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Eight years have elapsed since the First World Congress on Genetics 

Applied to Livestock Production was held in Madrid. Contents of the First 

Congress indicate that surprisingly lit t le  attention was given to genetic 

aspects of growth and efficiency. It  is only fitting, therefore, that the 

Second Congress devote a plenary session to assess the state of knowledge 

in this vital area of animal production. Major strides in understanding 

the interrelationship between growth and efficiency in the past decade 

have been enhanced by a marked increase in interdisciplinary research 

involving genetics, nutrition, physiology and systems analysis. The 

participants in this symposium have provided a critical analysis of 

research results on growth and efficiency (Berg, 1982, Dickerson, 1982;

Pym, 1982; Taylor, 1982). The objective of this paper is 
to review the highlights of the symposium findings.

Definitions of efficiency

Efficiency is defined as the ratio of output over input or its  reciprocal. 

Efficiency can have several meanings as is  evident from the presentations in 

this symposium. Every measure of efficiency has its application, but it  is 

important that each be carefully defined.

The animal breeder requires a measure of efficiency that can be used 

as a selection criterion. As such, it  must be easily scored on a large 

number of animals at the least possible cost in order to provide estimates 

of genetic parameters and breeding values.

•k
Paper No. ________of the Journal Ser. of the North Carolina Agr. Res.

Service, Raleigh. Presented at Second World Congress of Genetics Applied 
to Livestock Production, Madrid.

*★
Department of Animal Science, North Carolina State University, Raleigh, 

North Carolina 27650 United States.

201



The sim plest de fin it ion  of b io log ica l e ffic ien cy  is  gross feed 

e ffic iency , the ra t io  of body weight gain to feed consumed, or i t s  inverse, 

feed conversion ra t io . Feed e ffic iency may be measured over fixed periods 

o f age, weight or age to weight. The choice w ill depend on the species 

and the desired emphasis (Pym, 1982). Energetic, protein (lean) and fat 

e ffic iency  are more.refined measures of b io log ica l e ffic iency. Energetic 

e ffic iency  is  the ratio  of energy gain to energy intake, whereas protein or 

fat e ffic iency  is  the ra t io  o f protein or fa t gain per un it of feed consumed. 

The advantage of gross feed e ffic iency  over the more refined measurements is  

that i t  can be measured on the l iv e  animal or on a set o f s ib s  including the 

animal being evaluated. Selection for protein e ffic iency  presently would 

require se lection based on s ib s only, which is  le s s  e f f ic ie n t  than ind ividual 

se lection. The development of techniques to estimate body composition qu ickly  

and re lia b ly  on the live  animal would elim inate th is  disadvantage and permit 

more f le x ib le  selection c r ite r ia  to be adapted (Fredeen, 1980).

Feed e ffic iency  can be linearized  into an aggregate genotype H =

a A + a J \£ where a and a . are economic weights, A„ and A, are breeding g g r f  g t  g T

values and subscrip ts g and f  refer to gain and feed intake (Smith, 1967; 

Eisen, 1977; Pym and James, 1979). The advantage o f th is  procedure is  that 

se lection indexes can be developed which place appropriate economic weights 

on gain and feed intake or re s t r ic t  gain or feed intake to desired genetic 

responses. The aggregate genotype w ill be maximized when ag = 1 and a^ = 

-Ug/Uf where Ug and are the means of gain and feed intake. Of course, 

weight gain can be further partitioned into protein and fat gain as part of 

the se lection c rite rion . The linea r function o f gain and feed a lso  elim inates 

the practice of putting the feed e ffic iency  ra t io  and gain into the same
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index, vvhicFi obviously creates a dependency in the simultaneous equations 

and can lead to unreliab le solutions for the weighting factors in the index.

Partial e ffic iency  of protein or fat gain, obtained by d iv id ing gain 

by total metabolizable energy for growth, is  more l ik e ly  to be estimated at 

in terva ls or termination of a selection experiment or between breeds because 

of the time and cost involved in obtaining such estimates.

Dickerson (1976, 1982) has developed a general equation fo r bio-economic 

effic iency of animal production that is  expressed as inputs and outputs per 

breeding female per year. The advantage of th is  equation is  that the effects 

of changes in each component of the equation can be evaluated to determine 

reasonable stra tegies for breeding and management systems. This equation also 

pinpoints the type of information needed for objective decision making in 

selection programs. Dickerson (1982) further defined economic e ffic iency as 

total monetary cost per un it of equivalent production output value and 

b io logical e ffic iency  as total metabolizable energy per unit of equivalent 

total production value.

Genetic s ize -sca lin g  rules

Taylor (1980a,b, 1982) has developed two genetic s ize -sca lin g  ru les for

animal growth which enable comparison of experimental re su lts  across widely

diverse breeds and species. The f i r s t  rule states that a ll time variables

associated with growth of the i ^  genotype are d ire c t ly  proportional to 

0 27
Ai '  where Ai i s  mature body weight of that genotype. This rule scales

n ?7
age (t^) to metabolic age 0i = ^./A.0 '  . Rule two states that at every

age standardized in rule one, a ll cumulated inputs and outputs for the i th 

genotype are proportional to Ai . For example, food consumed ( f . )  and weight 

(w.) become f /  = f^/A^ and u  ̂ = w^A.. = degree o f maturity. A coro lla ry  of
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the genetic sca ling  rules is  that ra tio s of variab les lik e  feed effic iency 

have the same standardized and unstandardized forms.

