurately measure fat and muscle

depths in sheep carcasses.

The AUSMeat sheep probe can be used to meas&dissue depth at chain speed of

8-9 carcasses per minute and is able to measure GR tissue depth to withinfZsRm o

knife measuremen{($iopkinset al. 19950. Operator training is considered important in
order to optimise its success. The Hennessy Grading Probe measures the GR tissue
depth by measuring reflectivity of light by fatcamuscle. The Hennessy probe when
used in lamb has not given reliable results which may be due to operator errors and the
low subcutaneous fat depths in lamb compared to (btmikins, Toohey, Boycet al.

2013.

2.3.5Computed tomography

CT was originally designed for use in human medicine but has becomeiavasive

and accurate method of accurately determining body composition. The amount of
radiation transmitted through each tissue is dependent on the attenudbiencodys,

which will vary depending on the density of the tiss(Bsnger, Macfarlane, Lambest

al. 2011). The densities of the radiation arecorded in Hansfield units (Hu). These

densities allow differentiation of carcass into its components: fat, lean and bone.

Some techniques involve the use of several cross sectional CT scans taken at specific
points on the carcass to measure fat, lean and bonesat points, which is then used to
predict tissue composition at the whole carcass Igl@lng, Simm and Glasbey 2001

This technique wadeveloped to minimise the time taken to scan live animals, but also
to minimise the associated costs. Predication equations were based on calibration of the
CT scanning against carcass dissection weights to provide a breed specific equation for

predictin of carcass composition.
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Alternatively the Cavaleri method was developed which uses a larger number of cross
sectional images from the entire carcass. The volume of each tissue (fat, lean or bone) is
then calculated by the area of each tissue in eaakidodl scan multiplied by the
distance between scarfRoberts, Cruorive, Reidet al. 1993. This technique is
accurate(Macfarlane, Lewis, Emmanst al. 2006 and does not require different
prediction equations for individual breeds but is more time consuamnagtherefore

more costly.

This enables generation of a 3D representation of the subject matter at higher resolution.
The spiral CT scanning is considered the
composition(Bungeret al. 2011 and therefore to benchmark other methods of carcass
evaluation. Spiral CT scanning generates an image in a similar way to other scanning
techniques however is able to generate many cross séctiages at small intervals.
Compared to the earlier methods of CT, where th&yxsource rotated around the objet

to create a single slice, the spiral scanners haveray txbe that is on a rotating gantry,

which continually rotates in the one directiovhile the table moves through the gantry.

CT is an expensive technology that is at present unable to be integrated into the routine
processing of carcasses. In a research capacity, CT has been used successfully to predict
carcass composition in lanf®ardneret al. 201Q Lambeet al. 2007, Macfarlaneet 4d.

2006 Macfarlane, Lewis, Emmanst al. 2009 Macfarlane et al. 2005 Navajas,

Glasbey McLeanet al. 2006 Navajas, Lambe, McLeaat al. 2007, beef(Navajas,
Richardson, Fishest al.201Q Prietoet al. 2010 and piggGiles, Eamens, Arthuet al.

2009 Szabo, Babinszky, Verstegem al. 1999. It has also been used in commercial
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sheep(Bungeret al. 2011 Nicoll, Jopson and McEwan 20pand pig(Kongsro 201}

breeding programs worldwide

CT has the additional bonus ofeihg able to be used to assess other carcass
characteristics in lamb such as IMF and therefore to some degree eating quality
(Anderson, Pethick and Gardner 201&lellandet al. 2014 Karamichouet al. 2006

Lambe, Navajas, Schofielet al. 2008 Macfarlaneet al. 2005 Navajaset al. 2007,
Younget al.2001). The precision of IMF% in lamb usir@T scanning has had variable
results which can differ based on the CT scanning equipment used and the prediction
equation generated. For example much of the variation in IMF% can be accounted for
my also measuring carcass fat(@ellandet al. 2014). Most work on the prediction of
IMF% using CT has been based on thke longissimus lumborunwith limited

information on the ability of CTo predict IMF elsewhere in the carcass.

2.3.6Radiographs and DXA

There are few studies to date that examine the use of radiography to predict carcass
composition and yield. This technology has largely been superseded by technologies
such as dual energymy absorptiometry (DXA) which provides a namvasive, low
radiation method of determining whole carcass composition of fat, lean and bone. DXA
uses the principle that dual energyrays can be used to determine the mass and
composition of any two known maials (Laskey 199% Studies in pigs have shown

good levels of precisiofSuster, Leury, Ostrowsket al. 2003 Suster, Wark, Kertoet

al. 2000 and it has also been used to study the composition of (Bentshea, Suster,

Easonret al.2007, Pearce, Ferguson, Gardmral. 2009 Ponnampalaret al.20071.
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DXA has the ability to accurately estimate whole body composition, however is limited
by its ability to partition the information into different fat compartments and identify
individual muscles to retrieve more sgeaciinformation about the carcass. The
relatively low cost and speed of DXA in comparison to technologies such as CT make it

an attractive technology for use in commercial ventures.

2.3.7Video image analysis systems (VIAS)

VIA systems have been introducedargrocessing plants in a number of countries to
provide a rapid, objective, automated and -imasive measure of carcass
characteristics at chain speg@tbpkinset al. 2004 Rius-Vilarrasa, Bunger, Maltiret al.

2009. This fulfils the desire to estimate LMY% and other carcass characteristics and
allow sorting of carcasses to meet specifications. TheoluS#A systems in a pricing
scheme has also been investigaiBdady, Belk, LeValleyet al. 2003 Cunha, Belk,

Scanget al.2004).

To improve prediction of carcass composition it is necessary to calibrate the device.
Previously this required expensive and time consuming bone out procedures, however
with the increasing access to technologies such as CT scanning thes longer

necessary and the VIA can be trained to be more accurate with comparative ease.

2.3.8Near infrared spectroscopy (NIR)

Near infrared spectroscopy (NIR) offers the ability to accurately determine the moisture,
fat and protein content of meat and meeoducts(Prevolnik, CandelPotokar and
Skorjanc 200% The ability of NIR topredict sensory information about meat and its
products is useful but less reliable. A review of Preit@l (2009 discussed a number

of studies in lamb, beef and pork that have utilised NIR for the prediction of carcass

composition, IMF, colour and eating quality parameters. The method of calibration for
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the sensoryraits is important for accuracy, with studies reporting that a significant, but
low amount of variation in the variability in eating quality of lamb can be described by

NIR (Andrés, Murray, Navajast al. 2007).

2.4 Hypotheses

This thesis explores the impact that genetic selection for improved LMY% in lamb has
on the composition of fatebn and bone, and the distribution of these tissues throughout
the carcass. The impacts of improved LMY% on lamb eating quality and nutritional
value as measured by IMF% are also investigakbd. correlation of IMP6 between 5
muscles of the carcass anck thbility of CT to predict IMF% are als@ported The

following hypotheses are explored in the following chapters.

Chapter 3: Sire carcass breeding values affect body composition in larhbgffects
on lean weight and its distribution within the cascams measured by computed

tomography.

This chapter uses CT to explore the impact that genetic selection for improved LMY %
using Australian Sheep Breeding Values for PWWT, PFAT and PEMD have on the lean
composition of the Australia lamb carcass. Additibnél examines the change in the
distribution of lean tissue between the fore, saddle and hind sections that occurs with
such genetic selection. This chapter also reports on the production and management
factors that impact lean tissue within the lamb assc The specific hypothesis tested
for were

1 Lambs from sires of increased PWWT ASBV will have no impact on lean

weight within the carcass.
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1 Lambs from sires of reduced sire PFAT ASBV will have increased lean weight
in the carcass.
1 Increasing sire PEMD Wwiincrease the weight of the saddle region but have no
impact on whole carcass lean.
1 The Terminal sired lambs will have more lean when compared to those sired by
Maternal and Merinos.
Thischapter was accepted f@ublication in Meat Scienasith the vesionacceptedor
publication included in this thesis.
Anderson F.Williams A., Pannier L., Pethick D.W., Gardner G.E. (205re carcass
breeding values affect body composition in laflk Effects on lean weight and its

distribution within the carcas as measured by computed tomograpfgat Science,
108, 145154.

Chapter 4: Sire carcass breeding values affect body composition in lardbEffects
on fat and bone weight and their distribution within the carcass as measured by

computed tomography.

This chapter uses CT to explore the impact that genetic selection for improved LMY %
using Australian Sheep Breeding Values for PWWT, PFAT and PEMD have on the fat
and bone composition of the Australia lamb carcass. Additionally it examines the
change in thelistribution of these two tissues between the fore saddle and hind sections
that occurs with such genetic selection. This chapter also reports on the production and
management factors that impact fat and bone within the lamb carcass. The specific
hypothesgs tested were

1 At the same carcass weight, selection for decreasing sire PFAT will result in

decreased carcass fat across all carcass regions.
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1 At the same carcass weight, selection for decreasing sire PFAT will result in an
increase in carcass bone weighith a preferential increase in hind section bone
weight.

1 Increasing sire PEMD will decrease carcass fat in the saddle region only and
have no impact on bone weight within the carcass.

1 Increasing sire PWWT will decrease whole carcass fat and incraasess bone
weight.

1 Maternal sired lambs are expected to have greater carcassefatevhpared to
the Terminal and Merino sired lambs, when lambs are compared at the same
carcass weight.

1 Merino sired lambs are expected to have a higher proportion ofdooneared
to the Terminal and Maternal sired lambs when lambs are compared at the same
carcass weight.

This Chapter was submitted for publication in Meat Science in June 2015. The version

submitted for publication is included in this thesis.

Chapter 5: The impact of genetgcon retail meat value in Australian lamb

The three carcass breeding values (PWWT, PEMD and PFAT) are aimed at improving
growth, muscling and leanness. The impacts of these breeding values on carcass
composition was explored in chafge8 and 4, however the economic benefits of these
composition changes has not been established. This chapter explores the economic
implications of thecarcassASBVs (PWWT, PFAT and PEMD) and the Carcass Plus
Index on carcass lean value

The specific hypdteses tested in this chapter were:

50



Chapter P Literature review

1 At a given carcass weight, the progeny of lambs from increased PWWT ASBVs
and PEMD ASBVs or reduced PFAT ASBVs will have increased carcass lean
value.

1 When lambs are compared at the same carcass weight, decreasingAdire P
will have the greatest impact on carcass value.

1 When assessing the impactgeneticsat eitherthe samecarcassveightor age
the carcass value will be greatest in the Terminal sired lambs.

1 Due to the increased magnitude of effect PWWT has on the HOwWeé
hypothesise that when compared at the same age, this breeding value will have

the greatest impact on carcass value.

This chapter was submitted for publication in Meat Science in June 2015. The version

submitted for publication is included in thisesis.

Chapter 6: Intramuscular fat in lamb muscle and the impact of selection for improved

carcass lean meat yield.

This chapter examines the factors that affect the IMF% of three regions of the lamb
carcass (fore, saddle and hind) and 5 muscles frasetlegions M. longissimus
lumborum, M. supraspinatus, M. infraspinatus, M. semimembranosasl M.
semitendinosys It also examines the impact that genetic selection improvements to
LMY% has on the IMF% of these 5 muscles and focusses on comparingrarastog

the impacts that have been observed in Mhelongissimus lumborumThis work
provides essential information regarding the impact of carcass breeding values on
intramuscular fat % and eating quality, facilitating the management of these dedtiment

effects.The specific hypotheses tested in this chapter were:
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1 Lambs from high PEMD sires or from low PFAT sires will have reduced IMF%
in the short loin, but to a lesser extent in the hind and fore sections.

1 Increasing sire PWWT will have no impact iF% in the carcass.

1 The IMF% of muscles in postural regions of the carcass will have greater IMF%

than muscles in locomotive regions.

Thischapter was submitted to Anarand accepted for publication withé version
accepted for publication included this thesis.

Anderson, F., Pannier, L., Pethick, D.W., Gardner, G.E. (2015). Intramuscular fat in
lamb muscle and the impact of selection for improved carcass lean meafyieidl

9(6): 10811090.

Chapter 7: The correlation of intramuscular fat cent between muscles of the lamb
carcass and the use of computed tomography to predict intramuscular fat percentage in
lambs.

This chapter examines the correlation of intramuscular fat between 5 muscles of three
sections of the carcass (fore, saddle andl tsactions). It explores the predictive
capabilities of computed tomography as it relates to IMF in 5 muscles from these three
sections 1fn. longissimus lumborumm. supraspinatus, m. infraspinatus, m
semimembranosusdM. semitendinosys

The specific hyptheses tested in this chapter were:

1 The IMF% of them. longissimus lumborumuscle will be correlated with the
IMF% of the m. supraspinatus, m. infraspinatus, m. semimembranosus and m.
semitendinosus

1 The CT pixel density will adequately predict the IMIE#CT scanned muscles,
allowing nondestructive rapid determination of IMF%.
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This dapter was submitted to Animal and accepted for publicatith the version
accepted for publication included in this thesis.
Anderson F.Pethick D.W., Gardner G.E. (2B). The correlation of intramuscular fat

content between muscles of the lamb carcass and the use of computed tomography to
predict intramuscular fat percentage in lanfsmal, 9(7):12391249.

Within this thesis, Chapters-B have been accepted or sutbed to journals as
publications, therefore they contain reference to each other as Ané¢rsiq@015ad)

in these chapters. However, in order to provide easy cross reference between the thesis
chapters the formal references are also followed by thptennumber in brackets. The
exception to this is Chapter 8 (General discussion) which references only the chapter

numbers.
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Chapter 3. Sire carcass breeding values affect body
composition in lambs- 1. Effects on lean weight and its
distribution within the carcass as measured by

computed tomography.

The following chapteis theversionthat wasaccepted for publicatian
Anderson, F., Williams, A., Pannier, L., Pethick, D.W., Gardner, G.E. (20t

Science, 108, 14554.

3.1 Abstract

Data are obtained from competl tomography scanning of 1665 lambs at locations
around Australia. Lambs were progeny of Terminal, Maternal and Merino sires with
known Australian Sheep Breeding Values for post weanisgeceye muscle depth
(mm; PEMD) and fat depth (mm; PFAT), and pestaning weight (kg; PWWT).
Across the 7.8 unit range of sire PEMD, carcass Veightincreased by 7.7%This

lean was distributed to the saddle section {s&dtion) where lean became 3.8%
heavier, with fore section lean becomidg% lighter. Reducingsire PFAT across its

5.1 unit range increased carcass le@mghtby 9.5%,and distributedeanto the saddle
section which wa8.7% heavier Increasing sire PWWT increased lean at some sites in
some years, and on average increased saddle lean by 4%ther@ds7 unit PWWT
range.Changes in lean weight and distribution due to selection for carcass breeding
valueswill increase carcass valuparticularly through increased weight of high value

loin cuts
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3.2 Introduction

The financial value of a carcass mluenced by its lean meat yield percentage, which
represents the proportion of the carcass that is lean meat (muscle). Consumer
preferences in domestic and international markets drive the industry to produce meat
cuts that are larger and leariBanks 2002Hall, Kelf, Fogartyet al.200Q Laville et al.

2004. To achieve this goal, Australian lamb producers currently select for lean meat
yield percentageindirectly via three existing Australian Sheep Breeding Values
(ASBVs) for postweaning weight (PWWT), -site fat depth (PFAT) and eye muscle
depth (PEMD), which r@ used to select for improved growth, leanness and muscling
respectively. The effects of selection using these ASBVs have previously been
investigated using indicators like muscle deftispkinset al. 20071, and weights of
specific cuts(Gardneret al. 2010, however have not been quantified in terms of the

change in whole carcass lean composition or distribution of lean tissues carcass regions.

Whilst there is evidencthat a strong emphasis on PWWT ASBV will increase growth
rate and mature siZéluisman and Brown 2008there is little data showing the effects

of this ASBV on carcass composition. It has been shown that lambs growing at a faster
rate are proportionately leaner when compared at the same weight, largely due to a
correlated increase in mature weigBennettet al. 1991, Butterfield 1988. However,
Hegarty et al. (20063 showed that the genetic potential for growth (or increased
PWWT) did not impact significantly on the proportion of lean in the carcass. Likewise,
Gardneret al. (2010 showed no effect of PWWT orarcass compositioas assessed

by computed tomography (CT), in spite of the increased live weight and hot carcass

weight (HCWT) at slauglet.
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Numerous studies have shown that selection for increased sire PEMD impacts on
muscle depth at its site of measurement, tis#tec(Hall et al. 2002 Hegartyet al.
20063. Likewise, Gardneet al (2010 also demonstrated an increased weight of the
M. longissimus Imborumin response to increasing PEMD, although in this case there
was little impact on other muscle weights or the percentage of lean in the carcass.
Alternatively, Hegartyet al. (20069 showed that lambs selected for increased PEMD
increased the massd dimensions of the loin muscle and had a small increase in four
different hind limb muscles, suggesting a carcass wide effect. However the latter study
only utilised nine sires compared to 93 sires used in the Gaetlredr (2010 study.

Hence we can expect that increasing sire PEMD will increase the proportion of carcass

lean, with this effect predominantly focused in the saddle region.

Decreasing sire PFRASBYV has been shown to increase eye muscle depth atsite ¢
(Nsosoet al.2004). Gardnetet al. (2010 showed that progeny of sires with low PFAT

had increased weight and dimensions of muscles within the saddle (loin weight and eye
muscle area) and hind (round) sections of the carcass, indicatmyeawidespread
impact of PFAT on muscle. However in this case there was no increase in the

proportion of carcass lean.

Lastly, sire type has also been shown to impact on carcass leaniesnampalanet

al. 2007g. When compared at the same age, Merino sired lambs had lower values for
loin weight, eye muscle area and depth carad to Maternal (Border Leicester) and
Terminal (Poll Dorset) sired lambs. Compared at the same weight, the Terminal sired
lambs had a greater proportion of carcass lean than Maternal sired and pure Merino
lambs (Ponnampalanet al. 2008. Other studies highlight the Poll Dorset and Texel

cross lambs as having a higher muscle to bone ratio than Maternal (Border Leicester) or
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Merino sired lambgAtkins and Thompson 197#%opkins and Fogarty 1998bOn this
basis it is expected that the amount of carcass Wathrbe higher in Terminal sired

lambs when compared at the same weight.

This paper describes the association of factors such as site (research station), birth year,
sex, birth type (litter size), rearing type, dam breed, and sire type on CT learheplus t
impact of genetic selection using PWWT, PFAT and PEMD ASBVs. Preliminary
results of parts of this experiment have been previously publihedersonet al.
20131, with the results for fat and bone composition published in Andessaal.
(20159 (Chapter4). We hypothesised that when lambs are compared at the same
carcass weight, decreasing sire PFAT will increase the weight of caraassviereas
increasing sire PWWT will have no effect on the weight of carcass lean. In addition we
expect that increasing sire PEMD will increase the weight of lean in the saddle region
but have no impact on the proportion of lean in the whole carcasals@/aypothesised

that the Terminal sired lambs will have a greater proportion of carcass lean than the

Maternal and Merino sired lambs.

