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Abstract 6 

The concept of residual feed intake (RFI), in determining differences among 7 

animals in converting feed into body tissue, was first raised in 1963.  Feed 8 

efficiency is typically calculated as a function of live weight gain (LWG) 9 

and feed intake (FI).  Historically two versions of the same model were 10 

proposed, one where FI was adjusted for live weight (LW) and LWG, and 11 

the other where LWG was adjusted for FI and LW.  Variation in LWG or FI 12 

could then be partitioned into two parts; that which is expected and can be 13 

attributed to differences in FI, or LWG; and that which is the residual 14 

portion, which is the deviation from the expected value based on regression, 15 

and therefore not accounted for by differences in FI or LWG.  Based on this 16 

definition, it is the residual portion, which is the measure of efficiency.  17 

Both within a livestock industry and between different livestock industries 18 

there is no set model for calculating RFI.  This paper evaluated four models 19 

used to calculate RFI and one model used to calculate residual LWG 20 

(RLWG) at a standard level of nutrition.  They were the main model 21 

currently in use in the Australian beef cattle industry (RFIB), the original 22 

models proposed in 1963 (RFI1963; RLWG1963); a French model which 23 

included ultrasound measures of muscle and fat depth (RFIF) and the use of 24 

the Australian feeding standards to calculate predicted intake and thus RFI 25 



 3 

(RFISCA).  Using feed intake, liveweight and body composition data 1 

generated from the same group of sheep (n=52) at two ages (6mo, 13mo), 2 

the relative merits of each model were evaluated and compared to the other 3 

models, to determine the most appropriate model to calculate RFI for sheep.  4 

For all the models except that used to calculate RLWG, over half of the 5 

variation in FI could be explained by the model.  The amount of variation in 6 

FI accounted for depended on the parameters included and the dataset, with 7 

less variation in FI explained by the specific models in the older animals.  8 

The RFIF model, which included measures of body composition, accounted 9 

for the greatest proportion of the variation in FI and as such suggests that 10 

the inclusion of body composition parameters is likely to more accurately 11 

reflect true biological efficiency. 12 

 13 

Keywords: residual feed intake; sheep; model; feed efficiency 14 

 15 

Abbreviations: ADG, average daily gain; DMI, dry matter intake; FI, feed 16 

intake; LW, liveweight; LWG, liveweight gain; ME, metabolisable energy; 17 

RFI, residual feed intake; RLWG, residual liveweight gain; SDFI, 18 

standardised daily feed intake 19 

 20 

1.  Introduction 21 

The concept of residual feed intake (RFI) in determining differences among 22 

animals in converting feed into body tissue was first explored by Koch et al. 23 

(1963).  Feed efficiency is a function of liveweight gain (LWG) and feed 24 

intake (FI) and in order to determine efficiency, Koch et al. (1963) proposed 25 
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two versions of the same model.  In the first version, FI adjusted for live 1 

weight (mid weight from the measurement period) and LWG, or secondly, 2 

LWG adjusted for FI and liveweight (LW).  Variation in LWG or FI could 3 

then be partitioned into two parts; that which is expected on the basis of the 4 

average performance of an animal either attributed to differences in FI, or 5 

LWG; and that which is the residual portion, which is the deviation from the 6 

expected value based on regression, and therefore not accounted for by 7 

differences in FI or LWG (Koch et al. 1963).  Based on this definition, it is 8 

the residual portion or the amount that the animal differs from the expected, 9 

which is the measure of efficiency.  Treating efficiency as a residual allows 10 

fair comparison between animals differing in level of production during the 11 

measurement period (Koch et al. 1963; Archer et al. 1999b).  However, RFI 12 

is not genetically independent of its component traits and typically in 13 

calculating RFI, no consideration is given to the underlying genetic 14 

regressions (Kennedy et al. 1993). 15 

 16 

Given that RFI is a linear function of FI and LWG, certain parameters need 17 

to be explored in regards to the impact that they may have on the predictors 18 

of RFI.  Tixier-Boichard et al. (2002) defines the classical prediction 19 

equation as a linear multiple regression of observed or actual FI against 20 

liveweight (LW), or a scaler for LW and LWG.  Of course LWG may be 21 

further partitioned into protein or lean tissue gain, fat tissue gain, and/or 22 

depending on production needs, into product, which can be harvested such 23 

as egg, milk or wool output.  These additional terms in the linear model 24 
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describe both the maintenance requirements and level of production of the 1 

