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________________________________________________________________________________ 
Abstract 

Feed efficiency is of major economic importance in beef production. The objective of this work was to 
evaluate alternative measures of feed efficiency for use in genetic evaluation. To meet this objective, genetic 
parameters were estimated for the components of efficiency. These parameters were then used in multiple-
trait animal model genetic evaluations and alternative genetic predictors of feed efficiency were derived from 
the results. Corresponding single-trait evaluations for residual feed intake (RFI), residual daily gain (RDG), 
and residual intake and gain (RIG) were also conducted. The data contained 3 331 animals with records and 
an additional 6 322 animals in their pedigree. The alternative measures of feed efficiency were compared 
using Spearman rank correlations. Heritability estimates for metabolic body weight (MBW), average daily 
gain (ADG) and average daily feed intake (DFI) were 0.38 ± 0.05, 0.25 ± 0.05 and 0.37 ± 0.05, respectively. 
Estimates of the genetic correlations among these traits were 0.79 ± 0.07, 0.54 ± 0.08 and 0.66 ± 0.08 for 
MBW with ADG, MBW with DFI, and ADG with DFI, respectively. The various measures of feed 
efficiency were highly correlated. However, RFI and RDG did provide different rankings of candidates for 
selection. The combination of RFI and RDG to form RIG appears to provide an effective harmonization of 
the former two biological measures of efficiency. It is recommended that genetic evaluation systems include 
analyses of ADG and DFI, and breeders are advised to base selection decisions on the basis of multiple-trait 
selection indexes that incorporate feed intake and performance. 
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Introduction 
Conversion of feedstuffs into food through animal tissues is the essence of livestock production. The 

more efficiently this process occurs, the more sustainable livestock production becomes. An additional 
benefit of increased efficiency is increased production of highly nutritious food for people, from a finite 
resource. 

Ratio measures of efficiency have seen long-standing use in the animal sciences. For example, feed 
conversion ratio (FCR) has been and continues to be used widely to select for efficiency. However, these 
ratio measures suffer theoretical defects that make them less than desirable as a basis for genetic 
improvement (Gunsett, 1986; Iwaisaki, 1989). Following Koch et al. (1963), measures of residual feed 
intake (Arthur et al., 1996) and residual gain (MacNeil et al., 2011) have been suggested as alternatives.  
Furthermore, Berry & Crowley (2012) suggested the combination of these measures expressed on a 
standardized scale as a further refinement.  Yet combining feed intake and growth to calculate a single 
measure of feed efficiency does not add additional information to that which can be obtained directly from 
the component traits (Kennedy et al., 1993). 

In the current study, data emanating from performance recording of Bonsmara bulls in South Africa, 
originally presented by Van der Westhuizen et al. (2005), were re-examined. Van der Westhuizen et al. 
(2005) accepted phenotypic residual feed intake as being the appropriate residual-based measure of feed 
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efficiency and estimated genetic parameters for it and other routinely recorded traits. Here, alternative 
expressions for feed efficiency are considered with a goal of putting forth recommendations for a system of 
genetic evaluation to facilitate improvement of feed efficiency. Specific objectives are to estimate genetic 
parameters for components of efficiency: namely metabolic body weight, average daily gain and feed intake; 
and to compare various measures of efficiency derived from them.  

 
Materials & Methods 

The data used in this research were originally described by Van der Westhuizen et al. (2005). Briefly, 
data were collected from the centralised bull testing stations under the supervision of South Africa’s 
Agricultural Research Council. Records from Bonsmara bulls that were tested between 1989 and 2001 were 
used. The data set consists of the individual feed intake and weights of 3 331 bulls. This data set differs from 
that of Van der Westhuizen et al. (2005) in that observations of magnitude greater than 3.5 standard 
deviations removed from the mean of each trait were removed from the data set and that only animals with 
measured feed intake were included. Individual feed intake and body measurements were taken on a weekly 
basis. Following a 4-week adaptation period, data were collected during a test period of at least 12 weeks. 

