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ABSTRACT

Context. Genetic evaluation of Australian sheep is conducted for millions of animals for more than
100 traits. Currently, the Australian sheep genetic-analysis software (OVIS) applies a pre-adjustment
of phenotype for fixed effects rather than fitting all fixed and random effects jointly in a linear mixed
model to estimate breeding values. However, the current correction factors might be outdated and
potential interactions among fixed effects not accounted for, which could lead to bias in estimated
breeding values (EBVs). Aims. This study aimed to assess whether correction factors used in OVIS
for early bodyweights recorded in meat sheep breeds are appropriate, so as to explore whether the
pre-adjustment method is still suitable and how this compares with a linear mixed model, and
to estimate the significance of interactions between fixed effects. Methods. Correlations
between EBVs from different models and regression slopes from forward prediction were
calculated, using weaning-weight data on 365 956 White Suffolk and 370 649 Poll Dorset
sheep and post-weaning weight data on 292 538 White Suffolk and 303 864 Poll Dorset sheep.
Key results. The current OVIS procedure resulted in regression slopes of progeny
performance on sire EBVs (averaged over breeds) of 0.37 and 0.35 for weaning and post-
weaning weights respectively. Updated pre-adjustment factors improved the regression slopes to
0.40 and 0.38 respectively. Analysis with a linear mixed model produced significantly better
regression slopes than did pre-adjustment (0.47 and 0.44 respectively). Further, regression
slopes obtained from the linear mixed model with flock by sex by age interaction averaged over
breeds were 0.48 for weaning and 0.46 for post-weaning weight respectively, which was a moderate
improvement over the current OVIS model. Including a flock by sex by age interaction produced
significantly better improvement in Poll Dorset sheep and modest improvement in White Suffolk
sheep than did linear mixed model without interaction. Conclusions. Using a linear mixed model
with a flock by sex by age interaction significantly improves the utility of estimated breeding values
for weaning and post-weaning weight in predicting the performance of future progeny.
Implications. To account for systematic environmental effects, a linear mixed model should be
used in OVIS to jointly estimate the fixed effects and EBVs.

Keywords: accuracy, bias, estimated breeding values, interaction, linear mixed model, phenotype,
pre-adjustment, regression slope.

Introduction

Genetic evaluation is conducted to provide information to breeders about the genetic merit 
of their animals in the form of estimated breeding values (EBVs) and selection-index values 
to assist them in their selection decisions. EBVs are predicted from best linear unbiased 
prediction (BLUP) by correcting phenotypes for these systematic environmental effects 
to allow fair genetic comparisons among animals. There are two common approaches to 
correct for these fixed environmental effects, namely (1) pre-adjustment of observed 
phenotypes for one or more systematic environmental effects before the genetic 
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evaluation (Brown et al. 2000; Albuquerque and Meyer 2001) 
or (2) fitting these fixed effects in the mixed models to 
estimate them jointly with the breeding values (Laird and 
Ware 1982; Meyer 2004). The genetic evaluations for 
Australian sheep (OVIS) are conducted using the OVIS 
software, where phenotypes are corrected for fixed effects 
before prediction of EBVs (Brown et al. 2000). For body-
weight traits of lambs, these effects include the age of the 
animal at measurement, the age of the dam at lambing, 
birth type, and rear type. The only fixed effect directly 
fitted in an animal model in OVIS is the contemporary 
group (CG) which includes breed, flock, management 
group, sex, and year of measurement subclass (Brown et al. 
2016). Further, new contemporary groups are created if the 
age of measurement exceeds 35 days in weaning weight 
and 70 days in post-weaning weight within the contemporary 
group (Brown et al. 2007). 

Adjustment factors for systematic environmental effects 
are calculated by taking a subset of the data and calculating 
solutions for fixed effects from a mixed model analysis, 
with these adjustment factors later used in the conduct 
routine of genetic evaluations. In the case of meat traits 
important for Terminal-sire production systems such as 
weaning weight (Wwt) and post-weaning weight (Pwt), 
these adjustment factors have been estimated from a multi-
breed dataset and are used to pre-adjust the observed 
phenotypes (Brown et al. 2000). The pre-adjusted phenotypes 
are then used in the main BLUP analysis, but are not re-
calculated for each analysis. As they can become less 
accurate over time, new adjustment factors need to be 
calculated regularly to update the existing ones. Further, 
feedback from some breeders suggests that EBVs estimated 
from pre-adjustment are inconsistent with their perceived 
ranking, especially in flocks where their environment or 
management differs from those typically experienced in 
other flocks, and this concern should be addressed. 

