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Abstract

Breeding of beef cattle is changing, with more emphasis on efficiency of production. Feed cost is the
highest expense, and reducing it has the potential to increase profitability. Common measures of efficiency
are ratio traits such as feed conversion (feed consumed/weight gain) and feed efficiency (weight gain / feed
consumed). Feed conversion ratio is commonly used in South Africa in an attempt to improve feed efficiency.
These ratio traits are associated with growth rate. Selection for them would result in higher growth as a
correlated response and might also increase the mature size of the cows and their maintenance cost. Thus,
alternative efficiency traits such as residual feed intake and residual daily gain have been proposed. In this
study, variance components, and genetic parameters for feedlot traits for the South African Simmentaler
breed were estimated, with emphasis on the efficiency traits. The focus was to evaluate the use of residual
feed intake as an alternative trait. The results indicate non-significant correlations between residual feed
intake and body weight and growth traits, implying that residual feed intake should have little effect on the
other traits. This is in contrast to the moderate to strong correlations of feed conversion ratio with the same
traits. The study demonstrates that considerable genetic variation exists for residual feed intake, which can
be exploited. Selection for residual feed intake can reduce the carbon footprint of beef due to the associated
lower methane emissions.
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Introduction

Feed cost is extremely important in beef production since it has a major influence on profitability
(Koch et al., 1963; Parnell et al., 1994). It has been shown that a 10% improvement in feed efficiency can
improve profitability more than twice as much as when a 10% improvement in growth was achieved (Fox et
al., 2004). In addition, the conversion of feed into human food is an important role of livestock production. If
the efficiency of this process can be improved, livestock production will become more sustainable. Increasing
efficiency would lead to an increase in production of nutritious food for people from a limited resource
(MacNeil et al., 2013).

Common measures of efficiency are feed conversion ratio (FCR) (feed consumed / weight gain) and
feed efficiency (weight gain / feed consumed), which are ratio traits, with FCR still being used to select for
efficiency. However, efficiency is highly associated with growth rate, thus when selecting for better efficiency,
indirect selection for higher growth takes place (Koch et al., 1963). This can lead to an increase in mature
size, which increases the maintenance cost of the breeding herd (Koots et al., 1994). Another problem when
selecting for ratio traits is that the change that occurs in the component traits (growth and feed intake) is
unknown (Arthur et al., 2001).

Koch et al. (1963) first described efficiency traits in which efficiency was computed as i) feed
consumption adjusted for differences in gain, and ii) gain adjusted for differences in feed consumption. The
first trait is now referred to as residual feed intake (RFI) and is defined as the difference between the actual
feed intake and the expected feed intake of an animal to fulfil its maintenance requirements and growth. It is
sometimes also referred to as net feed intake. The second trait is referred to as residual daily gain (RDG)
(Arthur et al., 2001, MacNeil et al., 2013, Retallick, 2013). Residual feed intake differs from ratios composed
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of feed intake and gain in that it is independent of growth and maturity patterns (Sainz & Paulino, 2004). In a
study conducted by Smith et al. (2010), high RFI bulls consumed 17.3% more feed than low RFI bulls.
Lancaster et al. (2009) also found that high RFI bulls consumed 18% more feed. Factors that contribute to
variations in RFI between animals include differences in protein turnover, tissue metabolism, stress, and
heat increment of fermentation (Richardson & Herd, 2004). Castro et al. (2006) indicated that dry matter
intake (DMI) was correlated positively with RFI (r =0.44, P <0.001). This showed that selection for RFI could
be used as a way to reduce input costs in beef production, as animals with low RFI eat less than animals
with high RFI. Selection for reduced RFI would have the advantage not only of reduced feeding costs but,
since it is unrelated to growth rate, would not lead to a larger mature size, especially in cows.

