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Abstract
The colour of bloomed m. longissimus was measured 24 hours post slaughter for 8165
lamb carcasses produced over 5 years across 8 sites in Australia. Intramuscular fat across a 2
to 8% range and shortloin fat weight were positively associated with meat lightness (L*),
redness (a*), yellowness (b*), hue and chroma (P < 0.01). Shortloin muscle weight was
negatively associated with these meat colour parameters (P < 0.01), although this was largely
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accounted for by correlated changes in intramuscular fat (P < 0.01). The effect of sire
breeding values for lamb weight, shortloin muscle depth and fat depth on loin L*, a*, b*, hue
and chroma were small and varied between lambs of different sire type, dam breed and sex.
Thus selection for lean meat yield will have neutral or positive effects on meat colour, while
selection for increased intramuscular fat will make the bloomed colour of lamb meat lighter

NU

and redder.

MA

Keywords: Color; Redness; Lightness; Yellowness; Breeding values.

Highlights

Intramuscular fat increased lamb loin L*, a*, b*, hue and chroma.



Increasing relative shortloin fat weight increased meat L*, a*, b*, hue and chroma.



Increasing relative shortloin muscle weight reduced meat L*, a*, b*, hue and chroma.



Sire selection for muscling had varied effects on meat colour dependent on breed type.



Sire selection for low fat increased L*, reduced a*, b* and chroma in most breed types.
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1.

Introduction
The colour of lamb meat on display is critical to retail sales and thus the profitability of

the lamb meat industry (Mancini & Hunt, 2005). Consumers rely on meat colour as an
indicator of quality and freshness. Consumers associate bright red meat with freshness and
high quality, and associate unattractive pale or dark meat with imminent spoilage and/or with
reduced meat quality (Faustman & Cassens, 1990). The discolouration of lamb meat will
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deter a consumers‟ purchase, forcing retailers to discount, downgrade or even discard the
discoloured product. These practices result in substantial financial losses for the lamb meat
industry. However the colour of lamb meat on display is a complex trait that is difficult for
producers, processors or retailers to control or predict.

Myoglobin is the pigment primarily responsible for the colour of red meat (AMSA, 2012)
and is associated with measures of lightness (L*), redness (a*), yellowness (b*), shade of
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colour (hue) and colour saturation (chroma) of lamb meat after blooming (Calnan, Jacob,
Pethick, & Gardner, 2016). Blooming is the process whereby the hue of meat changes from

MA

purple to red and the L* increases due to myoglobin oxygenation (Brooks, 1929). The colour
immediately after blooming represents the best colour possible in relation to consumer
preference defined by L* and a* values for meat on display (AMSA, 2012). After blooming

ED

the hue of meat becomes progressively brown due to oxidation of myoglobin into
metmyoglobin. The colour of lamb meat normally remains in this premium “bloomed” state

PT

for at least 24 hours under over-wrap (Khliji, van de Ven, Lamb, Lanza, & Hopkins, 2010)
and 8 days under high-oxygen modified atmosphere packaging though the precise time period

CE

varies (Channon, Baud, & Walker, 2005).
Factors that increase muscle myoglobin concentration will generally reduce L*, b* and

AC

hue, and increase a* and chroma values for bloomed meat due to preferential absorption of
different wavelengths of light by myoglobin (Calnan et al., 2016). Muscle oxidative capacity
as indicated by isocitrate dehydrogenase activity (ICDH) (Gardner et al., 2007) is strongly
related to myoglobin and hence the iron concentration of muscle. While muscle oxidative
capacity is associated with mitochondrial oxygen consumption (Klont, 1998) which reduces
bloom depth and thus L* and a*, given the importance of myoglobin in determining the
bloomed red meat colour the association between muscle oxidative capacity and myoglobin
likely has a greater impact on lamb meat colour. On this basis increasing ICDH will be
associated with a reduction in lamb meat L*, b* and hue and increased a* and chroma.
Additionally, any animal factors that influence muscle oxidative capacity are likely to
3
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influence the colour of meat after blooming.
Lean meat yield, defined as the weight of saleable meat derived from a carcass, is one
such factor that is associated with ICDH, iron and myoglobin concentrations (Greenwood,
Gardner, & Hegarty, 2006; Wegner, 2000). Sire breeders in Australia have increased the lean
meat yield of lamb carcasses, and hence the potential value of a carcass, through the use of
Australian Sheep Breeding Values (ABSVs) (Anderson, Pethick, & Gardner, 2016). The
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development of breeding values for post-weaning weight (PWT), eye muscle depth (PEMD),
and post-weaning c-site fat depth (PFAT) has allowed this selection for lean meat yield. Sire
PEMD and PFAT estimates are based on ultrasound measures of m.longissimus (loin muscle)
depth at the level of the 12th rib and fat depth measured 45 mm from the mid-line over the 12th
rib (the c-site) (Fogarty, 1995). Lambs from high PWT sires have increased growth rates,
while lambs from high PEMD sires have increased muscle size particularly of the loin muscle
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(Gardner et al., 2010) and lambs from low PFAT sires have reduced carcass fatness (Gardner
et al., 2010).

MA

Selection for lean muscle growth has indirectly changed muscle fibre morphology and
reduced muscle ICDH (Greenwood et al., 2006), myoglobin and iron concentrations in
slaughter lambs. The use of high PWT sires has reduced muscle oxidative capacity due to a
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reduction in relative maturity of lambs at the time of slaughter (Hall, 2000). Selection for high
PWT increases the mature size of the lambs, which are then relatively less mature when

PT

slaughtered at a set carcass weight (Huisman & Brown, 2008). Given that maturity is
associated with increased carcass fatness and more oxidative muscle fibres; these less mature

CE

lambs have relatively leaner carcasses with reduced muscle oxidative capacity (Brandstetter,
Picard, & Geay, 1998). Selection for sires with high PEMD and low PFAT breeding values

AC

has reduced lamb muscle oxidative capacity; with higher proportions of glycolytic type IIX
muscle fibres (Greenwood et al., 2006), reduced oxidative muscle fibres (Gardner, Pethick,
Greenwood, & Hegarty, 2006) and reduced myoglobin and iron concentrations (Kelman,
Pannier, Pethick, & Gardner, 2014; Pannier et al., 2010). Selection for lean meat yield may
therefore be expected to increase L*, b* and hue values and reduce a* and chroma values of
bloomed lamb meat.
Sire selection for increased lean meat yield has also had the unintended impact of reducing
intramuscular fat content and thus the eating quality of lamb meat (Pannier et al., 2014).
Changes in intramuscular fat concentration may also impact the bloomed colour of lamb
meat. Mortimer et al. (2014) and Wolcott et al. (2009) reported in positive correlations
4
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between intramuscular fat and meat L* in lamb and beef, likely due to increased reflection of
light from white fat contributing to L* which is measured on a scale of black (0) to white
(100) (CIE, 1976). In contrast, over differing ranges in intramuscular fat Lorentzen and
Vangen (2012) and Fiems (2000) reported that with increasing intramuscular fat in lamb and
beef that meat L* reduced and a* increased; potentially due to the positive association
between intramuscular fat and muscle oxidative capacity (Hocquette et al., 2003). With
greater myoglobin concentration more light is absorbed, the greater the oxygen consumption
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of the meat and the darker the colour of the meat (low L*). So while selection for lean meat
yield is expected to reduce intramuscular fat concentration, the prevailing influence of the
associated change in intramuscular fat concentration on the bloomed colour of lamb meat is
unclear.