Theoretically, in predicting breeding values using BLUP, 
systematic environmental effects, including their interaction 
effects should be included in the mixed-model equations 
(Henderson 1982; Laird and Ware 1982; Henderson 1984; 
Meyer 1998). These estimates are expected to be better 
than pre-adjustment because fixed effect estimates may 
change. For example, the effect of age on bodyweight might 
change over time due to selecting for faster growth, with a 
linear mixed model being able to account for that change, 
whereas pre-adjustment cannot. However, estimating all 
effects jointly in the routine analysis would require 
significantly higher memory and increase the computational 
time. This could be prohibitive for large-scale genetic evalua-
tions with millions of animals for many traits; however, with 
the availability of increased computing power and further 
advances in analysis algorithms, this issue is becoming less 
critical. Thus, it is important to find out empirically what 
the scale of the improvement would be and consider the 
feasibility of running a linear model in routine genetic 

evaluation. Further, there could be interaction effects 
between different fixed effects currently not accounted for, 
possibly leading to lower EBV accuracy. 

Given these scenarios, this paper aimed to evaluate 
whether the adjustment factors currently used by OVIS are 
still applicable for Wwt and Pwt of the dominant breeds 
used in Terminal production systems and propose updated 
adjustment factors if required. We assessed whether the 
ranking of animals in some flocks is affected more than in 
other flocks when EBVs are estimated from pre-adjustment 
versus estimated from a linear mixed model. We examined 
the suitability and the advantage of using a linear mixed 
model in routine analyses conducted by OVIS over an 
evaluation system that uses pre-correction factors. Finally, 
the value of fitting interactions among systematic environ-
mental effects in the linear mixed model was evaluated. 

Materials and methods

Data

Data were retrieved from the LAMBPLAN database (Brown 
et al. 2007), consisting of bodyweight records for Australian 
and New Zealand sheep from 2009 to 2019. Two subsets of 
data were created by extracting weaning weight and 
post-weaning weight records from two meat breeds, White 
Suffolk and Poll Dorset. Data consisted of 356 956 White 
Suffolk and 370 649 Poll Dorset records for Wwt and 
292 538 White Suffolk and 303 864 Poll Dorset records for 
Pwt. These two breeds account for about 70% of the 
LAMBPLAN Terminal sheep population. Data were filtered 
following the standard OVIS filters (Brown et al. 2000). 
Weaning weight records outside the bodyweight range of 
15–60 kg and the age range of 15–165 days were removed, 
as well as Pwt records outside the bodyweight range of 25– 
90 kg and the age range of 105–345 days. Records with the 
age of the dam ranging outside of 0.8–12 years were also 
removed. Lambs were classified according to four birth 
types (singleton, twin, triplets and quadruplets) and four 
rear types (singleton, twin, triplets and quadruplets). Lambs 
with Birth type 5 were merged with the group of Birth type 
4 and Rear type 5 were also merged with Rear type 4 for 
both Wwt and Pwt because of few animals with a birth/ 
rear type of 5. All animals in the analysis had records on 
age at recording in days, birth type, rear type, dam age, and 
more than 90% of animals had sire and dam recorded. A 
concise summary of the final data sets and a summary of 
the fixed effects are shown in Table 1. 

Variance component estimation

Variance components were estimated using a linear mixed 
model. The fixed effects in the model were contemporary 
group defined as combined flock, management group, sex 
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Table 1. Summary and structure of the final data sets for weaning and post-weaning weight of White Suffolk and Poll Dorset sheep.

Description Weaning Post-weaning

White Suffolk Poll Dorset White Suffolk Poll Dorset

Number of CG 13 153 11 877 12 529 11 334

Number of flocks 330 313 310 313

Sire by flock-year combinations 11 817 12 155 10 807 11 383

Mean age (days) 99.2 100 200 199

Mean weight in (kg ± s.d.) 39.00 ± 9.0 38.00 ± 8.8 53.50 ± 1.5 53.70 ± 11.5

Number of sires 4836 4923 4531 4707

Number of dams 125 583 132 177 111 086 120 195

Animals with record 365 956 370 649 292 538 303 864

Animals in the pedigree 474 464 494 394 398 092 427 750

Sires used in the FP 846 754 832 768

Progeny used in FP 60 077 54 568 49 621 47 793

Average animals per flock 1109 1184 943 971

CG, contemporary group; FP, forward prediction.

(male, female), and year of measurement subclass. Additional 
fixed effects were birth type, rear type, adjusted age (observed 
age minus standard age), adjusted dam age (observed minus 
standard age of dam) and adjusted dam age squared. Data 
were modelled in ASReml ver. 4.1 (Gilmour et al. 2015) to  
estimate the mixed-effects model. 

