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Executive Summary 

The purpose of this project was to identify breed or genetic line effects on energy and nutrient 
efficiency. We have focussed attention on feed energy and protein and have not included any 
comments on variation in the efficiencies of use of other nutrients. The literature was 
reviewed and productivity was modelled for ten production systems that produce meat 
(broilers, turkeys, ducks, geese, pigs, sheep and beef), eggs (laying hens) or milk (dairy goats 
and cows). 
 
Energy and protein efficiencies are defined here as the quantity of energy or protein in the 
animal product (e.g. a kg of live weight, milk or eggs) as a proportion of the quantity of 
energy or protein in the feed consumed to produce that product. 
 
The term Feed Conversion Ratio (FCR) is the most frequently used estimate of feed 
efficiency in the industry. It is also quite widely used for breeding purposes and for these 
reasons is included in this analysis. It quantifies how many kg of feed are consumed for the 
production of 1 kg animal product. It is, in effect, an inverse measure of efficiency. An 
improvement in FCR is generally associated with improvements in energy and protein 
efficiency. Recently, estimates of Residual Feed Intake (RFI) have been applied by parts of 
the industry as yet another index of efficiency. RFI indicates the difference between the 
measured feed intake of an animal and its requirements for that feed based on the population 
average requirements for maintenance and production. Relatively low values for RFI 
therefore indicate relatively high efficiency.  

Our models show, for each of the investigated production systems, the effect of production 
level alone, i.e. average daily body weight gain or weight of milk or eggs produced by the 
producing animal per se, on energy and nutrient efficiency. Higher levels of efficiency at 
higher levels of productivity are the simple consequence of variations in the proportions of 
consumed energy and protein that are utilised for maintenance requirements of the producing 
animal. This supports the historic and current livestock breeding approach of reducing the age 
of animals entering the food chain e.g. growth rate.  

Over an animal’s productive lifetime energy and protein efficiency is also affected 
considerably by variation in the amounts of feed (and therefore energy and protein) required 
to allow the animal to develop to the point at which it is in its productive state (i.e. yielding 
meat, eggs or milk). Low prolificacy of the breeding population has a strong negative effect 
on all efficiencies when breeding animals do not enter the food chain. However, much of the 
variation in efficiency caused by variation in number of offspring (as a direct result of 
variation in longevity on efficiency of the system as a whole) disappears if most breeding 
animals enter the food chain. The efficiency of livestock production systems can thus be 
improved by maximising the number of animals entering the food chain (e.g. minimising 
juvenile mortality and controlling disease to reduce morbidity and mortality). 

Although information is not available for all species, effects of breed or genetic line on 
digestive efficiency are generally small if they are observed at all. Even large and small dairy 
cow breeds (e.g. Holsteins vs. Jerseys) or genetic lines of broilers divergently selected for 
lean and lipid growth or ‘efficient’ and ‘inefficient’ layer lines are usually observed to extract 
very similar amounts of digestible energy or ME per kg feed. There is some evidence that 
local unimproved breeds sometimes extract more digestible energy than international 
improved breeds from poor quality (i.e. high fibre and/or low protein) feeds but not from high 
quality feeds. Within the bounds of the research reviewed (i.e. controlled experiments) there 
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is no convincing evidence for useful differences in digestive capacity between improved 
genotypes fed good quality diets in modern production systems. The existence of genotype x 
environment interactions for digestive efficiency cannot be ruled out but these are most likely 
to be relevant in extensive systems that might be found most readily in the developing world. 
 
Most research on energy loss via methane emissions from ruminant animals shows that, 
compared to diet effects, the effects of breed or genetic line effects on methane emissions are 
small. There is some recent evidence, however, that variation between genotypes in methane 
release exists (and is sometimes repeatable), which could be related to differences in the 
structure of the total bacterial population and the methanogenic archeal population between 
high methane and low methane producing cattle. However, early life nutrition can also 
significantly affect the microbial population developing in the rumen and the extent to which 
the basis of such variation in the rumen microbial population is genetic is at present 
unknown. 
 
Whether or not differences in maintenance requirements for energy and protein exist between 
breeds or genetic lines seems to be affected considerably by the manner in which these 
requirements are expressed and when these are estimated. Several studies suggest that most 
variation between breeds or genetic lines in net energy for maintenance disappears when the 
actual and mature protein (or lean) size of the genotypes are taken into account. There is 
evidence from various species (including pigs, cattle and laying hens) that variation in 
metabolisable energy requirements for maintenance does exist and may be related to 
differences between genotypes in activity and thermal regulation (e.g. energy use for 
temperature regulation in relation to feather cover in birds). 
 
No convincing evidence was found from whole animal studies for useful differences between 
breeds or genetic lines in the efficiencies of energy and protein utilisation proper (i.e. the 
efficiency with which animals convert feed energy and protein in the specific functions of 
generating animal growth, eggs or milk). There is, however, some recent research that 
suggests differences between genotypes in the functioning of specific mitochondrial 
respiration chains, especially when genotypes with high or low RFI are compared. This could 
in principle result in genotype effects on energetic (or protein) efficiency at the level of the 
animal as a whole. However, more evidence of the existence of such physiological variation 
is required before exploitation can be considered. 
 
Differences between breeds or genetic lines in the lean/lipid composition of gain can have a 
considerable effect on feed efficiency as measured by FCR. This is because FCR uses weight 
gain, and not specifically protein or fat gain, as the measure of output productivity. As lean 
gain has a high content of water, and fat does not, the energy content of a kg of lean gain is 
very much lower than a kg of fat gain. An increase in the lean/lipid ratio of gain will be 
associated with increased protein efficiency only if a larger proportion of feed protein is 
partitioned towards protein retention. However, an increase in lean/lipid ratio in body weight 
gains will have limited (or even negative) effects on energetic efficiency proper. 
 
Variation in productivity of the breeding population (e.g. time between two subsequent 
parturitions, litter size and survival rate, longevity) has a considerable (indirect) effect on 
energy and nutrient efficiencies of the system as a whole, especially for systems in which the 
breeding population consumes a considerable proportion of total feed consumption, such as 
beef and sheep production. 
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Current selection goals related to nutrient efficiency, such as FCR or RFI remain highly 
desirable in relation to nutrient efficiency as well as for economic reasons; limitations exist 
because of the costs of measuring FCR or RFI, especially for ruminants, and more 
appropriate models for the estimation of RFI may be needed. 
 
New technologies now being applied to animal breeding represent a powerful opportunity to 
prise open the “black box” underlying the response to selection and fully understand the 
genetic architecture controlling complex polygenic traits such as energy partitioning. The 
introduction of high density marker (SNP) panels has led to the development of theoretical 
approaches to selection based on this genomic information. The development of smaller scale 
SNP arrays that have lower costs should be investigated to identify the genetic control of 
traits relating to nutrient efficiency. 
 
As genetic improvement techniques are refined and become more powerful using modern 
DNA based methods, it is vital that all participants in food production on-farm are aware of 
the genetic differences between animals and account for such genetic variation when 
formulating management strategies such as feeding, housing and health treatments. The use 
of such tools should enable breeding goals to be achieved more quickly and are thus seen to 
enhance our ability to further improve the efficiency of production systems (i.e. improve the 
efficiency of current breeding programmes). 
 
The review has highlighted a number of specific research requirements. To further improve 
energy and nutrient efficiencies, research should be aimed at: (i) Reducing losses, i.e. animals 
not entering the food chain (e.g. by selection strategies for sow longevity and piglet survival), 
(ii)  Using new genomic tools to further improve efficiency by minimising duration of the 
period between birth and entering the food chain (i.e. improve growth rates) and increasing 
output relative to maintenance requirements in dairy and egg production and (iii) Reducing 
maintenance requirements of animals by selection for optimal behavioural traits,  and (iv) 
development of cheaper tools, for genomic selection (e.g. SNP arrays) as well as for accurate 
estimation of traits (such as RFI).  

This review has described the role of nutrient utilisation in historic and current breeding goals 
in livestock species, be it by it’s inclusion in breeding programmes directly, as in the case of 
pigs and poultry,  or indirectly via correlated traits such as growth rate and production output, 
as in the case of many ruminant species. The inclusion of traits related to the lifetime 
performance of animals (e.g., fertility, health and disease) may also have an additional impact 
on the overall lifetime nutrient efficiency of the animal itself, as well as the wider system if 
such traits reduce productive losses. 
 
 It is important to note that a breeding goal that considers overall lifetime nutrient efficiency 
may not match directly to system efficiency as considered by the farmer in terms of economic 
performance and may also not map to environmental benefits or animal welfare goals.  
 
Overall we conclude that: 

• Gross efficiencies of use of feed energy and protein use are affected by the level of 
productivity of individuals as a simple consequence of the dilution of maintenance 
costs in the overall energy or protein demand 
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• There is little evidence that breeds or genetic lines differ measurably in the partial 
efficiencies of production of specific constituents (lean, fat, milk, eggs) although there 
is some evidence that suggests that maintenance costs may vary 

• The energy and nutrient costs of bringing an individual to its point of productivity 
have a material effect on efficiencies over lifetimes, but at a system level many of 
these differences become small if breeding stock also enters the food chain. 

• Most selection goals that are currently used for economic reasons are thought to be 
associated with increased nutrient efficiency and historic and current breeding goals 
have significantly improved the nutrient efficiency of livestock production. 

• New genomic technologies are likely to improve the rates of ‘nutrient efficiency’ 
return of current industry breeding programmes 

• A number of specific research requirements that would benefit the selection of more 
nutrient efficient animals have been identified 
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Chapter 1: Introduction and background 

 
Approximately three quarters of the UK land area (18.6 m ha) is classed as agricultural land 
(including woodlands) with an animal population of 10.3 million cattle, 33.9 million sheep, 
4.8 million pigs and 167.7 million poultry (Agriculture in the United Kingdom 20071). 
Livestock systems are an important source of environmental pollution, including phosphorus 
and greenhouse gas (GHG) emissions such as methane (CH4) and nitrous oxide (N2O). The 
mitigation of the environmental impact of livestock production systems is increasingly 
recognised as an important objective and a necessary part of the UK’s overall climate change 
obligations. 

Understanding variation in the way in which different breeds of livestock, or different 
animals within breeds, utilise the available resources in a system can help to develop tools 
that can mitigate negative environmental impacts of the supply of animal products.. Different 
breeds, or different genotypes within a breed, vary in the efficiency with which they convert 
the resources within a system into animal product and, consequently, in the proportion of 
used resources that ends up as waste. As a result, the environmental impact associated with 
the production of a kg of human food of animal origin varies as well. There is a need to 
understand what variation exists between breeds or between genotypes within breeds in the 
lifecycle efficiency with which animals utilize nutrients and how efficiency traits can best be 
incorporated into breeding programmes. 

Variation in nutrient efficiency is mainly caused by variation in the proportion of total feed 
consumed that is actually utilised to synthesise a kg of consumable product such as meat, 
milk or eggs, i.e. by variation in production efficiency. In addition, nutrient efficiency can be 
affected by differences in the efficiency of utilisation of the nutrients present in a kg of feed 
per se, i.e. variation in utilisation efficiency. Breed differences in production and utilisation 
efficiency may be affected by the environment (e.g. in terms of feed quality, climatic 
conditions and disease pressure) and for that reason any comparison of breed differences in 
efficiency can only be considered in relation to genotype by environment (GxE) interactions. 
In view of the importance of feed energy efficiency in relation to essential parts of lifecycle 
efficiency (e.g. in terms of the greenhouse gases CO2 and CH4), dietary energy efficiency 
should be considered in tandem with dietary nutrient efficiency in any review of genetic 
(breed) differences in lifecycle dietary efficiency. In our view the term ‘breed difference’ 
should be interpreted to also encompass genetic differences, e.g. between genetic lines within 
a breed, which seem highly relevant at least for some farm animal species. 

 
Genetic (breed) differences in production efficiency 
Many traits that are directly and immediately related to production efficiency, such as daily 
weight gain or milk yield and feed conversion ratio, have long been part of breeding 
programmes and this has no doubt resulted in genetic differences between genotypes 
(including breeds) in lifecycle nutrient and energy efficiency. Selection for these direct 
production traits has generally resulted in an increase in food intake relative to maintenance 
requirements and, as a result, an increase in the proportion of food energy and nutrients that is 
utilised directly to synthesise consumable animal product. This in itself has a direct beneficial 
effect on lifecycle nutrient efficiency. In addition, other, frequently longer-term, traits can be 

                                                
1 https://statistics.defra.gov.uk/esg/publications/auk/2007/18%20Whole%20publication.pdf 
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part of broader breeding goals that are expected to affect lifecycle nutrient and energy 
production efficiency. These include: 

1. The proportion of total feed requirements that have to be allocated to (mainly female) 
breeders of meat producing animals. Variation in this proportion for lifecycle energy 
and nutrient efficiency is especially relevant for species with relatively slow 
reproduction and low fecundity, such as beef cattle and sheep (Dickerson, 1978). This 
proportion will, therefore, be affected strongly by fertility traits.  

2. Productive lifespan of breeding animals. An increase in productive lifespan of 
breeders of meat animals will not only directly affect lifecycle nutrient efficiency for 
breeder animals as mentioned under item 1. but will also have a beneficial effect on 
lifecycle nutrient efficiency in production systems that directly involve breeding 
animals such as dairy cows and layers.  

3. Nutrient and energy efficiency can be negatively affected by health problems as a 
result of decreases in food intake (and, therefore, the proportion of feed that is 
actually utilised to synthesise animal products) and a decrease in feed utilisation 
efficiency (see below). As a result, there is increasing interest in using genetic (breed) 
differences in disease resistance traits for broader breeding programmes. 

 

Genetic (breed) differences in nutrient utilisation efficiency 
The literature shows many examples of genetic (including between breed) variation in 
efficiency of nutrient and energy utilisation. The following broad categories can be 
distinguished: 

1. Digestive and absorption efficiency. Variation in digestive and absorption efficiency 
directly affects the amount of energy and nutrients animals can extract from a kg of 
feed. The term digestive efficiency refers in general to the whole-tract apparent 
digestibility (of DM, OM, energy, CP, etc.) but in appropriate cases is refined (e.g. in 
enzymatic an fermentative digestion). There is some evidence for genetic (breed) 
differences in digestive efficiency for energy as well as amino acids in pigs and 
poultry (e.g. Carre et al. 2008). It has similarly been suggested that differences in 
digestive capacity between breeds of ruminant species may be as important as 
differences between monogastric species (Tolkamp & Brouwer 1993). GxE 
interactions can be expected to be very important in this respect (see below).  

2. Fermentation efficiency. Between-animal variation in fermentation efficiency has 
been documented for ruminants (e.g. Hegarty et al., 2007). Such variation may have a 
direct effect on the availability of energy and nutrients to the animal but may also 
affect the lifecycle environmental consequences of a production system via the 
resulting variation in the amount of feed energy released as the greenhouse gas CH4. 

3. Variation in maintenance requirements. There is evidence for genetic (between breed) 
variation in maintenance requirements which may be caused by variation in efficiency 
of N recycling in ruminants (e.g. Reynolds and Kristensen, 2008) or variation in heat 
loss (e.g. as a result of variation in feather cover or in physical activity in layers; e.g. 
Luiting et al. 1991). Variation in maintenance requirements in itself contributes 
directly to variation in production efficiency but should be considered in relation to 
GxE interactions (see below). 

4. Efficiency of partitioning and utilisation of energy and nutrients above maintenance 
for synthesis. It is generally assumed that the pathways involved in synthesis of 
proteins and lipids are very much conserved, even across species, and that little 
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variation in efficiency of energy and nutrient utilization for synthesis per se can be 
expected (Emmans, 1994; Tolkamp and Kyriazakis 2009). 

 
Genomic dissection of feed efficiency into causes such as change in body composition, 
growth rate, maintenance requirements, etc. can be achieved using genomic markers (Roehe 
et al. 2003; Mohrmann et al. 2006; Duthie et al. 2008). This dissection will allow to selection 
directly on the biological traits, which have been shown to be more efficient than the use of 
composite traits such as feed efficiency (Gunsett, 1984).   

 

The relevance of GxE interactions 
Breed differences in many of the traits that affect lifecycle nutrient and energy efficiency 
listed above may only be evident in certain environmental circumstances (in terms of feed 
quality, climatic conditions and disease pressure). For instance, genetic/breed differences in 
digestive efficiency may be highly significant for some (class of) feeds but not be observable 
for others (Carre et al., 2008; Tolkamp & Brouwer, 1993). For that reason, such breed 
differences require specification of the conditions under which they are observed and under 
which conditions these differences are absent (or even reversed). 

 
Review of breed differences in lifecycle nutrient efficiency 
It seems highly unlikely that, on the basis of present knowledge, firm conclusions can be 
drawn on existing breed differences in lifecycle nutrient efficiency for any animal species and 
for any production system. An overview of genetic/breed differences in traits that have a 
large effect on lifecycle nutrient efficiency, and the conditions under which these may be 
observed would, however, be very useful. Such a review should not only give an, at present, 
non-existing systematic inventory of our knowledge about genetic/breed differences in traits 
that are relevant for lifecycle nutrient efficiency (‘state of the art’) but it would also serve to 
identify more clearly (i) the traits that are most likely to contribute most to genetic/breed 
differences in lifecycle nutrient efficiency and (ii) identify the type of research that is 
required to determine with more confidence which genotypes/breeds are most suitable for 
which environments from a lifecycle nutrient efficiency point of view.  

Existing differences between breeds or genotypes in nutrient efficiency are largely related to 
differences in productivity and cannot be considered in isolation. For that reason, models 
were included to illustrate such effects of productivity for all species. This serves (i) to 
illustrate the relevance of productivity for nutrient efficiency and (ii) provide a bench mark 
for the interpretation of the relevance of observed specific differences in nutrient efficiency 
between genotypes.  