Given the importance of colour in driving lamb meat sales and profitability, it is vital to

NU

understand the influence that selection for lean meat yield and subsequent changes in
intramuscular fat concentration is having on lamb meat colour.

This study provides a

MA

comprehensive analysis of associations between intramuscular fat, genetic and phenotypic
indicators of lean meat yield and fresh lamb loin colour parameters, reporting the magnitudes
of impact that selection for increased intramuscular fat and lean meat yield will have on these

ED

parameters. We hypothesised that the progeny of high PWT, high PEMD and low PFAT sires
will produce lamb loins with increased L*, b* and hue values, and reduced a* and chroma

PT

values due to reduced muscle oxidative capacity. Additionally, that reducing intramuscular fat
concentration in lamb loins will increase surface L*, b* and hue, and reduce a* and chroma.
Material and methods

CE

2.

2.1 Experimental design, slaughter and carcass measurement details

AC

Lambs (n = 8165) were produced as part of the Sheep Cooperative Research Centre
information nucleus flock experiment, over a 5 year period (2007 - 2011) at 8 sites across
Australia. This experiment has been comprehensively described previously (Fogarty, Banks,
van der Werf, Ball, & Gibson, 2007; van de Werf, Kinghorn, & Banks, 2010). Fresh meat
colour was measured from lambs produced at all eight sites; Cowra, Kirby and Trangie in
New South Wales, Hamilton and Rutherglen in Victoria, Struan and Turretfield in South
Australia, and Katanning in Western Australia.
The lambs were the progeny of 426 different sires, all with established ASBVs for postweaning loin muscle depth (PEMD), post-weaning c-site fat depth (PFAT) and post-weaning
5
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weight (PWT). Sire breeding values are derived from measurements on the individual
animals, the performance of their relatives, and appropriate genetic parameters (Fogarty,
1995). Sire PFAT values are calculated from ultrasound measurements of fat depth at the csite (45 mm from the mid-line over the 12th rib) and adjusted to 60 kg live weight (Fogarty,
1995). Sire PEMD values are based on ultrasound measurement of the depth of the loin
muscle at the level of the 12th rib, adjusted for live weight (Hall, Gilmour, Fogarty, & Holst,
2002), while PWT estimates are based on lamb live weights corrected to 225 days of age.
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ASBVS are expressed as either positive or negative deviations from an average. Sire ASBVs
are calculated for each breed type, thus different ranges in ASBVs exist between sire breed
types.

The sires comprised Terminal sire types (Hampshire Down, Ile De France, Poll Dorset,
Southdown, Suffolk, Texel and White Suffolk), Maternal sire types (Bond, Booroola, Border
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Leicester, Coopworth, Corriedale, Dohne Merino, East Friesian, Prime SAMM and White
Dorper) and Merino sire types (Merino and Poll Merino). Around 90 sires were used each

MA

year to inseminate dams across all sites in the study. Semen from all three sire types was used
to artificially inseminate Merino dams, while only Terminal sires were used to inseminate
crossbred ewes (eg Border Leicester x Merino dams). Maternal and Merino sired lambs sent

ED

to slaughter comprised very few females (which were retained for breeding purposes),
meaning effective comparisons between sexes could only be made within the Terminal sired

PT

lamb groups. Hence the lambs comprised six sire type, dam breed and sex combinations;
Maternal sired males from Merino dams (n=1555), Merino sired males from Merino dams

CE

(n=1292), Terminal sired males from Merino dams (n=1195), Terminal sired females from
Merino dams (n=1153), Terminal sired males from Crossbred Merino dams (n=1518) and

AC

Terminal sired females from Crossbred Merino dams (n=1452).
The lambs were grazed on pasture that was supplemented with grain, hay or feedlot pellets
when low pasture supply limited lamb growth. Management practices and carcass processing
were standardised as far as possible to examine the effects of factors such as production site,
year and slaughter group on lamb meat colour. These effects have been described in a
previous publication (Calnan et al., 2016), while several publications provide details of breed
types used, lamb feeding and management practices in this experiment (Calnan et al., 2016;
Ponnampalam et al., 2014; Ponnampalam et al., 2012; van de Werf et al., 2010). At each site
lambs were consigned to smaller groups to be killed on the same day (slaughter groups).
There were a total of 125 slaughter groups in this study containing 65 lambs on average.
6
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Lambs were allocated to slaughter groups based on live weights, targeting a carcass weight of
21- 22 kg, so ranged in age from 134 to 504 days at the time of slaughter. Lambing dates were
clustered because mating was done using artificial insemination thus the range of lamb ages
within slaughter groups was 11 days and less than expected with natural mating. The day
prior to slaughter the lambs held for 6 hours in a small paddock without food or water then
weighed and transported to a commercial abattoir. Trucking distances varied substantially
between different production sites but were consistent within production sites. At the abattoir
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lambs were held in lairage overnight with access to water but no food before slaughter the
following day. All carcasses were subjected to medium voltage electrical stimulation (Pearce
et al., 2010) and trimmed according to AUS-MEAT specifications (Anonymous, 2005).
Carcasses were weighed after slaughter to determine the hot carcass weight (HCWT).
Carcasses were then chilled overnight to a temperature of 3 - 4 C prior to sampling. The m.

NU

longissimus thoracis et lumborum (loin muscle) was removed (caudal from the 12th rib region
to the lumbar sacral junction) and weighed separately to the overlying subcutaneous fat layer

MA

(shortloin muscle weight and shortloin fat weight). The intramuscular fat content of the loin
was determined using a 40 g sample of muscle excised from the caudal (lumbosacral) aspect,
from which all visible subcutaneous fat and silver skin were removed prior to dicing. The

ED

muscle was then stored in 50ml collection tubes at -20C prior to freeze drying using a
Cuddon FD 1015 freeze dryer (Cuddon Freeze Dry, NZ). The percentage of intramuscular fat

PT

was then determined using a near infrared procedure in a Technicon Infralyser 450 (19
wavelengths) using the method described by Perry et al. (2001) and was expressed as a

CE

percentage of wet tissue weight.