The linear mixed model used to estimate the fixed- and 
random-effects solutions was as follows: 

y = Xb + Z1a + Z2m + Z3mp + Z4sf y + e (1) 

where y is the vector of observations, b is the vector of fixed 
effects, a is the vector of estimated breeding values, m is the 
vector of maternal breeding values, mp is the vector of 
maternal permanent environmental effects, sfy is a vector 
of sire by flock–year interaction effects, and e is a vector of 
random residual. X is the incidence matrix relating b to y 
and Z1, Z2, Z3 and Z4 are incidence matrices relating a, m, 
mp and sfy to y and e is the vector of random residuals. 

Calculation of pre-adjustment factors

From each data set, updated adjustment factors were 
estimated using a linear mixed model. To calculate 
multiplicative adjustment factors, variance components 
estimated from the data were then used to estimate best 
linear unbiased estimates (BLUE) for the mixed-model 
equations. Therefore, multiplicative adjustment factors 
were calculated from the linear adjustment factors as a 
ratio of mean weight of lambs for different effect classes. 
Separate factors were calculated for different effect classes 
for birth type and rear type. The multiplicative adjustment 
factors were calculated following the guidelines of OVIS 
(Brown et al. 2000). These updated pre-adjustment factors 

were compared with current OVIS pre-adjustment factors 
used in OVIS for the Terminal-breed genetic evaluation. 
Estimates of fixed effect solutions were compared with 
current adjustment factors. 

Multiplicative adjustment for age is a non-linear 
adjustment method and was calculated from the solutions 
from a linear mixed model. Multiplicative pre-adjustment 
for age assumes that animals have their own growth curve 
such that the weight adjustment for age is based on the 
growth rate of the animal rather than an average growth 
rate. Every animal is assumed to have a predicted weight 
equal to zero at the ‘age intercept’ which is Ai. The age 
intercept is normally a negative value for weight traits, 
effectively being the age at which the weight equals zero. 
The age intercept was calculated by extrapolation of a 
linear regression line from the standard weight of animals 
to the x-axis (i.e. the ‘age at zero weight’). In a model 
without sex and age interaction, a single-sex regression line 
of weight on age was calculated, but in a model with sex 
and age interaction, two different regression lines (slope 
values) were calculated from the regression of weight on 
age, one for males and one for females. 

If an animal attains an observed weight Yo at the age of Ao 

days, then the animal has grown by Yo =ðAo − AiÞ kg per day. 
The weight Ya of the animal on the standard age of Aa days 
would then be predicted to be Ao − Aa times the growth 
per day, that is 

Ya = Yo − 
ðAo − AaÞ

Yo =ðAo − AiÞ 

Predicted weight at Aa can also be written as Aa − Ai times 
Yo/(Ao−Ai), which gives the following formula (Raymond 
1982): 
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Y
ðAa − Ai

a = Yo 
Þ

ðAo − AiÞ 

Age adjustment depends on the age intercept value; as the 
growth rate of animals increases, age intercept value 
decreases, and vice versa. 

Dam age was fitted as the regression of weight on dam age 
with a second-order polynomial, i.e. with intercept, slope, and 
a quadratic term. Quadratic adjustment for dam age was made 
according to the formula used in OVIS (Brown et al. 2000): 

I + Lx + Qx2 
Adjustment factor = 

I 

where x is age of dam – average dam age (4.5 years); I is the 
intercept; L is the coefficient for the linear component and Q is 
the coefficient for quadratic component 

The effectiveness of pre-adjustment factors was evaluated 
by correlating the observed (unadjusted) and adjusted 
phenotype (current OVIS and updated) values with the raw 
fixed effect covariate values for each animal. It is expected 
that once a trait is adjusted, its relationship with the fixed 
effect covariate values should be reduced close to zero. 

To compare the effectiveness of age correction by using 
current OVIS adjustment factors with updated adjustment 
factors, we divided the age interval for the Pwt (115–345 days) 
into six classes consisting of 41-day intervals and calculated the 
average adjusted weight for each class from each method. 

Correlation of EBVs

Spearman correlations were calculated between EBVs 
estimated from the linear mixed model and pre-adjustment 
methods to assess the magnitude of re-ranking of EBVs 
between the different methods. Spearman correlations of 
EBVs were estimated between linear mixed model and 
pre-adjustment by using updated adjustment factors for all 
animals in the data, top 10% of animals on EBV, young 
rams (born after 2016 and with few progeny), and young 
progeny (born after 2016). Correlations of EBVs were 
presented for young rams because young rams would have 
fewer progeny and their EBVs would be more influenced by 
their phenotypic adjustments. Similarly, EBVs of young 
progeny would also be affected by phenotypic adjustment 
to estimate the EBVs. The top 10% of animals are most 
relevant to understanding how well we can select animals 
for breeding purposes. 

