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SUMMARY

The inclusion of multiple expressions of a character over an animal's 
lifetime into breeding objectives for sheep is considered. Genetic variances 
at each expression and covariances between expressions are required and the 
experimental demands to generate suitably precise information are tabled. 
Experimental evidence suggests that across-age variability exists for weight 
and quality of wool. Separation of fleece weight of adult ewes (2-6 years) 
from that of younger animals would seem justified in a breeding objective, 
since the genetic correlation between the two traits was 0.8 or lower. Fibre 
diameter, a measure of wool quality, showed evidence of interaction of age 
with genotype. Fibre diameter stability, or the linear regression of diameter 
deviation with age, was a heritable trait that accounted for at least some of 
this genotype X age interaction. Litter size showed no evidence of genetic 
variability across ages, although the estimates from published data sets could 
only identify gross departures from unity genetic correlations between age. 
The implications of expanding a breeding objective for Australian Merino sheep 
to include lifetime parameters for wool production traits are discussed. The 
opportunities for considering additional or alternative selection criteria to 
increase selection accuracy are highlighted.

INTRODUCTION
Sheep production systems commonly have traits of economic importance 

expressed on multiple occasions throughout the lifetime of an animal. For 
example, fleece weight, wool quality traits, such as fibre diameter, and 
reproduction rate are usually expressed annually for four or more consecutive 
years. Such traits are often deemed to be repeated expressions of a single 
character. That is, it is assumed that all expressions will be of equal 
heritability and have unity genetic correlations between each pair of 
expressions.

Ideally, each expression of such economically valuable characters should 
be treated as a separate trait in the objective. In practice, though, the 
required genetic parameters are not available, or are imprecisely estimated. 
With the inclusion of a large number of highly correlated traits into the 
objective, the variance-covariance genetic matrix can rapidly become non
positive definite (Hill and Thompson 1978). In addition, there are often good 
reasons for keeping the breeding objective as simple as possible to enhance 
its acceptance amongst breeders.

In this paper, the validity of assuming that repeated expressions of a 
character are of equal heritability and have unity genetic' correlations with 
each other will be reviewed with respect to a few traits of importance in 
sheep production. Firstly, the size of experiment required to demonstrate 
significant departures from unity correlations will be discussed. Secondly, 
experimental results on genetic variability across ages will be reviewed. 
Finally, the implications of including across-age expression as multi-trait 
rather than single trait in practical breeding programmes will be considered.
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EXPERIMENTAL DESIGN FOR TESTING ACROSS-AGE CORRELATIONS
The expression of a character at different ages nay vary at a number of 

levels, such as mean expression, phenotypic variability, heritability and 
genetic correlation. Changes in mean and phenotypic variance may occur 
between ages while heritability remains constant and genetic correlations are 
unity. Such changes will only alter our prediction of genetic response at 
particular ages but not alter the optimum selection plan. However, changes in 
heritability and non-unity genetic correlations indicate that different genes 
may be involved and, depending on the magnitude of the changes, could have a 
marked influence on the proposed breeding programme.

It is fundamental, but often overlooked, that in order to test for the 
existence of genetic variability across age expressions we must have an 
experiment with the power to identify appropriate differences. If we accept, 
for the moment, that genetic correlations between ages of 0.8 or less would 
alter our breeding plan design, what size of experiment would be required to 
conclude that a genetic correlation estimate of 0.8 was significantly less 
than unity? In Table 1 the standard error for a genetic correlation of 0.8 
between a pair of traits estimated from paternal half-sib analyses for 
variable numbers of sire families and numbers of progeny per sire family are 
displayed. Values have been calculated for heritabilities of the pair of 
traits of 0.4, 0.2 and 0.1. The standard errors were estimated for a balanced 
design according to Becker (1985). While the exact sampling distribution of a 
genetic correlation is not known, and needs further study, Table 1 provides a 
useful guide for experimental design.