Another big concern of beef production is the contribution to global warming. Selection for feed
efficiency through RFI, where animals consume less feed than expected, would not only improve feed
efficiency, but would lead to lower methane emissions, since there is a positive correlation between RFI and
methane production, thus reducing the carbon footprint of beef cattle (Nkrumah et al., 2006). Selection for
(lower) RFI differs from other feed efficiency traits such as FCR (feed consumed/weight gain) and feed
efficiency (weight gain/feed consumed), as it appears to be independent of bodyweight. It should thus not
lead to increased maintenance requirements in mature animals, which would ultimately limit the carbon
footprint. Any increase in mature cow weight, especially under extensive primary beef production systems,
as encountered in South Africa and many other tropical and subtropical countries, would result in higher cow
maintenance requirements, and thus increased release of enteric methane into the atmosphere.

Nkrumah et al. (2006) reported that beef cattle with low RFI produced up to 28% less methane than
those with high RFI. Residual feed intake is calculated as the difference between actual feed intake and the
expected feed requirements for maintenance of bodyweight and a certain level of production (Hegarty et al.,
2007). The lower methane production was attributed to differences in the ruminal microbial population
between animals, and these differences could be heritable (Nkrumah et al., 2006).

The Simmentaler is the most numerous European breed in South Africa (Scholtz, 2010). Since
individual feed intake had already been measured for the breed in the central growth tests of the National
Beef Recording and Improvement Scheme in South Africa, it was possible to calculate RFI from the existing
information. The aim of this study was to estimate genetic variance and co-variance components with the
aim of estimating breeding values for feedlot traits.

Material and Methods

The data of the South African Simmentaler breed for this study were obtained from the South African
INTERGIS (Integrated Registration and Genetic Information System), which stores all data from the National
Beef Recording and Improvement Scheme. Data for this scheme were collected according to approved
standard operating procedures and were accredited with the International Committee for Animal Recording
(ICAR).

Weaning weights were recorded on-farm and post-weaning performance from the young Simmentaler
bulls at centralized growth test stations. This information was used to calculate the variance components of
10 pre-weaning weight, post-growth, feed efficiency and body measurement traits. The data were collected
over 40 years. In the centralized tests animals were subjected to an adaptation period of 28 days, after which
they were tested for 84 to 140 days after weaning. The data for this study were restricted to the first 84 days
of the test. Data were collected from the Agricultural Research Council (ARC) testing stations at Irene near
Pretoria (Gauteng), Armoedsvlakte at Vryburg (North West) Glen Agricultural College near Bloemfontein
(Free State), Cedara, near Pietermaritzburg (KwaZulu-Natal), Stellenbosch (Western Cape), and a humber
of private test stations. These test stations are distributed throughout South Africa.

The bulls were tested under partly controlled environments, and much of the data were collected from
animals receiving a ‘standardized’ diet. All test stations under the control of the ARC used a diet with an
energy requirement of approximately 11 MJ/kg DM and between 13.5% and 15% crude protein. Factors that
might have an influence on performance were test station, the age of the animals, body condition at start of
the test and the season in which the test took place.

During the first 14 days of adaption, the intake was restricted to ensure adequate time for the animals
to adapt to the ration, and in the last 14 days of adaptation the animals were fed ad libitum. During the
adaptation period, the animals were ‘taught’ to open their gates to gain access to their own feed troughs,
since the Calan gate system was used to collect feed intake data.

Traits that were included in the study were weaning weight (WW), end of test weight (ETW), ADG,
daily feed intake (DFI), FCR, RFI, RDG, metabolic mid-test weight (MWT), shoulder height (SH), and scrotal
circumference (SC). The equations for RFI and RDG were determined using the test data collected at
centralized test stations.
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Average daily gain was calculated using linear regression in SAS (SAS Institute Inc., Cary, North
Carolina, USA). Weekly weights were regressed against time (measured in days) to give the measure of
ADG as the amount of growth (in kg) per day. Feed intake was expressed as the average amount of feed
consumed per day during the test, where DFI was calculated by dividing the total amount of feed consumed
during the test by the test length. Feed conversion ratio was calculated by dividing DFI by ADG. Residual
feed intake was calculated by regressing DFI on ADG and MWT. These regression coefficients were then
used to estimate each animal’'s intake according to its needs for growth (ADG) and maintenance, as
measured by MWT. Metabolic mid-test weight was calculated by taking the average between the starting
and end weight of test to the power 0.75. This represented the amounts of active tissue in the body using
energy and of energy required by the animal for maintenance when at complete rest. Residual daily gain
represents a growth trait where ADG is regressed on DFI, which gives an estimate of the expected growth
rate of an animal for a specific level of intake. The expected growth rate is subtracted from the actual growth
rate and the difference is the RDG value (MacNelil et al., 2013). Animals with a positive value will grow more
than expected for a certain level of intake and vice versa. Phenotypic values for RFI and RDG were
calculated using these regression equations:

RFlp = DFI - 0.702479763 - 1.5571245*ADG - 0.080181899*MWT
and
RDGp = ADG - 0.0343514978 - 0.1277009862*DFI

Contemporary groups for the traits measured during the post-weaning growth tests were defined as
test centre, test year and test number. For weaning weight, contemporary groups were defined by birth year
and season of birth. Only animals belonging to a contemporary group of five or more were included in the
analysis. From the initial 4119 growth test records, 941 records were removed, and a total of 3178 records
were available for analysis after editing. There were 361 contemporary groups and the average number of
animals per contemporary group was 8.8. A total of 63 590 weaning weight records were also used in the
analysis. The descriptive statistics are indicated in Table 1. The regression coefficients for the RFI and RDG
equations were determined using SAS (SAS Institute Inc., Cary, North Carolina, USA), with contemporary
group included in the models set as a class variable.

Table 1 Statistics describing body size, feed intake and efficiency of Simmentaler bulls

Trait Number Mean Star.‘d‘?“d
deviation
Weaning weight, kg 63 590 245.20 46.91
End test weight, kg 3178 468.85 37.69
Average daily gain, kg 3178 1.88 5.51
Daily feed intake, kg 3178 11.59 1.27
Feed conversion rate 3178 6.25 0.82
Residual feed intake, kg/d 3178 0.92 0.98
Residual daily gain, kg 3178 0.36 0.22
Metabolic mid weight, W% 3178 87.89 5.51
Shoulder height, mm 3178 1241.67 83.99
Scrotal circumference, mm 3178 352.49 90.43

The following random effects were tested for inclusion in all traits using the log likelihood test (Swalve,
1993): direct additive, maternal additive, permanent environmental effect due to animal and contemporary
group. The GLM procedure in SAS (SAS Institute Inc., Cary, North Carolina, USA) was used to examine
alternative fixed effects. Age and weight at start of test were included as covariates for ADG, DFI, FCR,
RDG, ETW and MWT. Final weight and age at end of test were included as covariates for SH and SC.
Contemporary group was regarded as a fixed effect for all the traits. In weaning weight, calf age at weaning
and age of the dam were included as covariates, whereas sex and contemporary group were modelled as
fixed effects. The fixed and random effects that were included in the models for these traits are summarized
in Table 2. The ASREML (Gilmour et al., 1999) program was used to obtain estimates of the (co)variance
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components. The log likelihood test indicated that the covariance between the direct additive and maternal
additive effects was not significant for weaning weight. These final models were used in both the univariate
and bivariate analyses for weaning weight and traits in the central growth tests:

WW:
y=Xb+Zia+Z,m+e

ETW, ADG, DFI, FCR, RFI, RDG, MWT, SH and SC:
y=Xb+Za+e

where: y = a vector of observations,
b = a vector of fixed effects,
a = a vector of direct additive genetic effects,
m = a vector of maternal additive effects,
e = a vector of residuals,
X,Z, and Z, = incidence matrices relating observations to their respective fixed and random effects.

It was assumed that V(a) = Ac?, V(m) = Ac? and V(e) = IgZ; where I is an identity matrix, o2, ¢2

and o2 are the direct additive, maternal additive and environmental variance components, respectively.

