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B R E E D I N G and G E N E T I C S

Selection for carcass quality in hill sheep measured by X-ray
computer tomography
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(Received 9 May 2006; Accepted 9 November 2006)

This paper describes an investigation of the use of computer tomography (CT) to genetically improve carcass composition and
conformation in Scottish Blackface sheep. After 5 years of selection on an index designed to improve both composition and
conformation (the ‘CT index’), a large response was observed in the CT index, with genetic progress equivalent to 0.11 phenotypic
standard deviations per year. Heritabilities for the index and for the component traits of average CT-assessed muscle area,
ultrasonic muscle depth and ultrasonic fat depth were 0.41 (s.e. 0.08), 0.38 (s.e. 0.07), 0.41 (s.e. 0.05) and 0.30 (s.e. 0.05),
respectively. The index was positively genetically correlated with ultrasonic muscle depth and carcass weight and negatively
genetically correlated with fat class. The genetic and phenotypic correlations among ultrasonic measurements were positive and
moderate. However, many of the genetic correlations tended to have large standard errors. Selection on the CT index moderately
improved conformation and was successful at decreasing fat class of the carcass. Equivalent selection on live weight at ultrasound
scanning would improve carcass and slaughter weight, and total price received, but would have a slightly deleterious impact on
conformation score. The results of this study demonstrate that genetic improvement of carcass quality can be achieved in hill
sheep using CT assessed traits.

Keywords: carcass composition, conformation, computer tomography, genetic parameters, sheep

Introduction

Genetic improvement of hill sheep is an important objec-
tive within the UK sheep industry because of the import-
ance of this sector in terms of maintaining the rural
environment and its contribution of 34% of the genes to
the slaughter generation (Meat and Livestock Commission,
1998). A particular issue in hill sheep is that they have
been naturally selected primarily for their ability to survive
and produce lambs in harsh environments. This is thought
to have tended to favour the development of smaller and
hardier breeds, which produce carcasses of small size and
of moderate conformation.

Several options are available for assessing carcass
composition in vivo. Ultrasonic scanning is widely used
in commercial breeding programmes as it is a measure-
ment that can be readily used on large numbers of ani-
mals (McEwan et al., 1989; Cameron and Bracken,
1992; Fennessy et al., 1993; Afonso and Thompson,

1996; Simm et al., 2002). Computer tomography (CT)
scanning has been demonstrated to improve prediction
of carcass traits and genetic improvement over and
above ultrasonic scanning (Jopson et al., 1995; Young
et al., 1996 and 1999), albeit at a considerably higher
cost. If suitable breeding structures are in place, CT has
been shown to be cost effective (Simm et al., 1987;
Allen, 1990; Jopson et al., 1997). Jones et al. (2002)
showed that CT scanning also provides good in vivo
measures of muscularity. Muscularity measures are of
interest as they provide an objective description of the
shape of a carcass independent of fatness. In the past,
muscularity assessment could only be obtained either
directly through carcass dissection after slaughter or by
using ultrasound on live animals, as an indirect assess-
ment of carcass tissue.

A long-term experiment at ADAS Redesdale was
initiated in 1992 to improve carcass quality (weight and
conformation) in hill sheep through genetic selection.
Whereas good progress was made in increasing carcass† E-mail: Stephen.bishop@bbsrc.ac.uk
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weights (Roden et al., 2003), progress towards improv-
ing carcass conformation was hampered by inadequate
live-animal measures of this trait. Thus, in 1997, a
study was initiated in this population to explore the
possibility of using CT measures to improve carcass
quality. An index of CT traits was derived to predict
carcass conformation and composition, and selection on
this index commenced. The aim of the current study
was to evaluate the impact of this CT index on carcass
quality, when used as part of a breed improvement
programme.

Material and methods

Flock establishment and experimental design
An open nucleus flock of 60 Scottish Blackface donor ewes
was established in 1992 from a base population of
approximately 1600 ewes that were maintained under hill
conditions at ADAS Redesdale in Northumberland, England.
The selection history of these base flocks was one of objec-
tive visual inspection to eliminate faults and to improve
body size, conformation and breed characteristics (Roden
et al., 2003). The selection criterion used from 1992 until
1998 was a desired gains index designed to increase live
weight at ultrasonic scanning and ultrasonic muscle width
and depth, without changing ultrasonic fat depth, with the
aim that this should also improve carcass conformation
score and fat class (Roden et al., 2003).