Table 1 Standard error of a genetic correlation estimate of 0.8 for 
varying levels of heritability, number and size of sire families

No. of sire Progeny per sire
families 5 10 15 20

Heritability = 0.4
100 0.16 0.10 0.08 0.07
200 0.12 0.07 0.06 0.05
400 0.08 0.05 0.04 0.04

Heritability = 0.2
100 0.43 0.23 0.16 0.13
200 0.31 0.16 0.12 0.09
400 0.22 0.11 0.08 0.07

Heritability = 0.1
100 0.99 0.50 0.34 0.26
200 0.71 0.35 0.24 0.18
400 0.50 0.25 0.17 0.13

All three variables (heritability, number and size of sire families) have 
important effects on the standard error of the estimated correlation. To
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claim that a correlation estimate of 0.8 is significantly less than 1.0 would 
result in quite different optimal designs depending on the likely heritability 
of the traits. For example, we would require as few as 100 families each of 
10 half-sibs for a heritability of 0.4, 200 families each of 15-20 half-sibs 
for a heritability of 0.2, but more than 400 families and more than 20 members 
per family for a heritability of 0.1.

Sampling variances of heritability estimates for such highly correlated 
variables are also very wide. For example, for a heritability of 0.4, the 
standard error of the heritability estimate will be very close to the standard 
error of the genetic correlation estimate of 0.8 in Table 1. So for a design 
of 200 sires each with 10 progeny, the standard of the heritability estimates 
will be 18 percent of the estimate at h’ =0.4, 29 percent for h*=0.2 and 50 
percent for ht=0.1.

Since it is usually only females that are retained in the flock over 
their lifetime, the size of experiment required to generate some of these sire 
family sizes can be appreciated. For example, 10 half-sib adult ewes from a 
single sire will require up to 30 dams per sire. To generate 20 or more half- 
sib adult ewes would require individual sires to be mated in more than one 
year. Other relationships could be used to marginally improve the estimation, 
particularly at low heritabilities, by increasing the effective number of ewes 
per family. Research sheep flocks commonly have between 5 and 10 adult ewe 
progeny per sire, and in some cases even fewer. Table 1 shows that such 
flocks are substantially sub-optimal for minimising the variance of estimated 
genetic correlations between ages, particularly for low heritability traits.

EVIDENCE FOR GENETIC VARIABILITY ACROSS AGES 
Experimental data and methods

The data reported here were derived from a multiple bloodline breeding 
flock at Trangie Agricultural Research Centre, described by Mortimer and 
Atkins (1989). Fifteen bloodlines (or source flocks), each of approximately 
100 breeding ewes, were managed as a single unit between 1975 and 1989. Ewes 
born at Trangie between 1975 and 1983 were shorn as lambs at about 3 months of 
age and then as hoggets 12 months later. About 70 percent of ewes were 
selected at random into the breeding flock and then shorn annually up to 6 
years of age. At each shearing, the total weight of fleece was recorded and a 
midside sample was measured for clean scoured yield (to estimate clean fleece 
weight) and fibre diameter. Ewes in the breeding flock were first mated at 
about 18 months of age and litter size of lambing ewes was recorded at ages 2 
through 6 years. A total of 3 300 ewes, the progeny of 410 individual sires, 
were included in the data. Preliminary estimates of genetic parameters for 
clean fleece weight and fibre diameter on a subset of these data were reported 
by Atkins and Mortimer (1987).

Analyses were undertaken for each trait at each age using a REML 
procedure for equal design matrices (Meyer 1985). Fixed effects for birth
rearing type and current year reproductive level were fitted to fleece weight 
and fibre diameter. For each trait, genetic variances at each age and genetic 
covariances between pairs of ages were estimated from the sire component of 
(co)variance after absorbing flock-years.
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Experimental results
Means, phenotypic standard deviations and heritabilities for clean fleece 

weight, fibre diameter and litter size at each age are presented in Table 2. 
Litter size increased markedly with age, fibre diameter less so while clean 
fleece weight showed evidence of decline at later ages. Phenotypic standard 
deviations increased with age, the relative increases being approximately 
similar in all traits despite the differing age patterns in mean performance. 
Heritability estimates varied between ages, with fibre diameter being the most 
stable and litter size the least stable. However, the wide standard errors on 
all estimates meant that differences in heritability for particular ages were 
rarely apparent and no trend with age was discernible.

