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______________________________________________________________________________________ 
Abstract 

The objectives of this study were to evaluate statistical models of potential utility for genetic evaluation 
of feed intake and to estimate the (co)variance components and genetic parameters that would be necessary 
for their use in a national cattle evaluation scheme. Data were from Afrikaner bulls that were tested between 
1974 and 2016 in Phases C (n = 1 250) and D (n = 11 083) of the National Beef Recording and Improvement 
Scheme. Statistical analyses in which the number of traits varied and contemporary group effects were 
considered either random or fixed were conducted using multiple-trait derivative-free restricted maximum 
likelihood. Contemporary group effects were important. When they were considered random, the estimated 
phenotypic variance of feed intake increased and its heritability reduced from approximately 0.43 ± 0.09 to 
approximately 0.30 ± 0.06. Use of average daily gain, recorded either concurrently with the feed intake 
measure (ADGC) or from related bulls reared on-farm (ADGD), had relatively little effect on estimated 
heritability of feed intake. Thus, considering contemporary group effects random consistently increased the 
accuracy of the estimated breeding values. Relatively small genetic correlations between ADGC and ADGD 
complicated the ultimate application of data recorded in Phase C and the use of data recorded in Phase D in 
decoupling the phenotypes for feed intake and growth in an evaluation of feed efficiency. Some modification 
of testing procedures may be necessary to facilitate this application of the results. 
______________________________________________________________________________________ 
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Introduction 

Converting feedstuffs that are unsuitable for human consumption into animal products is the essence 
of livestock production. Improving the efficiency of this conversion may result in a reduced carbon footprint 
and greater sustainability of livestock production (Basarab et al., 2013). Additionally, increased efficiency can 
increase production, from a finite resource, of highly nutritious food for people.  

A variety of metrics have been proposed as measures of efficiency. These include feed conversion 
ratio, which Armsby (1880) referred to as the ‘nutritive ratio’, residual feed intake, and residual gain (Koch et 
al., 1963), residual intake and gain (Berry & Crowley, 2012). Inherent in all of these measures of efficiency 
are the component traits feed intake and gain. Yet, combining feed intake and gain to calculate any metric 
for feed efficiency does not produce additional information relative to that which can be obtained directly from 
the component traits (Kennedy et al., 1993). Using any of these metrics as a selection criterion fails to 
promote as much genetic advance in efficiency as an appropriately constructed selection index that 
incorporates the component traits (Nielsen et al., 2013). Thus, it has been suggested that genetic evaluation 
schemes that are designed to enhance efficiency of feed utilization should analyse the component traits 
simultaneously and combine the resulting EBVs to produce an index upon which to base selection decisions 
(Crews, 2005; Hoque et al., 2006; MacNeil et al., 2011). 

Feed intake is most frequently measured in test stations (Bergh, 2010; MacNeil et al., 2011). Owing to 
the cost of testing, relatively few of the candidates for selection may have a record for feed intake. However, 
many of their relatives that remain on the farm of origin may have measurements recorded for correlated 
traits. Combining these records in a multiple-trait genetic evaluation can increase the accuracy of the EBV 
for feed intake for many more animals than those that have a recorded feed intake measurement. Use of 
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multiple traits in the genetic evaluation may also overcome bias due to selection (Pollak et al., 1984) and 
increase the accuracy of the EBV (Shaeffer, 1984). 

Contemporary groups are used to remove biases from genetic evaluations because of differential 
effects such as weather, which affect performance (VanVleck, 1987). Regarding contemporary groups as 
fixed removes bias due to association between effects corresponding to the groups and the animals being 
evaluated. If contemporary groups are considered random, then the effective number of observations is 
increased at the expense of possible bias. However, this trade-off may be influenced by the particular 
circumstances, including the number of animals per group and any potential association of genetic merit of 
the individuals being evaluated with the groups (Ugarte et al., 1992). Schaeffer (2009) contended that 
contemporary group effects are truly random. Environmental circumstances that condition phenotypic 
performance cannot be predicted in advance of their occurrence. Still, contemporary group effects are 
considered fixed in many applications related to many national genetic evaluation schemes (e.g., Su et al., 
2017; McHugh et al., 2017). 