3.3 Material and methods

3.3.1Experimental design and slaughter details

The Australian Cooperative Research Centre (CRC) fare@hndustry Innovation
established an Information Nucleus Flock (INF) in 2007, with details of the design of
the flock presented by Fogargy al. (2007). Some of the objectives were to measure a
diverse range of phenotypic traits, including CT lean and to assess the impact of genetic
selection on these traits. From 2007 to 2010, approximately 6000 lambs were born and
raised at one of six research sites across Australia (Katanning WA, Kirby NSW, Stuan
SA, Turretfield SA, Hamilton Vic. and Rutherglen Vic), with these sites representing a

broad crossection of the sheep producing regions of Australia. These lambs were
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produed from Merino or Bordekteicester x Merino dams which were artificially
inseminated using semen from 100 sires per year, representing the major sheep breeds
used in the Australian sheep industry. Individual sires were chosen as they were
representative o full range of ASBVs for key traits within each sire type. The sire
types included Terminal sires (Hampshire Down, lle De France, Poll Dorset,
Southdown, Suffolk, Texel, White Suffolk), Maternal sires (Bond, Booroola Leicester,
Border Leicester, Coopwdrt Corriedale, Dohne Merino, East Friesian, Prime South
African Meat Merino (Prime SAAM), White Dorper), and Merino sires (Merino, Poll
Merino). Within each site, the aim of selection of lambs for CT was to include at least
two progeny from each sire usatlthe site, selected across a live weight strata. Lambs
were grazed under extensive pasture conditions and supplemented with grain, hay or
pellets when pasture was limited which varied between @iteanampalam, Butler,

Jacobet al.2014).

3.3.2Slaughter protocol

Within each year, at each of the six research stations, lambs were divided into groups
based oniVve weights, with each group killed separately (kill groups) at a target carcass
weight of 23 kg, with a total of 1665 lambs slaughtered. Lambs within kill groups were
on average within 5 days of age of each other and within a year there was an attempt to
represent all sire types in each kill group. Across the 9ysie combinations in this
experiment there was a total of 25 kill groups, with the average age within a slaughter
groups ranging from 168 to 420 days of age and the number of lambs withikileach

group ranging from 20 to 99 lambBable3-1).
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Table3-1 Total number of lamlzcarcassescanned using computed tomography at each
site.

Kill Average age

Site-Birth Year group at slaughter l\ﬁmbgr
number (days) orlamos
Kirby 2007 1 235 72
2 270 63
3 352 96
Kirby 2008 1 269 97
2 345 99
3 408 99
4 420 96
Rutherglen 201C 1 198 55
2 254 59
Hamilton 2009 1 229 53
Struan 2010 1 260 67
2 287 67
3 322 27
Turretfield 2009 1 235 58
2 262 63
3 310 29
Katanning 2007 1 177 59
2 248 52
Katanning 2008 1 235 20
2 242 29
3 319 28
Katanning 2011 1 168 87
2 238 96
3 280 99
4 355 95
Total 25 - 1665

At all INF sites, lambs were yarded within 48 hours be&agighter, maintained off
feed for at least 6 hours, and then weighed to determirglgughter live weight. They
were then transported for @@hours via truck to one of 5 commercial abattoirs, held in

lairage at the abattoir for between 1 and 12 hand then slaughtered.

All carcasses were electrically stimulated and trimmed according to AUSMEAT
standardgAnonymous 200band HCWT was then measured within 40 minutes of
slaughter. All lambs were measured and sampled for a wide range of carcass, meat and

growth traits.

59



Chapter B The impaaif breeding values on carcass composition (lean)

3.3.3Computed tomography scanning

Carcasses were transported for CT scanningthereMurdoch University (Picker PQ

5000 spiral CT scanner) or the University of New England (Picker, Bavaria, Germany)
within 72 hours of slaughter to determine the proportions of fat, lean and bone. Prior to
scanning the carcasses were split into thmr@@gd components to enable more rapid
post scanning processing of the CT images for the distribution analysisefdren,
saddle and hind section. The fore section was separated from the saddle by a cut
between the fourth and fifth ribs. The hind settwas separated from the saddle by a
cut through the midength of the sixth lumbar vertebrae. In both cases the spiral
abdomen protocol was selected with settings: pilot scan length of 512 mm, field of view
set at 480mm, Index 20, kV 110, mA 150, revspith 1.5 and standard algorithm. At
Murdoch University, the carcasses were scanned in 10 mm slice widths, with each slice
taken 10 mm apart. The University of New England used similar settings with some
differences: field of view set at 450 mm, kV 130AmO00, 5 mm slice width and

distance between images of 15 mm.

The images produced from the CT scan were edited to removeancass image
artefacts and were partitioned into bone, muscle and fat components (Image J version
1.37v, National Institutes ofealth, Bethesda, MD, USA, used in conjunction with
Mi crosoft Excel ). The discrimination point t
associating pixels with fat, muscle and bone w&®5 to 2.3 for fat, 2.4 to 164.3 for
lean and >164.3 for bone. Anesimh e of v ol ume us i(QGuogdersemav al i er i 0 ¢
and Jensen 198Gundersen, Bendtsen, Korbbal. 1988 was calculated as follows:
m

Volumecay=  di B gat K @ehax

g=1
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in which m is the number of CT scans taken and d is the distagtoeeen cross
sectional CT scans, in this case 10 mm. The value of t is the thickness of each slice (g),

in this example 10 mm, and area max is the maximum area of any of the m scans.

The average of t he Hounsyel d uni then o f
determined and converted into density (kg/L) using a linear transforn{idh1984).

This was then used along with the volume of each component to determine the weight
of fat, lean and bone, which was then exprdsss a percentage of total carcass weight

at the time of scanning. Given the densi
fat or lean using the boundary discrimination method described above. Additional
editing within Image J enabled the isadat of the marrow component of bone within

al | i mages. Thus the above procedures <co
This enabled back correction for these pixels, reallocating them as bone and removing
their associated volumes from theleanindlt component s of the vy
analysis. Thus using the CT scans it is possible to determine the percentage of fat, lean

and bone within each carcass.

3.3.4Data used

CT scanning data from a total of 1665 animals from the 9ysié® combinationsvas
available for analysis of lean composition within the carcdsblé 3-1). The 111
animals from Katanning in 2007 were not scanned in sections, therefore when analysing
distribution of lean between carcass sections, 1554damaioe included in the analysis.

The mean carcass weight of the slaughtered lambs was 23.3kg. The mean, maximum
and minimum weights of the fat, lean and bone for each of the sections is reported in

Table3-2.
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Table 3-2 Mean + standard deviation, (minimum and maximum) values in lamb for the weight (kg) of fat, lean, bone and all components

combined within the whole carcass, and the fore, saddle and hind sections.

All components

Fat Lean Bone
Mean + SD  Min-Max Mean + SD Min-Max Mean + SD Min-Max Mean + SD Min-Max
Whole carcass weight (kg) 23.314.39 13.340.0 6.3+2.19 2.1-15.3 13.3+2.05 7.4-20.8 3.8+0.56 2457
Fore section weight (kg) 7.7£1.39 4.413.1 1.9+0.57 0.84.4 4.3+0.74 2.37.1 1.5+0.23 0.924
Saddle section weight (kg) 7.5+1.82 3.7-14.0 2.9+1.24 0.88.1 4.3+0.74 2.37.1 0.9+0.19 0.415
Hind section weight (kg) 8.0+£1.34 4.813.2 1.4+0.45 0.4-3.3 5.310.84 2.98.6 1.4+0.18 0.92.0
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Of the 85 Maternal, 119 Merino and 155 Terminal sires, 70, 109 and 154 had ASBV
values for PWWT, PEMD, and PFAT availablEafde 3-3). The breeding values for
PEMD and PFAT are based upon live ultrasound measurements asiteeg(X2" ribs

45 mm from the midline), and PWWT is based upon live weight, all measured at the
post weaning time point (about 240 days of age). The sires used were representative of a
range of the ASBVs used for selection for lean meat yield. A percentage of sires
selected in a year were used in the subsequent year to provide linkage between years.
These ASBV values were al/|l sourced fror
national genetic evaluation database for sH@&pwn et al. 2007). The sire breeding
values and index estimates were generated within 3 separateadatafor Terminal,
Maternal, and Merino sired progeny and were fromaaalysis completed in April

2013. Some of the youngest sires used in this experiment lacked industry records and
therefore did not have ASBVs availabl e.

the model, only 1612 animals were used in the analysis.

Tabe 3-3 Number of lamb sires and mean (min, max) for the Australian Sheep
Breeding Values for post weaning weight (PWWT), post weanisgecfat depth
(PFAT) and post weaning eye muscle depth (PEMD) for saettype.

Sire type No. of sires PWWT (kg) PFAT (mm) PEMD (mm)
Maternal 70 4.7 (6.1, 12.4) -0.3 (2.1, 2.6) 0.1¢2.5,1.8)
Merino 109 1.9 (5.0, 10.8) -0.2 ¢1.9, 1.9) 0.0 (2.6, 2.6)
Terminal 154 12.7 (5.3, 18.6) -0.7 ¢2.5, 2.3) 1.2 (2.8,5)

3.3.5Statistical analyses

3.3.5.1Data transformation

Al | data was converted to natur al | oga
equation y = aX’) (Huxley and Teissier 1936Wherex is the independent variablejs

the proportionality coefficienaindb the growth coefficienof y relative tox. The value
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of theb coefficient describes, thelative growth rate of the componewj {0 either the
whole carcass weight or the weight of lean and will be either: early matbrdy (ate

maturing >1) or maturing at the same eads that ok (b=1).

By transforming all of the values to natural logarithms, {log log. a + b.loge X )
the data is linearised and solved by least squares regression. A significant advantage of
using the log form of the equation is that it homogenithe variance over the entire
range of sample data. It also allows for the direct comparison of the differencesyin log
values as percent differencéSole 2000 and it is on this basis that the data in this
paper has been interpreted. In this paper, bheoefficient describes the rate of
development of either the whole carcass leanthe section weight of lean as a
component of either carcass weigbt total weight of lean. In both instances theerm
was examined with relevant first order interaction with the core terms of sire type, sex
within sire type, dam breed within sire type, birth typar type, site yeasite year
within kill group. A similar approach to the analysis of the fat and bone composition of
the same lambs was taken so that the model could be constrained, meaning in the
analysis of whole carcass lean, reported increases or decreases in letsetreyo
similar changes in either fat or bone. Additionally, the allometric approach allows the

relative rates of development of carcass tissue types to be determined.

3.3.5.2Linear mixed effects models

The log transformed CT data were analysed using lineaethiffects models in SAS

(SAS version 9.0, SAS Institute, Cary, NC, USA). The examination of the data was
divided into two parts. Firstly whole body composition was assessed using hetdbg
weight of carcass fat, lean or bone as the dependent aréadal logcarcass weight at

the time of CT scanning as the covariate. These 3 models were constrained such that

they maintained the exact same form across all three tissue types, enabling the addition
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of differences in fat, lean, and bone to approxinyatéf-set each other and thus the
addition of the tissues can still approximate carcass weight (results for carcass fat and
bone are reported in Andersat al. (20159 (Chapter 4) Secondly, to assess the
distribution of lean between the fore section, saddle, and hind section, ¢iaeigt of

lean within each of the 3 carcass regions was used as the dependent variable, and the
loge total lean weight within the carcass was used as the covariate. Again, these 3
models were constrained such that they maintained the exact same form across all three
carcass regions, enabling the addition of differences in fore, saddle, and hind séctions
lean to approximately offet each other and thus the addition of lean across the 3
carcass regions can still approximate total lean weight. The same approach was also
used to analyse fat and bone distribution across the three carcass sectionsulisth res

reported in Andersoat al (20159 (Chapter 4)

For all of the models described above, we tested a standard set of feed, eind
random terms which denotes the base model. The fixed effects includegkasite
(combined effect of site and year of lamb birth: Katanning (2007, 2008, 2011), Kirby
(2007, 2008,) Hamilton 2009, Turretfield 2009 and Struan 2010); birth typesandg

type (combined effect of animals born as single, twin or triplet and reared as single,
twin or triplet); sire type (Maternal, Merino and Terminal); sex within sire type (wether
Merino, wether Maternal, female Terminal, wether Terminal); dam bregehveire

type (Merino x Merino, Maternal x Merino, Terminal x Merino, Terminal x Border
LeicesterMerino) and kill group within sitgrear. The random terms included sire and
dam identification by lamb birth year. All appropriate first and second ortegastions
between fixed effects and covariates were tested-digmficant (P>0.05) terms were
removed in a stegrise manner resulting in a base model, constrained to be the same for

the 3 models within the whole body analysis.(@cross fat, lean arfibne), or for the 3
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models within the lean distribution quarter analysis. @cross fore, saddle, and hind
section). Of the total number of carcasses undergoing CT scanning, 1665 had entries
for sex, sire type, birthype reastype, dam breed, and kijroup and were included in

the base modelable3-4).

The base models described above were also tested with sire ASBVs for PWWT, PEMD
and PFAT in the model. Initially, all 3 ASBVs were included simultaneously as
covariates in ta model, as well as their first order interactions with other terms: Non
significant @ > 0.05) terms were removed in a stepwise manner. Due to the correlations
that exist between these breeding values in this data set (PWWT vs PEMD = 0.3;
PWWT vs PFAT = B; PEMD vs PFAT = 0.1) this process was repeated with the

breeding values included one at a time to test the independence of their effects.
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Table3-4 Number of lambs analysed in the base model accordiagx, sire type, birthing and rearing type and dam breed.

Sex Birth typerearing type Dam breed
. Bornas Born as Born as Born as
Single . . ) ) Bornand
born and twin- twin- tr_|plet- tr_|plet- raised a5 Merino BLM
Female Wether raised raised as raised as raised as raised as riolet er
single twin single twin P

Maternal 0 373 172 31 155 2 8 5 373 0
Merino 0 251 129 38 79 1 0 4 251 0
Terminal 507 534 413 96 472 8 30 22 527 514
Total 507 1158 714 165 706 11 38 31 1151 514

L9

BLM: Border- Leicester x Merino
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3.4 Results

3.4.1Production and management effects

Between siteyears the proportion of lean tissue within the carcass vaRe0.Q1,
Table3-5) by as much as 8.8% &ble 3-6), with Rutherglen 2010 having the least and
Kirby 2007 the most. The distribution of this lean was also different betweeyesits.

At a constant lean weight the Kirby 2007 lambs had the most fore section lean, the least
saddle section lean and one bétlowest weights of hind section lean. By contrast,
lambs from Turretfield 2009 had the least fore section lean, one of the most saddle
section lean and the greatest hind section lean, which compared to Kirby 2007 was

about 12% less in the fore, 8.7% maord¢he saddle and 4.2% more in the hind section.

Within each of these sHgears there was also considerable variation between Kill
groups P<0.01, Table 3-5) the greatest difference occurring at Katanning in 2011
which varied n carcass lean by as much as 5.57% (data of individual kill groups not
shown). At the majority of the 8 sigear combinations where kill group comparisons
were possible, within a year there was a greater proportion of carcass lean in the earlier
kill group, compared to the oldest kill group (P<0.05). Within each site, the amount of
lean in a section (fore, saddle and hind) varied significantly between each kill groups.
The greatest variation was at Turretfield in 2009 where the amount of lean varied by
6.89% and 8.38% in the fore and saddle sections. Within ys#tethere was a trend

for the earlier kill groups to have less fore section lean and greater saddle section lean
than the later kill groups, with this occurring at 6 of the 7-g#t@r combinatios

(P<0.05). There was no consistent pattern in the change in proportion of hind lean.

A comparison between sexes was only able to be made within the Terminal sired lambs.

There were marked differences between wethers and ewes in both in the ameant of |
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within the carcassP<0.01Table 3-5) and in the distribution of lean between sections
(P<0.01,Table 3-5). Wether lambs from Border LeicesteMerino and Merino dams

had 2.76% and 2.15% more lean than female lafhabkl€¢ 3-6). Wethers from Border
LeicesterMerino and Merino dams had 2.13% and 1.93% more |1P&0.Q1) in the

fore section. In the saddle section wethers had 1.@8% lean than the ewe lambs
(P<0.05,Table3-6), however this was only for lambs born to Border Leicelsterino

dams. The Merino and Maternal sired lambs were all wethers, therefore sex

comparisons were unablelte explored in these animals.

The birthtype reastype did not impact on the proportion of lean in the carcass but did
impact on the distribution of leaRP<€0.05,Table3-5). Lambs born as triplets and reared
astriplets, had about 2.2% less lean tissue in the hind section when compared to lambs
not born as tripletsT@able 3-6). This was offset by nesignificant increases in lean

weight in the fore and saddle sections.
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Table 3-5 F-values, and numerator and denominator degrees of freedom of factors

affecting lean weight of lamb in the whole carcass and the distribution of lean in the

fore, saddle and hind sections of the lazalcass.

Whole carcass

lean Lean distribution between sections\&lues)

Effect NDF, NDF, Fore Saddle Hind-

DDF F-value DDF section section section
site-year 8,177  30.0** 7,170 124.8** 59.3** 29.7**
sex (sire type) 1,177 115.4* 1,170 47.0%* 4.7 23.2%*
birth-type reattype NA NA 5,170 1.8 0.9 2.9*
Sire type 2,177  22.1* 2,170 34.2** 6.6** 13.4**
kill group(siteyear) 16,177 12.0** 15,170 8.2%* 9.1** 3.8**
dam breed(sire type) 1,177 11.6* 1,170 0.15 0.1 0.0
site-year X sire type 13,177 2.8* 12,170 2.0* 1.7 15
siteyear x dam breed (sir
type) 5177  4.3* 5,170 3.1* 1.2 1.4

1 8660.7*

log x 1,177 . 1,170 6966.0** 4846.2** 11412**

NDF, DDF: numerator and denominator degrees of freedom.
NA: term was not retained in the final modelveas not significant for any component (fat, lean, bone)
Where carcass lean was analysed, carcass weight was the covariate (x) and when lean distribution was

analysed whole carcass lean was the covariate (x)

* P<0.05, *P<0.01
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Table3-6 Relative change (% Change in weight) for-gigar, sex dam breed(sire type)
and birthtype reattype on lamb carcass lean weight and the lean distribution between
the fore, saddle and hind sections of the lamb carcass.

Carcass Section lean weight
lean (Lean distribution between
weight sections)

Fore Saddle Hind-
section  section section

Factor Level % % Change % Change % Change
_Char_lge in weight in weight in weight
in weight

Site year Kirby 2007 1.80 11.47 -9.83 -2.97

Kirby 2008 -3.02 6.25 -7.60° 0.24
Rutherglen 2010 -6.98' 6.21° -2.19¢ -3.51°
Hamilton 2009 0.2£ 3.55' -3.2% -0.4T
Struan 2010 -2.26"° 1.54 -0.97 -0.5¢
Turretfield 2009 -0.10° -0.62  -1.10° 1.21°
Katanning 2007 -1.29¢ NA NA NA
Katanning 2008 -0.16"* 1.08° 1.06 -1.67
Katanning 2011 0.00 0.00*  0.00d" 0.0¢°
Sex Dambreer Maternal x Merino M -4.47 2.29 -1.68 -0.76
(sire typej Merino x Merino M -2.83 2.59 -1.24 -1.28
Terminal x BLM F -3.6%¢ -1.68 0.76 0.7¢
Terminal x Merino F 215 -1.93 0.53 1.18
Terminal x BLM M -0.85 0.48 -0.30¢ -0.17
Terminal x Merino M 0.00 0.00 0.0 0.00¢
Birth-type  Born and raed as single -1.39 -1.51 2.20
reartype’ Born twin, raised single -1.75 -1.05 2.16
Born and raised as twin -1.64 -1.27 2.20
Born triplet, raised single -1.94 -0.87 1.99%
Born triplet, raised twin -0.09 -1.78 1.167
Born and raiseds triplet 0.00 0.00 0.00

b coefficieni{x SE)

log x* 0.86 1.003 1.045 0.967

+0.009 +0.012 +0.015  +0.009

% Change in weightthe difference in logvalues for each fixed effect compared to the fixed effect with
coefficient 0.00 expissed as a percentage.