Table 2 Summary of the fixed and random effects that were used to analyse weaning weight and post-
weaning traits of Simmentaler cattle

Trait Continuous variables Fixed effects Random effects
Weaning weight, kg Weaning age, age of dam Sex, contemporary group Animal, dam
End test weight, kg Age and weight on-test Herd, contemporary group Animal
Average daily gain, kg/d Age and weight on-test Herd, contemporary group Animal
Daily feed intake, kg Age and weight on-test Herd, contemporary group Animal
Feed conversion rate Age and weight on-test Herd, contemporary group Animal
Residual feed intake, kg/d Herd, contemporary group Animal
Residual daily gain, kg Age and weight on-test Herd, contemporary group Animal
Metabolic mid weight, wo s Age and weight on-test Herd, contemporary group Animal
Shoulder height, mm Age and weight off-test Herd, contemporary group Animal
Scrotal circumference, mm Age and weight off-test Herd, contemporary group Animal

Results and Discussion

The best models were determined with the restricted maximum likelihood test, which accounts for the
loss of degrees of freedom when estimating fixed effects (Harville, 1977). Some difficulty was encountered in
obtaining convergence of the analyses, perhaps because of the lack of connectedness among animals in the
contemporary groups (MacNeil et al., 2018). Weaning weight was included in all models for the post-weaning
traits to remove the potential for selection bias in the sampling of bulls that entered the test centres.

Multiple heritability estimates were available for each trait, since bi-variate models were used to
calculate covariance components and correlations among the traits. The weighted means procedure
described by Koots et al. (1994) was used to combine the estimates of heritability, genetic correlation, and
their standard error. The heritability estimates varied from 0.14 for weaning weight maternal up to 0.42 for
shoulder height. All the heritability estimates had relatively small standard errors (genetic parameter larger
than twice the standard error) and varied within the range that is reported in the literature.

The heritability estimates for direct and maternal genetic effects on WW were similar (Table 3). It was
expected that the additive effect would have a higher heritability than the maternal effect. However, Arthur et
al. (2001) also found the heritability estimates of WW direct and WW maternal were similar; 0.17 and 0.13,
respectively. The heritability estimates for the postweaning weight traits varied from 0.24 for ETW to 0.23 for
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MWT, which is in line with previous estimates, which ranged from 0.19 to 0.42 as reported by Afolayan et al.
(2007).

Table 3 Heritability (on diagonal) and genetic correlation estimates (above diagonal) for and among traits,
with the standard errors in brackets

ww ETW ADG DFI FCR RFI RDG MWT HH SC

wwd 0.5 0.09 0.11 0.04 -0.10 0.01 0.10 0.09 0.07 -0.01
(0.03)  (0.07) (0.07) (0.068) (0.07) (0.06) (0.07)  (0.07)  (0.06)  (0.07)
WWm  0.14

(0.03)

ETW 0.24 0.82 NRV -0.86 -0.26 0.65 NE -0.08 -0.23
(0.09)  (0.07) (0.05)  (0.16)  (0.12) (0.15)  (0.14)

ADG 0.26 0.62 -0.76 0.19 0.81 0.70 -0.12 -0.32
(0.08)  (0.10)  (0.07)  (0.16)  (0.06)  (0.10)  (0.14)  (0.14)
DFI 0.30 -0.08 0.71 0.04 0.41 -0.17 -0.14
(0.09)  (0.16)  (0.08)  (0.16)  (0.16)  (0.13)  (0.13)

FCR 0.21 0.51 NRV -0.89 0.01 0.34
(0.08)  (0.13) (0.04)  (0.16)  (0.15)
RFI 0.26 039  0.19 014  0.027
(0.08)  (0.14)  (0.16)  (0.14)  (0.14)

RDG 0.20 0.83 -0.05 -0.33
(0.08)  (0.07) (0.15)  (0.15)

MWT 0.23 -0.06 -0.21
0.08)  (0.15)  (0.14)

SH 0.42 -0.04
(0.09)  (0.12)

sC 0.41
(0.09)

WWd: weaning weight direct, WWm: weaning weight maternal, ETW: end test weight, ADG: average daily gain, DFI:
daily feed intake, FCR: feed conversion rate, RFI: residual feed intake, RDG: residual daily gain, MWT: metabolic mid
weight, SH: shoulder height, SC: scrotal circumference, NE: not estimable

Average daily gain is reported to be a moderately heritable trait, with heritability estimates ranging
between 0.16 and 0.41 (Herd & Bishop, 2000; Arthur et al., 2001; Herring, 2003; Schenkel et al., 2004;
Crowley et al., 2010; Caetano et al., 2013). In in this study, the heritability of ADG (0.26) for Simmentaler
was towards the lower end of this range (Table 3). Van der Westhuizen et al. (2004) analysed Bonsmara
bulls tested at the same stations and found a heritability of 0.37 for ADG.