The goal of this research was to provide Afrikaner breeders with recommendations in order to facilitate 
their desire to produce more efficient cattle. This goal depends on both collection of appropriate phenotypes 
and statistical analysis of those phenotypes. Thus, the objectives were i) to estimate variance and 
covariance components with alternative models that may be used to predict EBV for feed intake that 
incorporate various combinations of phenotypes and considering contemporary groups as either random of 
fixed effects; and ii) to assess the accuracy of EBV for feed intake that was estimated using the various 
models.  
 
Materials & Methods 

Data used in this research were collected from Afrikaner bulls between 1974 and 2016 in Phases C 
and D of the National Beef Recording and Improvement Scheme (Bergh, 2010). Briefly, the data collected in 
Phase C were from centralized bull testing stations under the supervision of South Africa’s Agricultural 
Research Council. In Phase C, bulls arrived at the testing centre at between 151 and 250 days old. 
Following a 28-day period for adaptation, they were evaluated over at least 84 days, during which time they 
were fed ad libitum a growing ration containing 28% roughage and a maximum of 15% crude protein and 
weighed weekly. The data consisted of the individual feed intake (DFI) and average daily gain (ADGC) of 1 
250 bulls. Data collected in Phase D were limited to measures of average daily gain (ADGD) from 11 083 
bulls that were on private farms. At the start of the adaptation period for a Phase D test, the bulls to be 
evaluated were less than 365 days old and the range in weight within a test group was limited to 65 kg. The 
length of the adaptation period varied between 21 and 90 days, depending on the anticipated growth rate 
and source(s) of the bulls. Bulls were weighed bi-weekly and it was stipulated that ADG on-test was 0.4 kg/d. 
The bulls tested in Phase C were mutually exclusive of those tested in Phase D. Contemporary groups (CG) 
that were composed of one animal were deleted from the dataset. Preliminary analyses of both feed intake 
and the average daily gains were conducted fitting CG effects, and residuals from each analysis were used 
to identify potential outliers. Observations with a residual of magnitude greater than 3.0 standard deviations 
were removed from the dataset. The pedigree of each animal with recorded data was traced back four 
generations, and this pedigree (n = 27,563) was used in the statistical analyses to be described 
subsequently. Given this pedigree, 80 animals tested in Phase D were unrelated to any animal that had been 
tested in Phase C. 

Six models for genetic evaluation of feed intake by Afrikaner bulls were compared. The single-trait, 
bivariate, and three-trait models considered contemporary group effects to be either random or fixed. For 
convenience, these models are referred to as F1, F2, and F3 for the models in which contemporary groups 
were considered fixed effects, and R1, R2, and R3 for the corresponding models in which contemporary 
groups were considered random effects. Thus, for example, the three-trait model with random contemporary 
group effects can be specified explicitly as: 

 

�
𝑌1
𝑌2
𝑌3
� = �

1𝜇1
𝑋2𝛽2
𝑋3𝛽3

� + �
𝑍1𝑢1
𝑍1𝑢2
𝑍2𝑢3

� + �
𝐶1𝑔1
𝐶1𝑔2
𝐶2𝑔3

� + �
𝑒1
𝑒2
𝑒3
�, 

 
Where: 𝑌𝑖 = a vector of observations for the 𝑖𝑡ℎ trait  

𝑖 = 1 to 3 for ADGC, DFI, and ADGD, respectively  
 

The 𝑋𝑖, 𝑍𝑖 , and 𝐶𝑖 are design matrices relating the data to their respective fixed mean and age on test 
effects, and for ADGD type of test and diet (𝛽𝑖), random additive genetic effects (𝑢𝑖), and random 
contemporary group effects (𝑔𝑖), respectively. Note, for ADGC the effect of age on test was found to be 
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unimportant (P = 0.54) in preliminary analysis and therefore was not included in these models. The 𝑒𝑖 
represent the random residual effects. The random genetic effects were assumed to have null means and 
variances (𝑉𝑉𝑉): 

 

𝑉𝑉𝑉 �
𝑢1
𝑢2
𝑢3
� = �

𝑉𝐴𝑢1
2 𝑉𝐴𝑢1𝑢2 𝑉𝐴𝑢1𝑢3

𝑉𝐴𝑢2𝑢1 𝑉𝐴𝑢2
2 𝑉𝐴𝑢2𝑢3

𝑉𝐴𝑢3𝑢1 𝑉𝐴𝑢3𝑢2 𝑉𝐴𝑢3
2
�, 

 
Where: 𝑉 = the numerator relationship matrix with rank equal to the number of animals in the pedigree.  
 