The flock was maintained and selection was performed
using a multiple ovulation and embryo transfer (MOET) pro-
cedure. In mid November of each year, all nucleus donor
and recipient ewes were initially transferred from open hill
grazing to in-bye fields. They were then housed for a short
period immediately before and during the mating period (a
total of approx. 2 weeks) to facilitate the induction of super-
ovulation, semen collection, AI, embryo collection and
embryo transfer. Details of the treatment protocols for
donor and recipient ewes and the methods for collecting
and transferring embryos were provided in Bari et al. (1999
and 2000). The MOET design of the breeding project allows
maternal environmental effects on lamb performance to be
separated from direct genetic effects.

Each year from 1998 onwards, the flock comprised
60 donor ewes mated with six rams chosen on the
basis of their carcass characteristics (described below),
and ca. 300 recipient ewes (details in Roden et al.
(2003)). Following the MOET procedure, these 60 ewes
were then naturally mated to two further rams, also
chosen on the basis of their carcass characteristics.
Additionally, each year ca. 40 control ewes were natu-
rally mated to four rams from the same sub-population
to provide a control line. During the course of this
study, donor ewes were selected from amongst those
born to selected rams on the basis of their carcass
characteristics and adherence to industry-accepted breed-
type characteristics. Recipient ewes were generally unre-
lated sheep, born outside of the nucleus.

Husbandry and phenotypic measurements
Male lambs were reared entire and all lambs were
weaned at 20 weeks of age. Each year, from 1993 to
2003, all lambs were ultrasound scanned on the same
day; their average age varied between years from 20 to
29 weeks. CT measurements were taken on lambs at
26 weeks of age, from 1998 to 2003, with the excep-
tion of 2001 when the foot and mouth disease (FMD)
epidemic and the subsequent livestock movement
restrictions meant that CT measurements could not be
taken on 2001-born lambs. In total the data set com-
prised 2562 lambs recorded at birth for 11 years (1993-
2003). These lambs were the progeny of 123 sires, 348
donors and 1229 recipients. Additional pedigree infor-
mation was available, and the complete pedigree com-
prised 3799 animals.

Ultrasonic scanning was performed at the level of the
3rd lumbar vertebra using a Dynamic Imaging real-time
ultrasound scanner, with a 7.5 MHz 56-mm probe. Live
weight at scanning (SWT) and three individual subcu-
taneous fat depth measurements were taken over the long-
issimus dorsi muscle, moving laterally between the vertical
and transverse processes of the vertebra, from which the
average fat depth was calculated (UFD). A single muscle
depth (UMD) and a single muscle width (UMW) measure-
ment were taken at the deepest and widest point on the
muscle, respectively. Ultrasonic scanning data were avail-
able on 2018 of the lambs, representing 123 sires, 290
donors and 1071 recipients. Subjective conformation score
was assessed on the live animal at the time of ultrasound
scanning. The actual score was the average of assessments
at the shoulder, leg and loin, scored from 1 (very lean) to 5
(very fat).

Carcass composition was assessed by CT techniques on
1266 lambs, representing 49 sires, 189 donors and 711 reci-
pients. CT measurements provided areas of fat, bone and
muscle at the 8th thoracic vertebra (TV8), at the 5th lumbar
vertebra (LV5) and at the ischium (ISC). The traits were the
CT assessed area of tissue at each anatomical site.

Carcass assessments were taken on male lambs that
were not required for further breeding purposes. Lambs
were selected for slaughter at a target fat class of 3
(EUROP, 1995) by the same person on all occasions.
Measurements included slaughter weight and carcass
weight, conformation score (EUROP, 1995) and fat class.
Total price received for each animal was recorded. Carcass
data were available for 1148 lambs, representing 79 sires,
124 donors and 799 recipients.

CT selection criteria
A ‘desired gains’ index was derived from available
unpublished data from a CT calibration trial on Blackface
lambs, unpublished data from the SAC/Roslin Hill Sheep
Project and data collected on these sheep in 1998, with
the aim of simultaneously improving both carcass compo-
sition and carcass conformation. The derived index, com-
bining live weight (taken on the farm, prior to CT
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scanning), subjective conformation, and the fat, muscle
and bone areas at the ischium, the 5th lumbar vertebra,
and 8th thoracic vertebra, was:

CT index ¼ 2216:6ðLive weightÞ

þ 272:2 ðSubjective Conf:Þ–0:00 596 ðISC fatÞ

þ 0:1814ðISC muscleÞ þ 0:2838 ðISC boneÞ

þ 0:0263 ðLV5 fatÞ þ 0:169 ðLV5 muscleÞ

þ 3:156 ðLV5 boneÞ þ 0:128 ðTV8 fatÞ

þ 0:139 ðTV8 muscleÞ þ 0:273 ðTV8 boneÞ

This index was derived with the following relative ‘econ-
omic weightings’: conformation ¼ 2, fat ¼ 21, muscle
¼ 2. These weightings were chosen because, given the
available data, they resulted in predicted gains in carcass
characteristics that were close to perceived optimal
responses, i.e. improved conformation and decreased fat-
ness with minimal changes in live weight. Additionally,
they reflected the economic weightings of fat ¼ 21 and
muscle ¼ 2 advocated by Simm and Dingwall (1989) and
now widely used in UK terminal sire selection indices. The
negative index weighting on live weight ensures that live
weight should not increase greatly with selection on the
index.

The CT index was implemented in 1999, and the first
cohort of lambs resulting from selection decisions made
using the CT index were born and evaluated in 2000. Each
year, BLUP estimated breeding values (EBVs) were calcu-
lated for the CT index for all animals, and sires were
selected on the basis of their CT index EBV, along with
adherence to industry-accepted breed-type characteristics.
As described above, animals were not CT scanned in 2001.
To enable selection to continue in 2001, lambs were
ranked on an index comprising their parental average CT
index EBV and their muscle width EBV. Based on data
available at the time and using selection index method-
ology, this index had a relative efficiency of 0.75 compared
with the CT index based on data from the selection candi-
dates themselves.

Statistical analysis
Data summary and trait definition. Data analyses were
performed using all available data but responses to
selection are only presented for the years in which CT
measurements were taken. Data were initially analysed by
fixed linear model methods in order to identify significant
fixed effects, covariates and two-way interactions, using
Genstat 7 Committee (2003). The fixed effects
subsequently included in analysis of slaughter and carcass
traits were year of birth (11 classes), lamb sex (male or
female), type of rearing (singles and twins), and flock (two
classes). Recipient age (seven levels) was included as a
fixed effect only in the analysis of live animal

measurements. Day of birth and weaning age were fitted
as covariates for ultrasound scanning traits and CT traits.
Analyses of traits measured post slaughter were performed
with unadjusted data, or data adjusted to either a constant
fat classification score or to a constant age at slaughter by
fitting fat score as a linear covariate or age as linear and
quadratic covariates. Fixed effects and covariates found to
be significant in the multiple linear regression analysis
were included in the variance component analysis of each
trait. Day of birth was not found to be significant for the
post slaughter traits.

To analyse post slaughter fat classification, i.e. the
amount of fat on the outside of the carcass visible to an
assessor, a new trait (fat class) was constructed as follows:
fat classification 5 (very high)!5, 4H!4, 4L!3.5,
3H!3, 3L!2.5, 2 (low)!2 and 1 (very low)!1. Also,
conformation score values were recoded as E
(Excellent)!5, U (very good)!4, R (good)!3, O
(medium)!2 and P (poor)!1. Thus, higher scores indicate
better conformation and greater fatness. Conformation
describes carcass shape in terms of convex/concave profiles
and indicates the amount of flesh (muscle þ fat) in
relation to the length of bones.

Genetic parameters. Restricted maximum likelihood
methods were used to estimate variance components with
an animal model, fitting the complete pedigree structure
(3799 animals), using the ASReml program (Gilmour et al.,
2004). All traits, except the CT traits, were initially
analysed in three different univariate models. Model 1
fitted animal as the only random effect: y ¼ Xb þ Za þ e.
In model 2, the effect of maternal environment was
included by fitting recipient as a second random effect,
uncorrelated with the animal genetic effect: y ¼
Xb þ Za þ Wm þ e. In model 3, the effect of common
environment was included by fitting litter as a third
uncorrelated random effect: y ¼ Xb þ Za þ Wm þ
Sc þ e. In these models, y is the vector of observations on
the specific trait of the animal; b is the vector of fixed
effects described before; a is the vector of additive random
animal (genetic) effects, m is the vector of maternal
(recipient) genetic effects, c is the vector of random
common environmental effects (litters) and e is the vector
of random residual effect. X, Z, W and S are the incidence
matrices relating records to fixed, animal, maternal genetic
and common environmental effects respectively. It was
assumed that the expectations (E) of the variables were: E
(y) ¼ Xb and expectations of all random effects and the
residual were zero. Further, var(a) ¼ Asa