Interactions among fixed effects

The significance of interactions among fixed effects was tested 
by fitting in a linear mixed model. Identical fixed and random 
effects were fitted as in Model 1. The linear mixed model was 
expanded by adding an interaction effect sequentially. The 
interaction effects included sex by age, birth type by rear 
type, year of birth by age, flock by age, flock by sex by age 

and flock by birth type by rear type. Interaction effects that 
were observed to be significant were then used to build 
expanded linear models to be evaluated in forward prediction. 

Regression of progeny performance on sire EBVs

Forward prediction was conducted to test the effectiveness of 
sire EBVs from the various models in predicting progeny 
performance. The breeding values of sires for Wwt and Pwt 
were estimated from the linear mixed models and 
pre-adjustment of the phenotypes from training data sets. 
Training data sets included individuals born before 2017 
and progeny in the validation dataset were born after 2016. 
Sire EBVs were validated only if sires had progeny born 
after 2016. Progeny performance was corrected for all fixed 
effects by using solutions from a linear mixed model before 
progeny phenotype was regressed on sire EBVs. The expecta-
tion for the regression coefficient is 0.5, as offspring receive 
half of the additive genetic value from the sire. A lower 
value indicates an over-dispersion of sire EBVs relative to 
the variance observed in progeny performance data, while 
higher values reflect under-dispersion. 

Variation among flocks in the effect of
pre-adjustment

To investigate whether the effect of pre-adjustment is uniform 
across flocks, or is affected by time of recording, many flocks 
were tested that differed in age at recording. Each flock 
practices weight recording at their convenient time, and 
age at recording varies among flocks. For the purpose of the 
genetic analysis, weight measurements taken at the age 
interval of 15–165 days were assigned as weaning weight 
and that of 115–345 days were assigned as post-weaning 
weight. Many flocks were tested that differed in age at 
recording for Wwt and Pwt, but the results are presented 
with four representative flocks as case studies into the 
problem. Summary statistics of those four flocks are 
presented in Table 2. 

Results

Variance components

Variance components are presented for Wwt and Pwt for both 
breeds by using linear mixed model (Table 3). Results for Wwt 
demonstrated that White Suffolk sheep have a significantly 
higher genetic variance (2.12) and heritability (0.08 ± 0.01) 
than was observed for the Poll Dorset sheep (1.41 and 
0.05 ± 0.01 respectively). Similarly, White Suffolk have 
significantly higher genetic variance (4.52) and heritability 
(0.13 ± 0.01) than do Poll Dorset sheep (4.17 and 0.11 ± 0.01 
respectively) for Pwt. 
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Table 2. Summary statistics of the four Poll Dorset flocks used to
investigate impact of age at recording on breeding values estimated
using pre-adjustment and linear mixed model methods.

Parameter Flock

1 2 3 4

Mean age (days) 214 227 170 199

Age range 134–296 105–344 108–287 105–344

Mean weight (kg) 55.67 50.50 50.25 57.88

Number of observation 6353 4650 2086 1224

Comparison between pre-adjustment factors

Comparison between adjustment factors for the weight traits 
estimated from the data (updated) and those currently used in 
OVIS for the Terminal-breed genetic evaluation are presented 
in Table 4. The updated adjustment factors for both Wwt and 
Pwt were different from the adjustment factors currently used 
in OVIS for age and dam age but were generally similar for 
birth type and rear type. The age intercept value for White 
Suffolk was estimated at −77 days, which was higher than the 
estimated age intercept value for Poll Dorset (−98 days). 
These values were much higher than those used in OVIS 
(−200 days) for Pwt. The overall means used to calculate 
the birth-type and rear-type adjustment factors for Pwt 
were 61.12 kg in White Suffolk sheep and 61.08 kg in Poll 
Dorset sheep. Results for Wwt were similar to those for Pwt. 

The adjustment factors currently used in OVIS provided 
insufficient adjustment for younger animals and over-
adjusted for older animals. The median adjusted Pwt of 
each subclass increased with age, even though it was age-
adjusted in Fig. 1 (left). In contrast, there were no 
noticeable differences in the median weight of each class 
when using updated pre-adjustment factors (Fig. 1, right). 

On the basis of updated adjustment factors, for both 
breeds, the correlations between adjusted weight and 
adjustor variables were close to zero (Table 5). For the age 
effect, correlations of −0.02 and −0.01 for Wwt and −0.01 
and −0.01 for Pwt were observed for White Suffolk and 
Poll Dorset breeds respectively. The correlation between 
adjusted weight and dam age was also negligible after 
adjustment with updated pre-adjustment factors. Correlations 
much different from zero between adjusted weight with age 

and dam age were observed after adjustment when OVIS 
pre-adjustment factors were used. 