animal (Hughes et al. 1998).  2 

 3 

Numerous papers have reported that variation in RFI exists in a number of 4 

species including mice (Archer and Pitchford, 1996); chickens (Luiting and 5 

Urff 1991a; 1991b); pigs (de Haer et al. 1993); sheep (François et al. 2002) 6 

and beef cattle (Archer et al. 1997; Arthur et al. 1997a, 1999; Herd et al. 7 

2003).  Heritability estimates for RFI range from low to moderate and thus 8 

selection for RFI is likely to have significant commercial benefit in 9 

improving the efficiency of animal production systems (Arthur et al. 10 

2001a).  However, RFI is generally not correlated with LWG (cattle rg = -11 

0.04, rp = -0.06 (Arthur et al. 2001a)) and thus selection for RFI potentially 12 

provides the opportunity to improve efficiency with animals that eat less 13 

whilst not compromising growth performance (Herd et al. 2004).         14 

 15 

Both within a livestock industry and between different livestock industries 16 

there is no set model for calculating RFI.  In order to define what model of 17 

efficiency is the most appropriate and thus the value placed on the animal’s 18 

relative performance, it is necessary to compare models across a standard 19 

level of nutrition.  This paper will focus on the main models currently used 20 

in the beef cattle and sheep industries, plus additional models, including the 21 

original models proposed by Koch et al. (1963), and other models which 22 

include production parameters such as lean and fat tissue accretion.  There 23 

are other models such as the use of the NRC (1984) feeding standards, 24 

which will not be evaluated.  The relative merits of each model evaluated 25 



 6 

will be discussed and compared to the other models, to determine the most 1 

appropriate model to calculate RFI. 2 

 3 

2.  Materials and methods 4 

Feed intake, LWG and body composition data from two separate 5 

experiments were used.  The experiments were conducted with the same 6 

group of sheep at two different ages.  For the first experiment the average 7 

age of the sheep during the experiment was 6 mo, and thus the data set from 8 

this experiment was labelled 6mo (n=53).  For the second experiment, the 9 

average of the age sheep was 13 mo with data set labelled 13mo (n=52).  10 

One sheep was removed from the 6 mo data set as it had atypical FI and 11 

LWG over the measurement period, possibly due to a mild lameness at this 12 

time.  The sheep used were all rams from the one flock, and were randomly 13 

selected.  Insufficient information existed as to the ascendant structure of 14 

the flock.  The objective of these two experiments was to generate data to 15 

model efficiency using several different approaches including RFI.   16 

 17 

Individual daily dry matter intakes (DMI) and LWG were measured for 49 18 

days at 6 mo and 62 days at 13 mo.  Rams were fed ad libitum a formulated 19 

pelleted ration on a daily basis, which although was formulated to have the 20 

same gross nutrient profile for both individual experiments, chemical 21 

analyses indicated that they were different.  The metabolisable energy (ME) 22 

contents were 12 MJ/kg DM and 13.1 MJ/kg DM; crude protein contents 23 

were 16 g/kg DM and 18.5 g/kg DM; and the neutral detergent fibre (NDF) 24 

contents were 25.8 g/kg DM and 16.2 g/kg DM for each of the experiments 25 



 7 

respectively.  Liveweights were measured every 4 days, with two 1 

consecutive daily weights recorded at the start and end of each experimental 2 

period, to reduce variation in initial and final weight measures that may 3 

occur due to variable gut fill.   4 

 5 

Liveweight was modelled over time separately for each sheep using a 6 

random coefficient regression including a cubic spline for time, with the 7 

estimates of the regression coefficients used to generate the various weight 8 

parameters (average daily gain, ADG; initial and terminal weights; 9 

metabolic mid-weight, MMWT) (Verbyla et al. 1999).   10 

 11 

Each RFI model was fitted using the general linear regression model of 12 

Genstat (GenStat Committee 2003).  For each model, the residuals from the 13 

model conformed to the basic assumptions of regression and the adjusted R
2
 14 

values reported as a proportion.  Spearman rank correlations (rs) were used 15 

to compare rank changes between the different models.  Pearson 16 

correlations (rp) were used to look at phenotypic correlations between the 17 

different models.  One-way ANOVA was used to determine the level of 18 

significance between the parameters calculated using the feeding standards 19 

formulae. 20 

 21 

Some estimates of body composition were made at the start and the end of 22 

each experiment using ultrasound (Sonovet 600 Ultrasound, Model SA-23 

600V, Power 100-240V, Medison Co. Ltd, Seoul, Korea; with a 2.5-24 



 8 

4.5MHz variable probe).  Fat and muscle depth in millimetres were 1 

measured and recorded for the 12/13
th

 rib (12/13R).  2 

 3 

2.1  1963 Models of Residual Feed Intake and Residual Liveweight Gain 4 

In the first discussions of RFI by Koch et al. (1963), FI was either adjusted 5 

for differences in LWG, or LWG was adjusted for differences in FI.  For the 6 

first model, FI was adjusted for LWG and mid weight (MWT) i.e. the initial 7 

weight plus half of the total gain (1).  8 

 9 

Yi = 0 + 1ADGi + 2MWTi  + ei 10 

(1) 11 

 12 

Where Yi = daily FI of animal, 0 = regression intercept, 1 = partial 13 

regression coefficient of FI on ADG, 2 = partial regression coefficient of FI 14 

on MWT, and ei = residual error in FI of animal i.  It is the residual portion 15 