2 ; var(m) ¼ Asm
2 ;

var(c) ¼ Isc
2; var(e) ¼ Ise

2, where A is the numerator
relationship matrix of animals in the model, I is the
identity matrix, sa

2 is the additive genetic variance for
direct effects (animal), sm

2 is the additive genetic variance
for maternal effects, sc

2 is the variance due to common
environmental effects and se

2 is the residual error variance.
Due to the fact that models were nested, the significance
of the second and third random effects were tested using
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log-likelihood ratio tests, to determine the most suitable
model for each trait in univariate analyses.

Following univariate analyses, each combination of traits
was analysed with a bivariate model using the most appro-
priate model for each trait. Estimates from the univariate
analyses were used as starting values in the bivariate ana-
lyses. Approximate standard errors for heritabilities and
correlations were constructed by ASReml from approxi-
mations to variances of ratios and products.

Genetic trends and selection differentials. Mean values for
the selection line (S) and the control line (C) were
calculated by two methods: (i) calculating the average CT
index EBVs for S and C line animals each year when fitting
model 1 (animal as the only random effect), and (ii) by
fitting line x year as an additional fixed effect in the REML
analysis. Genetic trends for the direct additive genetic
values were then calculated by regressing the line
difference (S-C) for each year on year of birth. The impact
of selection on other traits was estimated from the
difference between the estimates of selection and control
line fixed effects, averaged across the 2002 and 2003 birth
years. The average was taken across two years because
the small size of the control line meant that comparisons
made from any one year were imprecise. The standard
errors of these estimated differences were constructed
from the variance/covariance matrix of fixed effects.

Selection differentials were estimated to investigate the
extent to which selection was truly performed using the CT
index. The actual selection differential per year was calcu-
lated as the weighted average CT index EBV of sires
against the mean EBV of the cohort from which they were
selected, the weight given to each sire being his pro-
portional contribution to the individuals that were
measured in the next generation. The maximum potential
selection differential was estimated by calculating the
difference between the mean EBV of the six top ranking
sires against and the mean EBV of the cohort from which
they would have been selected, using the CT index as the
sole ranking criterion and the same selection intensity as
was achieved in practice. Comparing the selection differen-
tial achieved and the maximum potential provides an esti-
mate of the proportion of the possible selection that was
applied to the selection criterion in the selection line. The
actual expected and maximum potential selection differen-
tials were all estimated within year (Mrode et al., 1990).

Results

Summary statistics
Means and standard deviations for the CT, ultrasonic and
carcass measurements are in Table 1. Backfat depth in
Blackface lambs was extremely variable, with a coefficient
of variation of 0.61 compared with 0.11 for muscle depth.
Also, the three fat areas (ISC, LV5, TV8) assessed by CT

were moderately variable, with coefficient of variations of
0.28, 0.54 and 0.38, respectively.

Line differences and responses to selection
Mean values for the CT index for the S and C lines, from
REML analyses fitting the line x year interaction, are in
Figure 1 and responses to selection on the CT index, as
estimated from the difference between the S and C lines,
are in Figure 2. The estimated genetic trend was 52 (s.e.
38) units per year for the CT index, representing an annual
genetic progress of 1.2% relative to the base year or 0.11
phenotypic standard deviation units per year. The genetic
trend for the CT index estimated from the line mean EBV

Table 1 Mean values and phenotypic standard deviations for CT,
ultrasound and carcass traits

Trait n Mean
Phenotypic

s.d.‡

CT index (units) 1074 4621 475
CT traits

Live weight (kg) 1266 32.7 3.27
Fat area ISC (mm2) 1266 3504 994
Muscle area ISC (mm2) 1266 20 560 1613
Bone area ISC (mm2) 1266 2887 269
Fat area LV5 (mm2) 1266 1326 713
Muscle area LV5 (mm2) 1266 7270 772
Bone area LV5 (mm2) 1266 859 106
Fat area TV8 (mm2) 1266 3511 1330
Muscle area TV8 (mm2) 1266 9451 1095
Bone area TV8 (mm2) 1266 3303 425

Ultrasound traits
Muscle width (UMW) (mm) 2018 41.5 3.32
Muscle depth (UMD) (mm) 2018 20.8 2.21
Fat depth (UFD) (mm) 2018 1.70 1.04
Scan weight (SWT) (kg) 2554 32.7 3.50

Post-slaughter traits†

Carcass weight (kg) 1148 18.3 1.98
Slaughter weight (kg) 1148 42.8 4.22
Conformation score (units) 1148 2.97 0.49
Fat class (units) 1148 2.75 0.50
Total price (£) 485 30.9 4.36

† Data not corrected to a predefined endpoint.
‡ Phenotypic standard deviation obtained from REML analyses.