The random contemporary group effects were likewise assumed to have null means and  
 

𝑉𝑉𝑉 �
𝑔1
𝑔2
𝑔3
� = �

𝐼𝐶𝐴𝑔1
2 𝐼𝐶𝐴𝑔1𝑔2 0

𝐼𝐶𝐴𝑔2𝑔1 𝐼𝐶𝐴𝑔2
2 0
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2
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Where:  𝐼𝐶 and 𝐼𝐷 = identity matrices with rank equal to the number of contemporary groups in Phases C and 

D, respectively.  
 

Finally, the random residual effects are also assumed to have null means and  
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Where:  𝐼𝐶 and 𝐼𝐷 = an identity matrices with rank equal to the number of observations for the traits being 

analysed from Phases C and D, respectively.  
 

The (co)variance components were estimated using multiple-trait derivative-free restricted maximum 
likelihood (MTDFREML) (Boldman et al., 1995). This software uses the simplex method (Nelder & Mead, 
1965) to search for parameter estimates that maximize the log of the likelihood function given the data. 
Convergence was assumed when the variance of the likelihoods in the simplex was less than 10−10. Herein, 
accuracy (rTI) is defined as the correlation between the true additive genetic value and the EBV. Standard 
error for the genetic correlations of ADGD with ADGC and DFI were calculated following Bijma & Bastiaansen 
(2014) using the average rTI for only those sire families that were represented in both Phase C and Phase D 
(n = 417).  
 
Results and Discussion 

The principles upon which this work is based are well known and long-standing in the science that 
underpins genetic evaluation of beef cattle. This work was undertaken in recognition that previous genetic 
evaluations conducted for Afrikaner cattle were based on parameter estimates derived from data collected 
from Bonsmara (Jordaan, 2015). As points of reference, estimates of 𝐴𝑢12 , 𝐴𝑢1

2 , 𝐴𝑢1𝑢2, 𝐴𝑒1
2 , 𝐴𝑒2

2 , and 𝐴𝑒1𝑒2  for 
Bonsmara from a model similar to F2 were 0.3315, 0.0126, 0.0429, 0.5732, 0.0374, and 0.0807, respectively 
(MacNeil et al., 2013). The average ages on test and standard deviations (SD) (in parentheses) for bulls that 
were evaluated in Phases C and D were 256 days (27 days) and 289 days (55 days), respectively. Means 
and phenotypic standard deviations (SD) of ADGC, DFI and ADGD were 1.23 (0.18) kg/d, 8.47 (1.13) kg/d, 
and 0.82 (0.21) kg/d, respectively. The intent of this investigation was to assess parameter estimates that 
could be used in the genetic evaluation of feed intake by Afrikaner (Table 1). These results, together with 
those from previous studies (e.g., MacNeil et al., 2011; Ceacero et al., 2016; Retallick et al., 2017), 
document the substantial genetic antagonism between desired growth rate and desired feed intake in 
improving efficiency. Breaking this genetic antagonism requires measurement of both feed intake and 
growth. 
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Table 1 Estimates of variance components, covariance components, and genetic parameter estimates for six 
models used in the genetic evaluation of feed intake by young Afrikaner bulls 
   

 
Modelsa 

F1 R1 F2 R2 F3 R3 
       
(Co)variance componentsb 

𝐴𝑢1
2  0.3044 0.3832 0.3081 0.4081 0.3138 0.4231 

𝐴𝑢2
2    0.0080 0.0117 0.0080 0.0117 

𝐴𝑢3
2      0.0020 0.0020 

𝐴𝑢1𝑢2   0.0379 0.0523 0.0392 0.0537 
𝐴𝑢1𝑢3     0.0049 0.0072 
𝐴𝑢2𝑢3     0.0016 0.0022 
𝐴𝑔1
2   0.5291  0.5320  0.5322 