of this model which is the measure of efficiency with RFI calculated from 16 

this model labelled RFI1963. 17 

 18 

For the second model, LWG was adjusted for differences in FI and MWT 19 

(2).  In essence, rather than describing RFI, the term becomes residual LWG 20 

(RLWG).     21 

 22 

Yi = 0 + 2MWTi + 3FIi + ei 23 

  (2) 24 

 25 



 9 

Where Yi = LWG of the animal, 0 = regression intercept, 2 = partial 1 

regression coefficient of LWG on MWT, 3 = partial regression coefficient 2 

of LWG on FI, and ei = residual error in LWG of animal, which is the 3 

measure of efficiency.  Residual LWG calculated from this model was 4 

labelled RLWG1963. 5 

 6 

2.2  Current Australian beef cattle model. 7 

In the Australian beef industry, RFI is derived from the regression of actual 8 

FI against mean metabolic mid weight over the measurement period (W
0.73

, 9 

MMWT), and ADG, following a measurement period of 70 days (Archer et 10 

al. 1997; Arthur et al. 2001c).  Mean metabolic mid weight is included in 11 

the model as a predictor of maintenance requirements and ADG is used as a 12 

measure of growth.  To calculate RFI the model fitted was (3)   13 

 14 

Yi = 0 + 1ADGi + 2MMWTi + ei 15 

(3) 16 

 17 

where Yi = daily FI of animal i, 0 = regression intercept, 1 = partial 18 

regression coefficient of FI on ADG, 2 = partial regression coefficient of FI 19 

on MMWT, and ei = residual error in FI of animal i.  It is the residual 20 

portion of this model, which is the measure of efficiency or RFI and for this 21 

model was labelled RFIB.   22 

 23 

Prior to fitting this model, FI data was standardised to 10MJ/kg 24 

metabolisable energy (ME) as per the model below (4), where standardised 25 



 10 

daily FI (SDFI) is a function of intake, ration nutritional value, and the 1 

number of days that intake is measured (Archer et al. 1997).  Standardising 2 

the daily FI enables different experiments to be equally compared against 3 

each other, although the diet fed may have differed slightly.  In measuring 4 

RFI in beef cattle, usually a test ration plus a supplement of straw is fed.  In 5 

the work reported here only a test ration was fed with no additional 6 

supplement. 7 

 8 

SDFI = {(total intake / number of days)*(ration DM/100)*(ration ME/10)} + {(kg 9 

supplement per head per day)*(supplement DM/100)*(supplement ME/10)} 10 

 11 

(4) 12 

 13 

2.3  French sheep model including body composition measures. 14 

In this model, RFI was estimated by the regression of FI on LWG, LW and 15 

body composition (François et al. 2002).  Feed intake was adjusted for LW 16 

at mid-test (Wmid-test), ADG, back fat and muscle depth at the 12
th

/13
th

 rib.  17 

In the published model back fat and muscle depth were calculated as the 18 

average of the mid test and end of test measurements and were then weight 19 

adjusted to 50 kg.  To adjust to 50 kg LW, 50 kg was divided by the average 20 

LW from the mid and end of test weights, and then multiplied by the value 21 

obtained by the average back fat or muscle depth.  However, the current 22 

data used to evaluate this model included ultrasound muscle and fat depth 23 

measures at the start and the end of each measurement period, and not in the 24 

middle of the period, therefore the ultrasound measures used in the model 25 

were an average of the start and end measures which had been LW adjusted, 26 
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by dividing 50 kg by the LW at time of the ultrasound scan then multiplying 1 

by the ultrasound muscle or fat depth. Using this model, RFI was calculated 2 

for each data set.  To calculate RFI the model fitted was (5) 3 

 4 

Yi = 0 + 1ADGi + 2Wmid-test,i + 3Fat Depth + 4Muscle Depth + ei 5 

(5) 6 

 7 

where Yi = daily FI of animal i, 0 = regression intercept, 1 = partial 8 

regression coefficient of FI on ADG, 2 = partial regression coefficient of FI 9 

on Wmid-test, 3 = partial regression coefficient of FI on ultrasound fat depth, 10 