Myoglobin concentration, iron concentration, ICDH and pH at 24 hours (pH24) were also

AC

measured in each lamb loin muscle. Details on the methods of collection and measurement of
these parameters has been previously described (Calnan et al., 2016).
2.2 Meat colour measurement
The colour of each m. longissimus (loin) was measured at 24 hours post slaughter after
the cut surface had been allowed time to bloom (oxygenate). The loin muscle was sliced
perpendicular to muscle at the level of the 12th rib to allow the removal of the shortloin
muscle. The cut loin meat surface (remaining on the carcass) at the level of the 12th rib was
then allowed 30 – 40 minutes exposure to air at the chiller temperature (2 – 4 ° C), before
surface colour was measured using a Minolta Chromameter, Model CR – 400 (Konica
7
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Minolta Optics, Inc.). A different machine was used at each abattoir.
Each Minolta chromameter was fitted with a closed cone, set on a “D65” illuminant,
using a 2° standard observer and 8 mm measurement area (aperture). The aperture was held
directly against the meat surface for colour measurements. The chromameter was fitted with a
CR-A33a or CR-A33f light projection tube with a glass „shield‟ fitted to the base of the
measuring head. Each chromameter was calibrated prior to use within the chiller where
measurements were subsequently taken using a white tile according to manufacturer‟s
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instructions.

The chromameter measured the colour of the freshly sliced meat surface according to the
Commission International de l‟Eclairage (CIE) L*a*b* system (CIE, 1976). According to this
system L* or lightness represent dark to light on a scale of 0 to 100; a* or redness represents
green to red on a scale of -60 to +60; and b* or yellowness represents blue to yellow on a

NU

scale of -60 to +60. Hue or hue angle was calculated manually (arctangent (b*/a*) ) with
values from 0-360° representing a colour shade based on a colour circle, where 0° (= 360°)
represents red, 90° yellow, 180° green and 270° blue hues. Thus in the context of meat colour,

MA

hue values closest to 0° or 360° are considered preferable to consumers. To correct for
negative b* values creating negative hue angles, 360 was added to all hue values to allow

ED

analysis, before being subtracted from any values exceeding 360, according to the method of
McGuire (1992). Chroma or the colour saturation index of the meat surface was calculated

PT

using a* and b* measures with the equation: √ (a*2 + b*2) (AMSA, 2012).
Three replicate measurements were obtained of each meat surface with the chromameter

CE

head rotated by 45 ° for each measure and with an effort made by the operator to avoid areas
of dense connective tissue. The three measures from each loin sample were then averaged for

AC

analysis.

2.3 Statistical analysis
Base models for L*, a*, b*, hue and chroma have been detailed in previously published
work (Calnan et al., 2016). These models contained fixed effects for site, year, slaughter
group within site and year, sex and dam breed within sire type and site by year, as well as
random effects for sire and dam by year. The analysis in this manuscript made use of these
previously developed base models, to test the effects of phenotypic carcass measurements and
ASBVs on the colour parameters.
For L*,a* and b* this analysis was carried out in two parts. Firstly a multivariate analysis
8
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using L*, a* and b* as the dependant variables was used in SAS (Version 9.1, SAS Institute,
Cary, NC, USA) to establish a unique model for each carcass measurement. These carcass
measurements included HCWT, intramuscular fat concentration, shortloin muscle weight, and
shortloin fat weight. Each measurement was incorporated separately as a covariate into the
base model for L*, a* and b*, along with the squared term of the covariate and all relevant
first order interactions between the covariate and fixed effects. Non-significant (P > 0.05)
terms were removed in a stepwise manner. Secondly, these unique models for each covariate
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(with and without HCWT) were then tested in separate linear mixed effects model for each of
L*, a* and b* to examine the association between each covariate and each colour parameter.
Intramuscular fat was incorporated separately into each colour model, while shortloin muscle
weight and shortloin fat weight were each analysed in conjunction with HCWT to ensure the
impact of composition (relative muscling or fatness) on L*, a*, and b* was represented.

NU

Intramuscular fat was also tested in each model in conjunction with HCWT, to ensure that
any observed associations were not simply reflecting changes in HCWT.

MA

The same two part approach was taken to test the associations between ASBVs PEMD,
PFAT and PWT with L*, a* and b*. All three ASBVs, their squared terms and relevant
interactions with fixed effects were regressed in a multivariate regression analysis of L*, a*

ED

and b*. Non-significant terms (P > 0.05) were removed to form a base model that was then
applied to linear mixed effects models to test for ASBV associations with dependent variables

PT

separately (L*, a* and b*), with the inclusion of sire and dam by year as random terms. Given
the correlations that exist between the breeding values in this data set (PWT vs PEMD = 0.25;

CE

PWT vs PFAT = 0.32; PEMD vs PFAT = 0.20) this process was repeated with each breeding
value included one at a time to test the independence of their effects. The effects of the
ASBVs were then tested in models corrected for HCWT, shortloin weight, shortloin fat

AC

weight and intramuscular fat.

For hue and chroma, linear mixed effects models were used directly to test their
associations with phenotypic carcass covariates and ASBVs. Non-significant fixed and
covariate terms, interactions between them and squared covariate terms (P > 0.05) were
removed in a stepwise fashion using a linear mixed effects model. Again intramuscular fat
was incorporated separately, while shortloin muscle weight and shortloin fat weight each
analysed in models with HCWT incorporated. These final models were tested in linear mixed
effects models to output associations between various covariate effects and hue and chroma.
Other muscle measurements including myoglobin concentration, iron concentration and pH24
9
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were also incorporated as covariates into all these models to test biological associations
underpinning the effects of intramuscular fat, shortloin muscle weight, shortloin fat weight
and ASBVs on lamb loin L*, a*, b*, hue and chroma.
3.

Results
The number, mean, standard deviation and range for the fresh colour data, carcass

covariates and the sire breeding values within each sire type are shown in Table 1. The base
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models described 65%, 71%, 94%, 96% and 66% of the variance in L*, a*, b*, hue and
chroma respectively. The b* values were positively associated with L* and a* with partial
correlation coefficients of 0.4 and 0.6 respectively, though there was no correlation between
L* and a* (0). The impact of the fixed production effects (site and year of production,
slaughter groups within site and year, sire types, dam breed and lamb sex) on lamb loin L*,
a*, b*, hue and chroma have been published previously, and are reported in Figure 1a for
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comparison (Calnan et al., 2016). Their impact is reported as the magnitude difference
between the minimum and maximum predicted means, for example there was a maximum

MA

difference of 4.14 in the predicted mean L* between different sites of lamb production (Fig.
1a). The impact of covariate effects such as muscle myoglobin concentration and pH24 on
lamb loin L*, a*, b*, hue and chroma have been previously published (Calnan et al., 2016).