This project will summarise current knowledge on the characteristics of breeds, and genetic 
variability within breeds, for nutrient and energy efficiency traits and on the incorporation of 
lifecycle nutrient efficiency targets into animal breeding programmes as per Recommended 
Action 31 of the UK National Action Plan for FAnGR2. For each of ten production systems 
the findings from a literature review will be presented first in Chapter 2, in agreement with 
the first Objective of the current project (Review of current knowledge on lifecycle dietary 
nutrient efficiency for a range of different breeds). For each production system this will be 
accompanied by the results of specifically developed models that predict effects of variation 

                                                
2 “…model/characterise breeds for their lifecycle nutrient efficiency and to investigate the 
incorporation of lifecycle nutrient efficiency traits into breeding programmes in all livestock species.” 
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in production level proper (i.e. growth of meat producing animals, milk or egg yield per 
animal) on energy and nutrient efficiency. Where appropriate, the effects of including other 
relevant aspects of the production system as a whole (especially: effects of including the 
breeding animals required to produce the production animals themselves) on energy and 
nutrient efficiency will be included. Although occasionally references are made to other 
nutrients, the report concentrates on protein as the main nutrient for which sufficient data are 
available. Three estimators of energetic efficiency are used across all species. Because of its 
current relevance for the breeding industry, the Feed Conversion Ratio (FCR), which is 
actually the inverse of efficiency proper (because the FCR quantifies the amount of feed 
required to produce a kg of animal product) is included. A separate paragraph will be devoted 
to an alternative to FCR, i.e. the calculation with an animal model of residual feed 
consumption (RFC). Two real energetic efficiency estimates are included as well: the Gross 
Energy (GE) and the Metabolisable Energy (ME) efficiency that quantifies the amount of net 
energy (NE) in the animal or animal product per MJ of GE or ME, respectively, in the 
required feed for the production process. 

 

Chapter 3 is devoted to the second objective of the current study (i.e. The feasibility of 
incorporating lifecycle nutrient efficiency traits into breeding programmes for farmed 
livestock species). Chapter 4 gives a general discussion and conclusions, including gaps in 
current knowledge and suggested approaches to fill these gaps (Objective 3). Appendix 1 
lists informants and contributors to this study, Appendix 3 contains tables with the 
information used in modelling and Appendix 3 gives the complete list of studied literature. 
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Chapter 2: Species specific energy and nutrient efficiencies 

 

Feed Conversion Ratio (FCR) is by far the most widely used estimator of feed efficiency in 
the animal industry. The FCR is affected by a large number of factors, some of which will be 
discussed in detail below. In agreement with common usage in the literature, FCR’s for 
monogastric species have been expressed in terms of kg feed per kg product but for 
ruminants (in view of the large variation in water content of the consumed feeds) in terms of 
kg feed DM per kg animal product. 

In the literature, most energetic efficiencies are expressed in terms of NE in the animal 
(product) divided by the amount of ME consumed. Because the amount of ME derived from 
feed gross energy (GE) may depend on the digestive efficiency, we have added in all 
comparisons the estimated GE efficiency, which expresses the amounts of NE as a proportion 
of the GE consumed. Many different estimates of digestive efficiency are provided in the 
literature. In the vast majority of cases this refers to apparent digestibilities (i.e. based on the 
amounts of a diet component that are consumed and excreted in the faeces). Sometimes 
metabolisability is used as a good estimator of digestive efficiency. Where different aspects 
of digestive efficiency are considered (e.g. enzymatic digestion vs. lower-tract fermentation), 
this is clearly indicated in the text. In addition, we reviewed evidence for effects on protein 
efficiency, i.e. the ratio of the amount of protein in the animal (product) and the protein 
contained in the consumed feed. The chapter is divided in meat, egg and milk production 
systems. 

It is evident that efficiency is determined to a large extent by productivity and that specific 
genotype effects can only be evaluated by taking effects of productivity into account. For that 
reason, effects of productivity of the production animal per se (e.g. broiler, slaughter pig, 
lamb, dairy cow) on efficiency are illustrated for all species. Where this is relevant, 
efficiencies for the production system as a whole are also provided by taking into account 
variation in productivity of the breeder population. 
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2.1 Meat production systems 

2.1.1 Broilers 

Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 
 
Modelling assumptions 
Gompertz functions were used to generate growth curves. The parameter values used to 
generate a standard curve and to derive efficiencies are in Table 1, Appendix II. The values 
for parameters B and t* were varied to produce 5 separate growth curves, i.e. 0.069 and 45, 
0.058 and 49.6, 0.0385 and 54.3, 0.0446 and 58.5, 0.0385 and 63.5, respectively. Broilers 
were assumed to have a fixed slaughter weight of 2.2 kg. 
 
 
Modelling results 
 
Table 2.1.1.2 shows the resulting efficiencies associated with the five different growth rates. 
 
 
Table 2.1.1.2. Effects of day to slaughter on gross energy (GE), metabolisable energy (ME) 
and protein efficiencies and Feed Conversion Ratio (FCR) for broilers 
Days to slaughter 26 31 36 41 46 
GE Efficiency 0.30 0.29 0.28 0.28 0.27 
ME Efficiency 0.43 0.42 0.41 0.41 0.40 
Protein Efficiency 0.55 0.54 0.52 0.51 0.50 
FCR 1.62 1.65 1.69 1.73 1.77 
 
A preliminary analysis showed that effects of variation in productivity of parent population 
had only very minor effects on energy and protein efficiency for the broiler production 
system per se (although they may be of great economic interest for broiler breeder farms) and 
these results are, therefore, not presented for this or other poultry meat production systems. 

 
Modelling conclusions 
 
There are considerable effects of performance levels higher or lower than average industry 
practice on all measures of efficiency and on FCR.  

 

Specific differences between breeds/genetic lines in efficiency 

Digestive efficiency 

There is some evidence of breed and genetic line effects on digestive efficiency in chickens, 
at least between broiler and layers. Although some studies reported no differences in diet 
digestibility (or diet metabolisability) between broiler and layer genotypes (e.g. Sibbald, 
1976; Yaghobfar, 2001; 2003) or differences in digestibility for some diet ingredients but not 
for others (Pishnamazi et al., 2005), the digestive efficiency is sometimes observed to be 
slightly higher in layer than in broiler breeds (Sibbald and Slinger, 1963;  Spratt and Leeson, 
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1987) and Pishnamazi et al. (2005) suggest that layers may derive around 2.5% more ME 
from their feed than broilers. Part of these differences may be associated with lower 
voluntary intakes in layer than in broiler genotypes. 

Higher digestive efficiency is sometimes (but not always, e.g. Buyse et al., 1998) recorded in 
comparisons of genetic broiler lines selected for FCR when these are compared with control 
lines or lines selected for high growth rates (Leenstra and Pit, 1987; Jorgensen et al., 1990; 
TenDoeschate et al., 1993). 

Several reports suggest that there are generally no differences in digestive efficiency, as 
measured by ME or AME, between genetic lines that have been differently selected for fat 
content (Leclercq and Saadoun ,1982; Laurin et al.,1985; Geraert et al., 1988; Geraert et al., 
1990; Buyse et al., 1998). Boldaji et al. (1981) reported significantly lower TME values for 
dwarf compared to normal-sized birds. 

Heritabilities for digestive efficiency in birds were estimated as reasonable high by Mignon-
Grasteaux et al. (2004). Peron et al. (2006), however, recorded differences between broiler 
lines specifically selected for low or high digestive efficiency and concluded that 
heritabilities were low; such differences were observed in young birds (but disappeared in 
older animals), were affected by diet type (Carre et al., 2008) and were probably related to 
differences between lines in the size of their digestive organs (Rougiere et al., 2009). The 
digestibilities observed in the high line were stable and according to expectations but in the 
low line these were highly variable and probably affected by many different factors, 
including digestive disorders (Peron et al., 2006). 

A single study has suggested that only modest improvements could be expected by direct 
selection on phytate phosphorus bio-availability in chickens as a result of very low 
heritability estimates but whether or not this is correlated with other (negative) traits is at 
present unknown (Zhang et al., 2005). 

The results of comparisons in digestive efficiency between breeds or lines are quite variable 
and seem to be affected by differences in animal size, feeding level and feeding regime 
(Zhang and Aggrey, 2003). Some research has been done in attempts to explain variation 
between genotype in digestive efficiency, such as variation in size of gastro-intestinal tract, 
digesta retention time and digestive enzyme activity (Kaminska, 1979; Shires et al., 1987; 
Buyse et al., 1999) and there is some evidence that selection for fast growth rates can result in 
higher digestive enzyme activity (Zhang and Aggrey, 2003). 

In conclusion, differences between breeds/genetic lines in digestive efficiency of broilers are, 
if observed at all, generally small. Data show no differences in digestive efficiency between 
lean and fat lines but there is some evidence that it is slightly increased in lines selected for 
low FCR and slightly decreased in dwarf genotypes 

 

Maintenance requirements 

There is little evidence for variation between breeds/lines in maintenance requirements, at 
least not between lean and fat lines (Geraert et al., 1990) or between lines selected for fast 
growth or decreased FCR (Buysse et al., 1998). The suggestion from studies with layers 
(Luiting 1990; Luiting et al., 1991) that variation between genotypes in maintenance 
requirements could be due to variation in activity and that, consequently, a higher energetic 
efficiency in selected broiler lines could be due to a decrease in activity and more docile 
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animals has not been confirmed in a study by Skinner-Noble et al. (2003). They concluded 
that, in contrast to expectations, broilers from lines selected for good FCRs were actually less 
lethargic than lines selected for poor FCRs. It is evident that the use of dwarf genotypes is 
expected to lead to a small decrease in the total maintenance energy and protein requirements 
of broiler breeding stock. 

Efficiency of energy and protein utilisation proper 

There is very little information on breed or genetic line effects on efficiency of energy and 
protein utilisation proper (Lopez and Leeson, 2008). There is no evidence that there are 
significant differences between lean and fat broiler lines as measured by diet induced 
thermogenesis (Swennen et al., 2006) and it is frequently assumed that energetic efficiency of 
protein and lipid retention from a given substrate is very similar across genotypes (or even 
species; Emmans, 1994; 1997). There is, however, some recent evidence of differences 
between genetic lines selected for low or high FCR (or residual feed intake, RFI) in some 
(but not all) mitochondrial functions and, as a result, efficiency of ATP production in broiler 
muscle, liver and/or duodenum tissue (Bottje and Carstens 2009). 

Fractional rates of protein turnover did not differ between a line selected for increased breast 
yield and a control line (Pym et al., 2004). There were differences between these lines in the 
proportion of feed protein retained in the body but that was to be expected because the 
different genotypes received diets with the same protein content (Pym et al., 2004). 
Differences between high and low abdominal fat lines in fractional protein turnover and 
deposition were a direct result of differences in intake rather than the result of genetic 
differences in efficiency of protein utilisation proper (Pym et al., 2004). Variation in 
oxidative damage to proteins between more and less energy efficient genotypes could affect 
protein turnover rate and, therefore, protein efficiency (Bottje and Carstens 2009), although 
no firm evidence for that is at present available. Studies on breed/genetic line effects on 
activities of specific tissue enzymes that could affect pathways of energy utilisation have 
started relatively recently (e.g. Collin et al., 2003; 2009) and more information like this can 
be expected in the near future. 

 

Other factors 

The occurrence of disease and variation in liveability/mortality of broilers not only affect the 
economics of broiler production systems but these factors can also have an important effect 
on the efficiency of energy and nutrient utilisation at system level (see review by Flock et al., 
2005). Considerable progress in this area has been made as typical average mortality 
percentages have decreased from double digits in the 1930’s to a few percent only today 
(Havenstein, 2003; Flock et al., 2005) and Emmerson (2003) estimated that improvements in 
liveability could contribute significantly to efficiency and profitability of the system as a 
whole. Broiler breeders are working to further reduce over-all broiler mortality, leg disorders 
and susceptibility to heart/lung insufficiency, which is possible while continuing to select for 
increased growth rate (Laughly, 2007). The most important broiler diseases have recently 
been scored with the aim of helping to clarify the host genetic control of resistance (Davies et 
al. 2009). Exactly how increased disease resistance will affect efficiency of energy and 
protein utilisation is, however, at present not clear (see general discussion chapter). 
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2.1.2 Turkeys 

Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 
 
Modelling assumptions 
Gompertz functions were used to generate growth curves. The parameter values used to 
generate a standard curve and to derive efficiencies are in Table 2, Appendix II. The values 
for parameters B and t* were varied to produce 5 separate growth curves, i.e. 0.024 and 104, 
0.020 and 119,  0.0173 and 133.5, 0.0153 and 148.5, 0.0135 and 164, respectively. Turkeys 
were assumed to have a fixed slaughter weight of 17.0 kg. 
 
 

Resulting modelled efficiencies 

Table 2.1.2.2 shows the resulting efficiencies associated with the five different growth rates. 
 
Table 2.1.2.2 Effects of day to slaughter on gross energy (GE), metabolisable energy (ME) 
and protein efficiencies and Feed Conversion Ratio (FCR) for turkeys 
Days to slaughter 91 98 126 143 161 
GE Efficiency 0.23 0.20 0.19 0.17 0.16 
ME Efficiency 0.36 0.32 0.30 0.27 0.25 
Protein Efficiency 0.59 0.53 0.48 0.44 0.46 
FCR 2.01 2.24 2.46 2.69 2.84 
 
 
Modelling conclusions 
There are considerable effects of performance levels higher or lower than average industry 
practice on all measures of efficiency and on FCR.  

 
Specific differences between breeds/genetic lines in efficiency 

Digestive efficiency 

Literature on effects of breed/genetic line on digestive efficiency and maintenance 
requirements in turkeys is not widely available (J. Howie, AVIAGEN, personal 
communication). Selection for rapid growth does not result in differences in the efficiency of 
energy absorption (in the form of glucose uptake) from the intestinal tract in different genetic 
lines of turkeys (Fan et al., 1997, 1998). No mention at all of breed or genotype effects on 
digestive efficiency in turkeys is made in older (e.g. NRC 1984; Leclercq 1986) or more 
recent (e.g. Leeson and Summers, 1997; Fisher 2000) literature. 

Maintenance requirements and efficiency of energy and protein utilisation proper 

No information on breed/genetic line effects on variation in estimated maintenance 
requirements on the efficiency of energy and protein utilisation proper in turkeys was found.  
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FCR 

Improvements in FCR associated with selection of turkey lines for faster growth is well 
documented (e.g. Havenstein et al., 2007), but very little information is available on the 
causes of this improvement, apart from some increase in carcass leanness. Because there is 
generally a good (inverse) relationship between FCR and efficiency of energy and protein 
utilisation, such improvements in FCR can be expected to have increased these efficiencies, 
unless unfavourably correlated with other important factors, such as disease resistance (see 
below). 

 

Other factors 

Differences between genetic lines in disease resistance and physiological response to stress 
suggest that increasing selection for BW of turkeys is accompanied by changes in the stress 
response resulting in increased susceptibility to opportunistic bacterial and viral infections, 
which can be expected to have a negative effect on efficiency as measured by FCR (Nestor et 
al., 1996; Huff et al., 2005). Similarly, Li et al., (1999) found that genetic selection for 
increased BW in turkeys may affect disease resistance and, therefore, FCR and efficiency, 
although such effects are difficult to quantify at present. No significant differences between 
turkey breeds in mortality up to 18 weeks were observed by Roberson et al. (2003). 
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2.1.3 Geese 
 
Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 
 
Modelling assumptions 
Gompertz functions were used to generate growth curves. The parameter values used to 
generate a standard curve and to derive efficiencies are in Table 3, Appendix II. The values 
for parameters B and t* were varied to produce 5 separate growth curves, i.e. 0.045 and 61.5, 
0.038 and 67.5, 0.0324 and 73.3, 0.0285 and 79.5, 0.0258 and 86.8, respectively. Geese were 
assumed to have a fixed slaughter weight of 7.6 kg. 
 
Modelling results 

Table 2.1.3.2 shows the resulting efficiencies associated with the five different growth rates. 
 
 
Table 2.1.3.2 Effects of day to slaughter on gross energy (GE), metabolisable energy (ME) 
and protein efficiencies and Feed Conversion Ratio (FCR) for male geese 
Days to slaughter 71 84 98 112 125 
GE Efficiency 0.30 0.28 0.27 0.26 0.25 
ME Efficiency 0.49 0.47 0.45 0.43 0.42 
Protein Efficiency 0.33 0.32 0.30 0.29 0.29 
FCR 3.00 3.11 3.26 3.40 3.48 
 
Modelling conclusions 
There are considerable effects of performance levels higher or lower than average industry 
practice on all measures of efficiency and on FCR.  

 
Specific differences between breeds/genetic lines in efficiency 
 
Digestive efficiency 
The digestive efficiency of geese is generally considered to be similar to that of chickens 
when fed the same diets and no breed/genetic line effects on digestive efficiency in geese is 
taken into account when formulating feeding programmes (e.g. Leeson and Summers, 1997).  
 
 
Breed/line differences in energy and protein efficiency proper 
 
No relevant literature on breed/line effects on efficiency of energy and protein utilisation of 
geese was found. The lack of information on nutritional effects and genotype x nutrition 
interactions has been recognised as one of the factors that currently limit the full realisation 
of the genetic potential of geese (Stevenson, 1989; Romanov, 1999). 

 

Attempts to identify more specific information about effects of breed/genetic line via industry 
contacts (e.g. Dr. P. Garland, Alpharma; Dr.K Gooderham, NTLworld) were not successful  
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2.1.4 Ducks 
 

Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 
 
Modelling assumptions 
Gompertz functions were used to generate growth curves. The parameter values used to 
generate a standard curve and to derive efficiencies are in Table 4, Appendix II. The values 
for parameters B and t* were varied to produce 5 separate growth curves, i.e. 0.098 and 45, 
0.080 and 48.5, 0.069 and 51.7, 0.060 and 55, 0.0532 and 58.5, respectively. Ducks were 
assumed to have a fixed slaughter weight of 3.7 kg. 
 
 

Modelling results 

Table 2.1.4.2 shows the resulting efficiencies associated with the five different growth rates. 
 
Table 2.1.4.2 Effects of day to slaughter on gross energy (GE), metabolisable energy (ME) 
and protein efficiencies and Feed Conversion Ratio (FCR) for ducks 
Days to slaughter 30 36 42 48 54 
GE Efficiency 0.30 0.30 0.29 0.28 0.28 
ME Efficiency 0.46 0.45 0.44 0.43 0.42 
Protein Efficiency 0.42 0.41 0.40 0.39 0.38 
FCR 2.30 2.36 2.41 2.47 2.53 
 
 
Modelling conclusions 
There are considerable effects of performance levels higher or lower than average industry 
practice on all measures of efficiency and on FCR.  

 
Specific differences between breeds/genetic lines in efficiency 
 
 
Digestive efficiency 
Ducks are generally assumed to digest fibre slightly better than chickens and may, therefore, 
derive more ME per kg feed from fibre rich diets than chickens (Leeson and Summers, 1997). 
Although some work has been reported on differences between duck breeds in development 
of digestive organs (Gille et al., 1999), very little information with regard to genotype effects 
on digestive efficiency is available. No differences in DM digestibility were observed 
between Pekin and indigenous Cambodian ducks (Borin et al., 2006). No differences were 
observed between fat and lean genetic lines in the amount of energy that birds extracted from 
feed irrespective of whether energy availability was expressed as AME or TME, with or 
without correction for N-retention (Farhat and Chavez, 2001), which is in agreement with 
most conclusions for chicken broilers. Farhat et al. (1998) also observed very similar diet 
digestibilities in Pekin and Muscovy ducks at similar ages. 
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Maintenance requirements 
No information was found on possible differences between duck genotypes in maintenance 
requirements and no specific allowances for specific breeds are made in the literature (e.g. 
Leeson and Summers, 1997). 
 