𝐴𝑔2
2     0.0094  0.0092 

𝐴𝑔3
2       0.0353 

𝐴𝑔1𝑔2    0.0204  0.0199 
𝐴𝑒1
2  0.4116 0.3491 0.4084 0.3290 0.4037 0.3251 

𝐴𝑒2
2    0.0140 0.0110 0.0140 0.0110 

𝐴𝑒3
2      0.0081 0.0081 

𝐴𝑒1𝑒2    0.0409 0.0295 0.0399 0.0285 
Genetic parameters 

ℎ12 0.43 ± 0.09 0.30 ± 0.06 0.43 ± 0.09 0.32 ± 0.06 0.44 ± 0.09 0.33 ± 0.06 
ℎ22   0.36 ± 0.09 0.36 ± 0.07 0.36 ± 0.09 0.37 ± 0.06 
ℎ32     0.20 ± 0.02 0.04 ± 0.06 
𝑟1,2   0.76 ± 0.09 0.76 ± 0.07 0.78 ± 0.09 0.77 ± 0.07 
𝑟1,3     0.20 ± 0.09 0.25 ± 0.08 
𝑟2,3     0.39 ± 0.09 0.45 ± 0.08 

       
a F1: single trait model for analysis of average daily feed intake (DFI) with contemporary group effects fixed; R1: single 
trait model for analysis of DFI with contemporary group effects random; F2: bivariate analysis model of average daily 
gain (ADGC) and DFI by bulls tested in phase C with contemporary group effects fixed; R2: model similar to F2, but with 
contemporary group effects random; F3: three-trait model of ADGC and DFI and average daily gain (ADGD) by bulls 
tested in phase D with contemporary groups fixed; and R3: three-trait model of average daily gain and average daily feed 
intake by bulls tested in phase C and average daily gain by bulls tested in phase D with contemporary groups random  
b Subscripts 1, 2 and 3 denote DFI, ADGC, and ADGD, respectively; 𝑢𝑖 = indicate additive genetic effects for the ith trait; 𝑔𝑖 
= indicate contemporary group effects for the ith trait; 𝑒𝑖 = indicate residual effects for the ith trait; ℎ𝑖2 = heritability of the ith 
trait; and 𝑟𝑖,𝑗 = genetic correlation between traits i and j 
Standard errors of estimates follow the ± symbol 
 

In appraising the accuracy of the genetic evaluation for DFI, the results from Phase C, in which DFI 
was measured, and Phase D are addressed separately (Table 2). In Phase C, the average size of CG was 
12.3, but 23% of the bulls were evaluated in contemporary groups of five or fewer animals. In Phase D, the 
contemporary groups contained between 2 and 76 bulls with an average size of 19 bulls. The most obvious 
result is that accurate genetic evaluation of DFI requires its measurement, regardless of how the data were 
analysed, and at present that data recording takes place in Phase C. For bulls tested in Phase C, the 
average accuracy from the models that treated contemporary groups as being fixed was approximately 0.65, 
irrespective of whether the ADG indicator traits were analysed simultaneously. However, in the models 
where contemporary group effects were considered random, accuracy of the EBV for DFI increased by an 
average of 0.09 relative to the models in which contemporary groups were considered fixed. Ugarte et al. 
(1992) concluded that considering CG effects as random when sires are randomly allocated across CG will 
yield EBV with greater accuracy and a better ranking of animals than fixed models, especially when CG size 
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is small. The caveat of sires being randomly allocated across CG is important for the EBV to be unbiased by 
selection. Herein, the same line of reasoning is extended from sire models to animal models. However, given 
that the tested bulls were young and did not even have a pedigree estimate of the EBV for feed intake at the 
time they were nominated for testing, the assumption of randomness seem tenable. The diminishing 
advantage of treating CG as random in these data is illustrated for models R1 and F1 in Figure 1. Among 
models, the rank correlations of the EBV for bulls tested in Phase C ranged from 0.934 to 0.999. Correlations 
between rankings of EBV from R2 with R3 and F2 with F3 were greatest, followed relatively closely by R1 
with R2 and R1 with R3. For bulls tested in Phase D, the corresponding advantage from considering 
contemporary groups to be random was approximately 0.03. If the trait of interest (DFI) was analysed, the 
addition of ADGC and ADGD to the analysis as correlated traits was of little benefit to the evaluation of bulls 
that were tested in either phase. The rank correlation between EBV from R3 and F3 for bulls evaluated in 
Phase D was 0.952 compared with a rank correlation of 0.936 between the pedigree EBV from R2 and the 
EBV from R3. 
 