Numerous studies have reported that growth is a heritable trait, with estimates of heritability varying
between 0.26 and 0.62 (Koch et al., 1963; Rolfe et al., 2011) The heritability estimate for ADG in this study
was 0.26, which is at the lower end of the reported heritability estimates. The heritabilities of the traits
associated with efficiency were 0.21 for FCR, 0.26 for RFI, and 0.20 for RDG, which are all moderately
heritably and in line with the heritabilities of 0.19 - 0.55 for efficiency traits, as reported by Torres-Vazquez et
al. (2018). The heritability of DFI was 0.30, which was also in line with the ranges of 0.28 to 0.44 reported in
the literature (Koch et al., 1963; Schenkel 2004).

The heritability of SC was within range of what would be expected, based on other studies, which
found heritability estimates that varied between 0.39 and 0.44 (Arthur et al., 2001; Boligon et al., 2011). In
SH, the heritability was 0.42, but none of the correlations was significant. Since SH is an indication of frame
size and thus mature size, it would be expected that ADG would have a positive correlation with SH. Van der
Westhuizen et al. (2004) found a moderate correlation of 0.48 between ADG and SH. This indicated that
selection for ADG would increase frame size and thus mature weight.

Metabolic mid-test weight (MWT) also had a positive genetic correlation with DFI (0.41), indicating
that, as intake levels rise, the bodyweight of the animals will also be higher. This was expected since higher
levels of intake should lead to higher growth rates. Positive genetic correlations were also reported in the
literature, varying from 0.39 to 0.55 (Arthur et al., 2001; Crowley et al., 2010). Residual daily gain, which is
an indication of efficiency of growth according to the level of intake, was strongly correlated with other growth
and bodyweight traits, namely ADG (0.81), MWT (0.83), and ETW (0.65). Since ADG is regressed on DFlI,
one can expect that RDG and DFI would be independent. This was supported by the non-significant genetic
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correlation of 0.04. The correlation between FCR and RDG was not estimable, whereas the correlation
between DFI and FCR was close to zero (-0.08), indicating that DFI did not contribute to the variation found
in FCR.

For many years, FCR was the most commonly used trait to select for efficiency. Unfortunately, it
affected both metabolic efficiency and growth (indirect selection for better growers), which might increase the
mature size of the animals through generations of selection (McGee, 2014). It was therefore important to
identify alternative traits. Residual feed intake (RFI) is independent of growth rate and bodyweight and thus
measures only metabolic efficiency (Kerley, 2010). Therefore, selection for RFI should not have an effect on
growth rate or body size. In this study a negative correlation was found between FCR and ADG (-0.76). From
the literature, the correlation was found to range between -0.46 and -0.62 (Arthur et al., 2001; Crowley et al.,
2010). The correlation in this study was higher than that found in the literature, which was supporting
evidence of the antagonism that selection for FCR held.

The genetic correlation between RFI and ADG in this study was non-significant (0.19 + 0.16),
indicating that there was no genetic correlation between these traits. The correlation between RFI and ETW
(-0.26 = 0.16) or MWT (0.19+£ 0.16), which are both measures of bodyweight, was also low. This implies that
selection for RFI should not have an effect on growth rate or mature weight over time, as was reported in the
literature (Herd & Bishop, 2000; Arthur et al., 2001; Van der Westhuizen et al., 2004). Because FCR is
strongly correlated with MWT and ETW (-0.86 and -0.89 respectively), this implies that FCR has a strong
association with traits influenced by growth, which might indicate that ADG contributed to most of the
variation found in FCR. These strong negative correlations indicated that animals with good FCR values
would have higher bodyweights.