M = wether; F = ewe; BLM: Border LeicesteMerino

L 4T within columns for site year, %hange in weightalues without a common superscript differ
significantly atP < 0.05.

2 " within columns for sexdambreed(sire type), @angein weight values without a common
superscript differ significantly @& < 0.05.

3 WYWithin columns for birthtype reastype, %Change in weighvalues without a common superscript
differ significantly atP < 0.05.

* Where carcass lean weight was asaly, carcass weight was the covariate (x) and when lean
distribution was analysed whole carcass lean was the covariate (x)

Significant effects are in boldP€0.05)
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3.4.2Impact of genetics

3.4.2.1Sire, sire type and dam breed

When evaluating whole carcass lean in llase model there were marked differences
between siresR<0.01), with 95% of the sire estimates for all three sire types lying
within £ 3.3% at any given carcass weight. The distribution of lean between carcass
sections also differed between sird3<@.01) The sire estimates for lean within a
section varied, with 95% of the sire estimates from the fore, saddle and hind lying
within £1.7%, +3.0% and x1.4% at any given weight of whole carcass lean when

analysed in the base model.

Sire type comparisons coulte made between wether lambs born to Merino dams
(Table 3-6). The amount of lean in the carcass differed between sire types (P<0.01,
Table 3-5) with the Terminal sired lambs having 2.8% and 4.4% mone {ean the
Merino and Maternal sired lamb3dble 3-6). The distribution of lean tissue also
differed between the sire type8<0.01,Table 3-5). The Terminal sired lambs had the
most lean in the saddl@a@ hind sections but the least lean in the fore section compared

to the Merino and Maternal sired lamidsble3-6).

There were also differences between dam breeds in the proportion of lean in the carcass
(P<0.01Table3-5), with comparisons only possible within Terminal sired lambs. In the
female lambs the progeny of Merino dams had 1.5% more lean than those from BLM
dams, and similarly in wether lambs the progeny of Merino dams had 0.9% more lean

than hose from the BLM damd &Gble3-6).
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3.4.2.2Australian Sheep Breeding Value Effects

Sire PWWT ASBV was associated with both the amount and distribution of carcass
lean P<0.05,Table3-7), but only at some sitesn some years. Sire PWWT increased
carcass lean at Rutherglen in 2010 by 6.2% across the increasing 24.7 unit range of sire
PWWT (kg) (Table 3-8). Within sites the biggest variation was seen at Kirby in 2008,
where increasing PWWacross the 24.7 unit range, increased the mean weight by as
much as 6.9% in one Kkill group and reduced it by 4% in another (data of individual Kill

groups not shown).

Increasing sire PWWT increased saddle lean on average by #ialfié 8-8) across the
24.7 unit range. This effect varied between sites0(05, Table 3-7 ) resulting in as
much as 10.9% more saddle lean across the PWWT range at the Katanning site in 2008
(Table3-8). On average, the increases in saddle lean were offset by reducsddtioa

lean (P<0.05Table3-7).

Decreasing sire PFAT resulted in an increase in carcass lean and redistribution of lean
to the saddle sectio®€0.01,Table3-7). Across the 5.1 unit range (mm) of decreasing
PFAT, whole carcass lean increased by 9.5%ble 3-8). Within the carcass lean tissue
there was a 3.7% increase in saddle lean across the degre&AT rangeTable3-8),

which was offset by reduction in lean of the feeetion.

Increasing the sire PEMD ASBV resulted in an increase in carcass lean and
redistribution of lean from the fore section to the saddle red®.01, Table 3-7).
Over the 7.8 unit PEMD (mm) range there was an increase in carcass lean of 7.7%

(Table 3-8 and Figure 3-1). When animals were compared at the same lean weight a
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increasing sire PEMD ASBV (mm) resulted in a 3.8% increase in saddle lean, offset by

a 3.5% reduction in fore section ledrable3-8).
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Table3-7. Fvalues, and numerator and demnpator degrees of freedom for Australian Sheep Breeding Values affecting lamb

lean weight in the whole carcass and lean distribution between the fore, saddle and hind sections of the lamb carcass.
Lean distribution between sectiors (

Whole carcass lean values)
Effect NDF, E-value NDF, Fore Saddle Hind-

DDF DDF section section section
PWWT 1,156 3.56 1,166 4.29* 5.4 0.18
PWWT x siteyear 8,156 2.3* 7,166 1.41 2.32* 145
PWWT x kill group(siteyear) 16,156 2.14** NA NA NA NA
PFAT 1,156 96.6** 1,166 3.89* 7.57** 154
PEMD 1,156 38.02** 1,166 12.24**  8.37** 0.14
PEMD x sire typé 2,156 2.83 NA NA NA NA

=74

NDF, DDF: numerator and denominator degrees of freedom.

NA: term not retained in the final model as was not significant for any section

PWWT: post weaning weight; PFAT: post weaningite fat depth; PEMD: post weaning eye muscle depth
! This interaction was included in the model as it was significant in the analysis of carcass fat

* P<0.05, *P<0.01.
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Table 3-8 Percentage change in weight per unit of Australia Sheep Breeding Values on
lamb carcass lean weight and lean distribution between the fore, saddle and hind

sections of the lamb carcass.

Carcass Section lean weight
lean (Leandistribution between
weight sections)

Fore Saddle Hind-
section section section

Effect Level % Change % Change % Change % Change
in weight in weight in weight in weight
PWWT 0.08 -0.11 0.16 -0.02
PWWT* Kirby 2007 0.27 -0.14 0.08 0.10
site yar Kirby 2008 0.06 -0.01 0.01 0.01
Rutherglen 2010 0.25 -0.12 0.07 0.06
Hamilton 2009 -0.12 -0.04 0.03 0.00
Struan 2010 0.00 -0.20 0.25 -0.01
Turretfield 2009 -0.07 -0.16 0.38 -0.15
Katanning 2007 0.06 NA NA NA
Katanning 208 0.23 -0.23 0.44 -0.10
Katanning 2011 0.08 0.03 0.02 -0.04
PFAT -1.86 0.40 -0.73 0.19
PEMD 0.99 -0.45 0.49 0.04

% Change in weighis per unit of the relevant Australian Sheep Breeding Value

NA: term was not retained in the finaodel as was not significant for any section (fore, saddle, hind)
PWWT: post weaning weight; PFAT: post weaningite fat depth; PEMD: post weaning eye muscle
depth

Significant effects are in bold*€0.05)
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% difference in carcass lean weight

-3.25 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-22 -12 -0.2 0.8 18 28 3.8 48

Sire post weaning eye muscle depth Australian Sheep Breeding Value

Figure3-1 The relationship between lamb sire estimates for percentage of lean and post
weaning eye muscle depth (PEMI3ymbols represent sire estimates plus the least
sqguared means for (o) Maternal, (Tned Mer i
from the ASBV model in which PEMD was removed. The line represents least squared
means (x SE as dashed lines) for PEMD from the model containing the Australian
Sheep Breeding Values.

3.4.3Allometric (b) coefficients

There were no significant interactionftbe fixed effects (sitgear, sex, sire type, dam
breed and kill group) with the b coefficient. Compared to the growth rate of the whole
carcass, lean tissue was relatively early maturirg0(Q1, Table 3-5), with an
allometriccoefficient of 0.86 Table3-6). The rate of maturation of the lean tissue was
similar between all sections of the carcaBs((01, Table 3-5) with the allometric
coefficients of the fore, saddle and hiselction being 1.0, 1.05 and 0.97 respectively

(Table3-6).
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3.5 Discussion

3.5.1Allometric (b) coefficient

Relative to whole carcass weight lean tissue was early maturing, with an allometric
coefficient of 0.86 which is similar to thagported in previoustudies(Butterfieldet al.

1983a Fourie et al. 1970. Alternatively, the growth cdécient of lean in the fore,

saddle and hind sections was close to 1 indicating that musculature across these regions
developed at a similar rate. This is contrary to earlier work that showed that individual
muscles within the carcadsave different rate®f developnent (Butterfield et al.
19843. |l n particular the O&éspinal muscl esd were
significant growth in the early postnatal period, reaching a peak of their portion of lean
weight in the carcass at about 20% maturity, then slowly declintngha lamb
approaches maturiButterfield 1988. However, the lean growth coefficients from this
earlier work can be difficult to compare to ours as the points of dissection and types of
data analysis has varied. Given that the saddle region in our study describes more than
simply the loin musculature and at a time point of approximately 50% of mature size,
this may explain why our results do not match the results of this earlier work. Hence
while these results align with the wéthown trend for lambs to reduce the proportional

lean composition of their carcass as they mature, we can also conclude that this effect
will occur at a relatively consistent rate within the fore, saddle and hind sections of the
carcass. As such slaughter grants which try to optimise the weight of tean the

saddle region relative to other carcass sections will be relativelffantive.

3.5.2Genetic influences on carcass lean tissue

3.5.2.1Impact of sire type and dam breed

The wether progeny of Terminal sired lambs had the greatest proportion of lean when
compaed to the wether progeny of Maternal and Merino sired lambs. Based on the

relative rate of maturation of lean tissue it is likely that the Terminal sired animals were
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less mature wheoompared at the same weight or age, resulting in proportionately more
lean tissue in the carcag®erg and Butterfield 1968 This is in contrast to
Ponnampalanet al (2007h who showed that Merinos had a greater lean % than Poll
Dorset sired lambs at the saage, however this observation was based on only 4 sires.
The other key difference between sire types was thteitglition of lean tissue. At the
same lean weight the Terminal sired lambs had a greater proportion of lean tissue in the
saddle and hind sections compared to the Merino and Maternal sired animals. A similar
result has previously beeuggested through sesssment of indicator muscles such as

the loin and M. semitendinosy®onnampalanet al. 20073, however in this study
lambs were compared at the same age, rather than the same lean weight. The reason for
altered lean distribution is unclear though may be associated with the emphasis on
selection for muscling in the Terminal sires. Staelection has been -going for
generations using both visual methods, and in recent years using a site specific
measurement of muscle depth in the saddle region which may account for the observed

redistribution.

The dam breed results align well withet sire type results with the lambs born to
Merino dams having more lean than those fromBbeder Leicester x Merindams.
This was offset byBorder Leicester x Merinadlams producingambs with a greater
portion of carcass fa{Andersonet al. 20159 (Chapter 4)and intramuscular fat
(Hopkinset al.2007¢ Pannieret al. 20149. This aligns well with this breeds improved
reproductive capacity, which is linked to whole carcass fatffemgusoret al. 2010.
Alternatively, this may be a reflection dheir relative maturation rates, with Merinos

dams producing lambs that mature slo@opkinset al.2007h.
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3.5.2.2PWWT ASBV

To partially support our hypothesis, increasing sire PWWT had no main effect on
carcass lean tissue when adjustetheosame carcass weight, however at some sites in
some years an increasel@an was observed. This contradicts previous findings from
smaller studies where PWWT had no eff@@ardneret al. 201Q Hegartyet al. 2006a
Ponnampalanet al. 20071, though it does support the general principle that lambs
selected for high post weaning weights would have a larger maturérsiraman and
Brown 2008 and therefore they will be physiologically less mature when compared at
the same weightBerg and Butterfield 1968utterfield et al. 19839. Hegartyet al.
(20069 demonstrated a reduced PWWT response when lambs were on depressed
nutrition, potentially explaining the lack of response at low nutrition sites. Therefore
the variation in responde increasing sire PWWT across different sites and years may
be due to variation in nutrition which has previously been documented for this

experimen{Ponnampalamat al.2014).

An unexpected finding was that PWWT resulted in increased lean in the saddle, which
was largely offset by a reduction in fore section lean. This redistribution effect may be
explained by matuty as spinal musculature is relatively early maturiBgtterfield et

al. 19843, yet contrary to this assertion thecoefficients in our analysis indicatlat

lean tissue in all sections developed at a similar rate, suggesting that maturity is unlikely
to explain the redistribution of lean to the saddle. Our findings are in contrast to those of
Gardneret al (2010 who showed that with increasing sire PWWT, the topside muscle
weight increased, with no impact of this breeding value on muscles of the saddle

section.
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3.5.2.3PEMD ASBV

In support of our initial hypothesisjore lean had been distributed to the saddle region

of the carcass. This appears to align with suggestions made in previous studies, where
selection for increased PEMD resulted in an increase in loin depth and Weagbher

et al. 201Q Hegartyet al. 2006¢ Hopkinset al. 2007h, and little effect elsewherin

the carcass. Alternatively, these previous experiments were unable to clearly
demonstrate redistribution of lean to the saddle as fore section lean was not recorded
and only a small number of indicator muscles (e.g. Round and top side) were collected
from the hind section. The redistribution of lean may be due to a change in muscle fibre
type, with a shift towards more type 11X muscle fibres within the saddle region leading
to an increased crosectional area and muscle hypertrof@yeenwood, Gardner and
Hegarty 20061 In support of this notion, there is evidence of a decrease in isocitrate
dehydrogenase activity in tHd. longissimus lumborumassociated with selection for
increased sire PEMDKelman et al. 20140. Further experiments detailing oxidative

capacity on the fore and hind sections may elicit the cause of lean redistribution effects

Contrary to our expectations, selecting for increasing sire PEMD increased whole
carcas lean, the first time that this effect has been reported across Merino and Maternal
sire types. This finding is at odds with a previous analysis of a much smaller subset of
the data used in this experimé@ardneret al. 2010, however it aligns well with work

by Hopkinset al. (2007H who reported an increase in lean % with an increase in sire
PEMD. Nonetheless the magnitude of the effect in the Hopkensal (20070 study

was markedly smaller than that reported here, and pertained only to a small number of
Poll Dorset sires (n=20). One explanation for this result could be associated with a
larger mature size, leading to proportionately more muscle when compared at the same

weight (Berg and Butterfield 1968utterfield et al. 19833. However if maturity was
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implicated then there should also have been proportionately more (Beng and
Butterfield 1968 Butterfield et al. 1984h Fourie et al. 1970, an observation not
consistent with the animals in this stu@pnderson et al. 2015d(Chapter 4)
Furthermore, Huisman & BrowfHuisman and Brown 200&ave demonstrated no
phenotypic or genetic correlation between PEMD and mature weight. Therefore the

more muscular composition appears to be independent of maturity.

In contrast to the PWWT effects, the impact of PEMD on muscle did not vary between
sites, suggesting that this breeding value is less affected by nutritional variation. This
would support wrk by Hegartyet al. (20069 which showed that the depth of loin
muscle from animals with high PEMD was similar under high and low nutritional
regi mes. Oof co-undastumy er e lae Vitansuarario,siteisy e r e
likely that the magnitude of the PEMD effect would eventually be affected. But clearly
the effects of this ASBV on composition appear to be more environmentally resilient

compared to the PWWT ASBV.

3.5.2.4PFAT ASBV

Consistent with our hypotkes, selection for reduced PFAT increased lean weight
within the carcass. Other analyses of this data set have demonstrated that the increase in
lean is roughly offset by an equivalent decrease infatdersonet al. 20159(Chapter

4). This change in body composition may be suggestive of low PFAT animals having a
larger mature size, however, previousedsh has demonstrated little genetic or
phenotypic correlation between sire PFAT and adult weldhisman and Brown 2008

or growth rate(Kelman, Alston, W.et al. 20143. Thus it seems likely that these
compositional differences will still be present when the animals reach their mature size.
These results are consistent with poens studies. Hopkinet al (2007h showed an

association between decing PFAT and an increase in lean within the carcass, as
82
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measured by dual energyray absorbiometry. However this was only demonstrated in
the progeny of Poll Dorset sires, and the magnitude of the effect was smaller. Similarly,
Gardneret al. (2010 showed increased weights of specific muscles in the saddle (loin)
and hind section (round) in response to reducing PFAT, however in contrast to this

study there wano increase in whole carcass lean measured using CT.

The redistribution of lean to the saddle section from the fore section as sire PFAT
decreased was an unexpected and previously unreported finding. This may be
attributable to the PFAT measurement betagen from a single site in the saddle
section, placing more emphasis on reducing fat (offset by increasing lean) in this region
as suggested by Gardnet al. (2010). However, other analyses of this data set have
indicated that the impact of PFAT on fat reducti®rconsistent across all regions of the

carcass and is not focused on one (#tedersoret al. 20159 (Chapter 4).

3.5.3Production and management effects on carcass lean.

In support of our hypothesis, at any given carcass weight, Terminal sired wether
lambshad more lean than ewes. This aligns well with previous st@Bigiterfield et al.
1985 Fourieet al. 1970 and partly reflects that rams and wethers grow larger mature
size than ewegThompsoret al. 19850, and at the same carcass weight will be leaker.
similar result was observed by Ponnaam et al (20078 where wethers had increased
lean % compared to ewes, even though these lambs were compared at the same age rath
than the same carcass weight. In terms of lean distribution, Térsiried wether lambs
had more lean in the fore section compared to the ewes, a result that is similar to work
performed by Perrgt al. (1983) in Merino rams and ewes. In the latter study, the rams
had increased neck and forelimb musculature, speculated to be consistent with the neec
for males to enforce dominant behaviour and support a larger head and horns. This

reasoning may still be validespite the males in the current study being castrated.
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There was no difference in the rate of development of lean between wethers and ewes
(i.e. no sex interaction with tHecoefficient), which is in contrast to other studies who
showed rams to hawehigher impetus for muscle growth compared to giWesrieet

al. 197Q Thompson 1988 McClellandet al (1976 showed that at approximately 50 to

60% of maturity ram and female composition was similar which may account for the
lack of difference between sexes seen in our analysis. This resultmudsted in
another analysiéThompsonret al. 19853, although in this case a cresger effect was

seen in tissue maturation rate between rams and ewes which may explain the variability

seen in some of the studies.

The birthtype and reatype had no impact on carcass lean and little impact on the
distribution of carcass lean. The lambs born and rasedplets had least hind section
lean which was significantly less that the single born and raised, the twin born and
raised or twin born single raised lambs. The reason for this difference is difficult to

explain with the current data.

Although this sudy was not designed to assess nutritional impacts on carcass
composition, the differences between sites, and to a lesser degree kill groups, are likely to
be reflective of nutritional variation. However the betwsda variations in the amount

of carcas lean and the distribution of lean between the three sections (fore, saddle and
hind) may be due to differences in the dam genetics between sites. Alternative
explanations could be associated with variation in nutrifPonnampalanet al. 2014
associated with ewe milk output and pasture conditions, or worm burdens (ewe and lamb
impacts). Within a site, kill group reftts to some extent lamb age. The increased

proportion of carcass lean in the earlier kill groups may be a reflection of lamb maturity
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and the early maturation of lean (allometric coefficient < 1). A maturity explanation is
difficult to ascribe to the chagmng proportion of lean between kill groups, with all

sections tending to develop at the same rate (allometric coefficient = 1).

3.5.4Comparison of effects

Compared to the negenetic effects, the impact of the ASBVs on lean tissue is much
more profound. PFAT emonstrated the greatest impact on total carcass lean an effect
that was 20% greater in magnitude than PEMD. The impact of PWWT was lower than
both PFAT and PEMD and was heavily influenced by the different sites making its role

for improvements to lean pamntage within the carcass more limited.