ED

3.1 Effect of intramuscular fat, shortloin muscle and shortloin fat weight on L*, a*, b*, hue

PT

and chroma

Lamb loin intramuscular fat concentration was positively associated with L*, a*, b*, hue

CE

and chroma (P < 0.01, Fig. 1). When intramuscular fat content increased from 2 to 8 % L*
itudeincreased by 3.1 units; a* increased by 1.3 units; b* increased by 1.7 units; hue increased
by 4.0 units and chroma increased by 1.4 units (Fig. 1, Table 2). When HCWT, myoglobin

AC

concentration, iron concentration and pH24 were included separately into each model
examining the influence of intramuscular fat on lamb loin colour (P < 0.01), there was little
change in the magnitude of effect of intramuscular fat on L*, a*, b*, hue and chroma (Table
2).
With HCWT accounted for in the model, shortloin muscle weight showed a significant but
quantitatively smaller negative association with loin L*, a*, b*, hue and chroma (P < 0.01,
Fig. 1). Increasing shortloin muscle weight from 100 to 500 g produced a 0.35, 0.65, 0.35,
0.75 and 0.5 unit decrease in L*, a*, b*, hue and chroma (Fig. 1, Table 2). Though increasing
shortloin fat weight (with HCWT accounted for) caused a larger increase in L*, a*, b*, hue
10
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and chroma (P < 0.01, Table 2). Increasing shortloin fat weight across a range of 100 to 500 g
caused a 0.9, 0.8, 1.2, 2.4 and 1.0 unit increase in L*, a*, b*, hue and chroma (Fig. 1, Table
2). Incorporating myoglobin concentration into each model, along with HCWT, did not
substantially alter the impact of shortloin muscle weight on meat colour parameters, though
did reduce the impact of shortloin fat weight on loin L* and a* (P < 0.01, Table 2). However,
incorporating intramuscular fat % in addition to HCWT did substantially change the impact of
shortloin muscle weight and shortloin fat weight on lamb loin L*, a*, b*, hue and chroma (P
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< 0.01, Table 2).

3.2 Effect of sire breeding values on L*, a*, b*, hue and chroma

Sire breeding values for PEMD and PFAT were associated with lamb loin L*, a*, b* and
chroma, while only PEMD was associated with hue (P < 0.05, Table 3). There was no
association between PWT and any of the meat colour parameters measured (P > 0.05). The

NU

associations between breeding values and meat colour parameters differed between the six
different sire type, sex and dam breed combinations (P < 0.05, Table 3), with the exception of

MA

the consistent effect of PFAT on meat L* and the effect of PEMD on meat hue (P < 0.05,
Table 3).

ED

Increasing PEMD sire estimates was associated with increased meat L* in two of the six
breed type and sex combinations (P < 0.05, Table 3). When myoglobin concentration was
incorporated into the model the effect of PEMD on meat L* became consistent across sire

PT

types; increasing loin L* by 1.1 units across an increasing PEMD range of -2.9 to 4.9 (P <
0.05). The effect of PEMD estimates of loin a* and b* were marginal. PEMD was associated

CE

with a* in two of the six breed type and sex combinations, though these associations were
opposing, while PEMD was positively associated with loin b* in only one breed type and sex

AC

combination (P < 0.05, Table 3). Incorporating myoglobin or iron concentration did not alter
the impact of PEMD on loin a* in Terminal lambs, though did account for the impact of
PEMD on a* in Merino lambs (P > 0.05). The impact of PEMD on loin b* became
independent of breed type when myoglobin, iron or intramuscular fat were incorporated;
increasing PEMD from -2.9 to 4 increasing loin b* by 0.75, 0.55 and 0.55 units (P < 0.05).
Incorporating pH24 did not however change the impact of PEMD on b* (Table 3).
Sire PEMD estimates had a more consistent association with chroma and particularly hue.
Sire PEMD values were positively associated with chroma in three of the six breed type and
sex combinations, though a negative association was observed in one breed type and sex
11
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combination (P < 0.05, Table 3). Myoglobin, iron and intramuscular fat each accounted for
these effects of PEMD on meat chroma (P > 0.05). Increasing PEMD increased loin hue
independent of lamb breed type and sex (P < 0.05, Table 3), and the magnitude of this impact
increased to 1.3, 1.1 and 1.0 units when intramuscular fat, myoglobin and iron concentration
were accounted for.
Higher PFAT estimates were associated with reduced loin L* independent of breed type
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and sex combination (P < 0.05, Table 3), meaning that sire selection for reduced PFAT will
be associated with lighter lamb loin. The association between PFAT sire estimates and lamb
loin a*, b* and chroma were less consistent, while PFAT had no association with loin hue (P
> 0.05, Table 3). Reducing PFAT estimates reduced lamb loin a* in the majority of lamb
breed type and sex combinations. PFAT and a* were positively associated in four of the six
combinations, though a negative association was observed in one breed type and sex

NU

combination (P < 0.05, Table 3). Incorporation of myoglobin and iron concentration each
accounted for the effect of PFAT on meat L* and a* (P > 0.05). Intramuscular fat did not alter

MA

the impact of PFAT on loin L* (P < 0.05), though did account for the effect of PFAT on loin
a*. A positive association between PFAT and b* was found in two of the breed type and sex
combinations, though PFAT was negatively associated with b* in one breed type and sex

ED

combination (P < 0.05, Table 3). The positive association between PFAT and chroma was
consistent though only observed in three of the breed type and sex combinations (P < 0.05,

PT

Table 3). The effect of PFAT on meat b* and chroma was accounted for when myoglobin,
iron or intramuscular fat concentration were incorporated (P > 0.05).
Discussion

CE

4.