Figure 1 Line means for computer tomography (CT) index for the selec-
tion and control lines.
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was 40 (s.e. 24) units per year. Although it appears from
Figure 1 that the control line may also have drifted
upwards with time, these year by line means do not disen-
tangle genetic and environmental effects.

Line differences (S-C) for the CT and ultrasonic assessed
traits are in Table 2, and line differences for carcass traits
are in Table 3. The S line lambs had greater muscle and
bone areas at the three sites (ISC, LV5, and TV8) and
greater ultrasonic muscle width and depth. Furthermore,
the S line lambs had higher conformation score and lower
fat class score, both of which were in the desired direction.
Non-significant trends were also seen for fat areas at the
three sites (ISC, LV5, and TV8), with the S line having less
fat than the C line. Line differences for carcass traits
adjusted to a constant fat classification score and to a con-
stant age were similar to those described above (results
not shown).

Genetic parameters
Univariate heritability estimates for all live animal measure-
ments are in Table 4. Maternal genetic effects were

significant, and therefore fitted, for some traits. The model
containing common environmental effects (litter) was
never significantly (P . 0.05) better than that with
maternal genetic effects. Heritabilities for traits describing
carcass composition (i.e. ultrasonic and CT measures) were
all moderate, and their maternal genetic component was
small or not significant (P . 0.05). In contrast, for live
weight at scanning, the maternal genetic contribution and
the contribution of the genes of the lamb were very similar
(0.16 and 0.17, respectively). The CT index was highly heri-
table (0.41), which is in consistent with selection on the
index being successful.

Heritabilities for post slaughter traits are in Table 5.
Maternal genetic and litter effects were largely unimpor-
tant for these traits. The end-point adjustment (none, fat
class or age) had no impact on the heritability estimates
but did affect the standard errors of the estimates: they
were lowest when a quadratic age correction was used
and it is these estimates that are presented in Table 5.
Almost all these traits were lowly heritable, except for car-
cass weight and slaughter age, which were both moder-
ately heritable (0.21).

The estimated phenotypic and genetic correlations
between the CT index and ultrasonic and carcass traits are
in Table 6, with mean heritability estimates calculated from
the bivariate models. Univariate estimates of heritability
presented in Tables 4 and 5 and bivariate estimates in
Table 6 were very similar. Estimates of phenotypic corre-
lations were robust, with no standard errors greater than
0.06. However, several genetic correlations had large stan-
dard errors. This is particularly the case where one or both
traits had low estimates of heritability and this limits the
interpretation of many of the correlations presented.

The genetic correlations between the CT index and ultra-
sonic measurements were all positive and generally low to
moderate. The estimated genetic correlations between the
CT index and carcass traits were generally positive and low

Figure 2 Direct genetic trends for the computer tomography (CT) index
from 1998 to 2003, with the straight line showing the regression of line
difference on year.

Table 2 Line means and differences for traits measured on the live animal, assessed using data collected in 2002 and 2003 (significant P , 0.05
line differences are indicated by an asterisk)

Trait Selection line (S) s.e. (S) Control line (C) s.e. (C) Line differences (S-C) s.e.d.

Live weight (kg) 28.66 0.24 27.54 0.44 1.12* 0.49
Fat area ISC (mm2) 2933 72.0 3010 135 276.8 147
Muscle area ISC (mm2) 20 040 116 18 888 217 1153* 237
Bone area ISC (mm2) 2666 19.4 2569 36.3 97.3* 39.7
Fat area LV5 (mm2) 712 52.3 738 97.9 226.3 106
Muscle area LV5 (mm2) 6929 55.4 6393 103 537* 113
Bone area LV5 (mm2) 838 7.69 807 14.4 30.8* 15.7
Fat area TV8 (mm2) 2497 97.0 2640 181 2142 198.3
Muscle area TV8 (mm2) 9687 79.1 8919 148 768* 161.7
Bone area TV8 (mm2) 2888 31.2 2714 58.4 175* 63.8
Muscle width (UMW) (mm) 40.33 0.22 38.50 0.44 1.83* 0.48
Muscle depth (UMD) (mm) 19.74 0.14 18.87 0.29 0.87* 0.32
Fat depth (UFD) (mm) 1.12 0.07 1.06 0.13 0.06 0.15
Scan weight (SWT) (kg) 25.49 0.23 24.17 0.46 1.32* 0.50