The results of this study provide a better understanding of the compositional changes
caused by the carcass breeding values, allowing more accurate assessment of their
impact on carcass value. The weighting oédating values in industry indexes are
performed on the basis of their economic impact. In particular, this may be
underestimating the value of PEMD because of its substantial impact on the high value
loin musculature. Hence the data from this paper widlbés improved precision for

arriving at more accurate economic weightings for the carcass.

The differences between sites and kill groups had the greatest impact of {tpenedic
effects on total carcass lean tissue and distribution. There was abotin@ssthe
variation in lean between the sites and kill groups when compared to the impact of sex
and birthtype reastype. This demonstrates the substantial influence that nutrition and
other environmental factors can have on carcass composition. Sonoa cauequired

in this interpretation given that we cannot separate the influence of dam genetics from
the observed site differences. Additionally, we cannot discount the fact that differences

between sites may in part be due to different CT scannerg bsad.
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3.6 Conclusions

CT scanning of the 1665 lambs in this study has provided precise -ibadye
guantification of the impact of decreasing sire PFAT and increasing sire PEMD on the
weight of lean in the carcass, which increased by 9.5% and 7.7% acrossidbeof

these ASBVs when lambs were compared at the same carcass weight. Additionally,
these breeding values have been shown to redistribute lean from the fore section to the
saddle section, which will likely increase carcass value as the saddle regmmmeis

highly valued. Similarly, PWWT ASBV increased the weight of lean in the carcass,
however this effect was not consistent across different sites/environments. PWWT also
redistributed lean to the more valued saddle region, without decreasing hinah sectio
lean. These results indicate targeted selection for sires of decreased PFAT and
increased PEMD, have the ability to improve the value of the lamb carcass through the
manipulation of lean tissue. This experiment has for the first time allowed these
breedng value effects to be quantified at a whole body level, rather than just using cut
weights and carcass tissue depths to indicate these trends. The results of this experiment
will be used to determine the financial gains of using carcass ASBVs to inqamass
composition in addition to the improvements in hot carcass weight that they provide

(Gardneret al.2015.
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Chapter 4. Sire carcass breeding values affect body
composition in lambs- 2. Effect on fat and bone weight
and its distribution within the carcass as measured by

computed tomography.

The following chapter itheversionsubmitted for publicatian
Anderson, F., Williams, A., Pannier, L., Peth D.W., Gardner, G.E. (2015). Meat

Science.

4.1 Abstract

This study assessed the effect of paternal Australian Sheep Breeding Values for post
weaning esite eye muscle depth (PEMD) and fat depth (PFAT), and post weaning
weight (PWWT) on the composition of lamb carcasses. Composition was negtasu
using computed tomography scans of 1665 lambs which were progeny of 85 Maternal,
115 Merino and 155 Terminal sirdReducing sire PFAT decreased carcass fat weight
by 4.8% and increased carcass bone by 1.3% per unit of PFAT (range 5.1mm).
Increasing se PEMD reduced carcass fat weight by 3.8% in Maternal and 2% in
Terminal sired lambs per unit of PEMD (range 7.8mm), with no impact on bone.
Increasing sire PWWT reduced carcass fat weight, but only at some experimental
locations. Differences in compositi varied between sire types with Maternal sired
lambs having the most fat and Merino sired lambs the greatest bone vizgletic
effects on fatness were greater than the environmental or production factor effects, with

the converse true of bone.
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4.2 Intro duction

A high proportion of saleable meat in the carcass is an important determinant of carcass
value, as it reduces the processing costs associated with fat and boifiddpikms

1989 Jones, Simm and Young 200&hd meets consumer preferences for leaner cuts of
meat(Banks 2002 Pethicket al. 20058. Producers can select for these carcass types
indirectly using three Australian Sheep Breeding Values (ASBVSs): increased post
weaning weight (PWWT) and eye muscle depth (PEMD), and reduced post weaning fat
depth (PFAT). Previous studies have shown the impact of these ASBVs on carcass
fatness, but have relied on fat deptH®pkinset al. 20071, or the weight of specific

fat depots(Gardneret al. 2010 t o fAi ndi cateo these effects.
measurements is inaccurate and importantly may be biased in circumstances where
tissue has been dstributed within the carcass, particularly due to genetic selection.
Previous studies have assessed whole carcass composition using technologies such as
dual energy absorbtiomet(fpunsheaet al. 2007, Pearceet al. 2009 Ponnampalanet

al. 2007H or computed tomography (CTBungeret al. 2011, Gardneret al. 201Q

Young et al. 200]). This study has used CE&dhnology to investigate the impact of

ASBVs on carcass weights of fat and bone and their distribution within the carcass.

Selecting sire$or low PFAT breeding valudsas been shown to reduce fatness atthe c
site of measurement in their offsprings(dm from the midline over the 12th jilgHall

et al. 2002 Hegartyet al. 20063. Work in pigs has shown thatlsction for decreasing
back fat can alter the distribution of f@lrezonaMurray 2008 Wood et al. 1983,
decreasing it at the site of measurement aadtially redistributing it to other
subcutaneous fat depotdowever,studies in sheepave demonstrated that reducing
sire PFAT has a more uniform impact across the ca(Gesineret al. 2010 Hopkins

et al. 2007h Kadim, Purchas, Raet al. 1989. This reduced fatness is likely to be
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offset by increased proportions of bone tissue, as demonstrated by GardnéQ4tOal.

who showed an increasn carcass hind limb bone weight and carcass bone %.

Increasing sire PEMD has been shown to produce lambs with redisaedat(Hall et

al. 2002 Hegartyet al. 20063 and less trimmable carcass (ategartyet al. 20063.

Yet contrary to these studies Gardeearl (2010 found that the PEMD breeding value
reduced fat depths at thesite but did not change the proportion of whole carcass fat.
The result of Gardneat al (2010 is possibly more reliable than these earlier studies, as
the experiment containedféld more sires and was measured using CT. The impact of
PEMD on bone is less well described, however, Gardsteral. (2010 also
demonstrated that PEMD had no impact on whole carcass bone %. Therefore the impact
of increasing sire PEMD is likely to reduce carcass fat, but only in the regiondits

point of measurement, and have little impact on carcass bone.

In sheep, the PWWT breeding value exerts its influence on carcass composition through
its impact on mature sizHuisman and Brown 2008resulting in lambs of faster
growth (Kelmarpers comm Given carcass fat is late maturing and bonky @aaturing

(Berg and Butterfield 1968Butterfield et al. 19833, sires of high PWWT should
produce lambs that are less mature at the same slaughter weight, containiagaeds f
more bone. Work by Gardnet al. (2010 supported this notion showing that lambs
from high PWWT sires had decreased CT fat % and increased bone % myd@ati
whole carcass effect on these tissues. There is no evidence of PWWT causing

redistribution of fat or bone tissue within the carcass.

Sire type has been shown to impact on the proportion of fat and bone. Lambs sired by

maternal breeds such as the Bwmrdleicester have more carcass fat and less muscle
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than Terminal sire breeds (e.g. Dorset Horns) when compared at the same carcass
weight (Fogarty, Hopkins and wa der Ven 2000 Thompson et al. 19799.
Ponnampalanet al. (20078 demonstrated a similar effect comparing Border Leicester
sired lambs to Poll Dorset and Merinos. Sire type has also $le®vn to impact on

bone composition, with Merino sired lambs having heavier bone weights than Maternal
and Terminal sired lami€akeet al. 2007). Based on these studies it is expected that
lambs sired by Maternal breeds will have the greatest proportion of fat, while Merino
sires will produce lambs with an increased proportion of bone. The impact of sire type
on the distribution of these two tissues throughout the lamb carcass has notstyeviou

been reported.

This paper describes the association of-genetic and genetic factors ¢ime carcass
composition of fat and bone in lambs as measured by CT, with the results of these
factors on leamescribed in Andersoet al(20159 (Chapter 3) We hypothesised that
selection for dereasing sire PFAT will result in decreased carcass fat across all carcass
regions,and increased carcass bone, with a preferential increase in hind section bone.
Increasing se PEMD will have a site specific effect on fagcreamg it in the saddle

regon only, while having no impact on bonédditionally, through its impact on
mature size, we hypothesised that increasing sire PWWT will decrease whole carcass
fat and increase carcass bone weiglastly, Maternal sired lambs are expected to have
greatercarcass fa®o and the Merino sired lambs an increase in bone % compared to

Terminal sired lambs.

4.3 Material and methods
4.3.1Experimental design and slaughter details
Completedetails of the experimental design, slaughter details are presented in Anderson

et al (20159(Chapter3) and more bridy in this chapterThe Australian Cooperative
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Research Centre (CRC) for Sheep Industry Innovation established an Information
Nucleus Flock (INF) in 2007, with efails of the design of th#ock presented by
Fogarty Banks, van de Werf, Ball and Gibs(#007). Within each year, at each of the

Six research stations, a subset of lambs were chosen H2mités each year fa@@T
scanningof their carcasses following slaught8ihe lambs were divided into groups
based on live weights, with each group killed separately (kill groups)aagjetcarcass

weight of 23 kg.

The sire types includedrerminal sires (Hampshire DownglDe France, Poll Dorset,
Southdown, Suffolk, Texel, White Suffolk), Maternal sires (Bond, Boorbelaestey
Border Leicester, Coopworth, Corriedale, Dohne Merino, East Friesian, Prime South
African Meat Merino(Prime SAAM) White Dorper), anderino sies (Merino, Poll
Merino) Within each site, the aim of selection of lambs for CT was to include at least
two progeny from each sire used at the site, selected across a live weightatrds.
within kill groups were on average within 5 days of age of edlclr and within a year
there was an attempt to represent all sire types in each kill group. Across thgeasite
combinations in this experiment there were a total of 25 kill groups, with the average
age within a slaughter groups ranging from 168 t0 d@ys of age and the number of
lambs within each kill group ranging from 20 to 99 lambsr details of kill groups
refer to Chapter 3Table 3-1. Lambs were grazed under extensive pasture conditions
and supplemerd with grain, hay or pellets when pasture was limited which varied

between sitePonnampalamet al. 2014.

4.3.2Computed tomography scanning
Carcasses were transported for CT scanning to either Murdoch University (Picker PQ
5000 spiral CT scanner) or the University of New England (Picker, Bavaria, Germany)

within 72 hours of slaught¢o determine the proportions of f&an and bone.rir to
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scanning the carcasses were split into three primal compoteeetsable more rapid
post scanning processing of the CT images for the distribution andiysgsection,
saddle and hind section. The fore section was separatedtfi®mnsaddle by a cut
betveen the fourth and fifth ribThe hind section was separated from the saddle by a cut
through the midength of the sixth lumbar vertebradhe method used for
determination of muscle, fat and bone was similar to that describ&higneret al.
(2010 with the discrimination between fat, lean and bone adapted from work by Alston
et al. (2005. Precision for predicting dissectable f&€0.718; RMSE=(/13), and
bone R?*=0.789; RMSE=0.430has previously been reported Bardner, Pearce and
Smith (2007) A more detailed description of the CT scanning protocol and image

analysisare presented iAndersoret al. (2015c)(Chapter 3.2.3)

4.3.3Data used

CT scanning data from a total of 1665 aninfatsn the 9 siteyear combinationsvas
available for analysis of fat and bone composition within the cafCGisspter 3,Table

3-1). The 111 animals frorKatanning in 2007 were not scanned in sectitims;efore

when analysing distribution of lean between carcass sections, 1554 lambs were included
in the analysisThe mean weight (and range) of the lamb carcasses in this experiment
was 23.3kg (13-30.0 kg, with weights (and range) of fat, lean and bone, 6.3kg (2.1
15.3), 13.3kg (740.8), and 3.8kg (2-8.7). The full description of carcass weights of

fat lean and bone across the three sections raported in Anderson et al.

(20159(Chapter 3)

Of the 85 Maternal, 119 Merino and 155 manal sires, 70, 109 and 154 had ASBV
values for PWWT, PEMD, and PFAAdvailable, with the mean and range of these sire
breeding values shown in Andersenal (20159 (Chapter 3Tale 3-3). The breeding

values for PEMD and PFAT are based upon live ultrasoundurezasnts at the-site,
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located at the 12th rib, 45mfrom the midline, and PWWT is based upon live weight,

all measured at the post weaning time point (about 240 days ofTdgeASBYV values

were all sourced from Sheepgoehainevtluatos , A
databas€Brown et al. 2007). The sire breeding values were generated within 3 separate
databases for Teminal, Maternal, and Merino sired progeny and were from an analysis

completed in April 2013.

4.3.4 Statistical analyses

4.3.4.1Data transformation

An allometric approach allows the relative rates of development of carcass tissue types
to be determinedAll data are converted to natural logarithms in order to utilise
Hux!l eyds al | oyme? in itsdog éingarised form(Huxley and Teissier
1936. By transforming all of the values to natural logarithifege y = loge a + b.loge X

) thedataarelinearisal and solved byeast squares regressignsignificant advantage

of using the logform of the equation is that it homogenises the variance over the entire
range of sample data. It also allows for the direct comparison of the differences in log
y values as percent dififenceqCole 2000 and it is on this basis that the data in this

paper has been interpreted.

In the above allometric eqtionx is the independent variabla,is the proportionality
coefficient andb the growth coefficient of relative tox. The value of thé coefficient
describesthe relative growth rate of the componem} {o either the whole carcass
weight or the wajht of fat (or bone)and will be either: early maturind<€1), late
maturing p>1) or maturing at the same rate as thak ¢b=1). In this paper, thd
coefficient describes the rate of development of eifdtefor bone) irthe whole carcass

or the devedpment of fat (or bone) within each section of the carcass (fore, saddle and

hind) relative to the whole carcass weight of fat (or bolmehoth instances thie term
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was examined with relevant first order interaction with the core terms of sire type, sex
within sire type, dam breed within sire type, birth typar type, site year, site year

within kill group.

A similar approach to the analysis lefan tissue irthe sameset oflambs was taken
(Andersonet al. 20159(Chapter3) so that the model could be camshed, meaning in
the analysis of whole carcasemposition,reported increases or decreasefatn lean

and bone areffset byeach other.

4.3.4.2Linear mixed effects models

The log transformed CT data eveanalysed using linear mixed effects models in SAS
(SAS version 9.0, SAS Institute, Cary, NC, USWhen whole body composition was
assessed, tHeg. weight of carcass fat or bomeas usedis the dependent variable, and
loge carcass weighivas the covariate. A similar analysis was performed for lean tissue
(Andern et al. 20159 (Chapter 3)with the models constrained such that they
maintained the exact same form across all tissue types, enabling the addition of
differences in fatbone and leanto approximately ofset each other and thus the
addition of the ssues can still appxonate carcass weightolassess the distribution of

fat or bonebetween the fore, saddle, and hind sedfitime log weight of fat(or bone)

within each of the 3 carcass regions was used as the dependent variable, and the log
total fat (or bone)weight within the cecass was used as the covarigtéthin a tissue

type (fat or bone) these modeiere constrained such that they maintained the exact
same form across all three carcasstions (fore, saddle and hipdhabling the additin

of differences irsectionfat (or bone)to approximately ofet each other and thus the
addition across the 3 carcass regions can still approximate tof@alr fabne)weight.

The results for carcass composition and distribution of lean is reporfudersonet

al. (20159(Chapter 3)
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For all the models described above, we testedtandard set dixed effects and
random terms which denotes the base model. Fixed effects inditegdar (combined
effect of site and year of lamb birtkatanning(2007, 2008, 2011 Kirby (2007, 208),
Hamilton 2009, Turretfield 2009 and Struan 2010), birth type and rearing type
(combined effect of animals born as single, twin or triplet and reared as single, twin or
triplet), sire type (Maternal, Merino and Terminal), sex within sire type (wetheénde
wether Maternal, female Terminal, wether Terminal), dam breed within sire type
(Merino x Merino, Maternal x Merino, Terminal x Merino, Terminal x Bordeicester

x Merino (BLM)) and kill group within siteyear. The random terms included sire, and
dam identification by lamb birth year. All appropriate first and second order interactions
between fixed effects and covariates were tedded-significant (P> 0.05) terms were
removed in a steprise manneto derive a base mod&f the total number of ceasses
undergoing CT scanning, 1665 had entries for sex, sire typestypehreastype, dam

breed, and kill group and weeincluded in the base modé&lhapter 3Table3-4).

The base models described above were also testedwatASBVs for PWWT, PEMD

and PFAT in the model. Initially, all 3 ASBVs were included simultaneously as
covariates in the model, as well as their first order interactionstitHixed effects.

This included the interaction between ASBVs and sire tyggch was particularly
relevant given that the breeding values were derived fropepgairate dathases for
Terminal, Maternal, and Merino sired progeaynd thus their magnitudes may not be
directly comparableNon-significant ¢ > 0.05) terms were removed a stepwise
manner. Due to the correlations that exist between these breeding values in this data set

(PWWT vs PEMD = 0.3; PWWT vs PFAT = 0.3; PEMD vs PFAT = 0.1) this process
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was repeated with the breeding values included one at a time to test {reEnihelece of

their effects.

4.4 Results

4.4.11mpact of production and management on CT fat and bone %
4.4.1.1lmpact on whole carcass

There was considerable variation betweeng#@ combinations in the weight of fat
and bone within the carcass (P < 0.0dble4-1). The weight of carcass faaried by as
much asl5% (Table4-2) and the weight of carcass bone varied by as much as 19.3%

(Table4-3).
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Table4-1 F-valuesand numerator and denominator degrees of freedom of factors affettengd bone weight of lamb in the whole carcasdthe

distribution of fat and boneetweerthe fore, saddle and hind sections of the lamb carcass

Whole carcas analysis Fat distribution between sections Bone distribution between sections
F-values F-values F-values

Effect bpF CarcassfaCarcassbon o (B8 Cofin  Mindsecior o (8 o sestion
site year 8,177 27.35** 60.79** 7,170 25.19* 94.75** 100.38** 7,169 31.42** 8.96** 43.89**
sex(sire type) 1,177 124.61** 36.89** 1,170 23.91* 55.93** 17.5** 1,169 8.1** 15.08** 2.58
birth-type reastype NA NA NA 5,170 2.04 5.04** 2.46* 5,169 0.78 2.51* 7.46**
Sire type 2,177 13.58** 13.63** 2,170 10.41* 18.77** 2.71 2,169 11.52** 2.57 3.58*
Kill group (site year) 16,177 7.51** 13.19** 15,170 9.7** 13.78** 8.6** 15,169 7.75** 4.01** 7.68**
Dam breed (sire type) 1,177 11.22** 1.02 NA NA NA NA 1,169 0.71 1.98 6.66*
Site year x sire type 13,177 2.78** 1.27 12,170 1.58 4.23** 4.23** NA NA NA NA
S(isti?eygle;)rg)( Dambreed 5177 4 4gm 1.18 NA NA NA NA NA NA NA NA
log x * 1,177 3638.16** 1855.03** 1,170 8357.13**  254594**  7738.26** 1,169 7218.74** 3335.74** 4751.55**

NDF, DDF: numerator and denominator degrees of freedom.

NA: term not retained in the final model as was not significant for any component (fat or bone) or section (fore, sdjddle, hin

'In the whole carass analysis the covariate (x) was carcass weight (kg), however in the distribution analysis the covariate (x) wasleithecass fat or whole
carcass bone depending on the type of analysis.