Table 2 Means, phenotypic standard deviations and heritabilities 
for annual expressions of clean fleece weight, fibre 

diameter and litter size .of.Australian Merinos.

Age in years
1 2 3 4 5 6

Clean fleece weight 
mean (kg) 
s.d. (kg)

3.07
0.41

3.67
0.53

3.78
0.57

3.68
0.58

3.67
0.58

3.59
0.60

heritability 
(s . e .)

0.29
(.07)

0.30
(.07)

0.34
(.07)

0.48
(.08)

0.27
(.08)

0.43
(.10)

Fibre diameter 
mean (u) 
s.d. (u)

20.9
1.4

21.4
1.4

21.8
1.5

22.2
1.6

22.5
1.7

22.7
1.8

heritability
(s.e.)

0.50
(.08)

0.48
(.08)

0.55
(.08)

0.47
(.08)

0.57
(.10)

0.62
(.11)

Litter size 
mean 
s.d.

- 1.20
0.40

1.30
0.47

1.41
0.50

1.48
0.53

1.51
0.53

heritability
(s.e.)

- 0.11
(.08)

0.09
(.07)

0.04
(.07)

0
(-)

0.16
(.11)

Estimates of phenotypic correlations between ages (Table 3) showed a 
reasonably consistent pattern across traits, despite large differences in the 
average level of association. For all traits, phenotypic correlations were 
generally strongest between adjacent age classes and became weaker as the 
difference between ages increased. Genetic correlations across ages (Table 3) 
showed more variable patterns.

Genetic correlations for fibre diameter were higher than, but showed a 
similar pattern of association across ages to, the phenotypic correlations. 
In general, all genetic correlations for fibre diameter between ages two or 
more years apart were significantly less than unity. This pattern of genetic 
correlations was investigated further by fitting a factor for 'diameter
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stability' to the data. The regression of fibre diameter deviations (scaled 
for differences in phenotypic variance) on age was estimated for individual 
sheep. This regression represents the response of fibre diameter with age and 
any genetic variation in such regression could then be estimated from the sire 
component of variance. The approach is analogous to the joint regression 
technique (Freeman 1973; Hill 1975) used to evaluate plant genotypes across a 
range of environments, except that it is applied here at the individual level 
so that genetic and environmental sources of variation in the regression could 
be estimated. With approximately 4 age records per ewe, 'diameter stability' 
had a heritability of 0.23 (s.e 0.06). Thus the stability of an individual's 
fibre diameter response to increasing age was moderately heritable. Age 
responses in fibre diameter were not strongly related to average fibre 
diameter, the genetic correlation between hogget fibre diameter and 'diameter stability' being -0.20 (s.e. 0.16).

Table 3 Phenotypic correlations (above diagonal) and genetic correlations 
(below diagonal with s.e.) between annual expressions of 

clean fleece weight, fibre diameter and litter size

A?e ______________________ Age in years(years) 1 2 3 4 5 6

Clean fleece weight
1 .57 .52 .51 .49 .472 .80(.10) .55 .55 .57 .553 .78(.10) .93(.07) .58 .58 .544 .79(.09) .83(.08) .91 (.06) .63 .595 .69(.15) . 95 (. 12) .95(.10) 1.0(-) .626 .77(.12) .92(.10) .98 (.09) .95(.08) .98(.09)

Fibre diameter
1 .68 .66 - .64 .63 .602 .91(.04) .77 .74 .73 .673 .91(.04) .95 (.03) .79 .77 .724 .85(.05) .94(.03) .97(.02) .79 .765 .80(.06) .87 (.05) .94(.03) .97 (.03) .786 .79(.07) .82(.06) .86 (.05) .98(.03) .96 (.03)