In this study, concern was with three primary traits: average daily feed intake (DFI), average daily 
gain (ADG), and mid-test metabolic body weight (MBW). As stated by Koch et al. (1963), efficiency of feed 
use is not a directly measurable trait and it must be calculated from component traits. Thus, from these 
primary traits several measures of efficiency were derived. Phenotypic values for residual feed intake (RFIp) 
and residual gain (RDGp) were calculated from the linear regressions of DFI on ADG and MBW, and ADG 
on DFI, respectively. Phenotypic residual intake and gain (RIGp, Berry & Crowley, 2012) was calculated by 
transformation of RFIp and RDGp to z-scores (mean = 0.0, variance = 1.0) and then subtracting the z-score 
for RFIp from the z-score for RDGp. 

A 3-trait animal model analysis was conducted to estimate genetic variances and covariances for the 
primary traits using MTDFREML (Boldman et al., 1993). The model can be described as: 

 
where, Yi is the vector of data for the ith trait; i = 1 to 3 for MBW, ADG, and DFI, respectively. The Xi, are 
design matrices relating the data to their respective fixed herd of origin and contemporary group 
classification effects (a concatenation of test year and number), and linear age of calf effects (βi). The Zi, are 
design matrices relating the data to their respective random additive genetic effects (ui, i = 1 to 3). The ei 
denotes the unexplained residual effects for each trait. The random genetic effects were assumed to have null 
means and variances (VAR):  

 
where, A represents the numerator relationship matrix with rank equal to the number of animals in the three 
generation pedigree (n = 9 653) used for this analysis. The random residual effects were assumed to have 
null means and 

 
where, I represents an identity matrix with rank equal to number of animals with records (n = 3 331). 

After solving the 3-trait mixed model equations, functions of the  indicative of genetic measures of 
efficiency were calculated as follows: 
 
Genetic residual gain (RDGg): 

RDGg =  
 
Genetic residual feed intake (RFIg):  
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Let, V = , C = . Then, . 

Finally,  
RFIg = . 

 
Genetic residual intake and gain (RIGg):  

 
where,  and  were computed from variances of the linear functions used to predict RDGg and 
RFIg, respectively. The search for parameter estimates was assumed to have converged when the variance of 
the simplex was less 10-10 and the solution vector was confirmed in two independent restarts from different 
starting values. 

In addition to the multi-trait analyses described above, single trait animal model analyses were 
conducted to estimate genetic parameters and predict breeding values for RFIp, RDGp and RIGp. As above, 
the model of the data included fixed effects for the classification variables herd and contemporary group, and 
a linear covariate for age of calf, and a random genetic effect for each animal in the pedigree. Spearman rank 
correlations were calculated to quantify the relationships among RDGp, RFIp and RIGp, their predicted 
breeding values from single trait mixed model analyses, and RDGg, RFIg, and RIGg calculated following the 
multi-trait mixed model analysis of MBW, ADG and DFI.  

As a final step in interpreting these data, the concept of equivalent indexes (Kennedy et al., 1993) was 
used to derive economic weights for alternative selection indexes. The alternative indexes that were 
examined, contained either EBV for: 1) ADG and DFI assuming relative economic values of 7 and 1, 
respectively; 2) MBW, ADG, and RFI; or 3) RDG and DFI.      

 
Results & Discussion 

Means and phenotypic standard deviations (in parentheses) of MBW, ADG, and DFI were 79.7 (4.19) 
kg0.75, 1.74 (0.22) kg/d, and 10.4 (0.95) kg, respectively. Phenotypic correlations among these traits were 
0.50, 0.50, and 0.58 for MBW and ADG, MBW and DFI, and ADG and DFI, respectively. Thus, these data 
exhibit the well-recognized antagonism between desired feed intake and desired growth. Shown in Table 1 
are results from partitioning phenotypic (co)variances into their genetic and environmental components, and 
parameter estimates derived from them. Estimates of heritability, previously reported in the literature, for 
feed intake include 0.54 for mixed breeds of cattle in Canada (Nkrumah et al., 2007), 0.48 for Charolais 
cattle in France (Arthur et al., 2001a), 0.48 for Brangus heifers in Texas (Lancaster et al., 2009), 0.45 for 
Hereford and Angus cattle in the Northern Plains of North America (MacNeil et al., 1991), 0.39 for Angus 
cattle in Australia (Arthur et al., 2001b), 0.36 for Angus cattle in the USA (MacNeil et al., 2011), 0.34 for 
Japanese Black cattle (Hoque et al., 2006), and 0.27 for tropically adapted breeds in Australia (Robinson & 
Oddy, 2004). Estimates of heritability for ADG ranged from 0.20 to 0.59 in these studies. Likewise, recent 
prior estimates of the genetic correlation between DFI and ADG were 0.55 in both MacNeil et al. (2011) and 
Berry & Crowley (2012).  Thus, the bivariate genetic distribution of DFI and ADG presented here seems 
consistent with prior literature. Both the genetic and environmental correlations of ADG with DFI indicate 
the antagonism between these traits arises from both genetic and non-genetic causes. This positive 
relationship between ADG and DFI makes improvement of efficiency challenging. However, the estimated 
correlations were not so large as to make this challenge infeasible. 