* P<0.05, *P<0.01
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Chapter # The impaaif breeding values on carcass composition (fat and bone)

Table 4-2 The relative change (%hange in weightfor siteyear, sex dam breed(sire
type) and birtitype reastyped smpact on lamb carcass fat weight and the distribution
of fat between the fore, saddle and hind sections of the lamb carcass

Whole carcas Fat weight in each section
fat weight (distribution between sections’
Fore Saddle Hind-
section  section section
% Change in % Change % Change % Change

Effect Level weight in weight in weight in weight

Site yeat  Kirby 2007 0.81% -0.38" 547  -9.31°
Kirby 2008 12.64 -7.48 11.86  -14.76
Rutherglen 2010 13.64 -8.08"° 1.19° 8.47
Hamilton 2009 571 -9.82 13.0  -13.32°
Struan 2010 14.98 -0.62"° 0.63" 0.06'
Turretfield 2009 7.64 -1.9% 1.39 0.33
Kataming 2007 6.68 NA NA NA
Katanning 2008 8.56 -5.34 8.1 -8.68
Katanning 2011 0.00" 0.00 0.00" 0.00'

Sex

Dambreed Maternal x Merino M 9.55 1.97% 069  -1.62*

(sire typej Merino x Merino M 3.23 2.2% -1.89  -0.44°
Termind x BLM F 9.88 -1.80 2.49 -2.81
Terminal x Merino F 5.81 -2.33 2.75 -2.32
Terminal x BLM M 1.86 0.34 0.03 -1.08¢
Terminal x Merino M 0.00 0.00 0.00 0.00

Birth-type  Born and raised as single NA -0.34 -1.35 2.72

reartype€®  Born twin, raised single NA -0.26 -0.92% 1.89
Born and raised as twin NA -1.48 0.17 1.32%
Born triplet, raised single NA 0.96 -3.09" 4.23
Born triplet, raised twin NA -2.11 0.25 1.47
Born and raised as triplet NA 0.00 0.007? 0.00"

b coefficien{(xSE)

0g x * 1.48 0.85 1.15 0.92

+0.025 +0.010  #0.007 +0.011

% change in weightthe difference in logy values for each fixed effect compared to the fixed
effect with coefficient 0.00, expressed as a percentage

M = wether;F = eweBLM: Border Leicestex Merino

Significant effects are in boldP€0.05)

L @eithin columns for siteyear, %change in weightalues without a common superscript
differ significantly atP < 0.05.

2" Wwithin columns for sexdambred (sire type), %hange in weightalues without a common
superscript differ significantly & < 0.05.

3 WZithin columns for birtllype reastype, %change in weightvalues without a common
superscript differ significantly & < 0.05.

*Where carcasfat was analysed, carcass weight was the covariate (x) and when fat distribution
was analysed whole carcass fat was the covariate (x)
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Table 4-3 The relative change (%hange in weightfor siteyear, sex danbreed(sire

type) and birthype reaityped s

I rap eacdss bone weight of lamb and the

distribution of bone between the fore, saddle and hind sections of the lamb carcass.

Whole

carcass bon

Bone weight in each section
(distribution betweesections)

weight
Fore Saddle Hind-
section section section
Effect Level % Change ir % Chang¢ % Change ir % Change ir
weight in weight  weight weight
Site yeat  Kirby 2007 -6.34° 6.3¢ 0.40*° -6.58
Kirby 2008 -10.93¢ 1.66° 4.6F -4.31°
Rutherden 2010 3.68 1.758° 3.25" -3.99
Hamilton 2009 -8.16" 0.88° 3.47° -2.58'
Struan 2010 -15.68 2.73 3.07% -4.80°
Turretfield 2009 -10.37° 0.17 -1.02 0.8¢
Katanning 2007 473 NA NA NA
Katanning 2008 -12.18 2.17° 2.0 -3.20%
Katanning 2011 0.0d 0.0 0.00® 0.0¢
Sex
Dambreed Maternal x Merino M 0.1¢ 0.98 -0.24 -0.90
(sire typej Merino x Merino M 4.10 1.48 -1.41 -0.65
Terminal x BLM F -3.19 -1.24 1.3¢¢ 0.43
Terminal x Merino F -1.73 -0.95 2.45 -0.68
Terminal x BLM M 0.4% -0.33 -0.70 0.79
Terminal x Merino M 0.00" 0.00 0.00 0.00
Birth-type Born and raised as singl NA -1.69 -4.69" 4.87
reartype’  Born twin, raised single NA -1.69 -3.86% 4.23Y
Born and raised as twin NA -1.39 -3.09” 3.46
Born triplet, raised single NA -2.14 -3.13% 3.87¢
Born triplet, raised twin NA -2.03 -2.81 3.97Y
Born and raised as triple NA 0.00 0.00 0.00"
b coefficien{+SE)
log x * (0017 s0orp 12850021

% change in weightthe difference in logy values for each fixed effect compared to the fixed
effect with coefficient 0.00 expressed as a percentage.

M = wether F = ewe; BLM: Border Leicestex Merino

Significant effects are in boldR*<0.05)
L @e\wjithin columns for site year, %hange in weightalues without a common superscript
differ significantly atP < 0.05.
2 H'Within columns for sexdambreed(sire type) ctange in weighvalues without a common
supersdpt differ significantly atP < 0.05.
¥ WY Within columns for birtitype reastype, %change in weighvalues without a common
superscript differ significantly & < 0.05.
* Where carcasisoneweightwas analysed, carcass weight was the covariatngkwherbone
distribution was analysed whole carchssewas the covariate (x)
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Within each siteyear there was variation in the fat and bone percentage of the carcass
between kill groups (P < 0.0Table4-1). The largest varteon in carcass fat weight

was at Kirby 2008 and Katanning 2011, which differed between kill groups by as much
as 12.9% and 12.4% (results of individual kill groups not shown). The younger Kill
groups generally had less CT fat % than the older kill groeysept for Katanning in
2008, where the first kill group had the most CT fat¥te largest variation in CT bone

% between kill groups was observed at Katanning in 2008, which differed between Kill
groups by as much as 17.8% in the proportion of carcass(fesults of individual kill
groups not shown)n contrast to the impact of kill group on fatete was no consistent

effect of kill group on CT bone %.

A comparison between sexes was only possible within the Terminal sired lambs where
there were m&ed differences in the amount of fat and bone within the carcass.
(P<0.01, Table 4-1). On average the ewe lambs had 6.9% moreTablé 4-2) and

2.8% less boneT@ble4-3) in the carcasghan the wether lambs.

4.4.1.2Impact on fat and bone distribution

The distribution of fat and bone between sections of the carcass varied between sites
(P<0.05,Table 4-1), with Hamilton 2009 showing the greatest variatiorcancassfat

weight between sections, with the least fore and one of the least hind section fat but the
most saddle fatKirby in 2007 had the most variation in the distribution of bone
between sections, with the most faection bone and least hisdctionbone (Table

4-3).

The distribution of fat and bone varied between the sexes (P<Udlde 4-1).

Carcasses of ewe lambs had less fat and bone (2.2% and 1%) in the fore section, less
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hind section fat (%), and more fat and bone (2.7% and 2.3%) in the saddle section

when compared to the wether lanf{bable4-2 andTable4-3).

The birthtype reastype did not impact on the proportion of fat or bonehe carcass

but did impact on tissue distribution in the saddle and-beuadions (P<0.05able4-1).

The lambs born and raised as triplets had the most saddle bone and the least hind
section bone, Table 4-3) when compared to the other birthing and rear type
combinationsLambs that were born as triplets and reared as singles had the least saddle

fat and the most hind section faiaple4-2).

4.4.2Impact of genetics on carcass fatral bone

4.4.2.1lmpact of sire, sire type and dam breed

4.4.2.1.1lmpact on whole carcass fat and bone

When evaluating whole carcass fat and bone in the base model there were marked
differences between sireB<€0.01). For fat, 95% of the sire estimates for all three sire

types ranged between + 8.6% and for boe®veen + 5.6%t any given carcass weight.

Sire type comparisons could be made in the wether lambs born to Merino dams. There
were significant differences between sire types for whole carcass fat and bone (P < 0.01
Table 4-1), with Terminal sired lambs having the least carcass fat. The Maternal and
Merino sired lambs had 9.6% and 6.3% respectively more carcass fat than the Terminal
sired lambgqTable4-2). Alterndively, the Merino sired lambs had the most bone, with

3.9 and 4.1% more than the Maternal and Terminal sired lahalbée@d-3).

The impact of dam breed could be assessed in the Terminal sired lambsBluNere
dams produced proggmwith more carcass fat than those of the Merino dd?sg.01,

Table 4-1). This effect was strongest in ewe lambs where progeny BbM dams
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were 4.1% fatter than lambs from Merino damal{le4-2). In contrast this difference

was only 1.9% in wether lamb$gble4-3).

4.4.2.1.2mpact on distribution of carcass fat and bone

The distribution of these tissues between carcass sections differed between sires
(P<0.05). The sire estimates faatfwithin a section varied, with 95% lying between
+3.2%, +1.8% and +3.7% for the fore, saddle and hind sections at any given weight of
whole-carcass fat. For bone, 95% of the sire estimfates the saddle and hind lay

between £2.8% and +3.7% at any giveeight of wholecarcass bone.

There were differences in the distribution of fat and bone between carcass sections (P <
0.01, Table 4-1). The Terminal sired lambs had the least fore section fat, with the
carcasses of lambs sirbg Maternal and Merino breeds 2.0% and 2.2% fatter than the
carcasses from Terminal sir@&ble4-2). Additionally, the carcasses of lambs born to
Terminal sires had similar levels of saddle fat to the Maternal sired lambsygtith
lambs from Merino sires had 1.9% less saddle fat than the Terminal sired(Teabhes

4-2). In the hind section, the Maternal sired lambs had the most carcass fat, and the
Terminal sired lambs the lealfable 4-2). The carcasses from Terminal sired lambs
had less foresection bone, with the Merino and Maternal sired lambs having 1.0% and
1.5% more fore section bor{@able 4-3). There was no difference in carcass bone

distribution in the saddle and hind sections between sire types.

There was only a small impact of dam breed on bone distribution with only the hind

section of ewe lambs impacteld<0.05,Table4-1). The ewe lambs born LM dams

hadl.1% more hind section bone than those from Merino daadd€4-3).
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4.4.2.2Impact of Australian Sheep Breeding Values on carcass fat and
bone

4.4.2.2.1PFAT ASBV

Decreasing sire PFAT had a marked impact on whole carcass fat and bone weight
(P<0.01,Table4-4). Carcass fat was reduced by 24.7% across themBPFAT range
(Table4-5). By contrast carcass bone increased by 6.5% across this same PFAT range
(Table 4-6). Sre PFAT did not impact on the distribution of fat or bone within the

carcass.
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Table4-4. . F-values and numerator and denominator degrees of freedom in lambs for Australian Sheep Breeding Valuewladlectimgass lamb fat and bone
weight and distribution of fat and bone between the fore, saddle and hind sections of the lamb carcass.

Whole carcass analysis Fat distribution between sections Bone distribution between sections

NDF, F-values NDE. F-values NDE. F-values
Effect DDF Carcass fiCarcass bor DDF ForesectiotSaddle  sectiorHind-sectior DDF ForesectioiSaddle  sectiorHind-sectior
PWWT 1,156 2.55 0 1,16¢ 0.06 0.95 0.96 1,166 3.06 0.03 4.13*
PWWT x site year 8,156 3.14* 1.24 7,16¢ 1.15 2.2* 2.72* 7,166 0.34 2.35* 3.25**
PWWT x kill group (site yeal6,15¢ 2.16** 1.78* NA NA NA NA NA NA NA NA
PFAT 1,156 91.81** 11.09** NA NA NA NA NA NA NA NA
PEMD 1,156 24.58** 15 NA NA NA NA NA NA NA NA
PEMD x sire type 2,156 4.54* 0.4 NA NA NA NA NA NA NA NA

NDF, DDF: numerator and denominator degrees of freedom.

PWWT: post weaning weight; PFAT: post weanirgjte fat depth; PEMD: post weaning eye muscle depth
NA: term not retained in the final model as was nati§igant for any section
* P<0. 05, *P<0.01
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Table 4-5 Percentage change weight per unit ofAustralian Sheep Breeding Vala® lamb

carcass fat weighdgf lamband fat distributionbetween the fore, sadddad hind sections of the

lamb carcass.

Whole carcass Fat weight in each section
fat weight (distribution between sections)
Fore Saddle Hind-
section section section
Effect Level % Change in % Change % Change % Chang
weight in weight in weight in weight
PWWT -0.19 -0.02 0.06 -0.09
PWWT x Kirby 2007 -0.85 -0.22 0.00 0.33
site year Kirby 2008 -0.07 0.05 -0.17 0.18
Rutherglen 2010 -0.54 0.16 0.29 -0.68
Hamilton 2009 0.30 0.08 -0.06 -0.21
Struan 2010 -0.05 -0.23 0.12 0.05
Turretfield 2009 0.40 -0.15 0.26 -0.23
Katanning 2007 -0.20 NA NA NA
Katanning 2008 -0.48 0.21 -0.02 -0.20
Katanning 2011 -0.23 -0.08 0.10 0.01
PFAT 4.84 NA NA NA
PEMD -2.13 NA NA NA
PEMD x Maternal -3.80 NA NA NA
sire type Merino -0.63 NA NA NA
Terminal -1.96 NA NA NA

% Change in weighi per unit of the relevant Australian Sheep Breeding Value

PWWT: post weaning weight; PFAT: post weaningite fat depth; PEMD: post weaning eye muscle
depth

NA: term was not retained in the final model as was not significant for any section (fore, saddle, hind)
Significant effects are in boldP€0.05).
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Table4-6 Percentage change per uniitAustralia Sheep Breeutj Value on lamb carcass bone

weight and bone distribution between the fore, saddle and hind sections of the lamb carcass.

Whole carcass Boneweightin each section
bone weight (distribution between sections)
, Saddle Hind-
Foresection ;
section secton
Effect Level % Change in % Change 9% Change % Change
weight in weight  inweight  in weight
PWWT 0.01 -0.10 -0.02 0.12
PWWTx Kirby 2007 0.20 -0.07 -0.40 0.34
site year  Kirby 2008 -0.03 -0.06 0.00 0.06
Rutherglen 2010 0.08 -0.07 -0.38 0.35
Hamilton 2009 0.03 -0.13 0.23 -0.04
Struan 2010 -0.19 -0.11 -0.23 0.23
Turretfield 2009 -0.28 -0.04 0.38 -0.20
Katanning 2007 0.10 NA NA NA
Katanning 2008 -0.06 -0.26 0.24 0.17
Katanning 2011 0.21 -0.06 0.01 0.06
PFAT -1.27 NA NA NA
PEMD" -0.39 NA NA NA

% Change in weighis per unit of the relevant Australian Sheep Breeding Value

PWWT: post weaning weightPFAT: post weaning-site fat depth; PEMD: post weaning eye muscle
depth

! This term was inaded in the model as it was significant in the analysis of carcass fat and lean
(Andersoret al.20159(Chapter 3)

NA: term was not retained in the final model as was not significant for any section (fore, saddle, hind)
Significant effects are in bold€0.05).
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4.4.2.2.2PEMD ASBV

Increasing sire PEMD resulted in a decrease in carca€3fail(l, Table4-4), but only

in Maternal and Terminal sired lambs and not in Merino lambs. In Maternal sired lambs
carcass fat decreased by 16.3% and imimal sired lambs by 15.4% across their
respective ranges of sire PEMB.3 and 7.8mmj)Table 4-5). On a per unit PEMD

basis this difference was even more marked, with carcass fat decreasing by 3.8% in
Maternal and 2% in Terminalred lambs per unit of sire PEMD. The PEMD ASBYV did

not impact on whole carcass bone or the distribution of either fat or bone within the

carcass.

4.4.2.2.3PWWT ASBV

The PWWT ASBYV nfluenced total carcass fathoughthe direction and magnitude of
the changes veed between sites and yeaR<(.05, Table 4-4), with no main effect
For those effects that were significarite tgreatestlecrease in carcass fat was 20.5%
(Table4-5) and he greatesincrease was 9% (Table 4-5) across the 24.1 kg PWWT

range

Sire PWWT ASBValsohad an impact onarcassone weight but this varied between
kill groups at some sites in some yessh that on average there was no overall effect
(P<0.05,Table4-4). The largest variatiom bone weight wag3% with individual kill

groupdata not shown.

The only breeding value to influence tissue distribution of fat and bone was PWWT
(P<0.05,Table 4-4). Whencompared at the same weight of carcass fat, an increasing

sire PWWT had at timespposing effectyTable 4-5). At many sites, alterations to
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proportions of fat in the saddle region were offset by the opposite effect in the hind

section Table4-5).

Increasing sire PWWT on average increased hind section bone but this varied between
sites P<0.05,Table4-4). The greatest increagehind section bonacross the 24.1 unit
PWWT range was 8.4% (Table 4-6), with this increase in hind section bone largely

offset by a decrease in saddle bone weight.

In both the whole body and tissue distribution analysisewthe three breeding values
were included in the odels one at a time, as opposed to all three simultaneously, there

was no change to tledfects describedbove.

4.4.3Allometric (b) coefficients

There were no significant interactions between fixed effects and the b coefficient.
Compared to the growth rate tfie whole carcass, carcass fat was relatively late
maturing and bone early maturing<0.01,Table4-1), with allometric coefficients 1.48

for fat (Table4-2), and 0.73 for bon@able4-3). The rate of maturation of the fat tissue
differed between sections with the fat in the fore section developing earliest, followed
by the hind and saddle sections with allometric coefficients of 0.92 (hind), 0.85 (fore),
and 1.15 (saddle)rable4-2). Similarly the rate of bone development differed between
sections, with bone in the hind section developing earliest, followed by the fore and

saddle sections with allometric coefficients of 0.82, 1.03 and T&3€4-3).
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4.5 Discussion

4.5.1Genetic influences on carcass fat and bone

4.5.1.1PFAT ASBV

In support of outhypothesis, selection for decreasing sire PFéduced the weight of
fat uniformly across the three carcass sectfonall three sire typed his indicateghat
the use otthis breeding valuewhich is based on fat depth measuremenhatcsite
effectivdy decreagswhole carcass fat and th#t impact is notsolelylocalised around
its point of measuremerit an effect previously identdid in pigs(TrezonaMurray
2008 Wood et al. 1983. This associated reduction iICT fat % by decreasing sire
PFAT had previously been reported by Gardeteal. (2010, using a subset of lambs
from this study (those slaughtered in 2007), avab further reflected in the point
measurements of fat depth all located within the saddle region (C5 fat, GRsaa}l c
Yet in contrast to these early results, the magnitude of the whole carcass fatva#fect
far greater in theurrent study. HopkinsStanley, Martin, Ponnampalaret, al. (20070
reported reduced poimieasures of fat at thesite, rump and GR, and decreased fat %
as measured by dual energyay absorptiometry, however utilised only Terminal sired

lambs over a limited range of PFAT values.

In partial support of our hypothesis, a reduction in sirA Pikcreased bone weight for

all three sire types, however the lack of an effect on bone distribution suggests that this
increase in bone was not proportionally greater in the -b@ution as we were
expecting.This redistributiorhypothesis was basea an earlierstudy by Gardneet al

(2010 in which a small but significant increase measured hind limb bone weiglik

lambs of similar weights and agess obsrved.
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The effect of PFAT on fat and bone weightsly be due t@nincreagd mature size
which would also account for the increase in lean weight reported in Andetrsin
(20159(Chapter 3)However analysis of the growth tifese lambs indicated that PFAT
only has a small effect damb weight(Kelman,pers comn2015 and hadittle genetic

or phenotypic correlationvith adult weight in Merino lambgHuisman and Brown
2008. Therefore the lgernative explanation is thatPFAT is influencing mature
composition To confirm this theory a longitudinal study of the growth and carcass

composition élambs from birth througko maturitywould berequired.