Efficiency of energy and protein utilisation 
No information was found on possible differences between duck genotypes on efficiency of 
ME utilisation. Farhat and Chavez (2001) report a higher efficiency of protein retention in 
lean compared to fat genetic lines, which is, however, to be expected as both lines were fed 
the same diet. 
 
The lack of information on effects of breed/genetic line on digestive efficiency, maintenance 
requirements and efficiency of energy and protein utilisation proper is recognised in the duck 
breeding industry (Dr. David Martin, Cherry Valley, personal communication) 
 
FCR 
Feed Conversion Ratio has been used as a direct selection trait in ducks (Klemm and Pingel, 
1992) because FCR can be decreased in ducks by selection, as summarised by Farhat and 
Chavez (2001). For the Pekin duck h² varied from 0.21 (Clayton and Powell, 1979; Powell, 
1984) to 0.52 (Klemm et al., 1994). This ratio increases strongly with the age of animals. For 
a female mule duck, feed conversion ratio ranges from 2.12 between zero and forty-two days 
of age, to 4.43 between zero and twelve weeks of age (Guy et al., 1998). Some studies have 
compared feed efficiency of mule ducks and their parental strains. For growing ducks (based 
on slaughter age) the male Pekin had the best feed conversion ratio, because, as it is earlier 
maturing, it is slaughtered younger. Retailleau (1999) estimated the feed conversion ratio at 
2.5 and 2.9 for Pekin males and Muscovy males measured between 0 and 49 days of age and 
between 0 and 84 days of age respectively. When Pekin, Muscovy and mule ducks are 
measured at the same age, mule ducks have intermediate feed efficiency compared to their 
parental strains (Guy et al., 1999; Baéza et al., 2005). Although there have been no studies on 
the genetic variability of mule duck feed efficiency, it seems possible, by selection based on 
the feed conversion ratio in the common strain (Klemm, 1995) to reduce the feed conversion 
ratio of mule duck progenies (Larzul et al., 2004). As pointed out by Marie-Etancelin (2008), 
many of the between-genotype comparisons of FCR in ducks are affected by differences in 
weight and/or maturity (and consequently body composition) at slaughter. Observed 
differences in FCR are, therefore, not generally indicative of differences between genotypes 
in efficiency of energy or protein utilisation proper. 
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2.1.5 Pigs 

Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 
 
Modelling assumptions 
Gompertz functions were used to generate growth curves. The parameter values used to 
generate a standard curve and to derive efficiencies are in Table 5, Appendix II. The values 
for parameter B were varied to produce 5 separate growth curves, i.e. 0.0115, 0.0105, 0.095, 
0.0088 and 0.008, respectively. Pig growth and efficiency was modelled from 7 kg to a 
slaughter weight of 105 kg. 
 
 

Resulting modelled efficiencies 

 
Table 2.1.5.2 shows the resulting efficiencies associated with the five different growth rates. 
 
Table 2.1.5.2 Effects of growth period on gross energy (GE), metabolisable energy (ME) and 
protein efficiencies and Feed Conversion Ratio (FCR) for pigs between 7 and 105 kg live 
weight, not taking rearing costs into account 
 
Growth period (wks) 19 21 23 25 27 
GE Efficiency 0.26 0.25 0.24 0.23 0.22 
ME Efficiency 0.38 0.37 0.35 0.34 0.32 
Protein Efficiency 0.39 0.38 0.36 0.35 0.33 
FCR 2.33 2.44 2.55 2.62 2.78 
 
The results show that there is a considerable effect of growth rate on efficiencies and FCR. 
The efficiencies decrease considerably if the rearing costs of the weaned piglets are taken into 
account, especially if a small number of litters is reared per sow. The values in Table 2.1.4.3 
are based on the assumptions that pigs reach slaughter weight after a growth period of 23 
weeks and that it will cost around 750 kg of feed to rear a gilt up to first farrowing and 70 kg 
of feed to produce a weaned piglet subsequently (BPEX, 2009a). 
 
In the model calculations a constant composition of weight gain was assumed. Where that is 
not the case, conclusions may differ. For instance, in a comparison of Hampshire, Large 
White and Pietrain type pigs, large Whites showed the best feed conversion, in association 
with a leaner carcass (as judged from backfat depth), despite a slightly lower daily gain 
compared to the other genotypes (BPEX, http://www.bpex.org.uk/downloads/298215/ 
291093/Defining%20the%20benefits%20of%20new%20genotypes.pdf). In addition, other 
factors could have affected the genotype comparison in these experiments (see below) 
 
If, however, the culled sow is subsequently used for consumption, part of the decrease in 
efficiency that is apparent from the comparison of Tables 2.1.5.2 and 2.1.5.3 is mitigated and 
again the effects are largest for sows rearing a few litters only (Tables 2.1.5.4). The result is 
that most of the variation in efficiencies and FCR caused by variation in number of litters 
produced per sow (Table 4.1.5.3) disappears when the sow is culled and the energy and . 
protein in her body are included in the final analysis (Table 4.1.5.4). 

http://www.bpex.org.uk/downloads/298215/
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Table 2.1.5.3 Effects on efficiency of number of litters produced per sow (assuming 10 
piglets per litter and 2.2 litters/sow/year), which includes the rearing costs of the sow but not 
the value of the culled sow. 

No of litters/sow Piglets total GE eff. ME eff. Prot. eff FCR 
2 20 0.20 0.30 0.27 3.33 
3 30 0.21 0.31 0.28 3.25 
4 40 0.21 0.32 0.28 3.21 
5 50 0.21 0.32 0.29 3.18 
6 60 0.21 0.33 0.29 3.17 
 
It is evident that variation around the number of litters reared per sow per year (assumed to be 
2.2 in the above calculations) and the average number of pigs reared per litter (assumed to be 
10 in the above calculations) will result in additional variation in efficiency estimates. 
 
Table 2.1.5.4: Effects on efficiency of number of litters produced per sow (assuming 10 
piglets per litter and 2.2 litters/sow/year), which includes the rearing costs and the value of 
the culled sow. 

No of litters/sow Piglets total GE eff. ME eff. Prot. eff FCR 
2 20 0.23 0.34 0.30 3.01 
3 30 0.23 0.34 0.30 3.03 
4 40 0.22 0.34 0.30 3.04 
5 50 0.22 0.34 0.30 3.05 
6 60 0.22 0.34 0.30 3.05 
 
 
 
Specific differences between breeds/genetic lines in efficiency 
 
Digestive efficiency 

Van Wieren (2000) recorded lower organic matter digestibilities in a domestic pig (Meishan) 
compared to wild boar fed diets of acorns or forage. In contrast, Hodgkinson et al. (2008) 
recorded the same energy digestibility for maize and oats, but a lower digestibility in wild 
boar compared with domestic pigs (a Landrace x Large White cross) on a high forage 
(alfalfa) diet. 

Kemp et al. (1991) recorded significantly higher digestive efficiency for crude fibre in 
Meishan compared to Landrace pigs fed a standard diet but this was much reduced when pigs 
were fed a high fibre diet. In contrast (Fevrier et al., 1992), Meishan showed better fibre 
digestibilities than Large Whites only when they were fed very high fibre diets (in 
combination with high protein contents), not on a low fibre diet. Yen et al., (2004) concluded 
that the frequently assumed superior digestive efficiency of Meishan compared to more 
modern Western genotypes was not confirmed in their comparison  with a Duroc x Large 
White cross in which the Meishan had significantly lower apparent digestibility coefficients 
for DM, N, NDF and hemicellulose. 

No differences in digestive efficiency for energy or nutrients were observed in a comparison 
of Large White and Creole pigs (Reneaudeau, 2006). Morel et al. (2006) recorded higher 
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energy digestibilities in local Kune Kune pigs than in Landrace x Yorkshire crosses fed a 
high fibre diet but no differences for more standard (low fibre) diets. Large White pigs tended 
to digest fibre in pig diets less efficiently than the local Mukota breed and its cross with 
Large White, especially on high-fibre diets (Kanengoni et al., 2002). Higher whole tract 
digestibility in Large White than in Iberian pigs was observed by Morales et al. (2002), but 
this was associated with considerably higher feed intakes by the Iberian pigs. Lower energy 
and nutrient digestibilities were recorded in Yorkshire pigs compared with the local Mong 
Cai breed and its cross with Yorkshire (Len et al., 2007). Subsequent research showed that 
the ileal digestibilities were not different between breeds but total tract digestibilities were 
(Len et al. 2009a). This suggests that differences in total tract digestibilities were caused by 
variation in lower tract fermentation, which could be related to a slightly faster development 
of the gastro-intestinal tract in Mong Cai pigs after they received access to solid feed (Len et 
al., 2009b). Freire et al. (2003) also concluded that the higher fibre digestibility recorded in 
Alentejano compared to Duroc*Landrace cross was due to a more extensive cell wall 
degradation by microflora enzymes in the lower digestive tract. 

Windisch et al (2000) observed a reduction in the apparent digestibility of crude protein in 
Pietrain compared to Landrace pigs, although this had no effect at all on the efficiency of 
dietary protein utilisation for protein retention as a result of lower urinary N excretion by 
Pietrains. No differences in ileal digestibility of amino acids was observed between 
Saddlebacks and Goettingen mini-pigs (Hennig et al., 2004). 

In a recent review, Savon (2005) concluded that there is conflicting evidence about 
differences in digestibility between pig breeds fed high fibre diets and that where differences 
are observed it is likely mainly due to variation in the size of (and therefore fermentation in) 
the lower gastro-intestinal tract. These conclusions are in good agreement with earlier reports 
of digestive efficiency in pigs that also concluded that differences between genotypes are 
mainly related to fibre digestion and large intestinal function. 

Although Fevrier et al. (1992) concluded that there were no differences in the activity of 
pancreatic enzymes and intestinal disaccharidases between Meishan and Large White pigs, 
some genotype effects on activities of digestive enzymes (such as maltase and sucrose) have 
been recorded (Bruininx et al., 2002). 

In conclusion, slightly higher total tract digestibilities are frequently (but not universally) 
recorded in local breeds when compared to modern international pig breeds. In many studies, 
these differences are most prominent on high fibre diets and disappear when pigs are given 
access to high quality diets. In some studies this is related to a lower digestive tract that is 
larger or develops earlier in local compared to modern international breeds, which suggest 
that observed differences will be related mainly to differences in diet fermentation rather than 
enzymatic digestion, although information on the latter subject is very scarce. There is no 
evidence to suggest that in modern pig genotypes variation in digestive efficiency is 
contributing significantly to variation in efficiency of energy and protein utilisation in the 
production system as a whole. 

 

Maintenance requirements 

Comparisons of maintenance requirements of pigs with different weights and of different 
genotypes are affected strongly by the manner in which requirements are expressed, as shown 
by Noblet et al. (1999). Considerable differences in energy maintenance requirements 
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(measured as Fasting Heat Production, FHP) per unit metabolic size (i.e. live weight raised to 
the power 0.55 or 0.6) have been recorded between Meishan and some other breeds (Large 
White and Pietrain) (Noblet et al., 1998; van Milgen et al., 1998, 1999). Noblet et al. (1998) 
conclude that Meishan pigs (a fat genotype) have around 12% lower maintenance 
requirements, expressed in this way, than the leaner genotypes. Analyses that have taken 
differences in body composition between breeds into account showed, however, that these 
between-breed differences disappeared when FHP was regressed on muscle, viscera and fat 
mass (van Milgen 1998). The negative effect of fat mass in the developed equation was, 
however, mainly caused by the presence of the Meishan breed in the comparison and van 
Milgen et al. (1999) speculate that this could have masked real lower energy maintenance 
requirements for the Meishan breed.  

Also Lepron et al. (2007) found lower requirements (as measured via residual ME intake, 
RMEI) of Meishan compared to Large White and a synthetic breed but expressed some doubt 
about the accuracy of their estimates. They could, however, link part of the between-genotype 
variation in RMEI to variation in behaviour and showed that variation in RMEI was caused 
by variation in estimated maintenance requirements as a result of variation in, for instance, 
standing, aggressive and locomotory behaviour. Also the work of Henken et al (1991) 
suggested that differences in maintenance energy requirements between Yorkshire and 
several lines of Landrace pigs was directly related to the low activity level of the Yorkshires. 

As discussed in more detail in the general discussion below, the data obtained with pigs as 
well as some other species suggest that there is very little variation in NE requirements for 
maintenance, as measured by resting FHP in a thermoneutral environment when actual (and 
mature) protein size is taken into account. These results are consistent with the findings of 
Emmans (1994; 1997). There can, however, be differences between breeds/genetic lines in 
ME for maintenance requirements that have been linked to real biological differences, the 
most important of which seems to be the level of animal activity. 

 

Efficiency of utilisation of energy and protein proper 

It is generally assumed that the energetic efficiency of lipid and protein deposition is 
independent of pig weight and genotype for modelling purposes (e.g. Whittemore 2006). 
Estimation of these efficiencies in different breeds is, however, plagued with a considerable 
number of methodological issues (e.g. the problem how to properly account for maintenance 
requirements, as discussed above), which makes the accurate measurements of such 
efficiencies very difficult. There are, therefore, at present no good arguments for the 
assumption that variation between breeds/genetic lines of pigs in efficiency of energy 
utilisation for lipid and protein deposition is (i) present, (ii) can be measured accurately and 
easily and, therefore (iii) could be a suitable trait for inclusion in pig breeding programmes as 
part of attempts to improve efficiency of energy and protein utilisation in modern pig 
production systems. 

Comparisons of contrasting genotypes (e.g. Meishan and Large White x Landrace crosses or 
Landrace versus Pietrain) have concluded that a limiting protein supply is utilised with the 
same efficiency for protein retention (Kyriazakis et al., 1994; 1995; Susenbeth et al., 1999) 
and that, therefore, no major genotype effects on this efficiency can be expected for pigs. 
Lobley et al. (1999) agreed that there is little evidence for genotype effects on efficiency of 
protein utilisation at the whole body level but also suggest that methodological issues might 
be a problem here. 
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Other factors 

The occurrence of disease can have a major effect on nutrient efficiency and there are 
suggestions for important genotype x environment interactions in this regard. Although at 
present hard data for pigs are not available (S. Bishop, Roslin Institute; personal 
communication), several strands of evidence suggest that increased disease resistance in pigs 
may be associated with higher than expected requirements for energy and protein, as has been 
recorded for sheep (see chapter 2.1.6). For instance, BPEX experiments have suggested that 
the relatively high feed intake of Hampshire type, compared to Large White or Pietrain types, 
could not be explained entirely by the relatively high fat level in their carcasses; instead, it 
could be related to higher costs of their immune system since Hampshire type pigs also 
showed lower rates of mortality/removal from trial than the other genotypes (BPEX, 2009b; 
G. Walling, JSR; personal communication). Clapperton et al. (2005, 2006, 2009) showed that 
higher Acute Phase Proteins, used to diagnose the health status of populations of farm 
animals, and white blood cell numbers were correlated with pig performance and that the 
heritability and associations with performance were affected by housing conditions. At 
present the causality of such relations has not been established (Clapperton et al., 2009) and 
the possible energy and nutrient costs of increased disease resistance have not been 
systematically investigated in pigs. This forms, therefore, a major gap in our knowledge of 
factors that affect nutrient efficiency of different pig genotypes in a variety of (disease) 
environments (G. Walling, JSR and S. Bishop, Roslin Institute; personal communication). 
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2.1.6 Sheep 

Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 
 
Modelling assumptions 
First the energy and nutrient efficiencies were estimated in relation to the number of lambs a 
ewe would rear in a single year. These efficiencies are considerably affected by including 
rearing costs and these effects depend, in turn, mainly on the longevity of the ewe. Although 
models were developed to estimate these effects for all average litter sizes, the results of only 
one is provided because this clearly illustrates the trends that are apparent in the results of all 
these models. Modelling assumptions are provided in Table 6, Appendix II. 
 
 

Modelling results 

Table 2.1.6.2 shows the resulting efficiencies associated with the five different litter sizes. 
 

Table 2.1.6.2: Effects on efficiency of number of lambs reared during a single year, not 
including any ewe rearing costs 

Lambs reared/ewe/year 1.16 1.44 1.72 2.0 2.28 
GE Efficiency 0.045 0.055 0.060 0.064 0.068 
ME Efficiency 0.080 0.097 0.106 0.113 0.120 
Protein Efficiency 0.072 0.080 0.088 0.090 0.094 
FCR 13.8 11.4 10.5 9.8 9.2 
 

The efficiencies in Table 2.1.6.2 are estimated for a ewe-lamb unit during a year and do not 
take ewe rearing costs into account. Doing that of course reduces all efficiencies but the 
magnitude of the change is affected considerably by the productive live span of the ewe (i.e. 
the number of litters produced). The results in Table 2.1.6.3 are based on the assumption that 
the ewe will produce one litter per year until she is culled. 

 

Table 2.1.6.3: Effects on efficiency of number of litters (average litter size 1.72 lambs each 
year) reared per ewe, including any ewe rearing costs, assuming no energy or protein value 
for the culled ewe. 

 
No of litters/ewe Lambs total GE eff. ME eff. Prot. eff FCR 
      
2 3.44 0.041 0.072 0.061 15.9 
3 5.16 0.046 0.080 0.067 14.1 
4 6.88 0.048 0.085 0.071 13.2 
5 8.60 0.051 0.089 0.074 12.6 
6 10.32 0.052 0.091 0.075 12.3 
7 12.04 0.053 0.093 0.077 12.0 
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The efficiencies as estimated in Table 2.1.6.3 are correct only, however, if the ewe dies or is 
otherwise destroyed. Since the majority of ewes will be culled and end up in the food chain, 
the energy and protein value of the ewe has to be taken into account for a correct estimation 
of energy and protein efficiency of the system as a whole. Table 2.1.6.4 shows that the 
considerable effects of productive life span on efficiency (as suggested by Table 2.1.6.3) 
largely disappear when the energy and protein content of the culled ewe is taken into account. 

 

Table 2.1.6.4: Effects on efficiency of number of litters (average litter size 1.72 lambs each 
year) reared per ewe, including ewe rearing costs and the energy and protein value of the 
culled ewe.  