 
Equations, with parameters estimated from the data, for calculating phenotypic RFI and RDG were: 

 
RFIp = DFI - 0.7833 - 0.0718*MBW - 2.1861*ADG, and 

 
RDGp = ADG - 0.5037 - 0.1198*DFI 
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Table 1 Estimates of genetic and environmental (co)variance components and parameters derived from 
them (± SE) for metabolic body weight (MBW), average daily gain (ADG) and average daily feed intake 
(DFI) 
    

Trait 
Genetic parameters1  Environmental parameters2 

MBW ADG DFI  MBW ADG DFI 
        

MBW, kg0.75 6.61156   
0.38 ± 0.05      0.22930      0.79218  10.94037      0.24075      1.19843 

ADG, kg 0.79 ± 0.07 0.01259 
0.25 ± 0.05      0.04287  0.38 ± 0.04 0.03737      0.08069 

DFI, kg 0.54 ± 0.08 0.66 ± 0.08 0.33152 
0.37 ± 0.06 

 0.48 ± 0.04 0.55 ± 0.03 0.57316 
        
1 Variance components and heritability estimates are on the diagonal, covariance components are above the diagonal, 
and estimates of genetic correlation are below the diagonal. 
2 Variance components are on the diagonal, covariance components are above the diagonal, and estimates of the 
environmental correlation are below the diagonal. 

 
 

All regression coefficients in these equations were highly significant (P <0.001). The genetic 
regression of ADG on DFI used to calculate RDGg was 0.1293. The genetic regressions of DFI on MBW and 
ADG used to calculate RFIg were 0.1153 and 0.1305, respectively. 

For the 3 331 animals with recorded phenotypic data, Spearman rank correlations among the different 
measures of efficiency are shown in Table 2. Previously, Crowley et al. (2010) estimated the genetic 
correlation of RDG with RFI as −0.46 and MacNeil et al. (2011) found the rank correlation of animals 
evaluated with multiple-trait genetic predictors of RDG and RFI was −0.78. Based on the present data and 
the previous studies, it is clear that RFI and RDG may provide for quite different rankings of candidates for 
selection. To arrive at a weight constant endpoint, selection for RDG would reduce feed used by reducing the 
number of days for which maintenance requirements are met, and RFI would reduce feed used by directly 
reducing daily consumption. If either is to be used as a selection criterion, a decision must be made whether 
candidates that have superior performance when provided an average amount of feed or candidates that eat 
less to achieve average performance are preferred. In the former case RDG would be the criterion of choice 
and in the latter case RFI would be the criterion of choice. If Robertson’s (1959) suggestion that correlations 
of magnitude greater than 0.8 reflect alternative measures of the same trait were adopted, then combining 
RFI and RDG to form RIG appears to provide an effective harmonization of both efficiency measures. As 
expected, the single-trait EBVs were highly correlated with the respective phenotypes and the multiple-trait 
EBV were slightly less so due to the incorporation of information from the correlated traits. The preceding 
discussion is not intended to imply advocacy for selection based on any single biological trait, or in this case 
efficiency measure. 

Use of EBV for evaluation of candidates for selection is preferable to use of phenotypes due to the 
greater accuracy of EBV for predicting genetic merit. Relative to the residual phenotypes, single-trait EBV 
are more accurate as a result of their including and properly weighting information from related animals 
(Belonsky & Kennedy, 1988). In addition, animals without an own phenotype for efficiency may thus be 
evaluated. Here, this results in an additional 6 322 animals being evaluated. Some of the related animals 
lacking observed phenotypes may have evaluations equivalent in accuracy to those of animals with records 
(MacNeil et al., 2011). Further gains in accuracy can result from multiple-trait evaluation (Henderson & 
Quaas, 1976) of the primary traits with subsequent prediction of efficiency EBV. These gains result from the 
value of MBW and ADG as indicator traits useful for predicting DFI. With prior calculation of phenotypic 
residual measures of efficiency, this opportunity may be substantially negated. However, reliance on 
indicator traits alone will not facilitate breaking the genetic antagonism between intake and performance 
(MacNeil et al., 1991). It is important to recognize that the most desirable animals, with respect to efficiency, 
will be outliers to the general bivariate relationship of intake and performance and thus measurement of both 
traits will be essential to their identification.   
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Table 2 Spearman rank correlations among measures of efficiency derived from data recorded for 
Bonsmara bulls 
      