4.5.1.2PEMD ASBV

Increasing sire PEMD was hypothesised to decrease carcass fat in thecsdydle
however it effect wasmore farreachinguniformly reducingfat in the fore saddleand

hind sectionsThis effect was greatest in tA@rminal sired lamhswith a smaller effect

in the Maternal sired lambsnd no effect inMerino lambs.Although erroneous, the
original hypothesis was based amyous work by Gardneat al. (2010 who suggested

a site specific effect of this breeding vakféer observing decrease in fat dep#t the
c-site but no change in total weight of shdwtn fat or whole carcass fat.here is some
basis for the reduction in whole carcass fatness, with previous work by Martin,
McGilchrist, Thompson, and Gardné2011) demonstrahg that animals with high
PEMD were more responsive to adrenalin within their adipose tissue, and less
responsive within muscle. This catabolic mechanism exg@yainthe reduced adiposity
observed at a whole carcass levdternatively, thelack of impact of PEMD on the fat

of Merino sred lambs is difficult to explain.

In support of our hypothesis, sire PEMD did not impact on carcass weight of bone or
bone distribution between sections. This is in contrast, Cake, Boyce, Gardner, Hopkins

and Pethic2007), who demonstrated that increasing sire PEMD caused a decrease in
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the length of most limb bones and a decrease in carcass length. Inces@sirgMD

has been shown to increase whole carcass lean and distributed this lean to the saddle
region (Andersonet al. 20159 (Chapter 3) The current study shows no increase in
bone weight as a result of increasing sire PEMD, which indicates the mechanism for the
increase in muscle appears to be due to muscle hypertrophy rather than an impact on

mature size, lamb nharity or bone weight.

4.5.1.3PWWT ASBV

Consistent with our hypothesis, increasing sire PWWT decreased whole car@ass fat
however this effect was small and not consistent acrosg@drimental siteandyears.
Lambs of high PWWThave been shown to have agar maturesize (Huisman and
Brown 2008, andtherefore whe slaughteed at the same agbhese lambs would be
leaner as they arat an earlier stage of maturitifurthermore, several studies have
demonstrated thahé genetic potential for growth with increasing sire PWWT is limited
when lambs are on low nutritigiGardner, Pethick, Hopkinst al. 2006 Hegartyet al.
2006a Hegarty et al. 20069, which may account for the variatiom carcass

composition observeldetween sitewithin this study.

Contrary to our hypothesis, increasing sire PWWT had no significant effect on the
percentage of bone in the carcaBsere was a smakffect of PWWT at some sites, in
some years buhis was highly variable anohly evidentwithin certain kill groupsOur

result is in contrast to previous work which has shown that an increase in weaning
weight(Thompsoret al. 19853 and post weaning weiglGardneret al. 2010 resulted

in a proportionately heavier skeleton.

Whencompared at the same bone weight, lambs of high PWWT sires having increased

propotions of hind section bone. Howevercontrastlittle change in bone distribution
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was observedetween high and low growtderino lambs(Butterfield and Thompson
1983 Perryet al. 1992h. If PWWT increasesnature sizéHuisman and Brown 2008
it may account for the increased hind limb bon¢h&sregion of bone isarly maturing
(b coefficient <1) The impact of PWWT on the other carcass sections was, sumath

may explain the lack ofimpact onwhole carcass bone.%

4.5.1.4The impact of sire type and dam breed on carcass fat and bone
In support of our hypothesis, Maternal sired lambs contained the most carcass fat when
compared to the Merino and Terminal sired larabthe same carcass weidttether
lambs born to Merino das). The dam breed was alsorssistent with tls sire type
effect, with the BLM dams produag lambs with increased fatompared to Merino
dams These results arsimilar to previous studs in which lambs from Border
Leicester sires produced lambs witihcreased point measures of f@htkins and
Thompson 1979Fogartyet al. 2000 or whole carcass fgPonnampalanet al. 2007H
compared to the lambs of other sires, and aligns well tith breedsimproved
reproductive capacityFergusonet al. 2010. The Ternmal sired lambs had the least
carcass fat and the highest portion of I¢Andersonet al. 20159 (Chapter 3) This
lean/fat profile is consistent with theelection focus for fadeangrowth within these
breedswhich is likely to impact on mature size. Thieme at the same carcass wejght

the Terminal sired lambsould be less mature and therefome lesgarcasdat.

In support of our hypothesis, at any given carcass weightithao sired lambs had a
greater proportion of bone than tMaternal andlerminal sired lamhbsaligning well
with work by Cakeet al. (2007). This is unlikely to be associated withature sizeas
Meri nods ar e s maMaterealor Betminahsireduamligstopkinstetrala n
20073, hence thalifferencesare more likely taeflectvariation intheir composition at

maturity.
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The Terminal sired lambs had tleastfore section bone compared to the Merino and
Maternal sired lambs. These lambs also had the most fore sectigqi\telrsonet al.
20159 (Chapter 3)which supports the notion that lamdected for muscling, such as
the Terminal sired lambs, undergo bone hypotrai@akeet al.2007). However, if this
were true then we would also expect lambs from sires with high PEMD to éswe |
bone which was not evident in the current study. Gieeased fore section bone in
Terminal sired lambs is not likely due to maturity, with fore section bone maturing at

the same rate as total bondambs sired byll sire types.

The Terminal siré lambs had the least fore section fat, with maturity a possible
explanation given fat in this section is relatively early maturing. However the small
differences in fat distribution between sire types in other carcass sections make this
explanation lessenable. The variation in carcass fat and bone distribution in lambs

from different sire types has not been previously reported.

4.5.2Production factors affecting carcass fat and bone

The differences between carcass composition of ewes and wethers in thiargtudy
similar to previous studies, with reports of ewes having the greatest weight of fat
(Afonso and Thompson 199Butterfield 1988 and least bonéThompsoret al. 19793

when compared at the same carcass weidtgsecastratanale and femaldifferences
canbe partly attributed to differences in mature siz¢opkinset al. 20073 and mature
composition.Alternatively, the differencemay also relate téat distribution letween

the main fat depots: subcutaneous, intermuscular, abdominal and intramuscular.
Butterfield (1988 showed in Merinos that both sexes are likely to have similar total
body fat weights, with rams having less subcutaneous fat but more intermuscular and

mesenteric fatDifferences in bone may be duewethers having longegnd thicker
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bones compared to ew@&/oodet al. 1980. Finally, the rate maturatioaof fatand bone
may differ in females compared to males but the lack of sex interaction with the

coefficient makes this scenaltess significant

The carcasses ofether lambs rdhmorebone in the fore sdoin and less bone in the
saddle than ewe lamhsghich is similar toresults found byrhompson Atkins, and
Gilmour (19799. This earlier studghowedMerino wethers hd more forelimb bone
when compared at the same total bone weightchmay be due to increased forelimb
thickness.Our wether lambsalso had increased fore sectidean (Andersonet al.
20159 (Chapter 3) perhapsdue to the need fomore dominantmale behaviou@as
suggested by Butterfiell 988, explaining the need fan increase in supporting fore

section bone.

Differences in carcass fatnd bonebetween sites, and kill groups, are likely to be
reflective of a range of processingnvironmental,nutritional, age effects or CT
measurement errar all of which this study was not specifically designed to address.
Conflict exists with respect to the impact of a high plane of nutrdgiocarcass fatwith

some tudies showing thaanimals on a high plane of nutrition have a higher proportion
of fat in the carcas@Berg and Butterfield 19§8while others have shown no change in
carcass fafLeeet al. 1990. Compared at the same carcass weight there was a trend for
the siteyears with the lowest proportion of bone to have the largest proportions of fat,
with the remainder of the weight difference accounted for by (@adersonet al.

20159 (Chapter 3)

Within a site, animals in thgoungerkill groups generally had less carcass &ithough

carcasses from two sites have results contrary to this. frantb carcasses from earlier
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kill groupsrepresent faster growing animaleat reach slaughter weights earli€hese
lambswerelikely to be on a growth path to larger mature size and would be at a smaller
portion of their mature weight. Alternative explanations could be associated with
variation in nutrition, le. ewe milk outpt and pasture conditions, or worm burdens
(ewe and lamb impactsiziven there waso consistent trend between carcass bone
weight and kill group (agethereappears to bao obviousassociation between age and

proportion ofcarcass bone.

Lambs born as tiplets and raised as singlead carcasses with low saddle section fat
and high hind section fat, whialay indicate a distributional effect of compensatory
growth However there were only 11 animals within this categatyich is too few to

draw canclusve interpretationsThe reasons fdambs born and raised as triplets having
carcasses with altered bone distributase unclearThese lambs may be late maturing
given the saddle and hind sections are late and early with respect to their rate of
maturaton of bonewhich may be the cause of the high and low weight of bone in these

sections

4.5.3Allometric coefficient

Previous studies assessing allometric coefficients used manual dissection rather than
CT, and the allometric coefficients within this study aligrell with previous
experimentgAfonso and Thompson 199Berg and Butterfield 1968utterfield et al.

1983a Butterfield et al. 19840, demonstrating the well known principles tliatis a

late maturing tissuend bone an early maturing tissuehere were no significant
interactions otthe b coefficientswith any fixed effects, which ig contrast to studies

by Fourie Kirton, and Jury(1970, and Thompson, Parks, and Pe(fy¥85h) who
showed the maturation rate of fat to be earlier in ewes compared toThaomspson

Parks, and Perry1985h alsoshowed bone to be earlier maturing in ewes cosatpar
115



Chapter # The impaaif breeding values on carcass composition (fat and bone)

rams.Alternatively, Afonsoand Thompsoi(199 and ThompsopAtkins, and Gilmour
(19793 both demonstrated no difference in the rate of fat development between sexes.
The lack of difference imur studymay be explained by the fact that our aninvedése
wethers and not rams or that the agegein this experiment dieshot provide sufficient
sensitivity to detect differences (B0 weeks of age) compared to birth to 102 weeks of

age in the studgf ThompsonButterfield, and Perr§19853.

There are fewer studies that assess the rate of development of fat and boea Hetwe

fore, saddle, and hind sectiod$e fore section fat was earliest to develop followed by

the hind and saddle section. The early development of the fore sectimegédes the
potential to manipulate fatness in this region simpjyyslaughtering labs at earlier
ages.The rate of maturation of the boneg&hin the three sections also variedth the

hind section earliest to mature; the fore section maturing at the same rate as total carcass
bone and saddle bone being late maturing. These résufts and bonearesimilar to

those of earlier studigsased on manual dissectiQButterfield and Thompson 1983

Thompsoret al. 19799.

4.5.4Comparison of effects

4.5.4.1Genetic effects on carcass fat and bone

The impact of the ASBs on carcass fat was far greater than that of thegeoetic
effects.Among these ASBV effectshé impact of PFAT was about60% greater than
the impact oPEMD on carcass fat, however the latteas not consistent across all sire
types with noceffectobserved in the Merino sired lambs. The PWWT AS&%0 hada
substantial impact on carcass, fatit only at some sites making its use in carcass fat

reduction less important.
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The magnitude of the ASBV effects on bone was less than that observed fortfag. Of
genetic effects, decreasing sPEAT had the greatest influence tre proportionof
carcass bonand wasapproximately 1.6 tiras greater than that of the sire type effect.
The PWWT effect was variable and only observed in some years at certainviites
individual kill groups showing no consistent effeChere was no impact of PEMD on

carcass bone weight or its distribution

Therefore we can conclude that sire PFAT had the most impact on fat composition
within the carcass, having a magnituderopact at least 50% greater than the effect of
PEMD or PWWT. Similarly, PFAT also had the most marked impact on bone
composition, with neither PEMD nor PWWT having any impact on whole carcass bone.
All three ASBVs had minimal impact on fat and bone distidny with increased sire

PWWT resulting in only small increases in hind section bone.

Sire type impactedarcasdat and bone composition, however the magnitude of these
effects was less than those of the ASBVs. Maternal sired lambs were fatter and Merin
sired lambs had more carcass bone. In contrast to the whole carcass effects, there was a
greater impact of sire type and dam breed on fat and bone distribution compared to the

ASBVs.

4.5.4.2Production factors affecting carcass fat and bone

Among the productiorand management effectstesand kill group had the largest
impact on carcass fat and its distribution between sections. Site had more than double
the impactof the sex and birtitype reattype effects,demonstrahg the potentialfor

nutrition, and otheenvironmental factors impacton carcass fat and its distribution
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In contrast to fat, thgreatest impact on bone was seen with site, year and kill groups
having up tothreetimes the magnitude of impact compared to strengestgenetic
effectsobserved with PFAT Of the other non genetic effectsexhad less impact on
carcass bone and its distribution.. Similarly, birth typar type had minor impacts on

bone with its distribution only impacted in lambs born and raised as triplets.

4.6 Conclusions

The effectiveness of usintge PFAT and PEMD breeding values to reduce carcass fat
well demonstrated by this study. Furthermore, the impact of these ASBYdeen
shown to impachot only at the site of measurement in the saddle region, but across all
regions of the carcasslhe PFAT breeding value was also shown tucreasethe
proportion ofcarcass bone, howewis was a comparatively small effect relative to the
decrease in carcsas fat and increase in carcass muscle attributed to this breeding value,
suggesting an overall positive impact on carcass vale PWWT breeding value does

not appear to have a strong influence on whole carcaswitatany effects heavily
influenced by lamb nutrition and environmental conditioftse impact oPWWT and
PEMD on carcass bone weight or its distribution throughout the carcass was minimal.
This is an important finding as it implies that selection for improved lean meat yield
doesnot negatively impacting carcass composition by increasing the proportion of

bone,which is considered undesirable by the consumer.

There are marked differences between sire types with respect to the amount of fat and
bone within the carcass, with Merino sired lambs having the most carcass bone, and
Maternal sired lambs the most cassdat. Production factors and environmental effects

were also shown to impact both fat and bone in the carcass, with sex having a marked

effect on carcass fat, and environmental effects like site and killgroup having marked
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effects on bone Further analgis of the data from this experiment will help determine

the economic implications of these changes.
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Chapter 5. The impact of genetis on retail meat value

in Australian lamb.

The following chapter itheversion that wasubmittedor publication:

Anderson, F., éthick, D.W., Gardner, G.E2015) Meat Science.

5.1 Abstract

Lean (muscle), fat, and bone composition of 1554 lamb carcasses from Terminal,
Merino and Terminal sired lambs was measured using computed tomography scanning.
Lamb sires were diverse in their r@angf Australian Sheep Breeding Values for post
weaning esite eye muscle depth (PEMD) and fat depth (PFAT), and post weaning
weight (PWWT). Lean value, representing predicted lean weight multiplied by retail
value, was determined for lambs at the sameasareveight or the same age. At the
same carcass weight, lean value was increased the most by reducing sire PFAT,
followed by increasing PEMD and PWWT. However for lambs of the same age,
increasing sire PWWT increased lean value the most. Terminal sired lzad greater

lean value irrespective of whether comparisons were made at the same age or weight.
Lean value was greater in Merino compared to Maternal sired lambs at equal carcass

weight, however the reverse was true when comparisons were made ateétegsam
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5.2 Introduction

Hot carcass weight (HCWT) and lean meat yield percentage (LMY%) are important
profit drivers across the entire value chain, but especially for processors. The value of
HCWT is relatively easy to understand as it represents increatedes of product per

fixed cost of slaughter and fabrication of cuts. Alternatively, the financial implications
of LMY% are more complex. For processors, leaner lambs require less fat trimming,
resulting in less wastage and decreased processing(Eogtkins 1989. Furthermore,

the location of lean in the carcass also influences carcass value, as the price of different
cuts vary at retail. Therefore a carcass with proportionately more lean within the higher
value loin cuts, will be worth mor@ethick, Ball, Bank®t al. 2011). To reflect these

profit drivers, Australian processors purchase lambs on the basis of HCWT and GR
tissue depth (tissue depth at thé"xb 110mm from the midline) to crudely reflect

LMY % (Pethicket al.2017).

To indirectly select for LMY% and HCWT, Australian lamb prodscerake use of
Australian Sheep Breeding Values (ASBVSs) for siostpveaning weight (PWWT),-c

site fat depth (PFAT) and eye muscle depth (PEMD). All three breeding values have
been shown to increase HCW&ardneret al. 2015, with PWWT having the biggest
impact producingheavier lambs at the same age, or enabling earlier slaughter at a
targeted weightProducers also utilise the carcass breeding values to indirectly select
for LMY%, with a breeding value for direct selection for this trait not currently utilised

in Australian lamb breeding programs. A recent study by Anderson, Williams, Pannier,
Pethick and Gardngi20159 (Chapter 3)used computed tomography (CT) to assess
lamb carcass composition and revealed thannompared at the same carcass weight,
the progeny of sires with increased PEMD and decreased PFAT had a greater
proportion of lean in the carcass. Additionally, it was observed that the increase in lean
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was preferentially distributed to the saddle (nsdgtion of the carcagéndersonet al.

20159, a finding supported by earlier studi@ardneret al. 201Q Hall et d. 2002
Hegartyet al.20069. Sire PWWT ASBV was shown to increase the proportion of lean

in the saddle region, although the effect on carcass LMY% was smaller and less
consistent than that of siRFAT and PEMD(Andersonet al. 20159 (Chapter 3) The
combined effect of these breeding values on LMY% and distribution of lean and
therefore carcass value has not been determined. When comparing lambs at the same
carcass weight we would expect sire PFAT toeh#hwe greatest increase on carcass
value, followed by sire PEMD and PWWT. Alternatively, when comparing lambs at the
same age HCWT will be the main profit driver, hence PWWT is expected to have the

biggest impact on carcass value.

Differences between @rtypes have also been shown to impact carcass composition
(Anderson, Pannier, Pethiei al. 2015a Andersonet al. 2015¢ d, Ponnampalanet al.

20073 (Chapters 3, 4 and 6)erminal sired lambs have been showgitow the fastest
(Gardneret al. 2015, and when compared at the same carcass weight, they also have a
greater proportion of carcass lean than Maternal and Merino sired (Amdisrsonet

al. 2015¢ Ponnampalanet al. 2008. Therefore their carcass value should be higher

irrespective of whether compared at the samighter age.

This experiment analyses data from a large number of lamb carcasses (1554) from the
Information Nucleus Flock (INF) experiment which is run by the Australian
Cooperative Research Centre for Sheep Industry Innovation (Sheep CRC). Previous
analses of the lamb carcasses from this experiment have examined the impacts of
genetic and nogenetic factors on carcass composition and distribution of fat, lean

(muscle) and bone and are reportediderson, Williamset al. (2015c,d) (Chapters 3
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and 4) Alternatively, this analysis expresses these changes in absolute mass and the
equivalent dollar value, thus focussing on the financial implications that genetic
selection for sires high in PWWT and PEMD and low in PFAT has on the value of lean

in the carcas. We hypothesise that when compared at the same carcass weight,
selection of lambs for increased sire PWWT and PEMD and decreased PFAT will result
in a higher carcass value through an increase in LMY %, with PFAT having the greatest
impact. However, wherwompared at the same age we hypothesise that PWWT will
have the greatest impact on carcass value. Finally, we hypothesise that the carcass value
of Terminal sired lambs will be greater compared to Merino and Maternal sired lambs

when compared at either teame weight or the same age.