4.1 The effect of intramuscular fat concentration on lamb loin L*, a*, b*, hue and chroma

AC

Intramuscular fat concentration increased loin meat L* in this study, contrary to our
hypothesis. The magnitude of effect on meat L* was greater (3.1 units) across the range of
intramuscular fat concentration than previously reported across the range in myoglobin, iron
or pH24 (2.8, 2.6 and 1.9 units) (Calnan et al., 2016). The positive association between
intramuscular fat and meat L* in this study has important industry significance given the
importance of these traits to the consumer preference for lamb meat in terms of visual appeal
and taste. The unexpected increase in L* with high intramuscular fat suggests that reflection
of light from white fat is having a greater influence on meat L* than any change in light
absorption associated with high myoglobin or iron concentrations. The magnitude of the
12
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effect of intramuscular fat on loin L* was reduced by less than 10% when loin myoglobin or
iron concentrations were accounted for in the models of this study, supporting that
intramuscular fat is influencing meat lightness independent to any associated changes in
muscle oxidative capacity.
In line with our hypothesis, increasing intramuscular fat concentration in the lamb loin
was associated with increased a*. However, the magnitude of effect of intramuscular fat on a*
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was reduced by only 10% when muscle myoglobin concentration was accounted for in the
model, suggesting that changes in myoglobin concentration account for only a small portion
of this effect. The ultimate pH of lamb meat (or pH measured at 24 hours post slaughter –
pH24) is an important muscle factor impacting lamb loin a* on display (Calnan et al., 2016).
Yet accounting for pH24 in these models did not alter the effect of intramuscular fat on lamb
loin a*, leaving the principal mechanism underpinning this advantageous association unclear.

NU

Swatland (2003) suggested that structural differences between fibre types including
mitochondrial density may account for differences in muscle oxidative capacity independently

MA

of myoglobin concentration. While changes in intramuscular fat concentration had the same
magnitude impact on meat a* as myoglobin (1.3 units) and a lesser magnitude impact than
changing pH24 (2.5 units) (Calnan et al., 2016), muscle traits such as pH24 and myoglobin are

ED

complex and difficult to reliably control. Intramuscular fat concentration alternatively has the
potential for independent genetic selection, with a sire ASBV for intramuscular fat having

PT

been recently developed for the Australian lamb industry. Great potential lies in this ability to
independently select for increased intramuscular fat and thereby to improve the bloomed

CE

colour and taste qualities of lamb meat for Australian consumers (Khliji et al., 2010).
However these gains associated with increased intramuscular fat concentration may be offset
by worsened meat colour stability (Calnan, Jacob, Pethick, & Gardner, 2014; Faustman, Sun,
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Mancini, & Suman, 2010).

Increased intramuscular fat concentration was also associated with increased b* of loin
meat in this study. This positive association supports the findings of Mortimer et al. (2014)
who reported a high positive genetic correlation of 0.81 between intramuscular fat content and
b* in lamb meat. The mechanism behind this association may simply relate to the
white/yellow colour of intramuscular fat absorbing blue light wavelengths and thus increasing
b* given that b* values are measured along a scale from blue (-60) to yellow (+60), rather
than a change in the b* of the muscle tissue itself. The increase in b* with increasing
intramuscular fat could also be related to the strong positive associations of b* values with L*
13

ACCEPTED MANUSCRIPT
and a* values. The importance of b* to consumer appeal and approval of lamb meat colour is
unclear, though b* measures are used in combination with a* measures to determine meat hue
and chroma.
In line with the positive association between intramuscular fat concentration and both a*
and b*, increased intramuscular fat also increased hue and chroma values. The increase in
hue value with high intramuscular fat results in the shade of meat colour being slightly more
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yellow (90°) than red (0°), despite the increased a* associated with high intramuscular fat.
This suggests that increasing intramuscular fat is having a relatively greater influence on meat
yellowness than redness, though the importance of this change is difficult to gauge given that
the importance of lamb meat yellowness measured by b* or hue values has not been well
established. Alternatively, the increase in chroma seen with increasing intramuscular fat
concentration will improve meat colour on display- as chroma represents the colour saturation

NU

or brightness of bloomed meat colour which is important to consumer appeal (Khliji et al.,
2010).

MA

Overall increasing the level of intramuscular fat within lamb loins has a positive effect on
bloomed meat colour; increasing L*, a* and chroma - three colour parameters that have been
linked to consumer approval of displayed lamb meat colour (Khliji et al., 2010). These results

ED

are encouraging and they suggest that current industry selection for higher intramuscular fat
levels will not only improve meat taste qualities but will reduce the incidence of dark or

PT

discoloured lamb meat that has reduced retail value.

CE

4.2 The effect of sire PEMD estimates on lamb loin L*, a*, b*, hue and chroma
Selection for high sire PEMD values had inconsistent effects on bloomed meat colour

AC

parameters other than hue in this study.
Increasing sire PEMD estimates was associated with increased lamb loin L* in Maternal
sired lambs and Terminal sired male lambs from crossbred Merino dams only. This positive
association aligns with our hypothesis that increasing lean meat yield in lambs via selection
for high sire PEMD will increase L* due to reduced muscle oxidative capacity and thus
myoglobin concentrations. PEMD however was not associated with meat L* in Merino sired
lambs or Terminal sired lambs that were female or from Merino dams. Kelman et al. (2014)
found that increasing Maternal and Terminal PEMD estimates were associated with reduced
myoglobin concentrations in their progeny, consistent with other reports (Gardner et al.,
2006). However contrary to expectations high Merino sire PEMD estimates were associated
14
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with increased myoglobin concentration in lamb loin muscle (Kelman et al., 2014). This
increase in myoglobin concentration with increasing PEMD in Merino breed types may
explain the lack of association seen between PEMD and meat L* in Merino sired lambs and
Terminal sired lambs with Merino dams in this study. When myoglobin concentrations were
accounted for in our ASBV model, the positive association between PEMD and meat L*
became independent of sire type. Thus the changing effect of sire PEMD on lamb muscle
myoglobin concentrations between different sire types may account for the inconsistency of
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the effect of PEMD on lamb meat L*. However, accounting for lamb loin myoglobin
concentration, iron, intramuscular fat or pH24 did not account for the positive influence of
PEMD on meat L*. This suggests that selection for PEMD is resulting in other unidentified
changes to loin muscle, potentially changes in meat structure that are in turn influencing meat
L*. PEMD was not associated with L* in those lambs with ICDH measures (n = 2881), thus

NU

changes in muscle oxygen consumption rate or fibre type independent of myoglobin and iron
concentrations may account for the effect of PEMD on L* in the total 7731 lambs with ASBV

MA

data.