Efficiency 
measures1 

Phenotypic  Single-trait EBV  Multiple-trait EBV 

RFIp RDGp RIGp  RFI1g RDG1g RIG1g  RFI3g RDG3g RIG3g 
            
RFIp 1.00 -0.51 -0.84  0.89 -0.45 -0.74  0.85 -0.51 -0.80 
RDGp  1.00 0.88  -0.45 0.84 0.75  -0.25 0.71 0.56 
RIGp   1.00  -0.74 0.75 0.86  0.60 0.71 0.77 
RFI1g     1.00 -0.53 -0.84  0.95 -0.58 -0.90 
RDG1g      1.00 0.88  -0.31 0.86 0.68 
RIG1g       1.00  -0.67 0.83 0.89 
RFI3g         1.00 -0.43 -0.82 
RDG3g          1.00 0.83 
RIG3g           1.00 
            
1 RFI = residual feed intake; RDG = residual daily gain; RIG = residual intake and gain; subscripts: p = phenotypic,  
1g = derived from mixed model analysis of residual phenotypes, and 3g = derived from multi-trait mixed model 
analysis of metabolic body weight, average daily gain, and average daily feed intake. 

 
 
Breeders have often been advised to make selection decisions based on carefully constructed breeding 

objectives and selection indexes (e.g. Harris & Newman, 1992; MacNeil et al., 1997). Here, discussion is 
limited to aspects arising from consideration of feed intake and growth in this process. Given the economic 
values for the EBV of ADG and DFI to be used in a selection index (I), an equivalent index incorporating the 
EBV for RFI or the EBV for RDG could be derived, following Kennedy et al. (1993). If the hypothetical 
magnitude of the economic value for ADG (kg/d) is 7 times the economic value for feed intake (kg/d); then:  

 
I1 = 7*EBVADG - EBVDFI, and since 

 
EBVDFI = 0.1153*EBVMBW + 0.1305*EBVADG + EBVRFI 

 
I2 = 6.8695*EBVADG - 0.1153*EBVMBW - EBVRFI 

 
Thus, while the economic value for RFI remains the same as it was for DFI, the economic value for ADG 
must be adjusted to account for the expected amount of feed consumed to produce it and MBW must also be 
included in the index. Following similar logic: 

 
EBVADG = 0.1293*EBVDFI + EBVRDG 

 
I3 = 7*EBVRDG - 0.0949*EBVDFI 

 
While these three indexes are equivalent (I1 = I2 = I3, given the estimated genetic parameters), the first of 
them seems straightforward, potentially necessitates genetic evaluation for fewer traits, and has economic 
values that are more transparent to farmers. 

Selection based on the EBVRFI or EBVRDG has also been advocated to improve feed efficiency (e.g. 
Eisen, 1977; Herd et al., 2003; Crews 2005). However, it should be noted that single trait selection on 
EBVRFI or EBVRDG is equivalent to selection on a restricted selection index (Kennedy et al., 1993). Further, it 
has been shown that restricted indexes are always suboptimal economically and can cause severe losses in 
potential economic gain (Gibson & Kennedy, 1990). Thus, if it can be assumed that the farmers’ interests are 
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best served by selection for economic merit, then selection index based on the primary traits can be 
recommended for improving feed efficiency.   
 
Conclusions 

There exists a significant genetic antagonism between ADG and DFI that potentially compromises 
selection programmes. Evaluation of candidates for selection based on RFI and RDG provide quite different 
ranking of their merit. Selection index is an efficient approach for breaking this antagonism. Applying 
economic weights to the EBV for ADG and DFI directly is straightforward and likely to be most transparent 
to farmers when compared to selection indexes using residual measures of efficiency. An obvious 
consequence of this work is the recommendation that genetic evaluation systems include analyses of the 
primary traits ADG and DFI.  
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