No of litters/ewe Lambs total GE eff. ME eff. Prot. eff FCR 
      
2 3.44 0.058 0.102 0.084 10.3 
3 5.16 0.059 0.103 0.085 10.3 
4 6.88 0.059 0.104 0.085 10.4 
5 8.60 0.059 0.104 0.085 10.4 
6 10.32 0.059 0.104 0.085 10.4 
7 12.04 0.060 0.104 0.085 10.4 
 
 
Specific differences between breeds/genetic lines in efficiency 
 
Digestive efficiency 

Tests of breed or genetic line effects on digestive efficiency of sheep have shown either no 
(e.g. Mann et al., 1987; Ranilla et al., 1998; Molina et al., 2001; Kiani et al., 2004; 
Kamalzadeh and Aouladrabiei, 2009) or statistically significant but small effects (e.g. Givens 
and Moss, 1994; Lourenco et al., 2000; Lopez et al., 2001; Wildeus et al., 2007), although the 
latter effects were sometimes confounded by variation in intake level. 

Variation between individual sheep in methane release have been recorded as early as 1965 
(Blaxter and Clapperton, 1965) and Pinares-Patino et al. (2003b) suggested that such 
differences were consistent over time in grazing sheep, perhaps determined mainly by 
variation in rumen organic matter pool (Pinares-Patino et al., 2003a). However, high within-
animal variation is also frequently recorded (Pinares-Patino and Clark, 2008) and there are 
still many questions to be answered about the effects of animal age on methane release per kg 
feed consumed (Knight et al., 2008) and about employing the most proper (indirect) 
methodology (Pinares-Patino et al., 2008). 

 

Maintenance requirements 

Blaxter (1962) noted considerable variation between individual sheep in maintenance energy 
requirements as estimated from fasting heat production but these were not affected by the 
sheep breed. In later work, however, Blaxter et al (1966) concluded that there were breed 
effects on the maintenance energy requirements of sheep. It seems likely that conclusions 
from such comparisons are greatly affected by the method of estimation and the age/weight at 
which breeds are compared (similar to the methodological issues discussed for pigs).  For 
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instance, Freetly et al (1995) observed that Texel sheep had lower FHP (an estimate of the 
NE requirements for maintenance) than Suffolk sheep when compared at the same weight but 
that Suffolk sheep had lower FHP per kg body weight than Texel sheep when compared at 
the same age and that all differences between these breeds in FHP per kg body weight 
disappeared when the two breeds were compared at the same proportion of mature size. Later 
work of the same group with more breeds reached a very similar conclusion (Freetly et al., 
2002). Unless such differences in maturity (usually accompanied by differences in body 
composition) are taken into account, some scepticism to any recorded breed or genetic line 
effects on maintenance energy requirements is warranted. The approach taken by Emmans 
(1994; 1997) in which both mature and actual protein weight are used to estimate 
maintenance energy and protein requirements is likely to accommodate the variation 
observed by Freetly et al. (1995; 2002). Such an approach is also consistent with the 
observation that variation in estimated maintenance energy requirements following different 
nutritional histories in sheep disappeared when compared on the basis of lean body size (Ball 
et al., 1998) and with many observations recorded with pigs (see Chapter 2.1.5). 

 

Efficiency of utilisation of energy and protein proper 

It is generally assumed that efficiencies of energy and protein utilisation for maintenance and 
gain can be applied across ruminant species (e.g. ARC, 1980; AFRC, 1993) and in all current 
major energy or protein evaluation systems worldwide no breed/genotype effects on these 
efficiencies are included. In fact, there are proposals to use universal material efficiencies of 
protein and energetic efficiencies of protein and lipid deposition (assuming the same digested  
substrates) across all species, monogastrics as well as ruminants (Emmans, 1994; 1997). 

In ruminants, large effects of feeding level on overall efficiency of ME utilisation in 
restrictedly fed animals are well documented (e.g. ARC, 1980; AFRC, 1993) but there is 
good evidence that (almost) all of this variation disappears in ad libitum fed ruminants 
(Tolkamp and Ketelaars, 1994; Tolkamp and Kyriazakis, 2009; Tolkamp, 2010), which is the 
dominant feeding regime in almost all ruminant production systems. 

There is very limited research on effects of breed/genetic line on efficiency of protein 
utilisation. Liu et al. (2007) reported no differences in protein synthesis between genetic lines 
of Merino sheep selected for gastrointestinal nematode resistance and a control line. 

 

Other factors 

Disease resistance 

It is possible to select sheep genotypes that show increased resistance to certain diseases, 
such as infection with gastro-intestinal parasites (e.g. Liu et al., 2005). There is conflicting 
evidence in the literature about how differences between genetic lines in disease resistance 
affect the efficiency of energy and protein utilisation. In some studies, selection for nematode 
resistance is associated with negative effects on weight gain or wool growth (e.g. Bisset et al. 
2001;  Eady et al. 2003), but not in others (e.g. Karlson et al. 1995; see also Liu et al. 2005), 
which would reduce the expected beneficial effects of nematode resistance on efficiency of 
energy and protein utilisation. Morris et al (2000) reported that Romney sheep selected for 
resistance to nematode infection had reduced weight gains and wool growth but more lambs 
weaned per ewe than sheep selected for susceptibility to nematode infection. In addition, Liu 
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et al (2005) found that infected nematode resistant sheep had significantly higher energy and 
protein requirements than control sheep when they were young (but not in older sheep). 

It is evident that there will be a genotype x environment interaction in this respect because 
any increased resistance to a specific disease, and its possible beneficial effects on efficiency 
of energy and protein utilisation, will only be expressed in an environment where the disease 
is present and confer no benefits when it is absent. It is, therefore, not easy to estimate how 
differences between genetic lines in nematode resistance in general affect efficiency of 
energy and protein utilisation, certainly in view of the recorded higher energy and protein 
requirements for more resistant sheep, especially when there is an energy and protein cost to 
nematode resistance (Liu et al., 2005). 

Recent work suggests that selection against footrot in sheep is possible (Nieuwhof et al., 
2008; 2009; Conington et al., 2008) and lower footrot incidence is expected to have a 
beneficial effect on the efficiency of energy and protein utilisation in this system although at 
present these effects are difficult to quantify for lack of detailed information. 
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2.1.7 Beef 

There are many different beef production systems which have a large effect on energy and 
nutrient efficiency (e.g. Hyslop 2008). We selected a single system below (see parameters in 
Table 7, Appendix II) to illustrate the effects of breed/genotype differences in growth rate on 
efficiency 
 
 
Modelling results 
 
Table 2.1.7.2 shows the resulting efficiencies associated with the five different growth rates. 
 
Table 2.1.7.2 Effects of days to slaughter on gross energy (GE), metabolisable energy (ME) 
and protein efficiencies and Feed Conversion Ratio (FCR) for cattle between 270 and 600 kg 
live weight, not taking rearing costs into account 
Age at slaughter (days) 420 500 580 660 740 
GE Efficiency 0.17 0.14 0.13 0.11 0.10 
ME Efficiency 0.29 0.24 0.21 0.18 0.16 
Protein Efficiency 0.17 0.14 0.12 0.11 0.10 
FCR 5.32 6.37 7.42 8.47 9.52 
 
The results show that there is a considerable effect of growth rate on efficiencies and FCR. 
The efficiencies decrease considerably if the rearing costs of the weaned calf are taken into 
account, especially if a small number of calves is reared per cow. The values in Table 2.1.7.3 
are based on the assumptions that animals reach slaughter weight at 580 days. Again, the 
effect of productive life span of the cow on efficiency largely disappears when the cow is 
culled and enters the food chain (Table 2.1.7.4). 
 
 
Table 2.1.7.3: Effects on efficiency of number of calves per cow (average age at slaughter 
580 days) on energy and protein efficiency and FCR, including rearing costs but not 
including any energy or protein value for the culled cow. 

No of calves/cow GE eff. ME eff. Prot. eff FCR 
     
2 0.052 0.086 0.072 15.1 
3 0.056 0.094 0.079 13.7 
4 0.059 0.099 0.083 13 
5 0.061 0.102 0.086 12.6 
6 0.062 0.104 0.088 12.4 
7 0.063 0.106 0.089 12.2 
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Table 2.1.7.4: Effects on efficiency of number of calves per cow (average age at slaughter 
580 days) on energy and protein efficiency and FCR, including rearing costs and energy or 
protein value for the culled cow. 

No of calves/cow GE eff. ME eff. Prot. eff FCR 
     
2 0.073 0.121 0.104 10.0 
3 0.072 0.120 0.103 10.3 
4 0.071 0.119 0.102 10.4 
5 0.071 0.119 0.101 10.5 
6 0.071 0.119 0.101 10.6 
7 0.071 0.118 0.101 10.6 

 
Specific differences between breeds/genetic lines in efficiency 
 
Digestive efficiency 

In the older literature, significant breed effects on digestive efficiency are frequently 
observed when low quality feeds were supplied to strongly contrasting beef breeds, especially 
in comparisons between Bos taurus and Bos indicus breeds or crosses (e.g. Howes et al. 
1963; Moore et al., 1975; Warwick and Cobb, 1975). In contrast, Vercoe (1970) found no 
differences in energy digestibility between a Bos indicus breed and its crosses with British 
beef cattle breeds, although the Bos indicus did tend to release less methane than the cross-
breds. No differences in diet digestibility were observed more recently by Solis et al. (1988) 
in a comparison of 5 breeds and their crosses that included dairy breeds (Holstein and 
Jerseys), beef breeds (Angus and Hereford) and a Bos indicus breed (Brahman). There were 
also no systematic differences in digestive efficiency between Angus and its cross with 
Brahmans fed a variety of diets in the study of Beaver et al. (1989) or in DM or energy 
digestibility between non-pregnant and non-lactating Angus and Simmental beef cows 
(Laurentz et al., 1991). Although some studies suggest that (small) differences in digestive 
efficiency exist between beef cattle genotypes with low and high Residual Feed Intakes 
(RFI), Herd and Arthur (2009) urge for caution to attribute much of the variation in RFI to 
variation in digestion because of the difficulties in reliably measuring small differences in 
this trait, also in view of the lack of much genetic variation in digestive efficiency in other 
species. 

No differences between dairy and beef breeds were observed in methane production by Boadi 
and Wittenberg (2002) under either ad libitum or restricted feeding regimes and Ellis et al. 
(2007) showed that methane production of beef and dairy cows can be predicted with very 
similar equations based on feed quality characteristics alone. However, Hegarty et al. (2007) 
observed that cattle selected for lower residual feed consumption also had a reduced methane 
release, although variation in methane release explained only a very small proportion of the 
variation in residual feed consumption. Yan et al. (2009) developed predictive equations for 
methane emissions of beef steers of four different breeds (Friesian, Aberdeen Angus, 
Simmental and Charolais) on the basis of live weight and diet characteristics alone, i.e. 
without incorporating breed effects. 
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Maintenance requirements 

No significant differences between eight beef-type cattle breeds and crosses in ME 
requirements for maintenance were observed by Reid et al (1991), although there was a 
tendency for slightly lower values for crosses with the Brahman (a Bos indicus breed). 
Laurentz et al. (1991) estimated slightly higher maintenance energy requirements for 
Simmental compared to Angus non-pregnant and non-lactating beef cows. Herd et al. (1991) 
observed that low maintenance energy requirements relative to size in Angus steers from 
lines selected for high, compared to low, yearling weight gains disappeared completely when 
the differences between genetic lines in mature size were taken into account. Similarly, 
differences in estimated maintenance energy requirements between Angus cows of these 
same lines disappeared when the difference in body composition was taken into account and 
maintenance energy requirements were related to the protein content of the animals (Herd, 
1995), which is in direct agreement with the conclusions of Russel and Wright (1983) from a 
comparison of contrasting beef cow crosses. It also agrees well with similar observations 
made for pigs and sheep (see Chapters 2.1.5 and 2.1.6). A single equation for the estimation 
of maintenance requirements for Angus, Simmental and Charolais cross steers was derived 
by Dawson and Steen (1998). No effects of breed or genetic line are incorporated in the 
estimation of maintenance energy or protein requirements for beef cattle in ARC (1980) or 
AFRC (1993) but there is some evidence of relatively high maintenance requirements of 
double-muscled cattle, even when their high protein content is taken into account (de 
Campeneere et al., 2001). Montanobermudez et al (1990) observed that the maintenance 
requirements of Angus cross beef cows increased with the dairy merit of the breed the Angus 
cows were crossed with. This could, however, again be related to differences in body 
composition, especially protein content, between genotypes, which was not included as a 
variable in this study.  No differences in FHP or maintenance ME requirements were 
recorded between different Hereford cross types by Hotovi et al. (1992) but this study, 
involving twins, did show the presence of a genetic component to maintenance energy 
metabolism and suggested that selection to change these traits might be effective. Bottje and 
Carstens (2008) concluded from a review of mitochondrial functions in steers selected for 
high or low Residual Feed Intake (RFI) that some links in the electron transport chain were 
more efficient in animals with low RFI than in animals with high RFI. However, the latter 
animals were able to carry out other mitochondrial functions as well as, or even better, than 
the former animals and, therefore, the overall genetic effects on energetic efficiency are 
presently unclear. Nevertheless, this might offer an opportunity for selecting more efficient 
animals in the future (Bottje and Carstens, 2008). 

 

Efficiency of energy and protein utilisation proper 

Current energy and protein evaluation systems (e.g. ARC, 1980; AFRC, 1993; NRC, 2000)) 
assume that efficiencies of energy and protein utilisation proper are similar in all ruminants 
(see discussion under sheep) and no differences between breed/genotype are incorporated. 
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2.2 Egg production: laying hens 

 

Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 

 
Modelling assumptions 
 
For the modelling it was assumed that to maintain a layer during one year would require 25 
kg feed, 300 MJ ME and 3.75 kg CP. Eggs were assumed to contain 0.395 MJ NE and 6.75 g 
protein and to require 0.52 MJ ME and 14.2 g CP to produce. A first model calculated effects 
of egg yield per year on efficiency for that year (Table 1) while a second model took into 
account the resource costs required to produce the layer in the first place (assumed to be 6.5 
kg feed, 85 MJ ME and 1 kg of CP). The culled hen was assumed to contain 0.38 kg protein 
and 17 MJ NE. 
 
 
Resulting modelled efficiencies 

Table 2.2.1. Effects of number of eggs produced per year on gross energy (GE), 
metabolisable energy (ME) and protein efficiencies and Feed Conversion Ratio (FCR) for 
layers, not taking rearing costs into account. 
 

Eggs per year 260 280 300 320 340 
GE Efficiency 0.14 0.14 0.15 0.16 0.16 
ME Efficiency 0.22 0.23 0.24 0.25 0.26 
Protein Efficiency 0.24 0.24 0.25 0.25 0.25 
FCR 2.57 2.46 2.34 2.25 2.17 
 
Efficiencies increase and FCR decreases with increasing production levels, as expected. 
When rearing costs are taken into account, all efficiencies decrease (Table 2.2.2). Effects of 
production level disappear (or even reverse), however, when the energy and protein value of 
the culled hen are taken into account (Table 2.2.3). 
 
Table 2.2.2. Effects of number of eggs produced per year on gross energy (GE), 
metabolisable energy (ME) and protein efficiencies and Feed Conversion Ratio (FCR) for 
layers, taking rearing costs into account but not the value of the culled hen 
 

Eggs per year 260 280 300 320 340 
GE Efficiency 0.12 0.12 0.13 0.13 0.14 
ME Efficiency 0.18 0.19 0.20 0.21 0.22 
Protein Efficiency 0.21 0.22 0.22 0.22 0.22 
FCR 3.38 3.20 3.04 2.90 2.78 
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Table 2.2.3. Effects of number of eggs produced per year on gross energy (GE), 
metabolisable energy (ME) and protein efficiencies and Feed Conversion Ratio (FCR) for 
layers, taking rearing costs into account and the nutrient value of the culled hen 
 

Eggs per year 260 280 300 320 340 
GE Efficiency 0.14 0.14 0.14 0.15 0.16 
ME Efficiency 0.22 0.22 0.23 0.24 0.25 
Protein Efficiency 0.25 0.25 0.25 0.25 0.25 
 
 

 

Specific differences between breeds/genetic lines in efficiency 

 

Digestive efficiency 

A number of studies have investigated differences between chicken breeds, mainly broilers 
versus layers (see section on broilers) but very little work has been done on differences 
between layer breeds or genetic lines of layers. No differences in dietary energy 
metabolisability between ‘efficient’ and ‘inefficient’ layer genotypes that were selected on 
the basis of residual feed consumption (RFC) were observed by Luiting et al. (1991), nor by 
Strobel et al. (2004).  No allowance for genotype effects on digestibility in layers is made in 
handbooks or overview papers (e.g. Boorman and Freeman, 1976; Leclercq 1986; Leeson and 
Summers 1997; Fisher 2000; Acamovic 2002) 
 
 
Maintenance requirements 
 
Very few data are available on breed or genotype effects on maintenance requirements of 
layer hens. In an analysis of residual feed consumption of layers, very significant differences 
between ‘efficient’ and ‘in-efficient’ genotypes in estimated maintenance ME requirements 
for energy were recorded (Luiting and Urff 1991; Luiting et al., 1991). These differences 
were largely related to differences in bird activity and feather cover (Luiting et al., 1991; 
Katle 1991) with more efficient birds having lower activity levels and better feather cover. 
The latter may, however, also be a result of a correlation between stress and feather cover as 
suggested by the study of Campo et al. (2001). The higher feed efficiency related to lower 
maintenance energy requirements in a layer line selected for low, compared to high, levels of 
feather pecking was, at least partly, also related to variation in feather cover (Su et al., 2006). 
Other studies show that layer lines divergently selected for low of high residual feed intake 
can differ in many other behavioural as well as physiological characteristics (Braastad and 
Katle 1989; Luiting, 1990; Luiting et al., 1991; Bordat and Merat, 1991; Altan et al., 2004; 
van Eerden et al., 2004a,b; 2006). In summary, the literature suggests that variation between 
genetic lines in maintenance requirements are likely related mainly to variation in activity 
and feather cover. 
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Efficiency of energy and protein utilisation proper 

No information on differences between breeds or genetic lines in efficiency of energy and 
protein utilisation proper has been found for laying hens. No allowance for genotype effects 
is made in handbooks or overview papers (e.g. Boorman and Freeman, 1976; Leclercq 1986; 
Leeson and Summers 1997; Fisher 2000; Acamovic 2002). 
 
 
FCR 
 
Considerable differences in FCR between four genotypes in an organic production system 
were recorded by Sorensen and Kjaer (1991). FCRs ranged from 2.45 (ISA-Brown) to 4.05 
(New Hampshire) kg feed/kg eggs. The variation was mainly due to the lower rate of lay and 
higher age at first egg in the New Hampshire breed (and therefore a direct result of 
differences in productivity) and occurred despite higher mortality (mainly due to 
cannibalism) in the ISA-Brown. 
 