5.3 Materials and Methods

5.3.1Experimental design and slaughter details.

The design of the Sheep CRC INF is described by Fogarty, Banks, van der Werf, Ball,
and Gibson(2007). In brief, approximately 10,000 lambs were produced by artificial
insemination of Merino or Border Leicestglerino (BLM) dams over a 5 year period
(year 20072011) at eight resech stations (Katanning WA, Cowra NSW, Trangie
NSW, Kirby NSW, Struan SA, Turretfield SA, Hamilton VIC, and Rutherglen VIC).
The sire types used in the INF included: Terminal sires (Hampshire Down, lle De
France, Poll Dorset, Southdown, Suffolk, Texel, W&/tsuffolk), Maternal sires (Bond,
Booroola Leicester, Border Leicester, Coopworth, Corriedale, Dohne Merino, East
Friesian, Prime South African Meat Merino (SAAM), White Dorper), and Merino sires
(Merino, Poll Merino). The combinations of sire and damsses included: Merino,
Maternal x Merino, Terminal x Merino and Terminal x BLM. Lambs were weaned at
approximately 100 days of age, grazed under extensive conditions and supplemented
with feed at times when there was limited pasture, with availabilipasture and feed

varying between sitg®onnampalanet al.2014). All male lambs were castrated.
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The lambs were dided into groups based on live weights, with each group killed
separately (kill groups) targeting a hot carcass weight at slaughter of between 21 to
24kg, irrespective of condition score. Lambs within kill groups were on average within
5 days of age of eaatther and within a year there was an attempt to represent all sire
types in each kill group. Within each site, the aim of selection of lambs for CT was to
include at least two progeny from each sire used at the site, selected across a live weight
strata.At all INF sites, lambs were yarded within 48 hours of slaughter, maintained off
feed for at least 6 hours, and then weighed to determinslgughter live weight.
Lambs were then transported for-®&Hours via truck to one of 5 commercial abattoirs,
held in lairage at the abattoir for between 1 and 12 hours, and then slaughtered. All
carcasses were subjected to medium voltage electrical stimulBgance, Van de Ven,
Mudford et al. 2010 and trimmed according to AUSMEAT standar@monymous

2005 and HCWT was then measured within 40 minutes of slaughter. All lambs were

measured and sampled for a wide range of carcass and meat qualii? &@ite 2009

Lambs used in the C3tudy of composition were slaughtered and transported to either
Murdoch University or the University of New England. Lamb carcasses were divided
into three sections (fore, saddle and hinthe fore section was separated from the
saddle by a cut betweehet fourth and fifth ribs. The hind section was separated from
the saddle by a cut through the rAghgth of the sixth lumbar vertebrae. For complete
description of the CT scanning process and calculation of carcass composition see

Andersoret al (20159(Chapter 3)

5.3.2Data used

This experimenttilised the HCWT results obtained from an expent described by

Gardneret al (2019 for the progeny born from 2007 to 2010. This included 7516
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lambs, representing the progeny of 76 Maternal, 127 Merinda@bd erminal sires for

which breeding value data was available. The breeding values for PEMD and PFAT are
based upon live ultrasound measurement at-giteqlocated at the ¥2ib 45mm from

the midline), and PWWT is based upon live weight, all measatehe post weaning

time point (about 240 days of age). These values are combined into a single index value
(Carcass Plus Index) which is based upon weightings for positive weaning weight

breeding value (0.39), PWWT (0.26), and PEMD (0.30), and nedakiwd (0.05).

CT scanning data was available on 1564 of the lambs from an INF experiment
described by Andersoet al (20159(Chapter 3)using 8 siteyear combinations where

lean measurement was available within the fore, saddle, andéatidns of the carcass
(Table 5-1). The mean carcass weight of the slaughtered lambs was 23.3kg, and the
mean, maximum and minimum weights of the fat, lean and bone for each of the carcass
sections is reported in Anderset al (20159(Chapter 3) Of the 81 Maternal, 119
Merino and 144 Terminal sirégs the CT experiment, 67, 109 and 143 had ASBV

values for PWWT, PEMD, PFAT and Carcass Plus Index availdbld€5-2).
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Table 5-1 Average age of lambs at slaughtand number of carcasses scanned using
computed tomography in each lamb kill group at each site.

Kill Average Carcasse
Site-Year group age (days) s (n)
Kirby 2007 1 235 72
2 270 63
3 352 96
Kirby 2008 1 269 98
2 345 99
3 408 99
4 420 96
Rutherglen 2010 1 198 57
2 254 59
Hamilton 2009 1 229 56
Struan 2010 1 260 68
2 287 67
3 322 27
Turretfield 2009 1 235 58
2 262 63
3 310 30
Katanning 2008 1 235 20
2 242 29
3 319 29
Katanning 2011 1 168 88
2 238 96
3 280 99
4 355 95
Total - - 1564

Table 5-2 Number of lamb sires and mean (min, max) for the Australian Sheep
Breeding Values for post weaning weight (PWWT), post weanusgecfat depth
(PFAT) and post weaning eye musclkpth (PEMD)and Carcass Plus Indéar each

sire type of lamlzarcasseandergoing computed tomography.

Sire type l\é?r.egf PWWT (kg) PFAT (mm) PEMD (mm) Carcass Plus
Maternal 70 4.7 (6.1, 12.4) -0.3(¢2.1,26) 0.1(¢2.5,1.8) 125 (63,184)
Merino 109 1.9 (5.0, 10.8) -0.2¢1.9,19) 0.0(¢2.6,2.6) 112 (68,160)
Terminal 154 12.7 (5.3,18.6) -0.7 (2.5,2.3) 1.2 (¢2.8,5) 179 (133, 209)
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In both the HCWT analysis and CT analysigyeacentage of sires selected in a year
were used in subsequentays to provide linkage between yeaffiese ASBV values
were sourced from Sheep Genetics, whi ch
database for shegBrown et al.,2007) The sire breeding values and index estimates
were generated within 3 sepaatatabases for Terminal, Maternal, and Merino sired
progeny and were from an analysis completed in April 2013. Some of the youngest sires
used in this experiment lacked industry records and therefore did not have ASBVs
available. For the CT analysis @@dn distribution this meant that there were 1501 lambs

with known ASBVs for the analysis.

5.3.3Data transformation

All data in the lean analysis was converted to natural logarithms in order to utilise
Hux!l eyds al | oymeal) (Hexleyeagdi Teissiern1936\Wherex is the
independent variable (carcass weigh8,is the proportionality coefficientand b the
growth coefficient ofy (weight of lean in each sectiorglative tox. By transforming all

of the values to natural logarithms the equation becomesyleglog. a + b.loge X;

which linearises the data and can be solved foy least squares regression. Therm

was examined with relevafirst order interactions with the core terms of sire type, sex
within sire type, dam breed within sire type, birth typar type, site year, site year

within kill group.

A significant advantage of using the ldgrm of the equation is that it homogses the
variance over the entire range of sample data. It also allows for the direct comparison
of the differences in log values as percent differencgsole 2000 in lean weight of a
section at a given carcass weight or baeksformation to give the weight (kg) of lean

in each section.The log transformation introduces a systematic bias into the

calculations and it isvell recognised that a correction factor is required to correct for
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this bias when baettansforming prediction@Baskerville 1972Beauchamp and Olson
1973 Finney 1941 Smith 1993 Sprugel 1988 Hence the correction described by
Sprugel (1983) was used when data was {testsformed from log lean weight to kg

lean weight.

5.3.4Establishing models for predicting section lean weights.

Linear mixed effects modela SAS (SAS version 9.0, SAS Institute,raNC, USA)

were used to determine the factors affecting the weights of muscle, bone, and fat for
each carcass section. A series of 9 base models were established, where the dependent
variables were the legveights (kg) of these tissues within each segtincluding log

(fore section fat, lean, bone); lo@gaddle section fat, lean, bone) and.Ifgnd section

fat, lean, bone). The covariatg) (was log whole carcass weight (kg), fixed effects
included: siteyear (combined effect of site and year afmb birth: Katanning (2008,

2011), Kirby (2007, 2008,) Hamilton 2009, Turretfield 2009 and Struan 2010); birth
type and rearing type (combined effect of animals born as single, twin or triplet and
reared as single, twin or triplet); sire type (MaternalyiNeand Terminal); sex within

sire type (wether Merino, wether Maternal, female Terminal, wether Terminal); dam
breed within sire type (Merino x Merino, Maternal x Merino, Terminal x Merino,
Terminal x BLM) and kill group within sitgrear, and random teas included sire and

dam identification by lamb birth year. The 1554 carcasses with entries for sex, sire type,
birth-type reastype, dam breed, and kill group were included in the base modble

5-3). It was initially establised that there were no first order interactions ofttherm

with and of the core terms (sire type, sex within sire type, dam breed within sire type,
birth typerear type, site year, site year within kill grouphe 9 base models were
constrained to matain the same form allowing the relative increases and decreases in
carcass components within each section to offset each other so that the predicted

weights of the components would be additive to equal the weight of the carcass.
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Table5-3 Number of lambs analysed in the base model according to sex, sire type, birthing and rearing type and dam breed.

Sex Birth type -rearing type Dam breed
Born as Born as
. Born as Born as - : Born and
Single born ; . ; ; triplet - triplet - .
Female Wether alng raised twin-raised  twin-raised raife d as railge d as raised as Merino BLM
as single as twin ; . triplet
single twin

Maternal 0 332 152 25 141 2 8 4 332 0
Merino 0 251 129 38 79 1 0 4 251 0
Terminal 475 49 379 91 447 8 24 22 457 514
Total 475 1079 660 154 667 11 32 30 1040 514

BLM: Border- Leicester x Merino
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To identify this consistent form we initially used a single multivariate model which was
derived using all of the 9 lggveights (kg) of the tiages within each section as the
dependent variables, and the covariate and fixed effects described above as independent
variables. All relevant interactions between fixed effects and the covariaiedlogss

weight) were tested within this multivariateodel and removed in a stepwise manner if

nonsignificant (P>0.05).

In a secondary analysis, the above procedure was repeated with the sire ASBVs for
PWWT, PEMD and PFAT included in the base model along with their first order
interactions with the fixed @&fcts. This included the interaction between ASBVs and
sire type, which was particularly relevant given that the breeding values were derived
from 3 separate dataases for Terminal, Maternal, and Merino sired progeny, and thus
their magnitudes may not lorectly comparable. Negignificant f > 0.05) terms were
removed in a stepwise manner. Although these ASBVs were correlated (PWWT vs
PEMD = 0.3; PWWT vs PFAT = 0.3; PEMD vs PFAT = 0.1) previous analysis has
demonstrated that their effects are still ngkly independent when included
simultaneously in a model predicting CT compositigdndersonet al. 2015¢ d)

(Chapters 3 and 4)

Finally, to determine the impact of sire Carcass Plus Index on carcass composition and
cacass lean value, the Carcass Plus Index values were included in the base model along
with their first order interactions with the fixed effects, arah-significant (P > 0.05)

terms removed in a stepwise mann€&he Carcass Plus Index combines theee
breeding values (PWWT, PFAT and PEMD) into a single index value based on
estimated economic weightings for each trait, and therefore is included in the models

independently to the ASBVs of which it is comprised. Carcass Plus is designed to
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simplify the seletion for improved HCWT and LMY % for producers of Terminal sired
lambs in the Australian Sheep Industry, although the Index values are readily calculated
for the Maternal and Merino sired lambs based on their values for weaning weight,
PWWT, PFAT and PEMDThe Carcass Plus Index is currertlysed upon weightings

for positive weaning weight breeding value (0.30), PWWT (0.35), and PEMD (0.30),

and negative PFAT (0.05).

5.3.5Estimating weights of lean tissue within sections

The models described above were useddtimate the lean weight for each carcass
section. These were initially calculated at a constant carcass weight of 23kg, which was
selected because this represents a relevant industry weight and lies well within the
bounds of this dataset. The base mada$ used to estimate lean weight for the fore,
saddle and hind section for the comparison between ewes versus wethers (within the
progeny of Terminal sires), BLM dams versus Merino dams (within the progeny of
Terminal sires), and Terminal versus Materm@aMerino sire types (within the wether
progeny of Merino dams). The model with the 3 ASBVs was used to estimatedng
weights in each section for Maternal, Merino and Terminal sires at the extremes of their
breeding value ranges for PFAT, PWWT, andvBE(Table5-2). In all cases, the lean
weights estimated were back transformed to kilogram weight and the correction
described by Sprugel1983 applied to account for lettansformation error. The
predicted weight of lean (kg) was subsequently used to determine the value of lean
across the range of breeding values (&e6. cdculating lean value). Similarly, the
model containing the Carcass Plus index was used to estimate lean weights in each
section for Maternal, Merino and Terminal sires at the extremes of their Carcass Plus

Index valuesTable5-2).
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This procedure was then repeated to make these same comparisons at a constant
slaughter age of 280 days. This age represents the raw mean age of lambs at the time of
slaughter. In this instance, carcass weight was not held constant, but instead @lowed
vary to reflect the true carcass weight for the comparisons being made. For example, the
section lean weight of ewes was predicted at 23.5kg carcass weight, and wethers at
24.6kg carcass weight. The carcass weights used to predict lean weights feireach

type are summarised ifiable 5-4 and were derived from the models described by

Gardnetret al (2015. These weights were converted toceglues prior to analysis.

5.3.6Calculating lean value

To determine carcass lean value the estimates of lean weight for each carcass section
(kg), as described above, were multiplied by the average retail value of lean in each
section and summed to arrive at a whole carcass lean value. The aetadlgealues

used were $17.33, $27.02 and $20.25 per kilogram for lean from the fore, saddle and
hind sections. These values were determined using average retail prices of two major
Australian lamb retailers (April 2015) for a set of commercial cuts (AMEAT
description codes (AUMeat Limited, 2015)in parenthesis) which included: 5 cuts

from the fore section, eye of shoulder (5151), boneless shoulder (5047hé&oe trim

(5030), breast trim (5000), neck meat (5020), and-$ection lean trim (5290); 4 cuts

from the saddle section, @yf shortloin (5150), tenderloin butt off (5082), eye of rack
(5153), trimmed boneless flap (5173), and saddle section lean trim (5270); and 6 cuts
from the hind section, topside (5073), round (5076), silverside (5071), rump (5130), butt
tenderloin (5081)hind shank butt off (5031), and hind section lean trim (5270). Within
each carcass section the average of these prices was calculated, after being weighted by
the proportion that each cut represented of the total mass of lean for that section. The

commecial cuts described above contain a small amount of subcutaneous and inter
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Table5-4 Predicted hot carcass weights (kgpE of the Maternal, Merino and Terminal sired wether lambs born to Merino dams\agrage age of

280days.
Carcass Carcass weight (kg) Carcass weight (kg Carcass weight (kg) Carcass weight (kg)
weight (kg)
Siretype  Base mode Pr\glvg\]’eT PWWT  PWWT Fr’aEr']\gg PEMD PEMD f;%z PFAT  PFAT pﬁirf;sgse Carcass Carcass
(no ASBVS, (high, low)! low high (high, low) low high (high, low) low high (high, low) plus low plus high
21.9 20.0 233 215 22.1 22.2 213 19.0 24.6
Maternal +0.18 (-6.1,12.4) +0.53 +0.36 (-2.5,1.8) +0.23 1021 (-2.1,2.6) +0.24 +0.26 (64.184) +0.60 +0.52
verno w022 (80108 Lg% o3y (2628 o Lops (1919 o5 Loos (9160 Lo o3
23.38 22.2 24.6 22.9 24.1 23.9 22.9 22.4 245
Terminal +0.19 (53,18.6) +0.29 +0.28 (-2.8,5) +0.26 +0.26 (-2.5,2.3) +0.21 +0.27 (134, 209) +0.31 +0.30

PWWT: post weaning weight; PFAT: post weaninrgjte fat depth; PEMD: post weaning eye muscle depth
! The HCWT for each sire type has been predicted at the maximum and minimum range for that particular sire type as d@stiiesinsing models and data from Gardner et
al. (2015)
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muscular fat, however this wtd have little effect on the proportion that each cut
represents of the total lean in each section, therefore having little impact on the overall

estimate of lean value for that section.

5.4 Results

5.4.1Impact of sex on carcass composition and lean value

A compaison between sexes was only able to be made within the Terminal sired lambs.
When compared at the same carcass weight, the carcass composition varied between
sexes P<0.01, Table 5-5), with wethers generally having more lean tleaves Table

5-6). This was evident in the fore, saddle and hind sections where the wether progeny
from BLM dams had 4.83%, 2.04% and 1.69% more lean than ewe |dialbe %-6).

Likewise in lambs born tdMerino dams, the wethers had 4.26%, 1.85% and 1.08%
more lean than the ewe lambs in the fore, saddle and hind sections G).alblee
decreased lean in the ewe lambs was largely offset by an increase in fat across all

sections of the carcasEgble5-6).

In a 23kg carcass, these compositional differences equated to an additional 0.38 kg and
0.31 kg of lean in wether lambs born to BLM and Merino dams, which was worth $7.55
and $6.27 per carcass more than ewe lamablé5-7). The carcasses of wether lambs
were also 1.07 kg heavier than ewe lambs at the same age (ie 280 days) (seeeGardner
al. 2015). When this carcass weight difference was factored into the calculation the
additional carcass lean was wof19.22 and $16.81 for the wether lambs born to BLM

and Merino damsI{able5-7).
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Table5-5 F-values andlegrees of freedom for tmimeratoNDF) and denominato{DDF) for factors affecting the proportions of fat, lean and bone

in the fore, saddle and hind sections of the lamb carcass.

Fore-section Saddle section Hind section

Effect NDF,DDF Fat Lean Bone Fat Lean Bone Fat Lean Bone
Core model

Site yea 7,171 13.24* 82.05** 43.13** 49.31**  38.24** 29.33** 54,11* 35.82** 85.21**
sex(sire type) 1,171 35.86** 156.21* 43.30** 151.57* 19.84** 3.37 41.65** 21.52** 31.89**
Sire type 2,171 21.31** 513*  17.46** 8.56** 26.13** 1.31 13.67** 30.86%  14.8**
Kill group(site year) 15,171 3.21** 9.15**  11.86** 9.88** 11.12%*  6.95** 9.53**  4.89** 11.46**
Dam breed(sire type) 1,171 5.83* 8.33** 2.24 11.07* 1.78 0.19 2.76 9.04** 0.09
Flock year x sire type 12,171 2.82** 1.24 0.76 2.57** 3.11* 1.16 4.01*  3.00** 1.90*
Flock year x dam breed (sire type. 5,171 2.08 5.88** 2.29* 4.42%* 1.89 0.32 3.32%* 2.50* 1.96

log (CT whole carcasseight(kg)) 1,171

Australian Sheep Breeding Values

2308.07** 3729.09** 1109.13**

2446.08** 2383.67** 615.23**

2332.49** 4582.8** 1525.07**

PWWT 1,153 3.41 0.01 0.09 0.35 8.67** 0.48 3.69 0.6 0.06

PWWT*site year 7,153 2.84** 1.67 1.27 3.88** 3.43** 1.14 3.84** 4** 3.48**
PFAT 1,153 44 4% 29.17**  Q.2%* 70.12**  49.65**  6.06* 58.53** 48.56** 8.77*
PFAT *Kill group(Site year) 22,153 1.34 1.28 1.33 1.33 1.75* 1.78* 1.93* 1.75* 1.79*
PEMD 1,153 14.75** 3.24 1.96 24.33**  53.23** 0.12 42.16** 31.64** 0.09
PEMD*sire type 2,153 2.07 1.47 0.46 8.13** 2.84 1.12 4.48* 6.14** 1.60

Carcass plus

Carcass plus 1,167 12.14** 1.31 0.17 5.05* 22.53* 0.16 14.2%*  12.64** 0.01
Carcass Plus*sire type 2,167 1.65 3.61* 1.03 2.72 2.24 0.44 1.15 1.60 1.48

NDF, DDF: numerator and denominatoigdees of freedom.