4 = partial regression coefficient of FI on ultrasound muscle depth and ei = 11 

residual error in FI of animal i.  The residual component, and thus the 12 

measure of efficiency was labelled RFIF. 13 

 14 

2.4  Australian Feeding Standards Model 15 

This model enabled the estimation of RFI though the use of equations which 16 

predict what an animal requires in terms of energy for both maintenance and 17 

production based on its weight, age, sex, relative body size and ADG.  In 18 

theory, this model involves the calculation of the net energy required for 19 

maintenance (NERm) and the net energy required for LWG (NERg).  The 20 

generalised equations published by the Standing Committee on Agriculture 21 

(SCA 1990) make several assumptions in regards to the efficiency of energy 22 

use for gain (Kg) and maintenance (Km); empty body gain (EBG) and 23 

standard reference weights (SRW) for different breeds and sex of sheep. 24 

These equations enable FI to be determined across a range of physiological 25 
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classes of livestock of differing weights, weight gains and energy contents 1 

of diets.  In order to look at the relationship between the generalised SCA 2 

equations, and RFI calculated through other means, a modified version of 3 

the SCA generalised equations (Robinson et al. 1999; Robinson and Oddy 4 

2004) were used to estimate FI. Energy required for gain (Egain, MJ/day) 5 

was calculated as (6) 6 

 7 

Egain = EBG x {(20.3 – R) / {1 + exp (2.4 – 6P)} / Kg 8 

(6) 9 

 10 

where EBG (empty body gain) = 0.92 x ADG (kg/day); R (adjustment for 11 

weight gain or loss) = 250 x EBG / (SRW
0.75

) – 1; SRW (standard reference 12 

weight) = 77 kg for entire males of various breeds including Border 13 

Leicester x Merino, Cheviot, Corriedale, Dorset, Drysdale, Romney, Suffolk 14 

and Tukidale; P (stage of growth) = ALW / SRW; ALW = average 15 

liveweight over measurement period; Kg (efficiency of ME use for gain) = 16 

0.042 x M/D + 0.006; and M/D = dry matter feed energy density.  17 

 18 

Energy required for maintenance (Emaint, MJ/day) was calculated as (7) 19 

 20 

Emaint = K x 0.28 x ALW
0.75

 x exp(-0.03A) / Km + 0.1 x (Egain) 21 

(7) 22 

 23 

where K = 1.0 for sheep and goats; A = age in years; and  Km (efficiency of 24 

ME use for maintenance) = 0.5 + 0.02 M/D.  All rams were born within 5 25 

days of each other, therefore A6mo was assumed to be 0.5 and A13mo to be 26 
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1.10 for all animals.   The total energy required was calculated as the sum of 1 