Since RFI and FCR are both efficiency traits aimed at lowering intake, it was expected that they would
have a positive correlation, as reported in other studies in which the genetic correlation varied between 0.45
and 0.85 (Arthur & Herd, 2008). The genetic correlation of 0.51 found in this study indicated that animals with
better FCR values might be those with good RFI values. This correlation is similar to the phenotypic
correlation obtained by Arthur et al. (1997). Because the correlation was not very strong (0.51), this indicated
that it was not only animals with better FCR values that had good RFI values. Since FCR is a ratio trait, and
because better metabolic efficiency and better growth improve FCR, this presents a problem, since it is not
possible to know the amount of selection pressure that is placed on each of the component traits.

Freetly et al. (2020) reported that selection for RFI in growing animals would probably have the same
effect on mature cows. This implied that selection for reduced RFI would have the advantage of reduced
feeding costs not only in growing animals, but also in breeding cows.

In this study the genetic correlation between RFI and RDG was -0.39. This was in agreement with the
results of MacNeil et al. (2013), which found that animals for selection based on RFI and RDG provided quite
different rankings in merit. These measures could be combined, as suggested by Berry & Crowley (2012), to
produce a unified efficiency metric. Alternatively, a selection index may be an efficient approach to manage
the antagonism between feed intake and growth rate (MacNeil et al., 2013)

In this study the genetic variance and covariance components for RFI and other efficiency traits have
been estimated with the aim of obtaining their estimated breeding values (EBVs). However, a priori
calculation of RFI followed by single-trait prediction of its EBV is not recommended, because this strategy
compromises the value of the indicator traits, resulting in reduced accuracy of selection and increasing the
possibility of selection bias (MacNeil, et al., 2011). The recommended approach is to do a genetic evaluation
on the component traits with the EBVs for RFI and other efficiency traits being computed using the EBVs and
(co)variance components feed intake, growth rate and other traits as needed, similar to what MacNeil et al.
(2013) recommended for the Bonsmara breed.

The impact of global warming and continued excess production of greenhouse gases has twofold
implications for the livestock industry. First, the continuous increase in ambient temperature is predicted to
have both direct and indirect effects on animals and, second, the livestock industry has the responsibility to
limit the carbon footprint to ensure future sustainability (Scholtz et al., 2021). Climate change projections for
southern Africa are in agreement that the sub-continent will become drier and warmer, and the average
temperature may increase by 1.5 °C to 2 °C, whereas the rainfall in certain areas will decrease by 40 mm per
annum (Meissner et al., 2013). Climate-smart beef production is therefore essential, and this should include
alternative breeding objectives for cow-calf and post-weaning efficiencies that can optimize it. Selection for
alternative measures of post-weaning efficiency, such as RFI and RDG and in combination, or a selection
index that includes feed intake and performance measures, is therefore important. Low RFI animals produce
about 16 100 L/year less methane than high RFI animals (Nkrumah et al., 2006). Furthermore, selection for
a trait such as RFI would not increase cow weight and thus maintenance requirements. Under the extensive
conditions in South Africa this would support the improvement in cow-calf efficiency and thus sustainability.
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Conclusion

It is desirable to increase efficiency of production and not production per se to ensure sustainability in
the face of climate change. For example, the strong negative correlation between FCR and post-weaning
growth and bodyweight traits indicated that growth and bodyweight would increase in the South African
Simmentaler breed when selecting for FCR. These changes could be undesirable in a warmer and drier
South Africa. The results from this study provided the necessary genetic parameters to estimate breeding
values that could be used by Simmentaler breeders to manage the genetic antagonism of feed intake and
gain. Selection for RFI has the potential to reduce the carbon footprint of beef owing to the associated lower
methane emissions. With approximately four to six cattle generations before the full impact of climate change
occurs, substantial progress can be made to dampen its negative effects if an appropriate breeding strategy
is implemented.
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