Other factors 
The occurrence of disease and liveability/mortality of laying hens not only affect the 
economics of eggs production systems but these factors can also have an important effect on 
the efficiency of energy and nutrient utilisation at system level (Flock et al., 2005).  
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2.3 Milk production systems 
 
2.3.1 Goats 

Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 
 
Modelling assumptions 
For the modelling it was assumed that to maintain a dairy goat during one year would require 
495 kg feed, 5446 MJ ME and 35 kg CP. Milk was assumed to contain 3.0 MJ NE and 32 g 
protein. A first model calculated effects of milk yield per year on efficiency for that year 
(Table 2.3.1.1), without considering any rearing costs 
 
Resulting modelled efficiencies 

Table 2.3.1.1: no rearing costs 

Milk yield per year 600 900 1200 1500 1800 
GE Efficiency 0.12 0.15 0.18 0.19 0.21 
ME Efficiency 0.20 0.26 0.29 0.32 0.35 
Protein Efficiency 0.20 0.23 0.25 0.26 0.27 
FCR 1.34 1.07 0.93 0.85 0.79 
 
Taking account of the rearing costs decreased all efficiencies, and especially so for does with 
only a few lactations (Table 2.3.1.2), when the final nutrient value of the culled doe was not 
included. Including the latter resulted in an increase of efficiencies by roughly 0.02 units 
(Table 2.3.1.3). 

 

Table 2.3.1.2: Effects on efficiency of number lactations per doe (assumed average milk yield 
1200 kg/year), including doe rearing costs, assuming no energy or protein value for the doe at 
the end. 

No of lactations Total milk 
(kg) 

GE eff. ME eff. Prot. eff FCR 

      
2 2400 0.14 0.24 0.23 1.13 
3 3600 0.15 0.26 0.25 1.06 
4 4800 0.16 0.27 0.26 1.03 
5 6000 0.16 0.27 0.26 1.01 
6 7200 0.16 0.27 0.27 1.00 
7 8400 0.17 0.28 0.27 0.99 
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Table 2.3.1.2: Effects on efficiency of number lactations per doe (assumed average milk yield 
1200 kg/year), including doe rearing costs and  final energy and protein value for the doe. 

No of lactations Total milk 
(kg) 

GE eff. ME eff. Prot. eff 

     
2 2400 0.14 0.27 0.25 
3 3600 0.15 0.28 0.26 
4 4800 0.16 0.28 0.27 
5 6000 0.16 0.28 0.27 
6 7200 0.16 0.28 0.28 
7 8400 0.17 0.29 0.28 
 

Specific differences between breeds/genetic lines in the efficiency of energy and protein 
utilisation 

Digestive efficiency 

Considerable differences in DM digestibility may be recorded between local unimproved 
goats breeds (such the Black Bedouin) and improved international breeds (such as the 
Saanen; e.g. Silanikove, 1986), which is likely related to longer rumen retention times of 
digesta in Bedouin goats (Silanikove et al. 1993). For better quality forage (alfalfa), the lower 
digestibility observed in Saanen goats was more than offset by the considerably higher feed 
intake (and resulting higher performance) of Saanen, but that was not the case for low quality 
(i.e. high fibre, low protein) feed such as straw. No differences, however, were observed 
more recently between four contrasting goat breeds (Alpine, Angora, Boer and Spanish) for 
DM, OM, CP, NDF or GE on either a high concentrate or a high forage diet. (Tovar-Luna et 
al., 2007a,b) and also Urge et al. (2004) found that in these same genotypes OM digestibility 
was similar, independent of the proportion of concentrate in the diet. In general, digestibilities 
measured with one ruminant species are frequently applied to other species, sometimes after a 
correction for feeding level (see discussion under dairy cows). Although goats may have a 
reputation of being able to digest forages better than other ruminant species (e.g. Knights and 
Garcia, 1997), this is frequently based on experiments in which variation in digestibility was 
confounded with variation in diet composition (i.e. goats selected better parts from the diet on 
offer than cattle). After correction for such confounding effects, goats’ digestive ability was 
only marginally higher than that of sheep and, if anything, slightly lower than that of cattle 
(as reviewed by Tolkamp and Brouwer, 1993). At present, there is no convincing evidence 
for important differences between goat breeds in digestive efficiency, at least not when they 
are offered medium to good quality diets (Isac et al., 1994; Tovar-Luna et al., 2007a,b). 
Methane energy as a proportion of total energy intake decreases with increasing feed intake 
level in goats (Aguilera and Prieto, 1991), which would be an additional beneficial effect on 
energy efficiency of using highly productive genotypes. 
 
 
Maintenance requirements 
 
The literature shows considerable variation in estimated energy maintenance requirements of 
different goat breeds as estimated from regression of animal performance on variation in ME 
intake or vice versa. The work of Zemmelink et al. (1991) has shown, however, that most of 
this variation disappears when such data sets are analysed with the same model. There is 
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some evidence, as for other ruminant species, that specialised dairy goat breeds have higher 
maintenance energy requirements as measured from fasting heat production than meat breeds 
(Roy-Smith, 1980; Mohammed, 1982; Ketelaars and Tolkamp 1992; Tolkamp et al., 1994; 
Sahlu et al., 2004; Tovar-Luna, 2007a). Whether or not such differences can be explained by 
differences in body composition alone (as observed earlier for pigs and sheep), with dairy 
types generally being leaner than meat type goats, has, as far as we know, not been 
investigated. 
 
 
Other factors 
 
Considerable differences may exist under adverse environmental conditions between goat 
breeds in fertility (Bradford et al., 1989) with traditional dairy breeds (such as Saanen, 
Toggenburg and French Alpine) being more negatively affected than more adapted breeds 
such as Nubian and Granadina goats (Mellado et al., 2006; Mellado and Meza-Herrera 2002). 
Also under similar conditions, breed affects on fertility and litter size do exist (Amoah et al., 
1996; Goonewardene et al., 1997). Breed does not have an important effect on the shape (in 
contrast to the overall level) of lactation curves in dairy goats (Gipson and Grossman 1990). 
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2.3.2 Cows 

Modelling the effects of production level on efficiency of energy and protein utilisation 
and FCR 
 
Modelling assumptions 
For the modelling it was assumed that to maintain a cow during one year would require 2347 
kg feed, 25812 MJ ME and 170 kg CP. Milk was assumed to contain 3.0 MJ NE and 32 g 
protein and to require 5.0 MJ ME and 80 g CP to produce. A first model calculated effects of 
milk yield per year on efficiency for that year only (Table 2.3.2.1). 
 
 
Resulting modelled efficiencies 

Table 1: Effects of milk yield per year on energy and protein efficiency and FCR, taking no 
rearing costs into account 

Milk yield per year, kg 4000 6000 8000 10000 12000 
GE Efficiency 0.16 0.2 0.24 0.26 0.27 
ME Efficiency 0.26 0.32 0.36 0.40 0.42 
Protein Efficiency 0.22 0.26 0.29 0.30 0.32 
FCR 1.04 0.81 0.69 0.63 0.60 
 
 
There is a considerable effect of the total number of lactations when efficiencies are 
calculated to include rearing costs (assumed to be 3595 kg feed, 39540 MJ ME and 450 kg of 
CP; Table 2.3.2.2). A large part of the effects of lactation number on efficiency disappears, 
however, when the energy and protein value of the culled cow is included in the efficiency 
calculations. 
 

Table 2.3.2.2: Effects on efficiency of number lactations per cow (assumed average milk 
yield 8000 kg/year), including rearing costs, assuming no energy or protein value for the 
culled cow 

No of lactations Total milk 
(kg) 

GE eff. ME eff. Prot. eff FCR 

      
2 16000 0.18 0.28 0.23 0.91 
3 24000 0.20 0.30 0.25 0.84 
4 32000 0.21 0.32 0.26 0.88 
5 40000 0.21 0.32 0.26 0.78 
6 48000 0.21 0.33 0.27 0.76 
7 56000 0.22 0.34 0.27 0.75 
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Table 2.3.2.3: Effects on efficiency of number lactations per cow (assumed average milk 
yield 8000 kg/year), including rearing costs and the energy and protein value for culled the 
cow. 

No of lactations Total milk 
(kg) 

GE eff. ME eff. Prot. eff 

     
2 16000 0.20 0.32 0.27 
3 24000 0.21 0.33 0.27 
4 32000 0.22 0.34 0.28 
5 40000 0.22 0.34 0.28 
6 48000 0.22 0.35 0.28 
7 56000 0.22 0.35 0.28 
 
 

Specific differences between breeds/genetic lines in the efficiency of energy and protein 
utilisation 

 

Digestive efficiency 

It is generally assumed that energy digestibilities of feeds measured with sheep can be 
applied to dairy cows irrespective of breed or genotype, either after a correction that takes 
into account variation in intake levels (e.g. ARC, 1980; AFRC, 1993) or, according to a more 
recent analysis, a simple correction with 1% irrespective of intake level  (Agnew et al., 2004). 
Similarly, it is generally assumed that little between-cow variation in digestive efficiency 
exists, at least when intake is standardised (Custodio et al., 1983; Korver, 1988). Blake et al. 
(1986) concluded that Jerseys and Holsteins digested DM with similar efficiencies and Ferris 
et al (1999) found no differences in DM or energy digestibility between high and medium 
genetic merit cows for milk production. Ingvartsen and Weisbjerg (1993) found no 
significant differences in total tract DM digestibility in a comparison between Jerseys and 
Friesians, despite a higher intake relative to body weight and a higher digesta passage rate in 
Jerseys. More recently, Aikman et al. (2008) came to exactly the same conclusion in a 
comparison between Jerseys and Holsteins. No differences in energy digestibility between 
Holsteins and Jerseys were observed by Knowlton et al. (2010). Veerkamp and Emmans 
(1995) could not identify genetic variation for the digestion and metabolism of gross energy 
in dairy cows. However, although traits like feed intake and feed efficiency have been studied 
quite extensively, investigations into genotype effects on digestive efficiency of dairy cows 
proper are still scarce. Some studies suggest small differences in digestive efficiencies (at 
least for some levels of feeding) between strongly contrasting genotypes such as Boran and 
Holstein cows (Jenet et al., 2004). There are some recent suggestions that genetic differences 
in digestive efficiencies of cows has been underestimated (Berry et al., 2007) and there have 
been pleas for more research in this area (Horan et al., 2006). 

No consistent ranking of non-lactating dairy cows for methane release were found by 
Pinares-Patino et al. (2007) when different feeding levels were applied. No differences 
between dairy and beef breeds were observed in methane production by Boadi and 
Wittenberg (2002) under ad libitum or restricted feeding regimes.  Ellis et al. (2007) showed 
that methane production of beef and dairy cows can be predicted with very similar equations 
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based on feed characteristics alone. Munger and Kreuzer (2008) compared methane release 
per kg of DM consumed by Holstein, Simmental and Jersey cows and found (i) no effects of 
breed on this variable at all and (ii) no cows with consistently higher or lower than average 
methane yields. They concluded that the apparent lack of persistence of individual animal 
differences in methane yields suggests that genetic determination of this trait is of minor 
importance in dairy cows (Munger and Kreuzer, 2008). 

 

Maintenance requirements 

As shown by Birnie et al. (2000), maintenance requirement estimates of dairy cows are, as in 
other species (see, e.g. the relevant paragraphs on sheep and pigs) affected by body 
composition with the leanest animals generally recording the highest maintenance energy 
requirements per unit metabolic size (although rare exceptions to this rule exist; see e.g. 
Ortigues et al., 1993). As discussed under beef cows, effects of body composition may be 
involved in the frequently observed increasing estimated maintenance energy requirements 
with dairy merit of the breed. Also the genotype x nutrient allowance interaction effect on 
estimated maintenance energy requirements of cows of different breeds observed by Jenkins 
and Ferell (2007) is likely related to the effect of different maturities on such comparisons (as 
discussed in the relevant paragraph under sheep). Recent estimates of NE and ME for 
maintenance requirements of modern genotypes of dairy cows (e.g. Agnew et al., 2004) are 
considerably higher (by around 40%) than earlier estimates as used in most current 
international energy evaluation systems but these high estimates are controversial (e.g. 
Tolkamp and Kyriazakis 2009). 

 

Efficiency of energy and protein utilization proper 

At present, energy and protein evaluation systems for dairy cows do not incorporate any 
effects of breed/genotype on efficiency of energy and protein utilisation proper (e.g. ARC, 
1980; AFRC, 1993; Agnew et al., 2004. INRA, 1989; CSIRO, 1990; NRC 2001) and the 
same efficiencies of energy and protein utilisation are used across ruminant species such as 
cattle, sheep and goats (e.g. AFRC, 1993). Yan et al. (2006) concluded that Holstein Friesian 
and Norwegian cows utilised the ME with similar efficiency for milk production on both 
high- and low-concentrate diets. From calorimetric studies, Ferris et al. (1999) concluded that 
energy was utilised with similar efficiency for milk production in medium and high-genetic 
merit cows. Veerkamp and Emmans (1995) could not identify genetic variation in the partial 
efficiencies with which ME is converted to different products in dairy cows. 
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3 The feasibility of incorporating lifecycle nutrient efficiency traits into breeding 
programmes for farmed livestock species 
 
3.1 The feasibility of incorporating lifecycle nutrient efficiency traits into breeding 
programmes for ruminants  
 

Many non genetic farm technologies require ongoing investment of some sort to maintain the 
commercial benefit (e.g., dietary manipulation to improve fatty acid composition of milk). 
However, genetic improvement of a livestock population is effectively a permanent change 
and does not require additional or continuing resources.  

In designing a breeding programme, the definition of biological and economic efficiency, and 
their optimisation, is important. Efficiency can be defined as the ratio of output/input, with 
output and input given in a variety of units, biological, physical or financial. Using the term 
“efficiency” requires a clear definition, both of the term chosen and of the system studied. 
Definitions concerning nutrition and breeding are given and recommended with respect to 
primary and secondary traits as well as an overall selection index. A few examples are: (1) 
residual food intake (estimated energy in feed intake minus estimated energy requirements 
for production and maintenance; (2) feed efficiency; (3) economic efficiency, the net income 
per unit of product (Ostergaard et al., 1990). 

 

3.1.1. Feed utilisation efficiency and correlated impacts 

 

The pig and poultry industries have incorporated production efficiency in their selection 
programmes by including traits such as feed conversion (FCR) reducing the time and the 
amount of feed required to reach market weight. This improvement in efficiency of growing 
animals has a favourable effect on the emissions from these livestock industries per unit of 
product. These improvements have mainly been as a result of selective breeding AND 
improved feeding systems. For example, the time for a broiler to reach 2 kg has reduced from 
63 days in 1976 to 36 days in 1999 (McKay et al., 2000). Similar trends can be seen in pigs 
with Dutch Landrace improving feed efficiency from 3.5 (kg/kg) in 1930 to 2.8 in 1990 
(Merks, 2000). These genetic improvements have led to improved productivity parameters 
for livestock across all world regions, with improvements more marked in industrialised 
countries. For example, the world kg output/kg biomass of chicken meat has increased from 
1.83 in 1980 to 2.47 in 2005 and for pig meat has increased from 0.31 to 0.45 (FAO, 2006). 
Improving the efficiency with which animals convert feed into saleable product reduces the 
emissions by producing that livestock commodity with reduced inputs. 

Although feed utilisation is routinely considered in the selection programmes for pig and 
poultry species, due to the nature of many ruminant production systems, with less opportunity 
for intensive feed recording, the use of such traits in selection has been limited but there have 
been some examples. Herd et al. (2002) showed that there is a decreased enteric methane 
production per day in animals selected for reduced residual feed intake. Reduced residual 
feed intake is akin to selection for high feed efficiency as an animal is eating less but 
maintaining a similar growth rate (high net feed efficiency) and therefore less feed is required 
to produce a unit of output. Lines were divergently selected for high and low residual feed 
intake and showed no significant differences for most production traits. This shows the 



 58 

possibilities for selection of reduced GHG emissions through the selection of animals which 
use less feed and produce less methane than average to achieve a given level of performance. 

Traits related to the efficiency of absorption of dietary nutrients: Direct selection for 
efficiency of utilisation of the different components of the diet is difficult to achieve as many 
animal and feed parameters need to be collected. Work on these types of traits has mainly 
been at an experimental level. Ferris et al. (1999) showed that medium genetic merit (for 
production) Holstein-Friesian cows have higher nitrogen and methane emissions per unit of N 
and gross energy intake respectively than high genetic merit cows. This suggests that high 
genetic merit cows convert the energy and protein components of the feed more effectively 
than medium genetic merit cows. The estimates of heritability for residual feed intake (RFI) 
in growing beef animals are moderate (average 0.28; range 0.08-0.43) indicating the 
existence of genetic variations in the trait (see Herd et al. 2003 for review). Most genetic 
parameters for RFI were estimated in young cattle in feedlots. Information on RFI in 
breeding herds is very limited with few studies on adult cattle. Archer et al. (2002) reported 
an estimate of heritability for mature cows of 0.23. 

The feeding efficiency of the animal may also have an impact with low-RFI beef cattle eating 
less than expected for their live weight and growth rate. Angus cattle divergently selected for 
RFI currently attain the same growth rates but differ by approximately 15% in their voluntary 
feed intake (Herd et al. 2003). Not only may selection for low RFI have a favourable effect 
on energy nutrient efficiency, it may also impact on protein nutrient efficiency. Low RFI 
animals have been shown to have a reduced manure production (15% to 20% less compared 
to high RFI cattle) and also on the potential quantity of nitrous oxide liberated from these 
manures. This potential effect on nitrous oxide can be due to a reduction in the total N intake 
and a greater efficiency of capturing the dietary N (Hegarty et al. 2007).  

A selection experiment for low and high RFI in growing beef cattle has been carried out in 
Australia since mid 90’s. Results from this experiment not only confirmed that RFI can be 
genetically improved by selection but only provided interesting evidence on the association 
of RFI and other traits. The efficiency of beef production systems depend on many traits and 
the interaction among them, including the feed intake of the breeding herd and slaughter 
generation, growth traits, as well as other cow traits, such as mature size and reproductive 
rate (Archer et al. 1999).  

Cammack et al. (2005) reported a rather low heritability of 11% for RFI for ram lambs of a 
composite breed and 25% for their daily feed intake and 26% for their average daily gain. 
Francois et al. (2002) reported a more substantial heritability for RFI of 30% in ram lambs of 
a French composite breed with 43% for daily feed intake and 43% for average daily gain.  