Sheep carcass quality by X-ray computer tomography

7



to moderate, except that with fat class which was nega-
tive. The genetic correlations between ultrasonic measure-
ments were positive and low to moderate but with large
standard errors, and in the case of backfat depth, not sig-
nificantly different from zero. In addition, carcass traits
were moderately positively correlated, with a very high
genetic correlation for carcass and slaughter weight (0.91).
Genetic correlations between ultrasonic and carcass traits
were variable. Live weight at scanning had a high positive
genetic correlation with slaughter and carcass weight.

The genetic correlation between total price and carcass
weight was positive and very strong (0.90) and the genetic
correlation between price per kg and carcass weight was
also positive and strong (0.52) (result not shown). The gen-
etic correlation between total price and slaughter age was
positive and very strong (0.90). Additionally, the estimated
genetic correlations of total price with live weight at scan-
ning and slaughter weight were positive and moderate
(both 0.63). Slaughter age was positively genetically corre-
lated with slaughter (0.44) and carcass weight (0.71).

Selection differentials
The ratio of the actual selection differential achieved to the
maximum potential selection differential for the CT index

was calculated to evaluate how effective actual selection
was relative to the intended selection. In the S line, the
selection differential achieved for the CT index across all
years was proportionately 0.89 of the maximum potential.
The selection differential achieved for CT index was pro-
portionately 0.90 for 2000, 0.87 for 2001, 0.88 for 2002
and 0.88 for 2003, all relative to the maximum potential
for that year. The value achieved in 2001, when indirect
selection had to be practised, was only marginally lower
than that achieved in other years.

Discussion

Inheritance of traits
Estimates of heritability for CT traits, i.e. both the CT index
and the CT tissue areas, on the live animal were moderate,
indicating that CT provides a quick and reliable means of
genetically changing carcass composition in sheep. In
another study, on a different population of Blackface sheep
at 24 weeks of age (Karamichou et al., 2006), heritability
estimates of CT tissue areas traits were moderate to high
and were very similar for bone (average h 2 ¼ 0.36) and
muscle areas (average h 2 ¼ 0.33), but somewhat higher
than the current study for the three fat areas (average
h 2 ¼ 0.64).

The ultrasonic measures of post-weaning body compo-
sition were moderately to highly heritable. Our estimate of
heritability for fat depth was lower than that reported by
Roden et al. (2003) on a subset of this data (h 2 ¼ 0.44),
by Puntila et al. (2002) for Finnsheep (h 2 ¼ 0.39), by
Bishop et al. (1996) for Scottish Blackface sheep kept in an
intensive environment (h 2 ¼ 0.39), by Saatci et al. (1998)
for Welsh Mountain sheep (h 2 ¼ 0.40), by Thorsteinsson

Table 3 Line means and differences for carcass and slaughter traits†, assessed using data collected in 2002 and 2003 (significant P , 0.05 line
differences are indicated by an asterisk)

Trait Selection line (S) s.e (S) Control line (C) s.e. (C) Line differences (S-C) s.e.d.

Carcass weight (kg) 16.3 0.23 16.8 0.37 20.58 0.41
Slaughter weight (kg) 37.1 0.48 38.1 0.80 21.00 0.87
Conformation score (units) 2.96 0.06 2.74 0.09 0.22* 0.10
Fat class (units) 2.49 0.06 2.78 0.10 20.28* 0.10
Total price (£) 28.1 0.60 28.3 1.02 20.29 1.12

† Data not corrected to a predefined endpoint.