Emaint and Egain and then converted into kg of feed (dry matter) based on 2 

the energy content of the ration used.  Residual feed intake was calculated 3 

as the difference between the average daily FI (kg DM) and the predicted 4 

values for FI based on the requirements for maintenance and gain as 5 

calculated using Equations 6 and 7.  The residual component was labelled 6 

RFISCA. 7 

 8 

In addition to calculating FI and therefore RFISCA from Equations 6 and 7, 9 

DMI was regressed against Egain and Emaint to enable comparisons to be 10 

made with the other regression models.      11 

 12 

3.  Results 13 

3.1  Summary of Feed Intake and Liveweight Data 14 

At 6 mo, the mean (  s.d) daily DMI over the 49 days of measurement was 15 

1.75 (  0.3) kg DM/day.  In comparison, at 13 mo, the mean (  s.d) DMI 16 

over the 62 days measurement was 2.36 (  0.2) kg DM/day; these values 17 

were significantly different (P<0.001).  At 6 mo, the mean (± s.d) ADG was 18 

407.3 (± 89.62) g/day, and at 13 mo, ADG increased to 417.1 (± 55.70) 19 

g/day.  The difference in ADG between 6 mo and 13 mo was not significant 20 

(P>0.05). 21 

 22 

Daily dry matter intake was highly correlated between 6 mo and 13 mo (rp 23 

= 0.462, P<0.01).  Average daily gain and daily DMI were also highly 24 



 14 

correlated with each other at 6 mo (rp = 0.678, P<0.01) and at 13 mo (rp = 1 

0.692, P<0.01).   2 

 3 

3.2  1963 Models of Residual Feed Intake and Residual Liveweight Gain 4 

The original model of efficiency as proposed by Koch et al. (1963) where FI 5 

is a function of LW and ADG had an R
2
 of 0.63 and 0.56 rams at 6 mo and 6 

13 mo, respectively (Table 1).  In this model, all the variables contributed 7 

significantly to the prediction of intake.  The range of RFI1963 at 6 mo was –8 

2.54 to 2.43, with a standard deviation (s.d.) of 1.016 around zero.  At 13 9 

mo, the range of RFI1963 was –1.98 to 2.62, with a s.d. of 1.009.         10 

 11 

When efficiency of total gain was modelled as a function of FI and LW, the 12 

proportion of variation in LWG accounted for was 0.48 in rams at both 6 mo 13 

and 13 mo, and only total dry matter intake was a significant predictor of 14 

total gain (Table 1).  The range of RG1963 at 6 mo was –2.34 to 2.35 (s.d. 15 

around zero of 1.010).  At 13 mo, the range of RG1963 was –2.98 to 2.07 16 

(s.d. around zero of 1.006).         17 

 18 

3.3  Current Australian beef cattle model. 19 

The use of MMWT rather than just Mid Wt resulted in no improvement in 20 

explaining the variation associated with FI (Table 1).  As with the 1963 21 

models of RFI, at both 6 mo and 13 mo, the proportion of variation in FI 22 

which was not explained by both ADG (i.e., growth) and metabolic mid 23 

weight (i.e., maintenance) was approximately 0.40.  The range of RFIB at 6 24 



 15 

mo was –2.51 to 2.45 (s.d. around zero of 1.015).  At 13 mo, the range of 1 

RFIB was –1.98 to 2.62 (s.d. around zero of 1.009).         2 

 3 

By not standardising FI, the range of RFIB at 6 mo was –2.54 to 2.44.  At 13 4 

mo, the range of RFIB was –1.98 to 2.62.  These results indicate that 5 

standardising FI to 10 MJ/kg DM had negligible impact on the variance 6 

accounted for at either 6 mo or 13 mo when compared to actual daily FI 7 

(Table 1).  8 

 9 

3.4  French sheep model including body composition measures. 10 

Including measures of muscle and fat depth into the model to predict FI 11 

reduced the R
2
 to less than 0.30 in rams at 6 mo and to approximately 0.40 12 

in rams at 13 mo (Table 2).  However, the regression coefficients for fat and 13 

muscle depth were not significant in the full model.  The range of RFIF at 6 14 

mo was –1.86 to 2.45 (s.d. around zero of 1.018).  At 13 mo, the range of 15 

RFIF was –2.26 to 2.45 (s.d around zero of 1.012).  When the fat and muscle 16 

depth parameters were removed from the full model, the R
2
 value increased 17 

slightly to 0.74 and 0.60 for 6 mo and 13 mo respectively, indicating that 18 

Wmid-test contributed significantly to the prediction equation.   19 

 20 

3.5  Australian Feeding Standards Model 21 

Mean values calculated from generalised equations, for the energy required 22 

for tissue gain (Egain) and the energy required to maintain tissue (Emaint) 23 

are reported in Table 3.  There were significant differences between the two 24 



 16 

datasets for all parameters (P<0.001).  At 6 mo, RFISCA ranged from –0.10 1 

to 0.74, and at 13 mo, RFISCA ranged from 0.44 to 1.00. 2 

 3 

Emaint and Egain were used in a linear regression model to determine the 4 

variation in FI accounted for by components of the RFISCA model (Table 2).  5 

At 6 mo, the variable Emaint was not significant in predicting DMI, 6 

however at 13 mo, both Emaint and Egain were significant parameters.  7 

 8 

When comparing RFISCA with the other models evaluated, rams maintained 9 

the same relative ranking between each of the models within each dataset. 10 

Spearman’s rank correlations between all models except RLWG1963 (which 11 

predicted LWG, not intake) were highly significant at both 6 mo and 13 mo 12 

(|rs| 0.955, P<0.001; |rs|  0.929, P<0.001; respectively). RLWG1963 13 

exhibited a weaker, although still highly significant correlation with all the 14 