The effects of increasing sire PEMD estimates on lamb loin a*, b* and chroma were
similarly varied and inconsistent between lambs of different breed types and sexes. Increasing

ED

sire PEMD estimates reduced meat a* and chroma in Terminal sired female lambs from cross
bred dams, though unexpectedly increased meat a* and chroma in Merino sired lambs. This

PT

may again relate to the inconsistent effect of sire PEMD on lamb myoglobin concentrations
between different sire types, as reported by Kelman et al. (2014), where an increase in

CE

myoglobin concentration in lamb muscle from high PEMD Merino sires would explain the
observed improvement in meat a* and chroma of Merino sired lambs. In line with this the
inclusion of lamb myoglobin concentrations did account for the effect of PEMD on meat a*

AC

and chroma in Merino sired lambs. Alternatively changes in intramuscular fat accounted for
the negative impact of high PEMD on meat a* and chroma of Terminal sired female lambs
from crossbred dams. Thus it is likely that a combination of reduced intramuscular fat and
muscle oxidative capacity underpins the reduction in meat a* with increasing PEMD
estimates in Terminal sired female lambs with cross bred dams. The lack of association
between PEMD estimates and meat a* and chroma in all lambs from Merino dams may relate
to the opposing influences at play with selection for high PEMD in this breed type; reducing
intramuscular fat and increasing myoglobin concentration.
Increasing sire PEMD estimates increased lamb meat hue independent of lamb breed type
15

ACCEPTED MANUSCRIPT
or sex. Alternatively, sire PEMD was only associated with meat b* in Maternal sired lambs,
where increasing PEMD increased b*. When intramuscular fat, myoglobin concentration or
iron concentration were accounted for separately in these models, the positive association
between PEMD and b* became independent of breed type and sex while the effect of sire
PEMD on lamb meat hue was unchanged. The failure of intramuscular fat, muscle oxidative
capacity markers or meat pH24 to account for the effect of PEMD on meat yellowness
measures is surprising, particularly given the strong association between intramuscular fat and
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meat b* and hue measures and the reduction in lamb intramuscular fat reported with selection
for high PEMD estimates (Pannier et al., 2014). The cause of this increased lamb loin
yellowness with increasing sire PEMD selection is unclear.

Overall selection for lean meat yield via increasing sire PEMD estimates did have some
positive effects on bloomed loin colour. Increasing PEMD was associated with increased

NU

meat L*, a*, b*, hue and chroma in one or more breed and sex type combinations, however
PEMD estimates did not have a significant effect in the majority of lambs, and even reduced

MA

meat redness and chroma in one breed type grouping. A combination of reduced myoglobin
and intramuscular fat concentrations with increasing PEMD appear to account for the effects
of PEMD on meat a* and chroma, however the mechanisms underpinning the associations

ED

between PEMD and lamb meat L*, b* and hue remain unclear.
4.3 The effect of sire PFAT estimates on lamb loin L*, a*, b*, hue and chroma

PT

In line with our expectations, sire PFAT estimates and meat L* were negatively
associated, meaning that selection for increased lean meat yield via reducing sire PFAT

CE

estimates will increase lamb loin L* on display. Inclusion of muscle myoglobin and/or iron
concentration in our model accounted for the negative association between PFAT and L*;

AC

thereby supporting our hypothesis that reduced muscle myoglobin with reducing PFAT
outweighs the effect of reduced intramuscular fat on lamb meat L*. This association between
PFAT and meat L* was consistent between all breed type and sex combinations, aligning with
Kelman et al. (2014) who reported that reducing sire PFAT estimates had a more consistent
and greater magnitude of effect reducing muscle myoglobin concentrations than selection for
high sire PEMD estimates.
In contrast, selection for reducing sire PFAT estimates had markedly different associations
with meat a* in lambs from different sire types. This result is surprising given the
aforementioned magnitude and consistency of the relationship between sire PFAT estimates
16
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and lamb myoglobin concentrations between different breed types (Kelman et al., 2014).
Reducing sire PFAT estimates reduced loin meat a* in all Terminal sired lambs and increased
meat a* in Merino sired (pure Merino) lambs. Incorporating lamb muscle myoglobin
concentration in the models accounted for these effects, suggesting that myoglobin
concentrations increased resulting in an increased a* with selection for lower PFAT estimates
in pure Merino lambs, contrary to the findings of Kelman et al. (2014). Though having a
similar PFAT range for Merino sires, Kelman et al. (2014) used fewer Merino sires than this
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study (101 versus 161 sires). Thus potentially in this larger data set a different relationship
exists between Merino sire PFAT estimates and lamb myoglobin concentration similar to the
contrary association between PEMD sire estimates and myoglobin concentration in Merino
lambs.

The influence of sire PFAT estimates on meat b* was also inconsistent and contrasting

NU

between lambs of different breed types. Decreasing PFAT estimates was associated with
reduced meat b* in Terminal sired lamb from cross bred dams, which is likely due to a

MA

reduction in intramuscular fat concentration. In contrast, selection for reducing PFAT
estimates increased meat b* in Maternal sired lambs. Inclusion of pH24 in the model
accounted for this effect, suggesting that selection for low PFAT estimates may be associated
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with reduced loin pH24 in Maternal sired lambs. Sire PFAT estimates were not associated with
lamb meat hue in this study, thus the influence of sire PFAT selection on lamb meat

PT

yellowness should not be over-interpreted. Lamb meat chroma was positively associated with
PFAT in three of the four Terminal sired sex and dam breed combinations, consistent with the

CE

effect of PFAT on a* and b* in these lambs, and is likely a result of a combination of reduced
intramuscular fat and myoglobin concentration with selection for lean meat yield using low
PFAT sire estimates. This is supported by the fact that the inclusion of myoglobin, iron, or

AC

intramuscular fat concentration accounted for all sire PFAT effects on meat b* and chroma.
Overall increasing lean meat yield via selection for reduced sire PFAT estimates has the
potential to improve lamb meat L* on display, though at some expense to meat a* and
chroma. Anecdotally, a reduction in bloomed lamb meat L* is considered one of the most
important problems deterring consumers of lamb meat; thus the potential to increase loin L*
while increasing meat yield with selection for low sire PFAT estimates in all breed types is
promising.
4.4 The effect of Australian Sire Breeding Value PWT on lamb loin L*, a*, b*, hue and
chroma
17
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Contrary to our hypothesis, increasing lamb lean meat yield via selection for high sire
PWT estimates did not impact the colour of their progeny‟s loin meat. This hypothesis was
based on work demonstrating that high PWT sires produce faster growing lambs that are less
mature at slaughter (Hall, 2000), have reduced muscle oxidative capacity (Suzuki & Cassens,
1983) and thereby lighter meat (Hopkins, Hegarty, & Farrell, 2005) . However Kelman et al.
(2014) reported that increasing sire PWT estimates was associated with increased lamb loin
ICDH, myoglobin concentration and thus muscle oxidative capacity. Regardless of the
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causative mechanisms, given the reported influences of PWT sires on lamb loin muscle
oxidative capacity and myoglobin concentrations it is surprising that sire PWT estimates were
not associated with lamb loin L*, a*, b*, hue or chroma in this study.