Increasing the efficiency of production of meat animals reduces emissions per unit output. 
The studies of Mrode et al. (1990a,b) compared two strategies of selection on lean growth 
rate and food conversion ratio (FCR = daily food intake/growth rate). The increase in carcass 
lean and reduction in food conversion ratio with selection for lean growth were similar to the 
responses with selection for FCR (Mrode et al., 1990b) resulting in an overall improvement 
in FCR of 7% compared to a control line. However, growth rate was increased with selection 
for lean growth, but not with selection for improved FCR (Mrode et al., 1990b). Therefore, in 
terms of genetic improvement for feed efficiency and growth rate of the slaughter generation, 
selection for lean growth rate is preferable to selection for FCR, such that it is not necessary 
to measure food intake. However, their conclusions may not hold for maternal lines where 
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selection for lean growth rate is likely to lead to a correlated increase in mature feed 
maintenance/requirements. 

A further example of high vs. low efficiency animals can be seen with Langhill select and 
control lines of dairy cows. This herd has been selected for maximum production of kg milk 
fat plus protein (select group) or to remain at the UK national average for production (control 
group) and has been fed two diets of different energy density (high or low forage). In these 
data the select group have been shown to have 17% higher yield per lactation, and a 14% 
higher gross efficiency (Veerkamp et al., 1995). Further studies of the data showed 
significant differences in how cows lost and regained body energy throughout lactation to 
support production resulting in the higher gross efficiency, with select group cows on the 
high forage diet losing the greatest amount of body lipid over three lactations (Coffey et al., 
2004). However, it must be noted that the select group of cows achieve this higher efficiency 
by utilising body energy reserves to support lactation. Although utilising body reserves to 
support lactation has a favourable effect on methane emissions within the first lactation, it is 
likely that the longer term reliance on body energy reserves to support lactation will have a 
longer term unfavourable biological effect and impact on health, fertility and other “fitness” 
traits in the dairy cow (Friggens and Newbold, 2007; Garnsworthy et al., 2008). Poorer health 
and fitness in the dairy herd will affect overall systems (and lifetime) nutrient efficiencies as 
more followers will be required to maintain the herd size as more dairy cows may be culled 
involuntarily and need to be replaced. However, as shown in section 2, if this nutrient energy 
from the culled animals is “repaid” to the farming system this difference may be negligible.  

Further examination of the metabolic turnover of nutrients in animals may be required to 
understand the underlying biological differences between high producing animals in their 
feed utilisation and lower genetic merit animals.  

A theoretical study, as part of Defra project IF0149 (Determining strategies for delivering 
environmentally sustainable production in the UK ruminant industry through genetic 
improvement) explored the impact of adding feed efficiency traits into the economic indices 
of beef and sheep breeds in UK production systems. These results showed large net incomes 
were obtained when genomic selection was applied simultaneously with the inclusion of 
survival and RFI in the breeding goals in both maternal (62% - 80%) and terminal (33% to 
47%) beef breeding programmes. Net farm income benefits in the sheep breeding 
programmes were also beneficial but smaller in magnitude. Although the net farm income 
was improved the overall net on farm returns showed that their implementation was not 
economically viable in all cases until genotyping costs reduce, as they are expected to do. 

 

3.1.2. System nutrient efficiency  

 

Many “fitness” traits have been shown to have a genetic component demonstrating there is 
scope to improve them via genetic selection. Broader breeding goals that seek to select 
animals on an optimal combination of production and fitness traits can help to optimise 
nutrient efficiency in the livestock. However, many of these traits improve overall system 
nutrient efficiency by assuming that the value of cull animals has no energy value to the 
system. In theoretical terms, a cull animal from which products are produced (e.g., selling old 
culled dairy cows for pet food production) means that the energy that went into growing that 
animal, and maintaining it while it was part of the breeding herd, has an end purpose and 
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therefore is not “wasted” or “lost”. However, in real terms the “economic” value of culled 
animals means that an involuntary decision to cull an animal (e.g., for poor health and 
fertility) is seen as a system loss. Therefore looking at things in terms of economic efficiency 
as opposed to nutrient efficiency may result in a slightly different objective being formed. 

Selection for improved fitness traits (lifespan, health, fertility) will help to improve nutrient 
efficiency by reducing wastage of animals. Improving lifespan in dairy cows and breeding 
beef cows and ewes will improve the efficiency of the system by reducing the number of 
followers required to maintain the herd at a given size.  

 

Improving health and fertility will reduce involuntary culling rates and thereby reduce 
emissions from dairy systems and beef and sheep systems (increased maternal survival) by 
reducing the numbers of followers required to maintain the herd at a given size. Improving 
fertility will reduce calving/lambing intervals and inseminations resulting in shorter 
dry/unproductive periods. This reduces management costs as well as emissions. Garnsworthy 
(2004) estimated, via modelling, that if cow fertility was restored to 1995 levels from 2003 
levels, methane emissions from the dairy industry would reduce by 10-15%, mainly due to 
reduced follower numbers. Selection for health should reduce treatment costs (and lower 
antibiotic use), reduce inefficiencies from produce withdrawal during treatment and reducing 
emissions by maintaining the productivity level of the animal (which is reduced during 
periods of poor health), all of which contribute to reduced emissions, as well as count to 
improving animal welfare.  

Improving calving/lambing and maternal traits will reduce emissions by improving survival 
of offspring during the peri-, neo- and post- natal periods. This will reduce wastage in a 
farming system, thereby improving system wide nutrient efficiency as well as improving calf 
and dam welfare and survival. 

 

3.1.3. Considering nutrient efficiency in ruminant breeding goals. 

 

Broader breeding goals have become the norm in many livestock species, usually 
incorporating production and "fitness" (health, fertility, longevity) traits. Breeding goals can 
be built in a number of ways including the popular method of weighting traits by their 
relative economic value (REV). These REV's tend to be calculated by estimating the 
economic benefit to the system of a unit change in the traits being examined. A lot of the 
example traits given earlier have been incorporated into indices for particular livestock 
sectors. However, livestock industries have more recently needed to consider societal views 
of aspects of farming systems, including issues such as welfare, biodiversity, food safety, 
health properties and environment. 

Many traits described earlier, including those routinely included in current selection indices, 
have an impact on the nutrient efficiency on the animal and the farming system. They also 
have a cost implication in terms of the (feed) energy required to maintain breeding animals 
and fuel production. Many of the breeding goals have been developed with feed utilisation 
components, some more complex than others and these models could be adapted to consider 
lifetime nutrient efficiency. Farm models could be used to model the nutrient efficiency of 
animals and from a livestock system and the effect that a change in a trait (e.g., fertility) 
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would have on overall nutrient efficiency. This is similar to the framework used to estimate 
REVs and weightings ("relative environmental values") derived could be used to express the 
nutrient efficiency of alternative breeding goals and objectives.  

 

3.1.4. Considering genotype * environment interaction with regard to nutrient efficiency in 
ruminant breeding goals. 

This study has examined the extent to which there is genetic/breed variation in nutrient 
efficiency in livestock species. However, there is undoubtedly a large nutritional component 
with much research on the differences between diets in how they are utilised by ruminant 
animals. However, little work has been done on the potential role of genetics on nutrient 
efficiency, particularly considering the role of genetics in the whole farming system and it's 
interaction with including feeding strategy and management policies (e.g., energy balance, 
housing periods, replacement strategy, economic value of cull animals).  

Selection indices have tended to be expressed in terms of a generalised system representative 
of the “average” farm. The system parameters and relative economics will also differ from 
production type to production type. For example, recent work has shown that the economics 
of body tissue mobilisation differs depending on the calving system employed (spring vs. 
autumn) due to the different costs of feed at grazing opposed to winter feeding (Wall et al., 
2008).  

Many of the data that have driven the exploration of nutrient efficiency in ruminant systems 
have focussed on more commercial breeds (growing) of a animals in indoor 
experimental/testing facilities usually on a higher energy diet. There is gaps in data that 
explores the role of less numerous/local breeds and considering a range of diets, including 
grazing on pastures of different quality. This is largely due to a lack of easy recording 
systems to undertake such studies accurately. This may be an important gap in knowledge in 
the role that breeds that may be seen a valuable for conversion in playing their part in 
development of nutrient efficiency systems of production across the range of farming systems 
that will exit in the future.  
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3.2 The feasibility of incorporating lifecycle nutrient efficiency traits into breeding 
programmes for pigs  

 
In pig breeding, selection for nutrient efficiency has to be carried out differently for growing-
finishing pigs and breeding sows, due to two main different performances (growth versus 
reproduction), different metabolism (growing versus mature animals), different breeding 
programmes, etc. In pig production, growing finishing pigs are the result of crossing a sire 
line (with emphasis on production performances such as growth, leanness, feed efficiency) 
with a crossbred dam line (with emphasis on both production and reproduction performances 
such as, growth rate, piglets born alive, survival of piglets, rebreeding interval, longevity of 
sows, etc.). 
 
The nutrient efficiency is determined by several components, which may be genetically 
improved separately or by combined traits such as feed conversion ratio. In the following the 
selective ability of important component traits are described in detail, within each component 
trait firstly for growing finishing pigs and secondly for sows. 

 

3.2.1 Digestive efficiency 
 

Based on the review presented in section 2.1.5 there is no evidence that modern pig 
genotypes showed genetic differences in efficiency of energy and protein digestibility in 
growing-finishing pigs. For sows, there may be small difference between local compared to 
modern pig breeds, because the digestive tract is larger and develops earlier in local breeds. 
The low differences between breeds may be due to the fact that selection has not been on the 
difficult to measure trait digestive efficiency or that during evolution the most efficient 
digestive ability has been developed. Further research on genomics of digestive efficiency is 
necessary to get more insight into the genetics of digestive efficiency in pigs.     

 

3.2.2 Maintenance requirements 

Using Fasting Heat Production (FHP) as indicator for energy maintenance requirements, the 
literature review in section 2.1.5 suggests that there are differences between breeds. In 
particular, animal behaviour may be directly associated with energy requirements for 
maintenance. Several studies have shown that animal behaviour is highly heritable (e.g. Von 
Felde et al., 1996; Schulze et al., 2003 using feed intake behaviour; Turner et al., 2008,2009; 
D’Eath et al., 2009 using aggression of pigs) and therefore behavioural traits may be used as 
indirect selection traits to reduce maintenance requirements and improve animal welfare.   

  

3.2.3 Efficiency of utilisation of energy and protein 

Based on the literature review, there are substantial difficulties to measure the efficiency of 
utilisation of energy and protein for lipid and protein deposition. Therefore, there has to be 
developed better selection criteria (measured on large number of animals) before a genetic 
improvement for these traits is possible. Identification of QTL associated with utilisation of 
energy and protein may be a tool to improve efficiency of utilisation of energy and protein.     
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3.2.4. Body composition 
 

Body composition has a high impact on nutrient efficiency because fat tissue growth requires 
at least four times more food energy than lean tissue growth due to differences in water 
content and metabolism (Whittemore, 1993; van Milgen and Noblet, 2003). Selection for 
reduction in fat tissue and increase in lean tissue has been very successful in pigs, decreasing 
backfat thickness from 3.2 to 1.9 mm and increase in loin muscle area from 40 to 60 cm2 
(Roehe et al., 2003). In particular, the heritability of backfat thickness is high whereas those 
for lean tissue are moderate (Schulze et al., 2001 and 2002). Furthermore, there have been 
detected several QTL of body compositions (e.g. Mohrman et al., 2006; Duthie et al., 2008 
and 2009). However, the optimal fatness of several dam and sire lines may already achieved 
by selection so that further reduction in fatness to improve nutrient efficiency may not be an 
option for most modern pig breeding lines.     

 

3.2.5. Growth rate 
 

Improvement of growth rate will substantially improve nutrient efficiency per kg product 
because of the reduction in the growing-finishing period and thus reduction in maintenance 
requirement due to the time the animals will be finished earlier. Table 2.1.5.2 shows that feed 
conversion ratio improves substantially by increase in growth rate and thus reduction in age 
at slaughter. Growth rate has a moderate heritability (e.g. Eissen 2000; von Felde et al., 1996, 
Schulze et al., 2003). In particular increase in lean growth rate will further improve the 
nutrient efficiency as measured by FCR.   

 

3.2.6. Feed intake and appetite 
 

Feed intake has been reduced in breeding lines selected for lean tissue, because of a negative 
correlation between feed intake and lean tissue. Reduced feed intake capacity may be the 
limiting factor for further genetic improvement of growth rate, in particular at early stage of 
growth (Webb, 1998; van Milgen and Noblet, 2003) and thus reduce the further opportunity 
to improve nutrient efficiency. However, voluntary feed intake may be driven by energy 
needed for maintenance requirements and protein and lipid deposition (Emmans, 1997). To 
optimize feed intake capacity by selection, considering protein as one main driver for feed 
intake, De Vries and Kanis (1992) developed a bioeconomic growth model using Whittemore 
and Fawcett’s (1976) linear-plateau model of protein deposition. Consequently, the 
improvement of feed efficiency by optimization of feed intake capacity with respect to 
protein deposition curve (considering a minimum lipid deposition) is expected to efficiently 
improve nutrient efficiency as measured by FCR (Roehe et al., 2002 and 2004).   

 

3.2.7. Feed efficiency 
 

Direct selection for feed efficiency, calculated as a ratio of daily feed intake to daily gain, 
results in disproportional selection pressure (depending on selection intensity and the genetic 
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parameters) on its two components so that a genetic change is unpredictable (Gunsett 1984; 
Krieter and Presuhn 1986). Consequently, selection for feed efficiency is inefficient. This 
inefficiency may have not been recognized in the past, because most of the improvement of 
feed efficiency was due to reduction in backfat thickness, which now approached its optimum 
in populations largely selected for lean content. In addition, growth rate has been improved 
substantially due to breeding, which improved feed efficiency.       

 

3.2.8. Animal reproductive performance 
 

Sow productivity by improving of number of piglets born or piglets born alive are lowly 
heritable but have been very successful because of the high variation in these traits (Su et al., 
2008; Wolf et al., 2009, Kapell et al., 2009) and will improve nutrient efficiency per 
produced piglet. However, piglet mortality has increased due to selection for number of piglet 
and therefore selection for piglet survival is expected to improve number of weaned piglets 
and nutrient efficiency per weaned piglet without high nutritional loss due to loss of piglets 
(Su et al., 2008; Baxter et al., 2009; Roehe et al., 2009).   

 

3.2.9. Longevity 
 

As shown in section 2.1.5, nutrient efficiency improves with increase in number of parities 
per sows and thus longevity. Based on a literature review, Serenius and Stadler (2005) 
concluded that sufficient genetic variation exists for effective selection on longevity, and 
heritability estimates ranged between 0.02 and 0.25. Traits genetically associated with 
longevity such as leg conformation can be used to improve the accuracy of estimation of 
breeding values for longevity and thus its genetic progress.  
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4. General discussion and conclusions 

4.1 Overview and discussion of breed/genetic line effects on efficiencies in different 
production systems 

4.1.1 Modelled effects of productivity on energy and protein efficiencies 

It is evident from the review that there are considerable breed/genotype effects on energy and 
nutrient efficiency as a direct result of differences in productivity. That includes, first, 
productivity in terms of growth rate and level of milk and egg production in the animals 
providing the end product for human consumption. These effects are largely a result of 
utilising consumed energy and protein to a larger extent for energy and protein retention (in 
growth, milk or egg yield) and to a lesser extent for maintenance. For many production 
systems, also breed/genotype effects on productivity of the breeding population (i.e. in terms 
of fertility, mortality, longevity and disease resistance) can have considerable effects on 
energy and nutrient efficiency of production systems as a whole. This is especially the case 
when (a large proportion of) breeding animals do not themselves enter the food chain. When 
most breeding animals are culled and slaughtered, however, that is much less the case. 

It should be emphasised here that that is so in terms of energy and nutrient efficiency, which 
does not (necessarily) correspond with economic efficiency. This is a result of the fact that a 
MJ of energy and a kg of protein in breeding animals (e.g. a sow) generally has a much lower 
value than the same in animals directly produced for consumption (e.g. pigs grown for 
slaughter at a relatively young age). 

For most production systems, breeding programmes already include one or more productivity 
traits in their selection indices. These have had, therefore, a beneficial effect on energy and 
nutrient efficiencies of such production systems (and are expected to have similar effects in 
the future as well). 

Many selection programmes also include traits in relation to product composition, most 
importantly the lean : lipid ratio in the product. An increase in the lean : lipid ratio will 
generally have a very beneficial effect on FCR because of the relatively low energy costs of 
depositing 1 g of lean compared to 1 g of lipid. A lower FCR is also of great economic 
importance. However, the effects of such traits on energy and protein efficiency are not 
immediately clear. It is evident that selection for higher lean : lipid ratio will be beneficial for 
the efficiency of protein utilisation if it is associated with partitioning a larger proportion of 
consumed feed protein to retention, for reasons discussed above. The effects on energetic 
efficiency per se, however, could well be more variable, or even negative. The amount of 
metabolisable energy required to retain a gram of protein does not differ much from the 
amount of ME required to retain a gram of lipid (most estimates vary around 53 kJ/g; see e.g. 
Whittemore, 2006). Because the net energy NE content of protein is lower than that of lipid 
(around 24 compared with around 40 kJ/g), leaner genotypes are expected to be less 
energetically efficient that fatter genotypes when they retain the same amount of NE relative 
to maintenance requirements. 

A comparison of energy and protein efficiencies of the different production systems (Table 
2.4.1) shows that broiler production systems are the most efficient and lamb and beef 
production systems the least. Although not the subject of the current review, it should be 
emphasised that this is so for the definitions of energy and protein efficiency used in the 
present report. The situation would be very different if efficiency was defined as the amount 
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of energy or protein in animal product divided by the amount of feed energy and protein that 
is suitable for human consumption. In some production systems, such as those with broilers, 
this would have a limited effect on efficiency estimates as shown in this report because a 
major proportion of feed energy and protein consists of grains and protein meals that are 
directly suitable for human consumption. However, in other systems, especially ruminant 
production systems based largely on forage, such an efficiency would be considerable higher 
than those listed in Table 2.4.1  (values could even exceed 1.0; Van Es, 1975).  

 

Table 2.4.1. Summary of average gross energy (GE), metabolisable energy (ME) and crude 
protein (CP) efficiencies and feed conversion ratios (FCR) of ten production systems. 