other models at both 6 mo and 13 mo (|rs|  0.413, P<0.001; |rs|  0.535, 15 

P<0.001; respectively).  Phenotypic (Pearson’s) correlations between the 16 

different models predicting intake within each dataset were also highly 17 

significant at both 6 mo and 13 mo (|rp|  0.941, P<0.001; |rp|  0.945, 18 

P<0.001; respectively).   19 

 20 

4.  Discussion 21 

The models evaluated here clearly indicate that although LW as a measure 22 

of maintenance (metabolic weight, W
0.75

 or W
0.73

) and LWG accounted for a 23 

substantial proportion of the variation in FI in a group of animals at both 6 24 

mo (R
2
 varied from 0.48 – 0.73), and at 13 mo (R

2
 varied from 0.48 – 0.49), 25 



 17 

a considerable proportion of the variation remains unaccounted for and no 1 

direct consideration has been made to the underlying genetic regressions 2 

that exist in the RFI models (Kennedy et al. 1993).  The unexplained 3 

proportion of variation may represent 0.1 to 0.6 or even more of the total 4 

variation in intake depending on species, breed, sex, age, environment or 5 

other physiological processes which impact on an animal’s energy 6 

utilisation (Tixier-Boichard et al. 2002).    7 

 8 

Each of the models described contain in essence the same parameters for 9 

maintenance and production, and therefore they are all reasonably similar in 10 

the amount of variation in FI that they explain.  The highly significant 11 

(P<0.001) rank correlation values between each of the models predicting 12 

intake are of key importance as they indicate that animals maintain the same 13 

relative rankings in each model at each time of measurement.  The 14 

phenotypic correlations between each of the models used to predict intake 15 

were also highly significant within each age group.  This relationship 16 

corresponds with earlier work in beef cattle, where RFI (Equation 3) was 17 

highly correlated both genetically (rg = 0.98) and phenotypically (rp = 0.94) 18 

with RFI calculated from feed standards formulae (Equations 6 and 7) 19 

(Robinson and Oddy 2004).  Liu et al. (2000) also found a similar 20 

phenotypic relationship (r = 0.72, P<0.001) between residual ME 21 

consumption calculated from regression and that calculated from NRC 22 

(1984) prediction equations.  The strong relationships between each of the 23 

models except for RG1963, (LW as a function of FI and LWG), indicates that 24 

the models all represent very similar traits.  However it remains important to 25 

take into account that feed efficiency involves several complex 26 



 18 

physiological measures and thus a single mathematical index may not 1 

accurately represent efficiency of energy use (Arthur et al. 2001b).     2 

 3 

The model described by François et al. (2002) was the only model to be 4 

evaluated that included measures of body composition (ultrasound fat and 5 

muscle depth).  The inclusion of muscle and fat depth increased the 6 

variation in FI that was accounted for as demonstrated by increases in the R
2
 7 

at both 6mo and 13mo in comparison to other models of FI, indicating that 8 

body composition parameters are useful in the model for RFI.  However for 9 

the particular data sets presented, the body composition parameters are not 10 

significant (coefficients are not significantly different from zero) and thus 11 

should not typically be included in the model.   12 

 13 

Arthur et al. (2003) found that in British breed (Angus, Hereford or 14 

Shorthorn) cattle the inclusion of P8 ultrasound fat depth measures in the 15 

model for RFI, increased the proportion of variation accounted for by 0.036  16 

in males and 0.018 in females to 0.74 and 0.71 respectively, yet no mention 17 

is made of the significance of the contribution of including these body 18 

composition parameters.  Although the inclusion of measures of body 19 

composition did increase the amount of variation accounted for in the model 20 

predicting FI in the study of Arthur et al. (2003), the highly significant 21 

correlations between RFI models without body composition measures, and 22 

the model with the muscle and fat depth measures and the result that the 23 

body composition measures are not significant in the full model, suggested 24 

that it was not necessary to include body composition traits in the estimation 25 

of RFI and that the re-ranking of animals between the different models is 26 



 19 

only minor.  Further evidence suggesting that the contribution of body 1 

composition to variation in RFI is only minor have been reported by 2 

Basarab et al. (2001); Richardson et al. (2001) and Basarab et al. (2003). 3 

  4 

Van der Werf (2004) discussed that the relationship between RFI and true 5 

biological efficiency is dependent not only on the error associated with 6 

measuring FI and LWG but also how ‘production’ in terms of meat, or other 7 

measurable product (e.g. milk, egg mass, lean percentage in the carcass) is 8 

defined and measured.  Body composition and composition of LWG are 9 

important as the energy cost of depositing and maintaining lean versus fat 10 

tissue differ and thus affect the efficiency of nutrient utilisation (Cameron 11 

1998; Oddy and Herd 2001).  The inclusion of body composition 12 

parameters, in particular those, which have significant economic value, 13 

supports the earlier theory of Kennedy et al. (1993) in that to improve 14 

efficiency it is likely to be more appropriate to undertake multi-trait 15 

selection on FI, production and body weight whilst incorporating the 16 

relative economic weights of the traits in the index.  A similar conclusion 17 

was reached by Veerkamp and Thompson (1999) in that multi-trait selection 18 

index would allow for variation in production efficiency both between 19 

animals and within animals at different stages of the growth curve.               20 

     21 

As a consequence, in order to more accurately reflect biological efficiency, 22 

and reduce the variation in RFI, measures of composition need to be known 23 

and included in any estimation of RFI (van der Werf 2004).  Including 24 

measures of body composition are likely to ensure that the RFI model more 25 

closely and accurately describes the processes of maintenance and 26 
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production although the potential selection pressure that could be applied to 1 