4.5 The effect of shortloin muscle weight on lamb loin L*, a*, b*, hue and chroma
Increasing shortloin muscle weight proportionate to whole carcass weight had negative

NU

effects on lamb loin colour following blooming; reducing meat L*, a*, b*, hue and chroma.
Shortloin muscle weight may be considered the phenotypic manifestation of genetic selection

MA

for increased PEMD sire estimates. Thereby we would expect an increase in more glycolytic
type fibres and reduced muscle oxidative capacity as shortloin muscle weight increases
relative to carcass weight. The reduction in meat a* and chroma with increasing shortloin

ED

muscle weight are consistent with a reduction in muscle myoglobin concentration, however
the reduction in meat L*, b* and hue are not.

PT

The reduction in meat L* with increasing shortloin weight is surprising given that lean
meat yield selection using high sire PEMD and low sire PFAT estimates caused an increase in

CE

lamb loin L* in this study. The negative impact of shortloin muscle weight on meat L*
appears to be driven by an associated reduction in loin intramuscular fat; as when

AC

intramuscular fat is accounted for in the model the association between shortloin weight and
L* becomes positive. This suggests the negative influence of reducing intramuscular fat is
over-riding any positive influence of reducing muscle oxidative capacity on meat L* with
increasing shortloin muscle weight. Similarly the reduction in b* and hue is likely
underpinned by a reduction in intramuscular fat with increasing shortloin muscle weight. This
is supported by the fact that increasing shortloin muscle weight has a positive impact on b*
and hue when changes in loin intramuscular fat concentrations are accounted for in the model.
A reduction in loin intramuscular fat concentration is likely to also be contributing to the
reduction in a* and chroma associated with increasing relative shortloin weight. The negative
18
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impact of increasing shortloin muscle weight on a* and chroma was reduced by around 50%
and 30% when changes in intramuscular fat were accounted for, supporting that a reduction in
intramuscular fat and myoglobin are likely driving these effects in combination.
4.6 The effect of shortloin fat weight on lamb loin L*, a*, b*, hue and chroma
Shortloin fat weight relative to body weight was positively associated with loin meat L*,
a*, b*, hue and chroma in this study. Changing shortloin fat weight had a consistently greater
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magnitude of effect on these meat colour parameters than changes in shortloin muscle weight.
Increasing shortloin fat weight thus followed the same direction of effect on meat colour as
increasing intramuscular fat concentration. However industry demands an increase in
intramuscular fat to improve meat taste coupled with a reduction in shortloin fat to improve
lean meat yield. While reducing shortloin fat weight will have negative influences on all
aspects of freshly bloomed meat colour, this effect appears to largely be caused by the

NU

reduction in intramuscular fat associated with reducing shortloin fat weight. When loin
intramuscular fat concentration was accounted for in the models the effect of shortloin fat

MA

weight on L*, a* and chroma was reduced by 89%, 38% and 40%, while the effect of
shortloin fat weight on b* and hue were reduced by 25%. Thus if selection for reduced
shortloin fat weight is accompanied by independent selection for increased intramuscular fat

ED

then the detrimental effects on fresh meat colour may be minimal.
Interestingly reducing shortloin fat weight and reducing PFAT sire breeding values has

PT

opposing effects on meat L*. This is an unexpected result given that selection for reduced sire
PFAT estimates targets a reduction in external fat over the loin region. It appears the

CE

influence of shortloin fat weight is more closely related to intramuscular fat levels while sire
PFAT estimates impact loin meat colour more through changes to muscle oxidative capacity.

AC

This is supported by the fact that all associations between PFAT sire estimates and meat
colour in this study lose significance with inclusion of myoglobin or iron concentration
though remain unchanged with inclusion of shortloin fat weight or intramuscular fat
concentration.
4.7 Comparing magnitudes of effect on bloomed lamb loin colour
Intramuscular fat concentration had a greater effect on lamb loin L*, a*, b*, hue and
chroma than the genetic or phenotypic indicators of lean meat yield. These indicators included
PEMD, PFAT and PWT (genetic), and shortloin muscle and fat weights corrected for carcass
weight (phenotypic). In fact, many of these lean meat yield indicators were impacting colour
19
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largely through their associated reduction in intramuscular fat, implying that lean meat yield
per se is having relatively little direct impact on colour parameters. None-the-less there was
variation between the effects of different indicators of lean meat yield. For example,
phenotypic indicators (shortloin muscle and fat weight relative to carcass weight) had a
greater magnitude of effect on L*, a*, b*, hue and chroma than the genetic indicators (PEMD,
PFAT or PWT). Shortloin fat weight had a greater magnitude of effect on all bloomed colour
parameters than shortloin muscle weight, while PFAT had more consistent effects on loin L*,
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a* and b* in different breed type and sex combinations than PEMD. These results suggest that
increasing lean meat yield via selection for reduced fatness has a greater effect on bloomed
lamb loin colour than via selection for increased muscling.
5.

Conclusions

Increasing intramuscular fat content will increase the lightness, redness, chroma and

NU

thereby the consumer appeal of bloomed lamb meat. The effect of sire PFAT and PEMD
estimates on meat colour varied considerably between lamb breed types while PWT breeding

MA

values had no effect on meat colour. Selection for increased lean meat yield using PFAT sire
breeding values had more positive than negative effects on lamb loin colour, particularly on
meat lightness, while sire PEMD breeding values had no effect on loin colour in the majority

ED

of lambs and positive effects in some breed types. The change in bloomed meat colour with
selection for high PEMD and low PFAT sires appear to be driven by associated changes in

PT

myoglobin concentration more than by changes in intramuscular fat concentration. However
some ASBV effects on bloomed meat colour, such as the positive association between PEMD

CE

and meat redness in pure Merinos, could not be accounted for by changes in intramuscular fat,
myoglobin or any other muscle factor measured including pH24. In these instances it is

AC

possible that selection for lean meat yield is changing the morphology of muscle fibres and/or
the oxidative metabolic properties of muscle independent of myoglobin concentration and
thereby changing parameters of bloomed meat colour. Overall these are important and
promising findings for the Australian sheep industry demonstrating that selection for increase
lean meat yield will have neutral or positive effects on bloomed meat colour while increasing
intramuscular fat concentration will not only improve the taste of lamb but will improve the
colour of bloomed lamb meat and thereby minimise economic losses associated with
consumer rejection of dark or discoloured meat.
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Figures
Fig 1. a) Difference between the minimum and maximum predicted mean lamb loin L* (lightness), a*
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(redness), b* (yellowness), hue and chroma measured between different sites and years of production, slaughter
groups within site and year, sire types, dam breeds and sexes within sire type. b) Figures depict the predicted
association between L*, a*, b*, hue and chroma and covariate effects: intramuscular fat percentage, shortloin
muscle weight and shortloin fat weight. Shortloin muscle and fat weight were adjusted for hot carcass weight.
Solid lines within figures represent predicted means while dotted lines represent the standard error of the mean.
The number above each figure represents the unit change in L*, a*, b*, hue and chroma across the listed range in
each covariate. All values represent a significant (P < 0.05) association between a fixed or covariate effect and
L*, a*, b*, hue or chroma, except where n.s. denotes a non-significant association (P > 0.05).
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Tables
Table 1 Description of lamb loin fresh colour variables, covariate data and the Australian sheep breeding values
for Maternal, Merino and Terminal sires.