Litter size
2 .14 .16 .13 .123 .19(.43) .15 .16 .094 .90(.07) 1.0(-) .12 .125 -. 51 (.71) .91(.42) n.e.* .176 .72(.98) 1.0(-) 1.0(-) 1.0(-)

* n.e. = not estimable, sire variance set to zero.
For clean fleece weight, genetic correlations involving hogget (or one 

year old) performance were all significantly less than unity (Table 3), while 
correlations between ages 2 to 6 years were generally greater than 0.9 and not 
significantly different from unity. It would seem that fleece weight in young 
age animals was a slightly different trait to fleece weight among adult ewes, 
but that gradual changes with age among adults were not as apparent as they 
were for fibre diameter. Fitting 'fleece weight stability', in a similar
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manner as described previously for fibre diameter, yielded a very low 
heritability, not different from zero.

Genetic correlations among ages for litter size were variable and subject 
to the large standard errors predicted from Table 1 for this design, which was 
clearly sub-optimal for progeny numbers per sire family. The standard errors 
of the correlations were dominated by the limited precision of estimation of 
the genetic variances for each pair of age expressions. Although correlations 
involving maiden ewes (2 years old) were apparently lower, little could be 
inferred from these data on across-age genetic variability in litter size. 
Analysis of 'litter size stability' gave a zero heritability.
Other experimental evidence
(i) Fleece traits. There have been few published reports of genetic 
correlations between records of ewes at different ages among wool traits, 
hewer ei al (1983) estimated genetic correlations between annual expressions 
of fleece weight and fibre diameter for Perendale ewes aged between 1 and 5 
years. The data set included only 59 sires with approximately 7 ewe progeny 
per sire, which is a small experiment as assessed by likely standard errors 
(Table 1). There was evidence of non-unity genetic correlations between
hogget fleece weight and later fleece weights, a similar pattern to that shown
in Table 2. The genetic correlation between 1 year old and lifetime average 
fleece weight was 0.53 (s.e0.23). Correlations between fibre diameter
expressions in the same data set were all very high (0.9 or higher) and not
significantly different from unity, albeit with standard errors of 0.15 or
greater. In Scottish Blackface sheep, Atkins (1986) presented genetic 
correlations for fleece weight between 1 and 3-6 year olds and between 2 and 
3-6 year olds of 0.79 (s.e. 0.06) and 0.85 (s.e. 0.04) respectively. Eikje
(1975) reported genetic correlations of 0.5-0.6 (s.e. 0.10-0.15) between 
greasy fleece weights of 1 and 2 year old ewes compared with ewes of 3 years 
or more. Radomska and Tyszka (1972) reported a genetic correlation of 0.65 
between fleece weights at second and third shearings. Mullaney ei al (1970) 
estimated 'heritability' of fleece weight from the correlation between a dam's 
record (2.5-5.5 years of age) with its progeny record (at either 1.5 or 2.5 
years of age). Estimates of heritability with the younger progeny were less 
than those at 2.5 years which was interpreted as greater environmental 
influence at the young age. A more plausible explanation would be that the 
genetic correlation between fleece weights at 1.5 and 2.5 years was less than 
unity leading to the lower correlation between adult dam records and young 
progeny records. The same authors reported a lower correlation for fibre 
diameter in 1.5 year olds compared with 2.5 year olds.
Genetic correlations between fleece traits across ages, while high, have often 
shown departures from unity. Although the grouping of one-year old and adult 
records for fleece weight (Table 3) is an important distinction, it is likely 
that other subtle changes in genetic variability also exist within the adult 
records.
(ii) Litter size. Genetic parameters for reproductive traits generally, and 
litter size in particular, have been reviewed by Turner (1969) and Bradford 
(1972). The heritability of litter size has been reported often with widely 
disparate estimates. Bradford's (1972) conclusion was that the average 
heritability was quite low and probably not higher than 0.15. Although the 
likely relationship between mean performance and heritability would suggest a 
lower heritability for 2 year old ewes, the available evidence does not 
support such a general conclusion (Bradford 1972). Estimates of genetic
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correlations between ages have been attempted (Forrest and Bichard 1974; Eikje 
1975) but have yielded no significant departures from unity.
That no experimental evidence exists to show non-unity genetic correlations 
for litter size is hardly surprising given the inadequacy of most data sets to 
generate estimates with reasonable standard errors (Table 1). In fact, 
correlations between ages for litter size would have to be less than 0.5 
before any published experimental data set could claim significant departures 
from unity. Clearly, such gross departures from unity correlations do not 
exist generally for litter size in sheep.
Statistical inference