RFI may be reduced as more terms are included in the model (Basarab et al. 2 

2003).    3 

 4 

At both 6mo and 13mo, the mean RFISCA values were positive which is 5 

similar to observations in cattle (Robinson and Oddy 2004).  These data 6 

indicate that the rams ate more than expected based on the SCA prediction 7 

equations.  Liu et al. (2000) found that the NRC prediction equations 8 

overestimated the energy requirements of the young bulls studied, indicating 9 

that the bulls were more efficient compared to the standard predictions.  Fan 10 

et al. (1995) used a three-step approach based on the NRC (1984) net 11 

energy system to calculate RFI.  Hereford and Angus bulls were fed either a 12 

high energy (HD) or a medium energy (MD) diet, and RFI calculated.  Bulls 13 

on the HD diet had positive RFI values, whereas bulls on the MD diet had 14 

negative RFI values, indicating that energy requirements were 15 

underestimated (HD) or overestimated (MD). Different prediction equations 16 

were used by Arthur et al. (2001b) to calculate expected FI and therefore 17 

RFI, and these were also found to overestimate the energy requirements of 18 

Charolais bulls at both 15 months and 19 months of age.  These results 19 

highlight the error that can be associated with using generalised prediction 20 

equations given the assumptions the equations make in regards to the 21 

efficiency of gain (Kg), the efficiency of maintenance  (Km) as well as 22 

standard reference weights (SRW) for animals and composition of empty 23 

body gain (EBG).  Expected intake predicted from the use of feeding 24 

standards formulae is not necessarily independent of the production 25 
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parameters (LW, LWG) and as such tends to be correlated with these 1 

parameters, thus selection for RFI calculated in this manner will also 2 

influence the production parameters (Arthur et al. 2001a).    3 

 4 

To calculate RFI using any of the models presented here, it is necessary to 5 

measure both LWG and FI over a defined period of time.  The measurement 6 

of these traits has associated errors, which can influence the variation in RFI 7 

(van der Werf 2004).  The length of time used to accurately measure FI and 8 

LWG, the use of automated feeding systems and the frequency of LW 9 

measurements, all have associated errors, and if the combined error is large 10 

compared with simply the inherent variation in a population of animals, 11 

biases may be substantial (Robinson and Oddy 2001).  In the current 12 

datasets, FI measurements were undertaken manually and thus inevitably 13 

human mistakes, in particular in transcribing numbers from the scales used 14 

to weigh feeds are likely to be a source of error, although every effort was 15 

made to minimise these errors.   16 

 17 

This paper evaluated some of the models currently available for RFI 18 

calculation at a standard level of nutrition.  However, RFI values have been 19 

shown to be dependent on type of diet (Fan et al. 1995; Goonewardene et al.  20 

2004).   An animal’s intake varies with the nutritional quality and type 21 

(forage versus concentrate) of diet available and the efficiency of energy 22 

utilisation typically decreases with increasing fibre content (Annison and 23 

Bryden 1999).  Given these relationships, it may be more appropriate to 24 

calculate RFI based not on dry matter intake (DMI), but instead on 25 

metabolisable energy intake (MEI).  However, the use of MEI would have 26 
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its own associated errors as typically ME is a predicted value, and thus to 1 

accurately calculate residual metabolisable energy intake it would be 2 

necessary to have an in vitro ME value.  Given the dependency of efficiency 3 

models on measures of intake, it may be necessary that in further refining 4 

feed efficiency prediction models some consideration may need to be given 5 

to the functional aspects of the food including characteristics of the diet.    6 

 7 

In the current work, FI and LWG were measured in the cross-bred rams for 8 

a period of 49 days at 6mo and 62 days and 13mo which is comparable to 9 

that used by François et al. (2002) (56 days) and Leymaster et al. (2002) (49 10 

days).  Increasing the frequency of weighing animals during a measurement 11 

period, has been shown to reduce the length of time required to measure 12 

growth for RFI calculations (Archer et al. 1999a; Kearney et al. 2004).   13 

 14 

Although it is important to determine whether an animal’s ranking in terms 15 

of efficiency in a group of contemporary animals varies with age, this 16 

relationship has not been explored in this paper.  17 

 18 

5.  Conclusion 19 

The evaluation of different models used to calculate RFI, has shown that 20 

some of these models may be more appropriate to use than others.  21 

Although each of the models for RFI were slightly different, the correlations 22 

between each of the models, both phenotypically and on a rank basis, 23 

indicated that the models were not different from each other.  However, the 24 

extra variation in efficiency accounted for by the French model, which 25 

includes body composition parameters, is of key importance and leads to the 26 
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suggestion that body composition may be of importance in explaining 1 