Comparison between adjustment factors by
regression

The regression coefficients of progeny phenotypes on sire 
EBVs derived using current OVIS and updated adjustment 
factors are presented in Table 6. Updated pre-adjustment 
factors resulted in regression coefficients closer to the 
expected value of 0.5 than did those for EBVs based on 
pre-adjustment factors currently used in OVIS. The current 
OVIS procedure resulted in regression slopes (averaged 
over breeds) of progeny performance on sire EBVs, 0.37 
and 0.35 for Wwt and Pwt respectively. Updated pre-
adjustment factors improved regression slopes across breeds 
to 0.40 and 0.38 respectively. When the regression slopes 
were estimated using EBVs derived using adjustment 
factors based on the average of the two breeds in each of 
the White Suffolk and Poll Dorset data sets, predictability of 
EBVs was not significantly different from that using 
breed-specific adjustment factors (result not shown). 

Correlations between EBVs estimated from
linear models and those based on pre-adjustment

Spearman correlations between EBVs estimated from a linear 
mixed model and those estimated using updated adjustment 
factors are presented for all animals, top 10% animals on 
EBVs, young rams, and young progeny (Table 7). Correlations 
were very strong for Wwt and Pwt in full, young progeny and 
young ram data sets (at least 0.98 in both breeds). 
Correlations of 0.92 and 0.94 were observed in the top 10% 
of the animals for Wwt for White Suffolk and Poll Dorset 
breed respectively. Correlations between EBVs for Pwt were 
similar to those for Wwt. 

Evaluation of interaction among fixed effects

Interaction effects that were observed significant were: year 
of birth by age (P < 0.05), flock by birth type by rear type 
(P < 0.001), flock by age (P < 0.001), flock by sex by age 
(P < 0.001) for both Wwt and Pwt. Interaction effects of 
sex by age and birth type by rear type were non-significant. 

Table 3. Variance components and heritability estimates (±s.e.) for weaning and post-weaning weights of White Suffolk and Poll Dorset sheep.

Trait VA Vm Vmp Vsfy Vp h2

Weaning (WS) 2.12 ± 0.14 1.35 ± 0.08 3.00 ± 0.07 0.85 ± 0.03 26.84 ± 0.08 0.08 ± 0.01

Weaning (PD) 1.41 ± 0.11 1.54 ± 0.09 3.18 ± 0.08 0.78 ± 0.03 27.69 ± 0.79 0.05 ± 0.00

Post-weaning (WS) 4.52 ± 0.25 1.43 ± 0.12 2.82 ± 0.11 1.37 ± 0.06 34.48 ± 0.13 0.13 ± 0.01

Post-weaning (PD) 4.17 ± 0.22 2.03 ± 0.12 2.86 ± 0.11 1.10 ± 0.47 38.01 ± 0.12 0.11 ± 0.01

VA, additive genetic variance; Vm, maternal genetic variance; Vmp, maternal permanent environmental variance; Vsfy, sire by flock-year interactions variance and
VP, phenotypic variance, WS, White Suffolk; PD, Poll Dorset.
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Table 4. Comparison between multiplicative adjustment factors in OVIS and updated adjustment factors forWhite Suffolk and Poll Dorset sheep
for the fixed effects.

Fixed effect Level Wwt Wwt (updated) Pwt Pwt (updated)

OVIS WS PD OVIS WS PD

Dam ageA Intercept 30.00 43.14 42.00 45.00 61.12 61.08

Linear 0.330 −0.130 −0.140 0.490 −0.014 −0.039

Quadratic 0.14 −0.27 −0.27 −0.21 −0.26 −0.24

Rear typeB Single 1.00 1.00 1.00 1.00 1.00 1.00

Twins 1.08 1.09 1.09 1.06 1.05 1.05

Triplets 1.13 1.14 1.15 1.07 1.07 1.08

Quadruplets 1.13 1.14 1.15 1.07 1.07 1.12

Birth typeB Single 1.00 1.00 1.00 1.00 1.00 1.00

Twins 1.07 1.07 1.07 1.06 1.04 1.04

Triplets 1.12 1.12 1.12 1.12 1.07 1.07

Quadruplets 1.12 1.16 1.16 1.12 1.11 1.09

Age intercept Male −86 −73 −77 −200 −77 −98

Female −86 −73 −77 −200 −77 −98

ASecond-order regression of weight of dam age (years).
BMultiplicative adjustment factors.
Wwt, weaning; Pwt, post-weaning; OVIS method is current factors used for all terminal sire breeds; WS, White Suffolk; PD, Poll Dorset.

Fig. 1. Distribution of adjusted post-weaning weight within six age classes using current OVIS adjustment factors (on the left) and updated
pre-adjustment factors (on the right) for age in the Poll Dorset breed.1

Table 5. Spearman correlations between observed and adjusted weaning and post-weaning weights of White Suffolk and Poll Dorset sheep with
values for age and dam age effects.