One of the major obstacles to including lifetime production in the 
objective is the number of genetic parameters required. For six expressions 
of fleece traits, for example, there are 6 heritabilities and 15 genetic 
correlations, the estimates of which are all highly correlated with each 
other. Most attempts at interpretation have relied on obtaining all the 
parameters and then somewhat arbitrarily grouping them as was done in the 
previous sections. There is a clear need for better statistical approaches to 
enhance our understanding. For an analysis of paternal half-sibs we have an 
average effect of sires across ages and an interaction of sires with age. 
This interaction term can be tested against within-sire variance to decide 
whether there is an interaction between genotype and age. How we might then 
proceed to test specific effects or groups in explaining this interaction is 
not clear. For example, the two approaches used here of fitting a 'stability' 
parameter to fibre diameter or grouping fleece weights into hogget and adult 
to form 2 instead of 6 traits were useful in reducing the number of parameters 
required and improving the precision of estimation. An analogous approach has 
been proposed by Fitzhugh and Taylor (1971) who attempted to translate body 
size expressed at many ages over an animal's lifetime into two traits: rate of 
maturity and mature size. But statistical measures of goodness-of-fit are 
required to aid interpretation of data.

IMPLICATIONS FOR BREEDING PROGRAMMES
Including parameters for lifetime performance into a breeding objective 