variation in FI, and that it needs to be included in the model for RFI 2 

calculation.   3 

 4 
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Table 1 1 

Coefficients (  s.e.) estimates for multiple linear regression models of 2 

residual feed intake (RFI) or liveweight gain (RLWG) in sheep (n=52) 3 

based on prediction variables used by Koch et al. (1963) subscript ‘1963’ or 4 

Archer et al. (1997) and Arthur et al. (2001c), subscript ‘B’. 5 

 6 

Model 

Name 
RFI1963 RLWG1963 RFIB RFIB 

y
A
 TDMI Total Gain SDFI DMI 

x1; x2
B
 MWT; ADG TDMI; MWT MMWT; ADG MMWT; ADG 

Data
C
 6mo 13mo 6mo 13mo 6mo 13mo 6mo 13mo 

a (±s.e) 
-1.9  

±10.40 

34.7 

±16.90 

2.7  

±3.66 

-7.2 

±5.71 

-0.5 

±0.31 

0.2 

±0.42 

-21.6 

±13.60 

12.9 

±22.50 

b1 (±s.e) 
1.3   

±0.26 

0.8 

±0.24 

0.23 

±0.042 

0.2 

±0.04 

0.1 

±0.02 

0.06 

±0.018 

4.5 

±0.88 

3.4 

±0.96 

b2 (±s.e) 
68.6 

±15.20 

113.8 

±21.20 

-0.07 

±0.112 

0.04 

±0.088 

1.5 

±0.34 

2.1 

±0.40 

67.5 

±15.10 

113.7 

±21.10 

Adj. R
2
 0.63 0.57 0.48 0.48 0.64 0.57 0.64 0.57 

RMSE
D
 8.49 7.66 3.00 2.50 0.19 0.14 8.44 7.65 

A
TDMI = total dry matter intake, kg; Total Gain = total liveweight gain, kg; SDFI = 7 

standardised daily feed intake, kg; DMI = dry matter intake, kg/day.  8 

B
MWT = mid weight of the animal; ADG = average daily gain; MMWT = mean metabolic 9 

(W
0.73

) mid weight  10 

C
6mo = six month data set; 13mo = thirteen month data set 11 

D
RMSE, residual mean standard error 12 

 13 

 14 

 15 

 16 

 17 

 18 
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Table 2 1 

Coefficient (  s.e.) estimates for multiple linear regression models of 2 

residual feed intake (RFI) in sheep (n=52) based on prediction variables 3 

used by François et al. (2002) subscript ‘F’ or Robinson et al. (1999) and 4 

Robinson and Oddy (2004), subscript ‘SCA’. 5 

 6 

Model Name RFIF RFISCA 

y
A
 TDMI DMI 

x1; x2; x3; x4
B
  ADG; Wmid-test; 12/13F; 12/13M Emaint; Egain 

Data
C
 6mo 13mo 6mo 13mo 

a (±s.e) 0.3 (0.66) 0.5 (0.47) 0.2 (0.33) 0.2 (0.36) 

b1 (±s.e) 0.03 (0.005) 0.02 (0.004) 0.1 (0.07) 0.1 (0.05) 

b2 (±s.e) 1.2 (0.28) 1.7 (0.34) 0.1 (0.02) 0.1 (0.02) 

b3 (±s.e) 0.01 (0.065) -0.07 (0.068) - - 

b4 (±s.e) -0.01 (0.014) 0.00 (0.013) - - 

Adj. R
2
 0.73 0.59 0.63 0.57 

RMSE
D
 0.148 0.120 0.174 0.123 

 
7 

A
TDMI = total dry matter intake, kg; DMI = dry matter intake, kg/day.  8 

B
ADG = average daily gain; Wmid-test = mid-test liveweight for the measurement period; 9 

12/13F = fat depth (mm) over the 12
th

/13
th

 rib; 12/13M = muscle depth (mm) over the 10 

12
th

/13
th

 rib; Emaint = calculated values for the energy required for maintenance; Egain = 11 

calculated values for the energy required for gain.  12 

C
6mo = six month data set; 13mo = thirteen month data set 13 

D
RMSE, residual mean standard error 14 

 15 

 16 



 33 

 1 

Table 3 2 

Mean (  s.d) values for Egain (MJ/day), Emaint (MJ/day), total energy 3 

(MJ/day), predicted intake (kg DM/day) and residual feed intake (RFISCA) 4 

for rams in two datasets, 6mo and 13mo. 5 

 6 

Dataset Egain  Emaint 
Total 

Energy 

Predicted 

Intake 
RFISCA 

6mo 9.6 (2.23)
a
 7.5 (0.76)

a
 17.1 (2.91)

a
 1.4 (0.24)

a
 0.32 (0.2)

a
 

13mo 11.5 (1.24)
b
 10.3 (0.51)

b
 21.8 (1.63)

b
 1.7 (0.12)

b
 0.7 (0.12)

b
 

a,b
 denotes in columns that terms are significantly different between datasets, P<0.001. 7 

 8 

 9 

 10 

 11 

 12 
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