8165

34.9

3.07

24.4 – 46c

8165

18.4

2.35

9.8 – 30c

8165

3.77

4.13

-5.4 – 19.3c

8165

11.3

12.5

-18.6 – 40.3c,d

8165

19.3

2.36

10.1 – 32.2c

4.20

1.03

1.59 – 10.45

360

85.8

140 – 1110

198

104

10 – 880

23.1
6.6

3.72
1.88

12.5 – 40.0
2.2 – 15.6

20.4
5.0

3.66
1.61

8.1 – 45.1
1.0 – 11.3

5.7

0.14

5.2 – 6.9

0.17
-0.02

0.66
0.85

-1.44 – 1.82
-1.61 – 2.56

5.26

2.62

-3.66 – 10.5

5035
8045
8038
8074
5032
5016
2881
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Dev.

Range
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Mean

1225

MA

L*
a*
b*
Hue
Chroma
Covariates (units):
Intramuscular fat (%)
Shortloin muscle weight (g)
Shortloin fat weight (g)
Hot carcass weight^ (kg)
Myoglobin^ (mg/g muscle)
Iron^ (mg/100g muscle)
Isocitrate dehydrogenase activity^ (µmol/min/g)
pH24^
Maternal sire estimates (82 sires)
PEMD (post-weaning eye muscle depth)
PFAT (post-weaning fat depth)
PWT (post-weaning weight)
Merino sire estimates (161 sires)
PEMD
PFAT
PWT
Terminal sire estimates (183 sires)
PEMD
PFAT
PWT

Number
lambs

1210

0.06

1.01

-2.03 – 2.69

-0.15

0.70

-1.89 – 2.03

2.08

3.11

-5.0 – 10.8

1.12

1.19

-2.9 – 4.92

-0.76

0.79

-2.4 – 2.27

5296

AC

CE

12.5
2.49
1.13 – 18.29
^ Description of covariate data published previously (Calnan et al., 2016).
c
Scales of L*, a*, b*, hue and chroma values: L*: -100 to 100, a* and b*: - 60 to 60, hue: 0 to 360°, chroma: 0 to 60.
d
Hue angles between 340 and 360° have been displayed as negative values (= minus 360) to show a continuous unit range (ie
341.4° depicted as – 18.6).
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Table 2 The magnitude impact on L* (lightness), a* (redness), b* (yellowness), hue and chroma values across
the range in intramuscular fat , shortloin muscle weight and shortloin fat weight, alone and with incorporation of
additional covariates: intramuscular fat with myoglobin, iron or pH24, and shortloin muscle and fat weight with
hot carcass weight in addition to intramuscular fat or myoglobin. All values represent a statistically significant
effect (P < 0.05) of intramuscular fat, shortloin muscle weight or shortloin fat weight on L*, a*, b*, hue and
chroma.

a*

b*

Hue

Chroma

3.1

1.3

1.7

4.0

1.4

+ hot carcass weight

3.0

1.0

1.6

3.8

1.2

+ myoglobin concentration

3.0

1.2

1.65

4.1

1.4

+ iron concentration

3.0

1.25

+ pH24

3.2

1.15

Intramuscular fat (2-8%)

Shortloin muscle weight (100-500g)

-0.65

-0.55

-0.6

0.4

-0.3

0.9

0.8

+ myoglobin concentration

0.45

0.5

+ intramuscular fat %

0.1

0.5

+ myoglobin concentration
+ intramuscular fat %

1.7

4.3

1.55

1.7

4.0

1.3

-0.35

-0.75

-0.5

-0.4

-0.7

-0.6

0.1

0.4

-0.35

1.2

2.4

1.0

1.2

2.7

0.8

0.9

1.8

0.6
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Shortloin fat weight (g) (100-500g)
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-0.35
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Table 3. Difference between the minimum and maximum predicted lamb loin L* (lightness), a* (redness), b*
(yellowness), hue and chroma measured across the range of sire Australian Sheep Breeding Values (ASBVs) for
post-weaning eye muscle depth (PEMD) and post-weaning c-site fat depth (PFAT) for each sire type, sex and
dam breed combination. The range of sire ASBVs differed between sire types. Sire ASBV effects on meat colour
were dependent on lamb sire type, sex and dam breed, except the impact of PEMD on hue and PFAT on L*.
ASBV (range)

Sire type (ASBV range)

Sex Dam breed

L*

a*

b*

PEMD (-2.9 - 4.9)

Hue

Chroma

0.72^
Maternal (-1.4 – 1.8)

M Merino

1.25

M Merino

n.s.

Terminal (-2.9 – 4.9)

F Cross bred

n.s.

Terminal (-2.9 – 4.9)

F Merino

Terminal (-2.9 – 4.9)

M Cross bred

Terminal (-2.9 – 4.9)

M Merino

PFAT (-2.4 - 2.6)

0.46

0.30^

n.s.

0.62

n.s.

0.43^

0.68

-0.86

n.s.

0.72^

-0.96

n.s.

n.s.

n.s.

0.72^

0.74

0.95

n.s.

n.s.

0.72^

0.70

n.s.

n.s.

n.s.

0.72^

n.s.
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Merino (-2.0 – 2.7)

n.s.

-0.64^

Merino (-1.9 – 2.0)
Terminal (-2.4 – 2.3)
Terminal (-2.4 – 2.3)
Terminal (-2.4 – 2.3)

M Merino

-0.54^

n.s.

-0.50

n.s.

n.s.

n.s.

n.s.

M Merino

-0.50^

-0.71

n.s.

F Cross bred

-0.60^

0.96

0.70

n.s.

1.07

0.71

n.s.

n.s.

n.s.

0.43

n.s.

0.70

F Merino

-0.60^

NU

Maternal (-1.6 – 2.6)

n.s.

M Cross bred

-0.60^

0.60
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PT

ED

MA

n.s.
n.s.
Terminal (-2.4 – 2.3)
M Merino
-0.60^
0.56
0.74
^ represents an ASBV effect independent of sire type, sex and dam breed. For these effects, apparent differences between sire
types are due to differences in the sire type range for each ASBV.
n.s. represents a non-significant association (P > 0.05).
All values represent a statistically significant ABSV effect on a colour parameter (P < 0.05).
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