 
Table 2 Average accuracy of estimated breeding values for feed intake as a function of number of traits 
analysed and consideration of contemporary groups as either random or fixed effects 
 

Source of data 

Models1 

F1 F2 F3 R1 R2 R3 

Phase C test station 0.643 0.648 0.654 0.716 0.741 0.745 
Phase D on-farm test 0.267 0.268 0.287 0.295 0.302 0.327 
1 F1: single trait model for analysis of average daily feed intake (DFI) with contemporary group effects fixed; R1: single 
trait model for analysis of DFI with contemporary group effects random; F2: bivariate analysis model of average daily 
gain (ADGC) and DFI by bulls tested in phase C with contemporary group effects fixed; R2: model similar to F2, but with 
contemporary group effects random; F3: three-trait model of ADGC and DFI and average daily gain (ADGD) by bulls 
tested in phase D with contemporary groups fixed; and R3: three-trait model of average daily gain and average daily feed 
intake by bulls tested in phase C and average daily gain by bulls tested in phase D with contemporary groups random  
 
 

Genetic evaluations for efficiency traits can be based on indexes of EBV from multiple trait analyses 
(Kennedy et al., 1993; Thallman et al., 2018). Decoupling recording of average daily gain and feed intake 
would facilitate reduced cost of data collection by shortening the feed intake test period (Nielsen et al., 2013; 
Manafiazar et al., 2017; Thallman et al., 2018) with the potential downstream effect of more animals being 
phenotyped for feed intake at a reduced cost per animal (Culbertson et al., 2015). However, the relatively 
small genetic correlations between ADGC and ADGD observed with models F3 and R3 are troubling. 
Nominally, these should be independent measures of the same trait, although recorded here from different 
animals. It has been widely accepted that traits with a correlation >0.80 can be assumed to be genetically the 
same trait (Robertson, 1959). However, neither of the two measures of the genetic correlation of ADGC with 
ADGD approached this threshold. With additive genetic component of ADGC explaining only approximately 
20% of the genetic variation in ADGD, along with the low heritability estimates for ADGD, decoupled recording 
of feed intake from the measurement of average daily gain becomes problematic for indexes of efficiency. 
Contrary to the present results, Baker et al. (2002) indicated central test station data was useful for ranking 
bulls on genetic merit for growth in both feedlot and on pasture. Similarly, Johnston et al. (2003) found no 
evidence of genotype by production environment interactions that affected performance. However, Burrow 
(2012) cautioned that the absence of interaction between genotype and environment may depend on the 
magnitude of the environmental effects. A lack of genetic connectedness between animals evaluated in 
Phases C and D, as has been previously observed for Afrikaner generally (MacNeil et al., 2018), could also 
potentially give rise to the observed genotype by environment interaction. However, with progeny of 417 
sires being evaluated in both phases, a lack of connectedness seems an unlikely explanation for this 
interaction. With the assumption of fixed contemporary groups (model F3), the efficiency of selection based 
on ADGC to improve ADGD relative to direct selection on ADGD is predicted to be 58%, if selection intensity is 
constant. However, with contemporary groups considered random (model R3), indirect selection becomes 
129% as efficient as the selection among bulls tested under the Phase D protocol. Because many more bulls 
are tested in Phase D than in Phase C, the stipulation of equal selection intensity would be unrealistic if a 
fixed number of bulls are to be selected. In this case, having greater response in ADGD from selection 
among bulls tested in Phase C becomes impossible, without significantly increasing the relative number of 
bulls tested in Phase C.  
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Figure 1 Relationship of accuracy of the estimated breeding values from single-trait models to the number of 
animals in each contemporary group of the central test stations 
 
 
Conclusions 

Contemporary group effects were important, so that when they were considered random the estimated 
phenotypic variance of feed intake was increased and its heritability was reduced. Use of average daily gain, 
either recorded concurrently with the feed intake measure or from related bulls reared on-farm, had relatively 
little effect on estimated heritability of feed intake. Thus, considering contemporary group effects to be 
random consistently increased the accuracy of the EBV. Relatively small genetic correlations between 
measures of average daily gain complicate the ultimate application of data recorded in Phase C and the use 
of data recorded in Phase D in decoupling the phenotypes for feed intake and growth in an evaluation of 
feed efficiency. Some modification of testing procedures may be necessary in order to increase the 
usefulness of growth performance as expressed by bulls that are tested in Phase D. Afrikaner breeders 
would be well advised to coordinate the recording of feed intake data so as to reduce the percentage of bulls 
that are evaluated in small contemporary groups. 
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