Breed Fixed effect Weaning weight Post-weaning weight

Pre-adjustment Post-adjustment Pre-adjustment Post-adjustment

OVIS Updated OVIS Updated

WS Age 0.40 0.11 −0.01 0.33 0.34 −0.01

Dam age 0.04 −0.11 −0.01 0.06 −0.11 −0.01

PD Age 0.39 0.09 −0.01 0.36 0.27 −0.01

Dam age 0.02 −0.11 −0.01 0.03 −0.13 −0.01

WS, White Suffolk; PD, Poll Dorset.

1Each age class based on intervals of 41 days within the range 115–345 days for age at recording. 
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Table 6. Regression coefficients of progeny performance on sire estimated breeding values for weaning and post-weaning weights of White
Suffolk and Poll Dorset sheep derived using OVIS and updated adjustment factors.

Method Weaning weight Post-weaning weight

White Suffolk Poll Dorset White Suffolk Poll Dorset

OVIS adjustment factors 0.38 ± 0.02 0.36 ± 0.03 0.37 ± 0.02 0.35 ± 0.03

Updated adjustment factors 0.41 ± 0.02 0.39 ± 0.03 0.38 ± 0.02 0.38 ± 0.02

Comparison between linear mixed models and
pre-adjustment

When averaged across the breeds, the reference linear 
model (Model 1) produced a significantly (P < 0.001) better 
regression slope of progeny performance on sire EBVs for 
Wwt and Pwt (0.47 and 0.44 respectively) than did pre-
adjustment of data using updated adjustment factors (0.40 
and 0.38 respectively; Table 8). Regression slopes improved 
slightly more when flock by sex by age interaction was 
inclueded in the model, with average regression slopes across 
breeds of 0.48 and 0.46 for Wwt and Pwt respectively. 
Including flock by birth type by rear type interaction in 
the prediction model also increased the regression slope 
averaged across breeds, compared with the reference linear 
model for both traits. For Wwt, fitting the flock by sex by 
age interaction increased the regression slope slightly more 
than did fitting a flock by birth type by rear type interaction. 
We also fitted combinations of interaction effects, e.g. flock by 
birth type by rear type and flock by sex by age interaction, but 
this did not increase the predictability of EBVs and was 
discarded. Including the flock by sex by age interaction was 
significantly (P < 0.05) better than was the reference linear 
model in Poll Dorset sheep, but not for White Suffolk sheep 
(P > 0.05). Improvements in regression slopes from including 
the flock by sex by age interaction versus the reference linear 
model were 0.02 and 0.04 for Wwt and Pwt respectively for 
Poll Dorset sheep, and were 0.01 for both Wwt and Pwt 
respectively in White Suffolk Sheep. Regression slopes were 
closer to 0.5 in White Suffolk than in Poll Dorset sheep, 
particularly for linear mixed models that included flock by 
age or flock by sex by age interactions. 

Variation among flocks in the effect of
pre-adjustment

For the four Poll Dorset flocks, when EBVs were estimated 
from the pre-adjustment and compared with EBVs estimated 
from a linear mixed model, rank correlation of EBVs was 
observed to be lower than 1, indicating re-ranking of EBVs 
between these methods. Rank correlations between EBVs 
estimated from the two methods were much lower for 
Flocks 2 and 4 than for other flocks using OVIS adjustment 
factors for Pwt, which indicates high re-ranking of EBVs 
occurring in these flocks, which is more evident when only 
the top 10% of animals are considered (Table 9). Further, 
the relationship between mean age and mean weight from 
these flocks differed more from the relationship seen in the 
larger Poll Dorset data. Linear mixed model produced a 
regression slope close to expectation, which demonstrated 
that EBVs estimated from linear mixed model are better. 
Therefore, Flocks 2 and 4 could be problematic because of 
high re-ranking of EBVs that is occurring in these flocks. A 
similar trend was also observed in Wwt in using OVIS 
adjustment factors (result not shown). 

Discussion

Genetic parameters

Genetic evaluation is based on accurate estimates of genetic 
parameters, and for this study, genetic parameters were re-
estimated rather than using existing parameters used in 
OVIS. For Poll Dorset, heritability estimates from this study 

Table 7. Spearman correlations between breeding values estimated from the linear mixed model and those based on updated adjustment factors
for weaning and post-weaning weights of White Suffolk and Poll Dorset sheep.

Trait White Suffolk Poll Dorset

Weaning weight

Post-weaning weight

Full data

0.99

0.99

Top 10%

0.92

0.92

Full data

0.99

0.99

Top 10%

0.94

0.93

Weaning weight

Post-weaning weight

Young progeny

0.99

0.99

Other groups of animals

Young ram

0.99

0.99

Young progeny

0.99

0.99

Young ram

0.98

0.99

Full data, all animals in the analysis; Top 10%, top animals based on EBVs; Young rams, rams born after 2016 and with few progeny; Young progeny, animals born after 2016.
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Table 8. Regression of progeny phenotype on sire estimated breeding values when weaning and post-weaning weights are pre-adjusted using
current OVIS and updated pre-adjustment factors, and adjusted using linear mixed models without and with interactions.