Table 4 Univariate estimates of heritabilities of direct (h2) and
maternal effects (m2), and their standard errors (s.e.), for traits†

measured in the live animal

Trait h 2 s.e. (h 2) hm
2 s.e.(hm

2 )

CT index (units) 0.41 0.08 2 2

Live weight (kg) 0.19 0.06 0.14 0.04
Fat area ISC (mm2) 0.34 0.07 2 2

Muscle area ISC (mm2) 0.38 0.07 0.12 0.04
Bone area ISC (mm2) 0.37 0.08 2 2

Fat area LV5 (mm2) 0.30 0.07 2 2

Muscle area LV5 (mm2) 0.38 0.07 0.11 0.04
Bone area LV5 (mm2) 0.35 0.07
Fat area TV8 (mm2) 0.26 0.07 0.10 0.04
Muscle area TV8 (mm2) 0.39 0.07 2 2

Bone area TV8 (mm2) 0.29 0.07 2 2

Muscle width (UMW) (mm) 0.14 0.04 2 2

Muscle depth (UMD) (mm) 0.41 0.05 2 2

Fat depth (UFD) (mm) 0.30 0.05 0.06 0.03
Scan weight (SWT) (kg) 0.16 0.03 0.17 0.03

† Data not corrected to any endpoint.

Table 5 Univariate estimates of heritabilities (h2), with standard
errors (s.e.), for carcass and slaughter traits at a constant age

Trait h 2 s.e.

Carcass weight (kg) 0.21 0.06
Slaughter weight (kg) 0.15 0.05
Conformation score (units) 0.14 0.05
Fat class (units) 0.19 0.05
Slaughter age (days)† 0.21 0.05
Total price (£) 0.19 0.06

† Not adjusted to a constant age.
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and Eythorsdottir (1998) for Icelandic sheep (h 2 ¼ 0.42),
and by Cameron and Bracken (1992) for a terminal sire
breed (h 2 ¼ 0.35). Our estimate for fat depth is almost
the same as that summarised by Fogarty (1995) for dual-
purpose sheep (a mean of 0.28 for fat depth, from 30
studies). The heritability estimate for muscle depth is simi-
lar to that reported by Puntila et al. (2002) for Finnsheep
(h 2 ¼ 0.46) and by Cameron and Bracken (1992) for a
terminal sire breed (h 2 ¼ 0.46). However, when consider-
ing other studies, the heritability of muscle depth in this
study is high; Roden et al. (2003) reported a heritability of
0.26; Fogarty et al. (2003) of 0.27; Bishop et al. (1996) of
0.25); and Saatci et al. (1998) a heritability of 0.19. Laurid-
sen (1998) found 25 literature estimates of heritability ran-
ged from 0.13 to 0.57 (average of 0.32) for muscle depth
and from 0.07 to 0.62 (average of 0.31) for fat depth.
Usually, fat depths have been reported to have medium to
high heritabilities. Our results suggest that the potential for
genetic progress for body composition traits in hill sheep
maintained under extensive conditions may be higher than
previously thought, however expected progress may vary
greatly between populations.

Our estimate of the heritability of ultrasonic muscle
width was considerably lower than that of muscle depth,
which is in agreement with Fogarty et al. (2003), who esti-
mated the heritability for muscle width in 19-month-old
Merino rams to be 0.15. This most probably reflects the
fact that muscle width is more difficult to measure accu-
rately than muscle depth. Our estimates of heritabilities for
fat and muscle measures from CT were almost the same as
those from ultrasound, whereas in the study by Karami-
chou et al. (2006), heritabilities were higher for CT
measures than for ultrasound measures, particularly for fat
measurements.

The estimate of heritability for live weight at ultrasound
scanning was lower in this study than the estimates
reported by Cameron and Bracken (1992) for a terminal
sire breed (h 2 ¼ 0.20), by Bishop (1993) for Scottish
Blackface sheep (h 2 ¼ 0.23) and by Puntila et al. (2002)
for Finnsheep (h 2 ¼ 0.44). However, a substantial
maternal genetic component was also observed in our
study.

Heritability estimates for carcass and slaughter traits
were moderate. The estimate for carcass weight
(h 2 ¼ 0.21) was in agreement with results of Bennett et al.
(1991) (h 2 ¼ 0.22), which was done in crossbred lambs
from Southdown sires and Romney ewes. Also, Henniñgs-
son and Malmfors (1995) reported an estimate of 0.17 for
Swedish Pelt sheep and Conington et al. (2001) reported
an estimate of 0.33 for Blackface sheep.