* P<0.05, **P<0.01



.. Table5-6 The relativechange (%change in weightfor fat, lean and bone in the fore, saddle and hind sections of the carcasssexgsioce types,

w
© dam breeds anBlustralian Sheep Breeding Value effects fambs slaughtered a8kg

Fore section (% changen Saddle section (% change Hind section (% changein
weight) in weight) weight)

Effect Level Fat Lean Bone Fat Lean Bone Fat Lean Bone
Sexdambreed (sirepg) Maternal x Merino M 1092  -2.47 1.36 10.08 -6.78 -0.58° 817 -526  02%
Merino x Merino M 6.3°  -0.35 5.63' 1.08 -479° 1.80 4.00° -4.13° 437
Terminal x BLM F 6.6 -5.64 -4.32% 1438 -3.01 -1.9 6.19° 293 -2.7¢
Terminal x Merino F 330  -4268  -2.90° 9.48 -1.88Y -0.10° 363 -1.08 -1.89°
Terminal x BLM M 1.74*  -0.81° 0.25 292 -097* 0.96" 019  -1.24 037
Terminal x Merino M 0.0¢% 0.0¢' 0.00° 0.000 0.00 0.00° 0.0¢% 0.00/  0.00°

Augralian Sheep Breeding Valifes
PWWT -0.28 -0.01 -0.04 -0.10 0.28 0.13 -0.32 0.05 0.02
site year Kirby 2007 -0.97 0.13 0.28 -0.89 0.37 0.03 -0.39 0.31 0.47
Kirby 2008 -0.11 0.06 0.05 -0.45 -0.05 0.15 0.18 0.07 -0.01
Rutherglen 200 -0.47 0.12 -0.12 -0.33 041 -0.19 -1.42 0.38 0.16
Hamilton 2009 0.28 -0.09 0.09 0.42 -0.14 0.28 0.14 -0.18 -0.17
Struan 2010 -0.40 -0.22 -0.31 0.22 0.25 -0.38 0.02 -0.06 -0.06
Turretfield 2009 0.23 -0.21 -0.22 0.83 0.21 0.05 0.34 -0.29 -0.50
Katanning 2008 -0.49 0.02 -0.28 -0.65 1.06 0.79 -1.31 0.15 0.22
Katanning 2011 -0.31 0.13 0.15 0.00 0.11 0.32 -0.14 0.01 0.08
PFAT 3.87 -1.72 -1.56 6.25 -2.74 -1.75 5.15 -1.84 -1.07
PEMD -1.96 0.62 -0.40 -2.73 1.88 -0.19 -2.77 1.16 -0.19
PEMD* sexdambreed Maternal x Merino M -3.17 0.61 -0.63 -6.27 2.89 1.16 -5.30 2.24 0.74
(sire type) Merino x Merino M -0.69 -0.07 -0.98 -0.39 2.39 0.01 -3.25 0.40 0.10
Terminal x BLM F -2.29 1.00 0.24 -2.71 1.35 -1.61 -1.46 1.28 -0.49

Terminal x Merino F -1.77 0.40 -0.29 -2.37 146 -0.10 -1.83 1.07 -0.31
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Table 56 cont i1

Saddle section (%

Fore section (% change) Hind section (% change)

change)

Effect Level Fat Lean Bone Fat Lean Bone Fat Lean Bone

PEMD* sexdambreed Terminal x BLM M -2.31 0.87 -0.32 -2.88 151 0.09 -2.64 1.23 -0.28

(sire type) Terminal x Merino M -1.51 0.91 -0.42 -1.75 171 -0.71 -2.12 0.75 -0.93
Carcass plud

Carcass Plus -0.96 0.25 -0.09 -0.80 0.76 -0.03 -0.88 0.40 -0.15

Carcass Plus* sexdambree Maternal x Merino M -0.90 0.35 -0.43 -1.39 0.88 0.03 -1.43 0.56 -0.10

(sire type) Merino x Merino M -0.23 -0.22 0.21 0.08 0.14 0.28 -0.34 0.12 0.30

Terminal x BLM F -1.54 0.47 0.13 -0.67 093 -0.81 -0.58 0.63 -0.42

Terminal x Merino F -1.00 -0.04 0.17 -0.80 0.85 0.59 -0.71 0.36 -0.18

Terminal x BLM M -1.31 0.43 -0.54 -1.12 1.07 0.07 -1.43 0.53 -0.32

Termimal x Merino M -0.79 0.49 -0.05 -0.93 0.71  -0.35 -0.80 0.20 -0.20

M = wether F = ewe BLM: Border LeicesterMerino

PWWT: post weaning weight; PEMD: post weaning eye muscle depth; PFAT: post weaitifat depth

b @ewithin columns for sexdambed(sire type)% change values without a common superscript differ significanty «10.05 and representise difference in logy values for
each fixed effect compared to the fixed effect with coefficient 0.00 expressed as a percentage.

294 change in wight: the % increase or decrease in each tissue type per unit of Australian Sheep Breeding Value (PWWT, PFAT, PEMD)

%96 change in weight: the % increase or decrease in each tissue type per 10 units of the Carcass Plus breeding value

Effects in old aresignificant P<0.05
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Table5-7 Weight (kg) and value ($) of lean in the fore, saddle and hind sections of the lamb carcass at the same weight (28 kgjrendgé
(280 days).

Fore-section Saddlesectin Hind-section Whole carcass
Effect Level Lean weight Leanvalue Lean weight Leanvalue Leanweight Lean value Lean weight Lean value
(kg) (%) (ka) (%) (kg) (%) (ka) (%)
Lambs compared at the same carcass weight (23kg)
Sexdambree« Maternal x Merino M 4.28 74.13 3.45 93.29 5.10 103.36 12.83 270.79
(sire type) Merino x Merino M 4.37 75.71 3.53 95.28 5.16 104.59 13.06 275.58
Terminal x BLM F 4.14 71.69 3.59 97.07 5.23 105.90 12.96 274.66
Terminal x Merino F 4.20 72.73 3.64 98.23 5.33 107.92 13.17 278.88
Terminal x BLM M 4.35 75.36 3.67 99.11 5.32 107.75 13.34 282.21
Terminal x Merino M 4.38 75.97 3.70 100.08 5.39 109.10 13.47 285.15
Lambs compared at the same age (280 days)
Sexdambree Maternal x Merino M 4.10 71.04 3.19 86.19 491 99.45 12.20 256.68
(sire type) Merino x Merino M 3.72 64.46 3.00 81.06 4.44 89.93 11.16 235.44
Terminal x BLM F 4.40 76.24 3.81 102.94 5.54 112.21 13.75 291.39
Terminal x Merino F 4.10 71.04 355 95.92 5.21 105.53 12.86 272.48
Terminal x BLM M 4.80 83.17 4.04 109.16 5.84 118.29 14.68 310.61
Terminal x Merino M 4.45 77.10 3.76 101.59 5.46 110.59 13.67 289.29

M = wether; F = ewe; BLM: Border Leicester x Merino
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5.4.2Impact of genetics oncarcass composition and lean value in the
carcass

5.4.2.1Sire type

Sire type comparisons were possible in wether lambs born to Merino dams. When
compared at the same carcass weight, the amount of lean in each section varied between
the Maternal, Merino and Termal sired lambsR<0.01, Table5-5). For lean, 95% of

the sire estimates lay betwe#B.7%, +5.4% and £3.9% for the fore, saddle and hind

sections respectively and any given carcass weight.

Compared to the Terminal sired lamti®e Maternal and Merino sired lambs 6.78% and
4.79% less lean in the saddle and 5.26% and 4.13% less lean in the hind Sadtien (
5-6). The Maternal sired lambs had the least fore section lean with 2.08% and 2.42%

less lean thathe Merino and Terminal sired lamBsable5-6).

When compared at the same carcass weight (23kg) these compositional differences
equated to an additional 0.42kg and 0.62kg of lean in Terminal sired lambs compared to
Merino ard Maternal sired lambs, which was worth an extra $9.57 and $14.36 per

carcassTable5-7).

Carcasses of Terminal sired lambs were 4.27kg and 1.48kg heavier than Merino and
Maternal sired lambs at the same age (ie 280 d@ajdneret al. 2015. When this
carcass weight difference was factored into the calculation the additional carcass lean

was worth $53.85 and $32.61able5-7).

5.4.2.2Dam breed
A comparison of dam breeds was possible in the Terminal sired lambs. In the fore

section, differences only existed within ewe lamPsQ.01, Table 5-5), where the
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progeny of Merino dams had 1.46% more lean than thoee BldV dams Table5-6).

In the hind section, differences were evident within both sé%€3.01, Table&), where

lambs from Merino dams had 1.26% (wethers) and 1.90% (ewes) more lean than lambs
from BLM dams Table5-6). In the ewe lambs the increased lean in Merino lambs was
offset by reductions in fat within the fore, saddle and hind sections (3.1%, 4.28% and

2.41%,Table5-6) compared to lambs from BLMams

When compared ahe same carcass weight (23kg), these compositional differences
equated to an additional 0.17kg more lean in the progeny of Merino dams (average of
wethers and females) compared to the progeny of BLM d@aid€5-7). This resultd

in Merino dams producing lambs with a predicted carcass lean value of $3.58 more,
when compared to those born to BLM daralfle5-7). When compared at the same
age, (280 days) the BLM dams produced lambs that on average hadiearo (0.95kg,
Table5-7) and a carcass lean value that was $20.12 greater than the lambs from Merino

dams.
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Table5-8 Predicted carcass value for the fore, saddle and hind seoficascass for the Maternal, Merino and Terminal sired lambs for the range of
post weaning weight (PWWT);site fat depth (PFAT),-site eye muscle depth (PEMD) and Carcass Plus Index vialwegher progeny of Merino

dams at 23kg carcass weight.

. . For tion lean I tion Hin tion r val ifferen r unit
Sire type Breeding value ° ev:ﬂeuce (()$) = IS:;: \?aﬁfec (g) Ieandvz(TSe()($) - Ca(;? i $(gigﬁ—l(i)v:/:)e brfe%(ienguvalue

PWWT

Maternal Low (-6.1) 74.65 92.11 103.52 270.28

Maternal High (12.9 74.52 96.88 104.48 275.87 5.59 0.30

Merino Low (-5) 76.70 96.31 106.53 279.54

Merino High (10.8) 76.58 100.57 107.38 284.52 4.98 0.32

Terminal Low (5.3) 75.46 98.52 106.30 280.28

Terminal High (18.6) 75.36 102.22 107.01 284.58 4.31 0.32
PFAT

Maternal PFAT low (-2.1) 76.93 99.67 107.55 284.15

Maternal PFAT high (2.6) 70.71 86.83 98.25 255.79 -28.36 -6.03

Merino PFAT low (1.9) 76.64 98.17 106.89 281.69

Merino PFAT high (1.9) 71.63 87.94 99.41 258.99 -22.70 -5.97

Terminal PFAT low (-2.5) 77.78 105.64 110.26 293.68

Terminal PFAT high (2.3) 71.36 91.75 100.52 263.63 -30.05 -6.26
PEMD

Maternal PEMD low (2.5) 73.72 89.45 96.69 259.85

Maternal PEMD high (1.8) 75.68 96.68 106.00 278.36 18.51 4.30

Merino PEMD low (2.6) 75.76 92.56 106.40 274.71

Merino PEMD high (2.6) 78.20 101.61 108.61 288.42 13.70 2.64

Terminal PEMD low (2.8) 74.07 91.86 105.40 271.33

Terminal PEMD high (5.0) 77.65 105.33 111.57 294.54 23.22 2.98
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Table58 conti nuedé.

Sire type Breeding value Fore section Saddle section  Hind section Carcass value $ d_ifference $ per unit
lean value ($) lean value ($) lean value ($) (%) (high-low) breeding value
Carcass plus
Maternal Carcas$lus low (64) 72.29 90.51 102.04 264.84
Maternal Carcas$lus high (184) 75.32 98.76 106.94 281.03 16.19 0.13
Merino Carcas$”lus low (69) 76.30 90.79 102.23 269.32
Merino Carcas$lus high (160) 74.77 97.07 105.96 277.80 8.47 0.09
Terminal Carcas$lus low (134) 74.36 94.64 104.70 273.69
Terminal Carcas$lus high (209) 77.09 100.03 107.84 284.96 11.27 0.15

PWWT: post weaning weight; PFAT: Post weaningjte fat depth;?,EMD: Post weaning-site eye muscle depth
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5.4.2.3Australian Sheep Breeding Values

5.4.2.3.lmpact of sirePWWT on carcass compositi@nd lean value

Sire PWWT had a significant effect on lean weight of the saddle seB&tn(l, Table
5-5). The magnitude of this effect varied between-géars, however on average saddle

section lean weight increased at 0.2886 ynit increase of PWWT ASBV (Tab&.

When lambs were compared at the same carcass weight (23kg), the lean value increase
due to sire PWWT was similar for all three sire typesbe5-8). However, due to their
different breding value ranges this meant that the impact of PWWT on lean value was
greatest in Maternal sired lambs and worth an additional $5.59, compared to only $4.98
and $4.31 for the Terminal and Merino sired lanmibab(e 5-8) across thie respective

ranges of sire PWWT.

Sire PWWT breeding value also had a marked effect on carcass weight which differed
between sire type&Gardneret al. 2015. Thus when these dédfences between carcass
weights Table5-4) were factored into the calculation at a constant age (280 days) the
additional carcass lean was worth $3.95 per unit sire PWWT for the Merino sired
lambs, compared to only $2.07, and1kPper unit sire PWWT for the Maternal, and
Terminal sired lambsT@ble 5-9). Across the range of sire PWWT breeding value for
each sire type this equated to a total of $62.46, $38.39, and $28.20 for the Merino,

Maternal, and Termal sired lambsTable5-9).

5.4.2.3.2lmpact of sire PFAT on carcass composition and lean value
When compared at the same carcass weight, decreasing sire PFAT increased lean
(P<0.01,Table5-5) in all carcass séions. The greatest magnitude of effect was in the

saddle region where at any given carcass weight a decrease in sire PFAT by one unit
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increased saddle lean by 2.74%, compared to increases of only 1.72% and 1.84% for
lean in the fore and hind sectiorisabple5-6). The increases in lean were accompanied

by changes in the proportion of fat and bone in all carcass sedde@<%, Table5)

with the proportion of fat decreasing and bone increasiiadpl¢€ 5-6). The impact of

PFAT for all sections of the carcass was consistent across sites and years, although

varied between kill group$>€0.01,Table5-5) (data not shown).

When compared at the same carcass weight (23kg), the ineneezcass lean value

for each unit decrease in sire PFAT was similar for all three sire tyjpé$eb-6). Due

to the different ranges of breeding values between sire types, this meant that the
Terminal sired lambs had the gresténcrease in carcass value ($30.05, Table 8),

followed by the Maternal and Merino sired lambs ($28.36 and $2Palle5-8).

Sire PFAT had a small impact on carcass weight that was consistent across sire types
(Table 5-4)(Gardneret al. 2015. Therefore when lambs were compared at the same
age, these increases in carcass weight resulted in a per unit value of lean of $8)42, $7.6
and $7.11 per unit decrease in PFAT for the Terminal, Maternal and Merino sire types
(Table5-9). Across the sire range of PFAT values for each sire type this equated to an
increased lean value of $40.42, $35.71 and $27.03h®rTerminal, Maternal and

Merino sired lambsTable5-9).

5.4.2.3.3Impact of sire PEMD on carcass composition and lean value

When compared at the same carcass weight, increasing sire PEMD increased lean in the
saddle and hind sectionB<0.01, Table 5-5). In the saddle each unit increase in sire
PEMD increased saddle lean by 1.99Pal{le5-6). In the hind section the effect varied

between sire types. PEMD had minimal impact on the ptigmoof lean in the Merino
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sired lambs, however in the Terminal and Maternal sired lambs there was a 0.75 and
2.24% increase in hind section lean per unit of PENI&b(e5-6). This increase in lean

was largely offset by carcastat (P<0.01,Table5-5) which when averaged across sire
types was equivalent to a reduction in fat of 1.96%, 2.73% and 2.77% in the fore, saddle

and hind sections per unit of increasing sire PENI&b(e5-6).

When compared at the same carcass weight, Maternal sired lambs had the greatest
increase in lean value per unit increase in PEMD ($4.30, ®blehich was greater

than both of the Terminal ($2.98) and Merino ($2.64) sired larhakl¢5-8). Across

their respective ranges of PEMD breeding values this equated to an increase in carcass
lean value of $18.51, $23.22 and $13.70 for the Maternal, Terminal and Merino sired

lambs [Table5-8).

Sire PEMDhad only a small impact on carcass weight which was consistent across sire
types (Gardneret al. 20195. Thus when this was factored into the calculation and
comparisons made at thamnse age, the Maternal sired lambs still had the greatest per
unit increase in carcass lean value ($5Tefle5-9) compared to either the Terminal or
Merino sired lambs. However, when calculated across the range of sire PEMI3 valu
within each sire type the Terminal sired lambs had the greatest increase in carcass lean
value at $36.06T@able5-9), compared to $24.30 and $20.06 in the Maternal and Merino

sired lambs.

5.4.2.3.4The impact of the Carcass Plus Indexoarcass composition and lean value
The sire Carcass Plus Index impacted on the saddle and hind section lean, with the
impact on fore section dependent on sire tye)(01, Table5-5). For every 10 units of

increase in Carca$dus there was an increase of 0.35% and 0.49% in fore section lean
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in the Maternal and Terminal sired lambs which amounted to a 4.2% and 3.7% increase
in lean across their respective ranges of the Carcass Plus Index Vabkeb{6). The
increase in lean for all sire types in the saddle and hind sections was 0.76 and 0.40% per

10 units of the Carcass Plus Index vallial{le5-6).

When lambs were compared at the same carcass weight (23kg), the Teandnal
Maternal sired lambs had similar increase in lean value per unit of Carcass Plus ($0.15
and $0.13Table5-8), with a smaller impact on the lean value of Merino sired lambs
($0.09/ unit Carcass Plus). Across the range of&ar@lus this equates to an increase

of $11.27, $8.47 and $16.19 for the Terminal, Merino and Maternal sired |dmaible (

5-8).

Sire Carcass Plus Index also impacted on lamb carcass weight, although this varied
across the thredrs types Table5-4) with the Merino sired lambs having the greatest
increase in HCWT per unit Carcass Pllialfle5-4). When lambs were compared at the
same age, the Merino sired lambs had the greeterstase in lean value of $0.54 per

unit Carcass PlusT@ble 5-9), compared to $0.48 and $0.37 for the Maternal and
Terminal sired lambsT@able 5-9). When compared across their respective ranges of
Carcas Plus this resulted in the greatest increase in lean value of $57.59 in the Maternal

sired lambsTable5-9).
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