Adjustment method Methods/model Weaning Post-weaning

WS PD WS PD

Pre-adjustment OVIS 0.38 ± 0.02 0.36 ± 0.03 0.36 ± 0.03 0.35 ± 0.03

updated 0.41 ± 0.02 0.39 ± 0.03 0.38 ± 0.02 0.38 ± 0.02

Linear models 1 = (CG, BT, RT, age, dam age) 0.48 ± 0.02 0.45 ± 0.03 0.46 ± 0.02 0.41 ± 0.01

2 = 1 + YOB × age 0.47 ± 0.02 0.45 ± 0.03 0.46 ± 0.02 0.42 ± 0.02

3 = 1 + flock × BT × RT 0.47 ± 0.02 0.47 ± 0.03 0.46 ± 0.02 0.43 ± 0.02

4 = 1 + flock × age 0.49 ± 0.02 0.48 ± 0.03 0.47 ± 0.02 0.45 ± 0.02

5 = 1 + flock × sex × age 0.49 ± 0.02 0.47 ± 0.03 0.47 ± 0.02 0.45 ± 0.02

WS, White Suffolk; PD, Poll Dorset; CG, contemporary group; YOB, year of birth; BT, birth type; RT, rear type.

were similar to previous findings, with 0.05 for Wwt and 0.08 
Pwt (Brown et al. 2009). Further, heritability parameters 
for Wwt and Pwt observed in this study were significantly 
different from those of earlier studies (Safari et al. 2005; 
Brown et al. 2016), where estimates were obtained without 
fitting sire by flock-year interaction effects in the model. 

OVIS pre-adjustment versus updated
pre-adjustment

Two adjustment factors were validated in the large-scale 
genetic evaluation for Australian sheep, namely, OVIS 
adjustment factors and updated adjustment factors. Updated 
age intercept values (−73 and −77 for White Suffolk and Poll 
Dorset sheep respectively) were observed to be higher than 
current value used in OVIS for Wwt (−86), showing that 
the pre-weaning growth rate of sheep has increased over 
time. Similarly, age intercept values (−77 and −98 for 
White Suffolk and Poll Dorset sheep respectively) were 
higher than those used in OVIS for Pwt (−200), also 
showing an increased growth rate to post-weaning 
assessment. This would be due to changes in data over 
time, as well as recording at an earlier age for both Wwt 
and Pwt. A higher age intercept value in the White Suffolk 
breed indicates that the growth rate of White Suffolk is 
higher than that of Poll Dorset sheep. However, when 
breed-specific adjustment factors were averaged, and the 
effect on EBVs on each breed was examined, it did not 
produce significantly different predictive ability when 

compared with breed-specific adjustment factors. Therefore, 
breed-specific adjustment factors are not needed for each 
breed. Updated pre-adjustment factors increased the 
regression slopes of progeny performance on sire EBVs 
compared with adjustment factors currently used in OVIS. 
The main reason for this difference was age correction 
because animals were selected for higher growth rate over 
the years. The age intercept value needs to be updated to 
better reflect current growth. However, this difference may 
be small because some of the age effects are captured by the 
contemporary group due to age slicing in the definition of 
the contemporary group. Further, adjustment factors used in 
OVIS cause high re-ranking of animals and it was observed 
that re-ranking of animals was flock-dependent. Results 
indicated that pre-adjustment factors currently used in OVIS 
do not adequately correct for fixed effects as well as the 
updated pre-adjustment factors from recent data. Therefore, 
it is recommended that updated pre-adjustment factors from 
multi-breed analysis be used in the OVIS evaluation. 

Linear model vs pre-adjustment

The linear mixed model provided significantly better 
predictions of progeny performance from sire EBVs than 
when pre-adjustment of data was applied in estimating the 
EBVs. The main reason behind the linear model performing 
better than pre-adjustment could be due to the off-diagonal 
elements of the mixed model equation (X 0Z and Z 0X), 
which are absent in the pre-adjustment. Further, EBVs 

Table 9. Spearman correlations between estimated breeding values from a various linear mixed models and those based on pre-adjustment for
post-weaning weights in four Poll Dorset flocks that differed in the average age of measurement.