Species Production GE eff. ME eff CP eff FCR 
      
Broiler 36 d to slaughter, no rearing costs 0.28 0.41 0.52 1.69 
Turkey 126 d to slaughter, no rearing costs 0.19 0.30 0.48 2.46 
Geese 98 d to slaughter, no rearing costs 0.27 0.45 0.30 3.26 
Ducks 42 d to slaughter, no rearing costs 0.29 0.44 0.40 2.41 
Pigs 22 wks to slaughter, 4 litters of10 piglets 0.21 0.31 0.31 2.99 
Sheep 1.72 lambs/litter, 4 litters 0.06 0.10 0.09 10.4 
Beef 4 calves/cow 0.06 0.12 0.10 10.4 
Layers 300 eggs/hen, including rearing costs 0.14 0.23 0.25  
Goats 1200 kg milk/lactation, 4 lactations 0.16 0.28 0.27  
Cows 8000 kg milk/lactation, 4 lactations 0.22 0.34 0.28  
      
      
 

 

4.1.2 Digestive efficiencies 

For monogastrics, there is some evidence for breed/genetic line effects on digestive 
efficiency, although there is a lack of data for some species. Comparisons between layer, 
broiler and dwarf genotype type chickens sometimes show small differences in the amounts 
of ME extracted per kg feed but such comparisons are frequently confounded with effects of 
animal size and feeding level. Even genetic lines of broilers divergently selected for lean and 
lipid growth or between ‘efficient’ and ‘inefficient’ layer lines are usually observed to extract 
very similar amounts of ME per kg feed. Recent research has suggested, however, that 
selection for digestive efficiency per se can be effective perhaps, although it may be 
associated with other changes, e.g. in body composition. 
 
Also in pigs, statistically significant differences in energy digestibility are sometimes 
observed. Such differences are usually (but not universally) recorded especially when local 
and relatively unimproved pig breeds are compared with international improved pig breeds 
fed on poor quality (especially: high-fibre), but not on high-quality, diets. There is scant 
evidence for important differences between such breeds in enzymatic digestion and any 
differences are usually related to a larger/earlier developing lower tract in local breeds 
resulting in slightly higher total-tract digestibilities as a result of lower-tract fermentation. 
The possible effects of differences in digestive efficiency on total efficiency at the animal 
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level are very small compared to the efficiency gains that can be made by improving 
productivity. No convincing evidence was found in favour of important differences between 
improved pig genotypes fed high quality diets in modern production systems. 
 
In ruminants it is generally assumed that feed digestibilities measured with one species 
(usually sheep) can be used (sometimes after a correction, e.g. related to variation in intake 
level) to other species (such as dairy cows or goats). There is, again, some evidence for breed 
effects on digestive efficiency in ruminant species, especially when local unimproved breeds 
are compared with international improved breeds and when animals are fed low quality (but 
not high quality) diets. Most comparisons of currently common breeds, however, have not led 
to the view that there are important breed/genotype effects on digestive efficiency in 
ruminants. 

There has been an increase in interest in recent years in a specific aspect of digestion in 
ruminants as far as that is related to the emission of methane by gastrointestinal micro-
organisms. In the previous chapter, only limited attention has been given to the relevant 
literature in this respect and that is the reason we have devoted the next paragraph to that 
subject entirely. 

 

4.1.3 Breed/genotype effects on methane release 

It has been established by several research groups that within-animal variability in methane 
production is high. Blaxter and Clapperton (1965) reported highly significant differences in 
methane emissions between individual sheep fed the same diet when compared to the day to 
day variation in any individual sheep. However, Munger and Kreuzer 2008 did not find any 
consistent differences in methane emissions per unit of intake between three breeds of dairy 
cows. Similarly Blaxter and Clapperton (1965) failed to detect significant differences in 
methane emissions from six different breeds of sheep, when intake was adjusted based on 
metabolic body size. Nevertheless, individual animals with extremely low rates of methane 
energy loss have been identified on both feedlot and pasture diets (Johnson et al. 1991; Joblin 
1999). Indeed in grazing sheep consuming the same amount of dry matter Lassey et al. 
(1997) noted that daily methane emissions varied from 16 to 22.5 g between the 4 lowest and 
highest emitters respectively. Several studies (Robertson and Waghorn 2002; Pinares et al. 
2003; Goopy et al. 2006) have presented evidence that such differences in methane yield 
persist over time, although other studies could not confirm this (Pinares et al. 2005; Munger 
and Kreuzer, 2008). Vlaming et al (2008) suggested that diet might affect the repeatability of 
measurements and that in many studies the precision of the measurement techniques being 
used might prevent differences being detected. 
 
As early as 1966, Hungate noted that between-animal variation in digestion, fermentation 
and, in particular, rumen turnover rate offered an opportunity to select ruminant livestock for 
increased productivity (Hungate 1966).  A strong association between methane production (% 
of gross energy intake) and rumen retention time (RRT) was observed in sheep by Pinares et 
al. (2003), with RRT explaining 57% of the between-sheep variation in methane emission. 
Pinares et al. (2007) subsequently also confirmed that cows with a low retention time of 
particles in the rumen produce less methane per unit of intake. In humans, there has been 
extensive study of methane formation due to concern about hind-gut fermentation and the 
incidence of colitis (King et al. 1998). These studies routinely partition the human population 
into methane producers and non-methane producers and only some 28-50% of people in 
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western societies produce methane (Pitt et al. 1980; McKay et al. 1985; Doré et al. 1995). 
Flatz et al. (1985) determined the heritability of methane excretion using 228 adult twins (h2 
= 0.42) and demonstrated that the inheritance of methane production was controlled by a 
multi-factorial system, not regular Mendelian inheritance. While there is a strong dietary 
effect on methane production, Pitt et al. (1980) showed methanogenesis could not be induced 
in non-methane producing people by a lactulose dose which generally promotes 
methanogenesis. A major determinant of whether people produce methane or not are the 
mean retention time (MRT) of digesta in the gastrointenstinal tract, which has a large effect 
on the intestinal populations of methanogens and their competitors. El Oufir et al. (1996) 
observed that 58% of the variance in faecal methanogen numbers was explained by MRT. 
While factors other than MRT also influence the pattern of fermentation, the human example 
provides a clear indication that GIT fermentation may differ greatly between individuals and 
that fermentation characteristics are heritable. Guan et al (2008) and Zhou et al (2009) have 
shown that both the structure of total bacterial population and the methanogenic archeal 
population, respectively, were significant different between high methane and low methane 
producing cattle. However the extent to which the basis of such a change in the rumen 
microbial population is genetic is unknown and Yanez et al (2010) have shown that early life 
nutrition can also significantly affect the microbial population developing in the rumen. 
 
 

4.1.4 Maintenance requirements 

Comparisons of the net energy for maintenance requirements, generally estimated from 
resting fasting heat production, of different breeds/genetic lines are fraught with a number of 
methodological issues (see the discussions in the relevant sections, especially under pigs and 
sheep). These relate specifically to the most appropriate manner in which maintenance 
requirements of different breeds are compared (at the same age, the same weight, the same 
maturity? How to account for differences in body composition?).  Most of the reviewed data 
are consistent with the view that observed differences in NE estimates for maintenance tend 
to diminish or disappear altogether when these take account of the actual protein (or lean) 
size as well as the mature protein (or lean) size. This view is consistent with the approach 
taken by Emmans (1994; 1997) that actual and mature protein sizes can account for (most of) 
the variation between breeds/genotypes and even between species in maintenance NE 
requirements. 

However, even if there seems to be very little effect of breed/genetic line on estimated NE for 
maintenance as estimated from resting animals in a thermoneutral environment, this does not 
necessarily mean that also the metabolisable energy for maintenance is unaffected by 
genotype under farm conditions. There is evidence, especially from chickens and pigs, that 
there is some real variation in ME requirements for maintenance that is related to differences 
between genotypes in a number of behavioural or physiological characteristics. Although the 
present evidence is not entirely conclusive, variation in energy requirements for maintenance 
have been associated with differences between genotypes in, especially, level of activity and 
the opportunities for body temperature regulation (as affected by feather cover in poultry). 
Such differences have been observed in studies that analysed variation between genotypes in 
residual feed intake, although that is not universally the case (compare e.g. the relevant 
sections under broilers and layers). 
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4.1.5 Efficiency of energy and protein utilisation ‘proper’. 

For poultry and pig production systems there is at present no convincing evidence of 
important breed/genetic line effects on the efficiency of energy utilisation for protein and 
lipid retention proper when differences in body composition have been taken into account. 
Reports of differences in efficiency of protein utilisation between lean and fat genetic lines 
are frequently confounded because different genotypes were fed the same diets (which will 
have resulted in ‘protein-overfeeding’ of the fat genotypes) and cannot be considered as 
evidence for breed effects on the efficiency of protein utilisation proper. Well-conducted 
studies with contrasting pig breeds have reached the conclusion that as long as protein 
overfeeding does not occur, there are no important differences between very different 
genotypes in the efficiency of feed protein utilisation for protein retention proper. Several 
studies suggest that even across species, there is very little variation in the material efficiency 
of protein utilisation proper and the energetic efficiency proper of protein and lipid retention 
(Emmans, 1994; 1997). Current energy and protein evaluation systems all assume that, at 
least within species, efficiencies for protein and energy utilisation proper can be applied 
across breed/genetic lines. 

There are a very limited number of studies that suggest there might be genetic differences, 
e.g. at the level of mitochondrial oxidative metabolism, that could affect efficiency of ATP 
production. Although at present there is no convincing evidence that this results in important 
differences in energetic efficiency at the level of the animal as a whole, it is possible that 
more information in this area will become available in the near future. 

 

4.1.6 The use of FCR and RFI 

As indicated above, the use of FCR in selection programmes has had a large beneficial effect 
on the economics of animal production systems and has usually been associated with 
improvements in energy and nutrient efficiencies as well. FCR’s are, however, affected by a 
large number of factors and the use of ratio traits for genetic selection may cause problems 
associated with prediction of change in the component traits in future generations (Hoque and 
Suzuki, 2009). Residual feed intake (RFI) is a measure of feed efficiency that is independent 
of animal size and level of production, such as and growth or milk yield. For that reason, 
there is considerable interest in using this efficiency measure as a useful new trait in selection 
programmes for a variety of production systems. Herd and Arthur (2009) identified five 
major physiological processes that are likely to contribute to variation in RFI. These are very 
similar to the processes that have been discussed in the present report, namely level of feed 
intake, digestion of feed, metabolism (anabolism and catabolism, including differences in 
relation to variation in body composition), physical activity, and thermoregulation. At 
present, the physiological mechanisms identified as affecting RFI are based on relatively few 
studies, some with small sample sizes, and the genomic basis of variation in these 
physiological processes remains to be determined (Herd and Arthur, 2009). For that reason, it 
is not easy to predict exactly how improvements in RFI, will affect energy and nutrient 
efficiency. It is evident, however, that improvements in RFI resulting from changes in 
digestion, physical activity and thermo-regulation (as well as several other variables) can be 
expected to also have a beneficial effect on energy and nutrient efficiency. It is likely that 
many hundred genes are associated with differences in RFI and further research is needed to 
link physiological with molecular genetics information before it can become a basis for 
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commercial tests to identify genetically superior animals (Herd and Arthur, 2009) and 
determine the precise effects on energy and nutrient efficiency. There is some theoretical 
evidence that selection for RFI will have the additional benefit of reducing greenhouse 
emissions by livestock but Arthur and Herd (2005) observe that it is still a challenge is to 
generate the necessary empirical data to support this assertion. 
 
4.2 Incorporating efficiency traits in breeding programmes 
 
At present, traits are included in breeding programmes for economic reasons alone. It is 
evident from the review that improvement in most traits that are currently part of selection 
programmes for economic reasons alone will also have a beneficial effect on nutrient 
efficiency. That is valid not only for traits directly related to the production process, such as 
daily gains or the output of eggs or milk but for all other traits that cause variation in ‘feed 
wastage’ as a result of low fertility and fecundity, mortality, disease, etc. The issue whether 
or not traits could be incorporated into breeding programmes with the specific aim of 
increasing nutrient efficiency then boils down to three questions: 
1. Are there traits that are currently used in breeding programmes that have a negative 
effect on nutrient efficiency? 
2. How do traits that are not currently part of breeding programmes but that 
could/should be part for economic reasons alone affect nutrient efficiency? 
3. Are there traits that are not currently part of breeding programmes for economic 
reasons but that are relevant for nutrient efficiency reasons alone? 
These will be briefly discussed below. 
 
4.2.1 Are there traits that are currently used in breeding programmes that have a 
negative effect on nutrient efficiency? 
 
Although it is frequently assumed that a decrease in FCR, commonly used in current breeding 
programmes (especially for monogastrics), will have a beneficial effect on nutrient 
efficiency, that may not always be the case. As discussed, a shift in the ratio of lean to lipid in 
animal growth, although highly beneficial from an economic point of view, may not always 
have a beneficial effect on nutrient efficiency because of the lower partial energetic 
efficiency for protein retention compared to that for lipid retention. That hardly affects FCR, 
as a result of the beneficial effect on FCR of all the water that is retained with protein growth. 
These discrepancies can be avoided by using a more appropriate model for the estimation of 
RFI (in this case the separation of daily gain in lipid and lean gains). The effects on energetic 
efficiency are expected to be small, however, and improvements in terms of FCR as a result 
of increases in the ratio of lean to lipid deposition will remain highly desirable from an 
economic as well as human nutrition point of view. For other routine biological traits 
considered in genetic improvement programmes, both production and efficiency traits that are 
relevant from an economic point of view would appear to have a positive effect on nutrient 
efficiency.  
 
4.2.2 How do traits that are not currently part of breeding programmes but that 
could/should be part for economic reasons alone affect nutrient efficiency? 
 
At present, traits related to feed efficiency are not commonly part of breeding programmes 
for ruminants, mainly as a result of the costs associated with intake measurements. There is, 
however, some evidence that the use of FCR (or perhaps rather RFI) as an additional trait in 
breeding programmes could have substantial economic benefits. Although at present the 
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exact underlying biological mechanisms that result in variation in RFI are not always well 
established, improvements in RFI can be expected to result in improved nutrient efficiency as 
well. This would be an additional argument for including such traits. The main problem, as 
stated above, is the costs associated with measuring intake and improved cheap 
methodologies to do that would undoubtedly stimulate inclusion of FCR/RFI into breeding 
programmes for ruminants. 
 
It should be noted that some newer traits that could be included in breeding programmes may 
have an influence on nutrient efficiency, which have not yet defined. Examples include traits 
that relate to the composition of the product (e.g., fat:lean content, milk protein content, fatty 
acid composition). Selection on such traits is likely to influence the manner in which animal 
partition nutrients towards different biological functions/products. This may have an 
influence on the efficiency of nutrient utilisation overall.  
 
Other traits which may impact on the efficiency with which animals utilise nutrients include 
immune response traits. The mechanism by which these traits may influence nutrient 
utilisation is that selection for improved immune function/disease resistance is likely to 
change the manner by which animals partition energy to their immune system and away from 
growth. Understanding the relationships on the biological pathways that partition energy in 
the animal is an important step in understanding the lifetime energy utilisation of an animal. 
 
4.2.3 Are there traits that are not currently part of breeding programmes for economic 
reasons but that are relevant for nutrient efficiency reasons alone? 
 
The literature review has highlighted that, with a few possible exceptions, the variation 
between genotypes in the partial processes such as digestion and efficiency of energy and 
protein utilisation proper as currently estimated is small. Some variation in ME for 
maintenance requirements between genotypes does seem to exist, mainly as a result of 
variation in activity level and (in birds) variation in feather cover that affects the animal’s 
temperature regulation energy costs. This can probably be exploited but any variation in ME 
requirements for maintenance will be automatically covered by breeding programmes that 
include FCR or RFI as traits. 
 
Enormous progress has been made in the selection of animals for specific traits using 
traditional quantitative genetics approaches. Nevertheless considerable variation in 
phenotypes remains unexplained, and therefore represents potential additional gain for animal 
production. In addition, the paradigm shift in new technologies now being applied to animal 
breeding represents a powerful opportunity to prise open the “black box” underlying the 
response to selection and fully understand the genetic architecture controlling the traits of 
interest. These arguments particularly apply to complex traits such as energy partitioning. 
Unravelling the complexity behind polygenic traits is known as systems biology. A move 
away from traditional approaches of animal breeding toward systems approaches represents a 
multitude of exciting opportunities for animal breeding going forward as well as providing 
alternatives for overcoming some of the limitations of traditional approaches such as the 
expressed phenotype being an imperfect predictor of the individuals true genetic merit, or the 
phenotype being only expressed in one gender or late in the lifetime of an animal. The use of 
genomic information to understand the genetic regulation of complex and/or novel traits 
provides great opportunity. 
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Genomics is the study of the structure, function and intragenomic interactions within the 
genome. The potential of genomics in animal breeding relies on the ability to identify the 
causative mutation giving rise to a difference in phenotype, or to identify a linked genetic 
marker, and to use the polymorphism in a breeding program with the appropriate breeding 
goal. Possibly one of the greatest benefits of genomics in animal breeding is that genomic 
DNA is available from an animal at any age as well as being available from both genders. 
Knowledge of the “ideal genotype” and the genotype of every animal can facilitate increased 
genetic gain through a combination of altering accuracy of predicted EBVs and the 
generation interval.  
 
Early work on the utilisation of genomic information in breeding programmes focussed on 
the development of genetic tests (e.g., CVM, BLAD in dairy bulls, Scrapie in sheep) and 
more recently on the development of marker panels (up to 10s of markers) for specific traits 
that may be difficult to record (e.g., meat tenderness). However, with the limited numbers of 
markers of interest and the complexity and cost in identifying regions of the genome that 
impacted on quantitative traits (quantitative trait loci, QTL) the further development of 
should tests has been surpassed with the introduction of high density marker (SNP) panels. 
This had led to the development of theoretical approaches to selection based on this 
information, coined genomic selection.  Genomic selection, as we have come to know it was 
first described by Meuwissen et al. (2001) and has been described as “the most promising 
application of molecular genetics in livestock populations since work began almost 20 years 
ago” (Sellner et al., 2007). It is based on the simultaneous selection for many thousand of 
genetic markers that densely cover the entire genome made possible by the development of 
arrays with many thousands of SNPs for fast genotyping throughput. Several alternative 
breeding programs are possible to exploit genomic selection and to date no published study 
has thoroughly investigated the alternatives. The cost of screening many thousands of 
animals is currently prohibitive and development of a smaller scale SNP array, which is of 
lower cost should be investigated. This type of methodology may be particularly important in 
identifying the genetic control of traits relating to nutrient efficiency, where there would be a 
limit to the numbers of animals with detailed phenotypes. 
 