Heritability estimates for fat class and conformation
score were low, as expected, given that they are subjec-
tively scored. There are very few estimates on genetic par-
ameters for visually assessed muscling on live animals,
such as conformation score. Bradford and Spurlock (1972)
reported a heritability estimate of 0.32 (s.e. 0.25) for live
conformation, and Schrooten and Visscher (1987) obtainedTa
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a relatively high heritability estimate for live muscling
score (0.44, s.e. 0.09) in the Texel breed. Van Heelsum et al.
(1999) reported a heritability estimate of 0.20 (s.e. 0.04)
for scores of gigot conformation in the Bluefaced Leicester
and Puntila et al. (2002) reported an estimate of 0.27 for
Finnsheep. Also, Conington et al. (2001) reported a herit-
ability estimate of 0.09 for conformation and 0.17 for fat
class score in Blackface sheep. Their estimate for fat class
score was in close agreement with our estimate. The esti-
mated heritabilities for live animal conformation score
suggest that there is scope for genetic improvement in
breeds with low subcutaneous fat cover. It is known that
conformation strongly depends on fatness and muscling
(having moderate heritabilities) but it is scored in a subjec-
tive manner.

Relationships between traits
Our data set was large enough to allow estimation of gen-
etic correlations between the CT index and ultrasonic and
carcass measurements; they were low to moderate, albeit
with large standard errors. Genetic change in any of these
attributes is feasible in principle, and correlated responses
in other traits predictable from genetic theory. Relation-
ships of the CT index with live weight at scanning and
muscle depth were moderately strong, indicating that
selection on the index should moderately increase both
these traits. Also, the CT index was strongly genetically cor-
related with carcass weight and fat class score, again indi-
cating that selection on the CT index should increase
carcass weight, but decrease fatness score.

A high genetic correlation of live weight at scanning
with slaughter and carcass weight was found, indicating
that selection for heavier lambs at weaning will increase
slaughter and carcass weights. These results contradict the
study made in Blackface sheep by Conington et al. (1998),
who estimated genetic correlations of 0.18 and 0.07,
respectively. Also, the very strong genetic correlation
between ultrasonic fat depth and fat class indicates that
selection for reduced fat depth could lower fatness scores,
which is in the expected direction. In addition, carcass
weight and slaughter weight were strongly genetically cor-
related, indicating that they are essentially expressions of
the same trait, which is in agreement with the study of
Conington et al. (1998) for Blackface sheep. The corre-
lations between live animal and slaughter measurements
are likely to change with the production environment, and
hence the mean time between weaning and slaughter.
Moreover, variation between animals in the length of time
from live animal assessment to slaughter will change with
production environment, and this will also impact on corre-
lations between live animal and slaughter measurements.

The genetic correlation between total price and carcass
weight was positive and very strong, indicating that hea-
vier lambs made more money, as expected. The estimates
of genetic correlations of total price with slaughter and car-
cass weight were in close agreement with those reported
by Conington et al. (1998), who found estimates of 0.92

and 0.89, respectively. However, these relationships are
stronger than can simply be explained by the fact that big-
ger carcasses fetch higher prices, because price per kg was
also genetically positively correlated with carcass weight.
In other words, larger carcasses are favoured, financially.
Also, estimates of genetic correlations of slaughter age
with total price, and with slaughter and carcass weight
were in agreement with results of Conington et al. (1998),
who reported estimates of 0.84, 0.67 and 0.67, respect-
ively. The relationship between slaughter age and total
price suggests a trend in prices through the season that is
counter to most selection goals, as it indicates that geneti-
cally slower growing animals will return more money to
the producer, under the pricing structure encountered in
this study.

Selection responses
Selection differentials provide a convenient description of
the selection pressure that has been applied. Comparison
of actual and maximum selection differentials indicate that
selection was largely on the CT index, but that other cri-
teria were also included in the selection decisions. More-
over, selection was not markedly hindered by the absence
of CT measurements for one year. Selection on the index
was successful in increasing live weight and traits describ-
ing muscle dimensions, but reductions in fat dimensions
assessed on the live animal were not significant. At
slaughter, this corresponded to a small increase in confor-
mation score and a small decrease in fatness.

Conclusions
This study has confirmed that CT and ultrasonic measure-
ments provide an effective means of selecting for improved
carcass composition. The ultrasonic and CT measured traits
were more highly heritable than the subjectively assessed
traits. Many of traits were also affected by the maternal
environment, as expected. The ultrasonic and CT traits also
showed high levels of genetic variation, which is the
second requirement for making genetic progress.

Judging by the genetic correlations, selection on the CT
index should achieve a moderate improvement in confor-
mation, price and slaughter weight, and a decrease in fat
class. These changes were in fact seen for fat class, confor-
mation and live weight. Conversely, selection on live
weight at scanning would be expected to improve carcass
and slaughter weight, and total price received, but have
slightly deleterious impacts on carcass conformation score.
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