Item OVIS adjustment factor Updated adjustment factor

Flock Flock

1 2 3 4 1 2 3 4

Linear mixed model (LM) 0.99 0.92 0.99 0.94 0.99 0.98 0.99 0.98

LM (top 10% of animals) 0.94 0.62 0.94 0.84 0.97 0.78 0.97 0.93

LM, linear mixed model; Top 10% animals, top 10% animals on the basis of EBVs.
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estimated from pre-adjustment are not consistent in some 
flocks. Therefore, it is better to use a linear mixed model 
than pre-adjustment to increase the accuracy of EBVs in 
predicting performance of future progeny if linear mixed 
models are feasible for computation. Ali and Mohammad 
(2017) also described that a perfect adjustment is nearly 
impossible. Paneru et al. (2021) also observed that the 
linear mixed model produced significantly improved 
regression slopes, over pre-adjustment, for ultrasound scan 
carcase traits in Australian sheep. 

Correlation of EBVs

The correlation of EBVs estimated from the linear mixed 
model with those estimated from pre-adjustment was 
higher when updated pre-adjustment factors were used 
than with those currently used in OVIS. The correlation of 
EBVs from these two methods was not equal to 1 because 
the linear mixed model cannot make the multiplicative 
adjustment. Most of the multiplicative pre-adjustment 
factors considered assume a linear relationship for shorter 
intervals than additive pre-adjustment factors, which 
assume a linear relationship between variables from start to 
end (Raymond 1982). Results showed that ranking of the 
animals on the basis of EBVs are less affected when EBVs 
were estimated from pre-adjustment than from a linear 
mixed model. This is also true for young sire, which has 
less information source to estimate EBVs. More re-ranking 
on EBVs occurred for superior animals when EBVs were 
estimated from a linear mixed model than when pre-
adjustment of data occurred. Therefore, pre-adjustment 
affects our ability to select outstanding animals for Wwt 
and Pwt and, eventually, affects the genetic gain from the 
breeding program. Further, pre-adjustment of data introduced 
more variance in the EBVs than did applying a linear mixed 
model to the data. Although we expect a slightly lower 
correlation in truncating data to the top 10% of animals, the 
still lower correlation indicates a significant re-ranking of 
EBVs between the two methods. 

Inclusion of interaction fixed effects in the
linear model

Regression of progeny phenotype on sire EBVs obtained from 
the model with either flock by age interaction or flock by sex 
by age interaction was slightly closer to 0.5 than were those 
obtained from a model without extra interaction effects for 
both weaning and post-weaning weights. Further, flock by 
sex by age interaction was significantly better than the 
reference linear mixed model in Poll Dorset sheep and 
non-significant in White Suffolk sheep. This suggests that 
age adjustment should differ between flocks and for males 
and females within these flocks because the growth rate of 
animals varies among flocks. Therefore, it may be better to 
use the flock by age interaction or flock by sex by age 

interaction to better account for flock and age effects. 
However, the use of interaction effects involving flock will 
use more degrees of freedom in the model, as well as more 
memory, and a significantly higher computation time to 
complete analyses, which may not be desirable for the 
current evaluation, with millions of animals in the analysis. 
A simple linear mixed model could be the best alternative. 
However, computing power is increasing at a fast pace, and 
it could be possible to incorporate the extra interaction effect 
in the future. Another consideration for fitting an extra 
interaction is that there should be enough observations in 
each subclass to be able to fit it. Otherwise, the estimate will 
be affected by sampling errors (Notter and Brown 2015). In 
the data used by this study, there were enough observations 
in each flock or flock by sex by age subclass to estimate the 
interactions effect well. Further, interaction effects should be 
consistent and predictable over time. When a subset of data 
was created by year of birth, this was confirmed. The ability 
to predict future progeny performance in Wwt and Pwt in 
Australian Terminal breeds from sire EBVs in this study was 
consistent with previous findings (Huisman et al. 2015). 

Conclusions

Predictive ability of a model estimating EBVs using updated 
pre-adjustment factors was observed to be slightly better 
than current OVIS pre-adjustment factors used for weaning 
and post-weaning weights of Terminal breeds. Further, a 
linear mixed model brings significant improvements in the 
regression slopes in weaning and post-weaning weights 
compared with the pre-adjustment of data. Linear mixed 
models that included either flock by sex by age or flock by 
age interactions effects produced slightly better regression 
slopes of progeny phenotypes on sire EBVs than did the 
linear mixed model excluding interaction effects, in 
estimating breeding values. A linear mixed model with 
flock by sex by age interaction is recommended for future 
sheep genetic evaluation through OVIS if it is computa-
tionally feasible, although a linear mixed model without 
interaction is an alternative in the short term. These results 
allow industry and researchers to choose an appropriate 
model to account for systematic environmental effects in 
large-scale genetic evaluation for bodyweight traits 
recorded in young animals. As these findings were obtained 
from Terminal breeds, further investigation would be needed 
to identify whether they apply to a wider range of traits and to 
traits recorded in the Merino and Maternal breeds. 
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