can lead to positive benefits in the design of sheep breeding programmes. By 
including additional trait (s) in the objective, the prediction of genetic 
responses will be more accurate and the economic impact of these responses 
will be more appropriately valued. More importantly, the evaluation of 
alternative selection criteria and selection strategies, and the utility of 
additional information may be altered by an expanded objective. Some of these 
issues are examined with respect to Australian Merino sheep. Woolplan, the 
Australian performance recording scheme for wool sheep, currently has a set of 
objectives that includes fleece weight and fibre diameter as single traits but 
with repeated annual expressions, together with reproduction rate and hogget 
and adult body weights (Lewer et al 1986). In this section the objective is 
expanded to include hogget and adult fleece weight, hogget fibre diameter and 
diameter stability across ages.
Response_ _ prediction. Expanding the Merino objective to include some lifetime
fleece parameters had little effect on predictions of response for a given set 
of selection criteria. Responses in clean fleece weight among adults compared 
with hoggets was reduced by the non-unity genetic correlations but increased 
by the slightly higher heritability and increased phenotypic variance of adult 
records. The net effect was that correlated response in fleece weight among
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adults was slightly higher than direct response in hoggets, a result that is 
in agreement with realised responses observed in single trait selection lines 
(Atkins 1988). Including fibre diameter stability tended to slightly reduce 
predicted responses in fibre diameter.
Econom ic value. Again there is little influence of an expanded objective on 
the economic value of selection responses. The economic weights used in 
Woolplan already include appropriate weightings for multiple expressions and 
discounting for the environmental association between reproduction rate and 
fleece weight (Ponzoni 1979, 1988). The advantage of including lifetime 
traits is that these effects are more directly included in the model rather 
than the complex procedures that are currently used to generate appropriate 
economic values.
Identification of selection criteria. Measured fleece weight and fibre 
diameter are the basic selection variables in Woolplan. The age at which 
these traits are measured in young animals (principally rams) varies 
considerably in Merinos from as young as 9 months of age with only 6 months 
wool growth up to 18 months of age with 12 months wool. Since fleece weight 
and fibre diameter have been included in Woolplan as single traits, both in 
the objective and as selection criteria, age effects on genetic parameters 
have never been considered.
By including hogget and adult fleece weights separately in the objective, the 
opportunity exists for allowing genetic parameters for measured fleece weight 
to vary across ages at selection. The hogget fleece parameters described 
earlier have been determined on ewes at 15 months of age with 12 months wool 
growth. Genetic parameter information for fleece traits at ages younger than 
15 months is relatively sparse. Young e_t al (1960, 1965) estimated the 
heritability of fleece weight at 10-12 months and 5-7 months of age to be 0.2 
and 0.3 respectively, which was substantially lower than the heritability at 
15 months of 0.4-0.45. Recently, Atkins et ai (1990) used a more direct 
approach to evaluate age at selection by estimating the covariance between 
selection variables in young rams (greasy fleece weight and fibre diameter) 
and the breeding objectives (hogget and adult ewe fleece weights and fibre 
diameters). They compared selection among rams at either 10 or 16 months of 
age and showed that selection at the younger age was only 85 percent as 
efficient as selection at 16 months with respect to fleece weight. The lower 
efficiency of selection at 10 months of age arose from a lower covariance with 
both hogget and adult clean fleece weights. These covariances have been 
expressed in standardised form (or co-heritabilities, Yamada 1968) in Table 4. 
Conversely, selection at a young age would have little influence on the 
efficiency of selection for fibre diameter (Table 4).
Suitable selection criteria for diameter stability have yet to be identified. 
Fibre diameter variability, as assessed by the Fibre Distribution Analyser has 
been proposed as a possible candidate trait but parameter estimation has only 
recently commenced.
Selection aids. A major consequence of expanding the objective for Merino 
sheep was to alter conclusions on the utility of additional sources of 
information. Since the genetic correlation between a single young age fleece 
weight and lifetime production is less than one, the value of information from 
relatives, such as paternal half-sibs, is marginally improved. More 
critically, though, repeat information on individuals can add significantly to 
selection accuracy. The value of fleece weight information gathered at a 
second test shearing when rams are at least 16 months of age with at least 6 
months wool growth is shown in Table 4. The sizeable increase in covariance
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with adult ewe fleece weights that occurs with later age testing has been used 
to promote the concept of two-stage selection in Merinos (Atkins et al 1990). 
Initial selection based on measurements at 10 months can be supplemented with 
additional measurements at this later shearing. When efficiently operated, 
such a selection strategy will lead to substantial genetic benefits over 
single stage selection at 10 months and marginal benefits over single stage 
selection at 16 months of age (Atkins et al 1990).

Table 4 . Co-heritabilities (CoH) of young ram traits (GFW and FD) with 
hogget and adult ewe traits (CFW and FD respectively)

(Source: Atkins, Casey and Mortimer 1990)

Rams measured at: CoH of ram GFW with: CoH of ram FD with:age
(months)

wool growth 
(months)

Hogget CFW 
(ewes)

Adult CFW 
(ewes)

Hogget FD 
(ewes)

Adult FD 
(ewes)

16 12 0.26 0.23 0.48 0.44
10 6 0.20 0.21 0.46 0.43
16+ 6+ 0.23 0.28 0.48 0.45

CONCLUSIONS
Fleece weight and fibre diameter are moderately to highly heritable 

traits of sheep. Genetic correlations between annual expressions of each 
trait are high but are often less than one. Expanding the breeding objective 
to take account of variability in lifetime production rather than using only 
average annual production can lead to modifications in and additions to the 
optimal breeding strategy that will increase selection accuracy. Reproductive 
characters are the other important class of economic traits in sheep that are 
expressed over several ages. Poor precision of parameter estimates arising 
from sub-optimal designs has meant that genetic variability across expressions 
is still an open question. Although only litter size was reviewed here, a 
similar lack of evidence would apply to other reproductive traits such as 
seasonality, lamb survival and weight of lamb weaned. Elaborate data sets 
will be required to assess the importance of genetic variability across ages 
for reproductive traits.
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