Transcriptomics is the study of the expression levels of messenger RNA (mRNA) in a given 
tissue at a certain time under different conditions. Messenger RNA is transcribed from DNA 
and carries the coding information for synthesis of proteins which in turn affect cellular 
function and ultimately the phenotype. However, we now know that this pathway is fraught 
with complexity including differences in coding and regulatory DNA sequences, alternate 
splicing of RNA and mRNA, the regulation by small RNA of translation through transcript 
degradation, and the post-translational modification of the protein on the way to generating 
the phenotype. Once a candidate gene (or genome region) is found to have a significant effect 
on a given phenotype then expression studies on the gene in the population can be undertaken 
to better understand the role that gene plays in the biological process affecting that trait. 
Understanding the biological process underpinning the expression of a phenotype can give 
greater insight into other potential candidate genes and molecular mechanisms regulating the 
trait of interest. This type of methodology could prove extremely useful for complex traits, 
likely to be influenced by a number of biological pathways, working differently at different 
life stages (e.g., growing animals vs. mature animal nutrient partitioning rules). This may be 
also of particular relevance in understanding how trait expression is influenced in different 
environments.  
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Proteomics is the large-scale study of the structure and function of proteins and how they 
interact with the genome while metabolomics is the study of the relationship between the 
genome and metabolic processes. Up to recently researchers generally concentrated on only a 
few proteins or metabolites but new platforms have been developed facilitating more rapid 
quantification of protein and metabolite levels without any bias associated with the protein or 
metabolite to be studied. The advantage of investigative research on proteins and metabolites 
over that on the genome is that proteins and metabolites in themselves are inherently 
biological end-products. Information contained in the nucleic acid sequence of the DNA 
determines, via transcription to mRNA, the amino acid sequence of a protein which in turn 
determines it structure and function. All biological process and observed phenotypes are 
affected by this process and while the basic nucleic acid sequence does not change, factors 
such as environmental conditions can affect the transcription of DNA to mRNA and 
eventually to protein. Further steps to utilise these techniques/technologies and apply them to 
relevant traits in livestock, might help us understand the complexity of traits and how they are 
expressed in different animals, in different environments and at different stages of life. Also, 
it may help us understand the interaction between traits at a genomic, genetic and 
environmental level.  
As genetic improvement techniques are refined and become more powerful using modern 
DNA based methods, it is vital that all participants in food production on-farm are aware of 
the genetic differences between animals and account for such genetic variation when 
formulating management strategies such as feeding, housing and health treatments. Better 
still would be a joint approach to breeding animals with their subsequent management 
environment taken into account. 
 
A major challenge to the future of animal breeding, unrelated to the science itself, is the shift 
in funding, and by default scientists and students, from quantitative genetics to molecular 
genetics and related disciplines. Detailed economic analyses must be undertaken on the long-
term cost-benefit of resources being drained from traditional animal breeding into generation 
of critical mass in systems biology. This is not to say that resources should not be expended 
in systems biology, but a more balanced approach should be taken. Without quality statistical 
know-how on the generation of the most appropriate and accurate phenotypes as well as the 
most efficient way to exploit additional information into genetic evaluations and the 
commercial population via an efficient genetic improvement programme, any investment in 
systems biology to increase genetic gain will be squandered. 
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4.3 Further research requirements/Gaps in knowledge 
 
Further research on genomics of digestive efficiency is necessary to get more insight into the 
genetics of digestive efficiency in pigs.     
 
In particular, animal behaviour may be directly associated with energy requirements for 
maintenance. Several studies have shown that animal behaviour is highly heritable (e.g. Von 
Felde et al., 1996; Schulze et al., 2003 using feed intake behaviour; Turner et al., 2008,2009; 
D’Eath et al., 2009 using aggression of pigs) and therefore behavioural traits may be used as 
indirect selection traits to reduce maintenance requirements and improve animal welfare.   
 
Identification of QTL associated with utilisation of energy and protein may be a tool to 
improve efficiency of utilisation of energy and protein.     
 
In particular, the heritability of backfat thickness is high whereas those for lean tissue are 
moderate (Schulze et al., 2001 and 2002). Furthermore, there have been detected several QTL 
of body compositions (e.g. Mohrman et al., 2006; Duthie et al., 2008 and 2009). However, 
the optimal fatness of several dam and sire lines may already achieved by selection so that 
further reduction in fatness to improve nutrient efficiency may not be an option for most 
modern pig breeding lines. 
    
Consequently, the improvement of feed efficiency by optimization of feed intake capacity 
with respect to protein deposition curve (considering a minimum lipid deposition) is expected 
to efficiently improve nutrient efficiency (Roehe et al., 2002 and 2004).    
 
Direct selection for feed efficiency, calculated as a ratio of daily feed intake to daily gain, 
results in disproportional selection pressure (depending on selection intensity and the genetic 
parameters) on its two components so that a genetic change is unpredictable (Gunsett 1984; 
Krieter and Presuhn 1986). Consequently, selection for feed efficiency is inefficient. This 
inefficiency may have not been recognized in the past, because most of the improvement of 
feed efficiency was due to reduction in backfat thickness, which now approached its optimum 
in populations largely selected for lean content. In addition, growth rate has been improved 
substantially due to breeding, which improved feed efficiency. 
 
Selection for piglet survival is expected to improve number of weaned piglets and nutrient 
efficiency per weaned piglet without high nutritional loss due to loss of piglets (Su et al., 
2008; Baxter et al., 2009; Roehe et al., 2009).   
 
As shown in section 2.1.5, nutrient efficiency improves with increase in number of parities 
per sows and thus longevity. Based on a literature review, Serenius and Stadler (2005) 
concluded that sufficient genetic variation exists for effective selection on longevity, and 
heritability estimates ranged between 0.02 and 0.25. Traits genetically associated with 
longevity such as leg conformation can be used to improve the accuracy of estimation of 
breeding values for longevity and thus its genetic progress 
 
Herd et al. (2002) showed that there is a decreased enteric methane production per day in 
animals selected for reduced residual feed intake. Reduced residual feed intake is akin to 
selection for high feed efficiency as an animal is eating less but maintaining a similar growth 
rate (high net feed efficiency) and therefore less feed is required to produce a unit of output. 
Lines were divergently selected for high and low residual feed intake and showed no 
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significant differences for most production traits. This suggests that there are perhaps 
possibilities for selection of reduced GHG emissions through the selection of animals which 
use less feed and produce less methane than average to achieve a given level of performance.  
 
The estimates of heritability for residual feed intake (RFI) in growing beef animals are 
moderate (average 0.28; range 0.08-0.43) indicating the existence of genetic variations in the 
trait (see Herd et al. 2003 for review). Most genetic parameters for RFI were estimated in 
young cattle in feedlots. Information on RFI in breeding herds is very limited with few 
studies on adult cattle. Archer et al. (2002) reported an estimate of heritability for mature 
cows of 0.23. 
 
The feeding efficiency of the animal may also have an impact with low-RFI beef cattle eating 
less than expected for their live weight and growth rate. Angus cattle divergently selected for 
RFI currently attain the same growth rates but differ by approximately 15% in their voluntary 
feed intake (Herd et al. 2003). Not only may selection for low RFI have a favourable effect 
on energy nutrient efficiency, it may also impact on protein nutrient efficiency. Low RFI 
animals have been shown to have a reduced manure production (15% to 20% less compared 
to high RFI cattle) and also on the potential quantity of nitrous oxide liberated from these 
manures. This potential effect on nitrous oxide can be due to a reduction in the total N intake 
and a greater efficiency of capturing the dietary N (Hegarty et al. 2007). Cammack et al. 
(2005) reported a rather low heritability of 11% for RFI for ram lambs of a composite breed 
and 25% for their daily feed intake and 26% for their average daily gain. Francois et al. 
(2002) reported a more substantial heritability for RFI of 30% in ram lambs of a French 
composite breed with 43% for daily feed intake and 43% for average daily gain.  
 
Therefore, in terms of genetic improvement for feed efficiency and growth rate of the 
slaughter generation, selection for lean growth rate is preferable to selection for FCR, such 
that it is not necessary to measure food intake. However, their conclusions may not hold for 
maternal lines where selection for lean growth rate is likely to lead to a correlated increase in 
mature feed maintenance/requirements. 
 
Although utilising body reserves to support lactation has a favourable effect on methane 
emissions within the first lactation, it is likely that the longer term reliance on body energy 
reserves to support lactation will have a longer term unfavourable biological effect and 
impact on health, fertility and other “fitness” traits in the dairy cow (Friggens and Newbold, 
2007; Garnsworthy et al., 2008). Poorer health and fitness in the dairy herd will affect overall 
systems (and lifetime) nutrient efficiencies as more followers will be required to maintain the 
herd size as more dairy cows may be culled involuntarily and need to be replaced. 
 
 
In developing breeding programmes that consider lifetime nutrient efficiency it is important 
that the wider aspects of efficiencies in the whole system are considered as well as the 
correlated effects on traits both in the breeding goal as well as traits not considered. It is 
important that breeding goals do not focus on one specific point of efficiency as the wider 
implications of a favourable genetic change in a specific trait may be cancelled out by wider 
system impacts.  
 
In developing breeding goals it is important to consider a number of factors (i) ability to 
routinely collect the trait of interest (or strongly correlated proxies) on enough animals in a 
cost effectively manner; (ii) the scope to improve the trait genetically (i.e., as defined by the 
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genetic standard deviation of the trait); (iii) ability to routinely estimate breeding values and 
(iv) the relative importance of the trait to the overall breeding goal of the “average” farmer of 
individual farmers in the case of customised herd/flock indices. 
 
This review has highlighted that there is little evidence for major breed and genetic 
differences in lifetime nutrient efficiencies. However, it should be noted that more recent 
research may suggest that there evidence of a minor impact of breed/genetics on lifetime 
nutrient efficiency. Research in this area may be limited in the ability to dissect, in detail the 
biological partitioning of individual animals, both at a given point in time, but also over their 
entire lifetime. Key to filling knowledge gaps in this area is the routine availability of 
accurate and comparable data on traits that underlie nutrient efficiency in livestock species. 
This requires the development of key and (somewhat) common protocols on the definition of 
traits, methodology for recording them, and recording them and all relevant times during 
animals lifetime, across breeds/lines and across systems. Newer genetic/biological 
technologies (e.g., genomics, sequencing) and ability to record a wider range of traits that 
relate lifetime nutrient efficiency (e.g., methane production, rumen microbial populations) 
may help to further understand the mechanisms by which animals utilise nutrients available 
to them and therefore provide stronger evidence of differences between breeds/animals in 
nutrient utilisation. 
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APPENDIX II: Models and model parameters used to model efficiency of energy and 
protein utilisation 
 
 
 
Table 1. Parameters and their values used to derive the standard growth curve and the 
associated efficiencies for broiler production systems 
 
Parameter description Parameter code Parameter value 
   
Mature protein size, kg Pm 0.857 
Gompertz growth rate parameter B 0.0385 
Gompertz time parameter t* 54.3 
Actual protein weight at time t since conception P = exp(-exp(-B(t-t*) 
Protein retention, kg/d PR B.P.ln(Pm/P) 
Lipid retention LR B.L.ln(Lm/L) 
   
Mature lipid size Lm 1.22 
Ratio of mature lipid to mature protein size Q Lm/Pm 
Allometric coefficient lipid weight B = 1.46Q 0.27 
Actual lipid weight, kg L = Lm(P/Pm)b 
Ash, proportion of body protein, kg A 0.2 
Body water, multiple of body protein, kg Wa 3.365 
Empty body weight, kg EBW P + L + A + Wa 
EBW, proportion of full body weight EBW/FBW 0.95 
   
Maintenance ME requirement per kg P, MJ/d MERm 1.944 
ME requirement per kg PR, MJ MERpr 50 
ME requirement per kg LR, MJ MERlr 56 
   
ME content of diet, MJ/kg MEdiet 12.8 to 13.2 
CP content of diet, kg/kg CPdiet 0.19 to 0.23 
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Table 2. Parameters and their values used to derive the standard growth curve and the 
associated efficiencies for turkeys 
 
Parameter description Parameter code Parameter value 
   
Mature protein size, kg Pm 6.61 
Gompertz growth rate parameter B 0.0173 
Gompertz time parameter t* 133.5 
Actual protein weight at time t since conception P = exp(-exp(-B(t-t*) 
Protein retention, kg/d PR B.P.ln(Pm/P) 
   
Mature lipid size Lm 5.0 
Ratio of mature lipid to mature protein size Q Lm/Pm 
Allometric coefficient lipid weight b = 1.46Q 0.27 
Actual lipid weight, kg L = Lm(P/Pm)b 
Lipid retention, kg/d LR B.L.ln(Lm/L) 
   
Ash, proportion of body protein, kg A 0.2 
Body water, multiple of body protein, kg Wa 3.365 
Empty body weight, kg EBW P + L + A + Wa 
EBW, proportion of full body weight EBW/FBW 0.95 
   
Maintenance ME requirement per kg P, MJ/d MERm 0.979 
ME requirement per kg PR, MJ MERpr 50 
ME requirement per kg LR, MJ MERlr 56 
   
ME content of diet, MJ/kg MEdiet 11.0 to 13.4 
CP content of diet, kg/kg CPdiet 0.135 to 0.273 
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Table 3. Parameters and their values used to derive the standard growth curve and the 
associated efficiencies for male geese 
 
Parameter description Parameter code Parameter value 
   
Mature protein size, kg Pm 1.18 
Gompertz growth rate parameter B 0.0324 
Gompertz time parameter t* 73.3 
Actual protein weight at time t since conception P = exp(-exp(-B(t-t*) 
Protein retention, kg/d PR B.P.ln(Pm/P) 
   
Mature lipid size Lm 3.5 
Ratio of mature lipid to mature protein size Q Lm/Pm 
Allometric coefficient lipid weight B = 1.46Q 0.27 
Actual lipid weight, kg L = Lm(P/Pm)b 
Lipid retention, kg/d LR B.L.ln(Lm/L) 
   
Ash, proportion of body protein, kg A 0.2 
Body water, multiple of body protein, kg Wa 3.365 
Empty body weight, kg EBW P + L + A + Wa 
EBW, proportion of full body weight EBW/FBW 0.95 
   
Maintenance ME requirement per kg P, MJ/d MERm 1.67 
ME requirement per kg PR, MJ MERpr 50 
ME requirement per kg LR, MJ MERlr 56 
   
ME content of diet, MJ/kg MEdiet 11.5 
CP content of diet, kg/kg CPdiet 0.16 to 0.20 
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Table 4. Parameters and their values used to derive the standard growth curve and the 
associated efficiencies for ducks 
 
Parameter description Parameter code Parameter value 
   
Mature protein size, kg Pm 0.752 
Gompertz growth rate parameter B 0.069 
Gompertz time parameter t* 51.7 
Actual protein weight at time t since conception P = exp(-exp(-B(t-t*) 
Protein retention, kg/d PR B.P.ln(Pm/P) 
   
Mature lipid size Lm 1.773 
Ratio of mature lipid to mature protein size Q Lm/Pm 
Allometric coefficient lipid weight b = 1.46Q 0.27 
Actual lipid weight, kg L = Lm(P/Pm)b 
Lipid retention, kg/d LR B.L.ln(Lm/L) 
   
Ash, proportion of body protein, kg A 0.2 
Body water, multiple of body protein, kg Wa 3.365 
Empty body weight, kg EBW P + L + A + Wa 
EBW, proportion of full body weight EBW/FBW 0.95 
   
Maintenance ME requirement per kg P, MJ/d MERm 1.818 
ME requirement per kg PR, MJ MERpr 50 
ME requirement per kg LR, MJ MERlr 56 
   
ME content of diet, MJ/kg MEdiet 12.1 to 12.6 
CP content of diet, kg/kg CPdiet 0.175 to 0.22 
 



 86 

Table 5. Parameters and their values used to derive the standard growth curve and the 
associated efficiencies for pigs 
 
Parameter description Parameter 

code 
Parameter value or 
equation 

   
Mature protein size, kg Pm 40 
Gompertz growth rate parameter B 0.0095 
Gompertz constant G0 2.586 
Actual protein weight at time t since conception P = exp(-exp(G0-B.t) 
Protein retention, kg/d PR B.P.ln(Pm/P) 
   
Mature lipid size Lm 70.0 
Ratio of mature lipid to mature protein size Q Lm/Pm 
Allometric coefficient lipid weight b = 1.46Q 0.27 
Actual lipid weight, kg L = Lm(P/Pm)b 
Lipid retention, kg/d LR B.L.ln(Lm/L) 
Ash, proportion of body protein, kg A 0.2 
   
Coefficient to calculate water content C1 4.889 
Exponent to calculate water content C2 0.855 
Body water, multiple of body protein, kg Wa = c1.Pc2 
Empty body weight, kg EBW P + L + A + Wa 
EBW, proportion of full body weight EBW/FBW 0.95 
   
Maintenance ME requirement per kg P0.75, MJ/d MERm 1.9 
ME requirement per kg PR, MJ MERpr 53.6 
ME requirement per kg LR, MJ MERlr 52.4 
   
Average ME content of diet, MJ/kg MEdiet 13 
Average CP content of diet, kg/kg CPdiet 0.20 
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Table 6. Parameters and their values used to derive the efficiencies and FCR for lamb 
production systems 
 
Characteristic Values used in model 
  
Ewe live weight (kg) 75 
NE maintenance, ewe, MJ/W 3/4 0.275 
CP maintenance ewe kg/W 3/4 0.005 
  
  
NE content milk (MJ) 4.4 
Protein content milk (g/kg) 55 
Feed  ME content 10.2 to 11.1 
Overall efficiency ME utilization 0.6 
  
Lamb birth weight (kg) 4 
Lamb weaning age (weeks) 16 
Lamb finishing age (weeks) 28 
Lamb finishing weight (kg) 42.5 
NE in finished lamb (MJ) 848 
CP in finished lamb (kg) 6 
  
ME costs rearing ewe (MJ) 7875 
CP costs rearing ewe (kg) 93 
  
CP in culled ewe (kg) 8 
NE in culled ewe (MJ) 750 
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Table 7. Parameters and their values used to derive the efficiencies and FCR for beef 
production systems 
 
 
Characteristic Values used in model 
  
Cow live weight (kg) 600 
NE maintenance, MJ/W 3/4 0.3 
Total milk yield (kg) 1850 
  
Feed  ME content (MJ) 10 to 12 
Overall efficiency ME utilization 0.6 
  
Calf birth weight (kg) 40 
Calf weaning age (weeks) 30 
Calf weaning weight (kg) 270 
Calf finishing weight (kg) 600 
NE gain between  270 and 600 kg (MJ) 5593 
Protein gain between 270 and 600 kg (kg) 45 
  
Calf, final NE content (MJ) 8000 
Calf, final protein content (kg) 90 
  
Cow + calf till weaning, ME req., MJ/year 41575 
Cow + calf till weaning, CP req., kg/year 542 
Cow + calf till weaning, DM req., kg/year 4158 
  
ME costs rearing cow (MJ) 48480 
CP costs rearing cow (kg) 700 
DM rearing costs cow (kg) 4848 
  
NE content final cow (MJ) 6500 
Protein content, final cow (kg) 80 
Live weight, final cow (kg) 600 
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