Taylor (1982) demonstrated the u t i l i t y  o f genetic s ize -sca lin g  rules 

re la ting  changes in growth rate, body composition, heat production maintenance 

requirements, feed intake and feed effic iency with degree of maturity using 

mean curves of several mammalian species. An example was then given of 

e ffic iency of lean tissue  produced per metabolizable energy unit related to 

degree of maturity among breeds and crosses of beef cattle.

These genetic scaling rules are a powerful biometrical tool for c la r ify in g  

genetic differences among breeds and among d ivergently selected populations 

w ithin a species. The influence of d ifferent nu tritiona l regimens which may 

interact with genetic groups also needs to be explored with th is  new 

analytical to o l.

Selection for e ffic iency

YUksel (1979) and Pym (1982) have reviewed selection experiments wherein 

gross feed e ffic iency was the selection c rite rio n  or i t  was measured as a 

correlated response to selection for growth. When selection has been for 

greater growth rate, the positive  correlated response in feed e ffic iency 

has resulted from an increased appetite (Roberts, 1979). The part-ratio  

genetic correlation between feed e ffic iency and growth rate is  predicted to 

be posit ive  for most b io logical situations because the genetic correlation 

between ad libitum  feed intake and gain is  always posit ive  and the coeffic ient 

of variation  fo r gain is  usually greater than that fo r feed intake (Sutherland, 

1965).

The realized h e r ita b ility  of feed e ffic iency  is  re la t ive ly  low, estimates 

being 0.26 in poultry (Pym and N icho lls, 1979), 0.24, 0.16 and 0.09 in swine
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(Dickerson and Grimes, 1947; Bernard and Fahmy, 1970; Jungst et a l. ,  1981) 

and 0.17 and 0.13 in mice (Sutherland et a l. ,  1970; Yuksel et a l ., 1981). 

Selection fo r protein e ffic iency resulted in a realized h e r ita b ility  of 0.18 

in ra ts (Notter et a l. ,  1976). Divergent selection for an index designed to 

change weight gain while holding feed intake response to zero yielded a 

realized h e r ita b ilit y  of 0.19 (Eisen, 1977). An exception to these re la t ive ly  

low realized h e r it a b il it ie s  was reported by Gunsett et a l . (1981); replicated 

lines of mice selected for maximum gain from a fixed weight until 100 g of feed 

were consumed had a realized h e r ita b ility  of 0.56, while in line s selected for 

minimum feed intake over a weight constant period the h e r ita b ility  was 0.73.

The higher h e r ita b ilit ie s  in these line s may have been due to a higher h e r it

a b il it y  for growth rate per se.

H e r ita b il ity  o f feed e ffic iency is  a function of parameters of gain and 

feed intake (Sutherland, 1965). Neglecting th ird  and higher order moments, 

the h e r ita b ility  may be expressed as

= hq Cq + hf  Cf  * 2 rG hq hf Cq Cf 

Cg + Cf  * 2 r p Cg Cf

where hg , h^ are h e r ita b ilit ie s ,  Cg , are coeffic ients of variation  and 

rQ and r p are genetic and phenotypic correlations between gain and feed 

intake. C learly  h^ may be larger or smaller than hg depending on the 

parameters of gain and intake. Several special cases w ill re su lt in 

h^ < hg; e .g., h£ = hg , = Cg , and r^ > r p. Therefore, in those popula

tions where a low realized h e r ita b ility  was found for feed effic iency, 

growth rate and(or) feed intake may have had-low h e r ita b ilit ie s  or r^ > r p.

Pym (1982) noted that mice or rats selected for increased e ffic iency 

tended to be fatter than controls (Palmer et a l.,  1946; Sutherland et a l .,
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1970; McPhee et a l. ,  1980; Yiiksel et a l ., 1981). This re su lt i s  unexpected 

based on K ie lanow ski's (1968) hypothesis that se lection for growth under 

lim ited feeding would favor the partition ing o f energy toward protein 

deposition rather than fat deposition. In two other studies with mice, 

however, se lection for gain on a lim ited intake resulted in mice with le ss 

fat percent (Falconer and Latyszewski, 1952; Hetzel, 1978). Selection for 

high feed e ffic iency  led to a reduction of body fa t in  chickens (Pym and 

Solvyns, 1979) and one study in swine (Bernard and Fahmy, 1970), the other 

study in swine exhib iting no change (Jungst et a l ., 1981). Pym (1982) 

suggested that i f  there is  a species difference, i t  may be due to the mouse 

and rat having a higher energy requirement fo r thermoregulation than 

live stock  and poultry, and to resolve the issue selection should be practiced 

for feed effic iency in rodents at d ifferent ambient temperatures.

Growth of muscle and fat

Berg (1982) has reviewed the genetic and environmental factors influencing 

carcass composition, with particu lar emphasis on cattle . Differences in 

slaughter weight, sex, plane of nutrition  and breed have major effects on 

carcass composition.

Normal development of muscle during growth has evolved because of 

functional considerations of su rv iva l. Thus the neonate c a lf  develops 

muscles of the d ista l limb to a s s is t  in locomotion to reach the cow's udder 

and strong jaw muscles adapted for suckling. Large muscles of the hind limb 

develop to provide improved locomotion during growth. As the ca lf begins to 

consume roughage, muscles of the abdominal wall develop to support the 

d igestive  system. The attainment of puberty in males s igna ls  the in it ia t io n  

of an increased proportion in neck and shoulder muscles associated with the 

m ale 's ro le  in con flic ts  with other males for a harem.
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Small genetic d ifferences in muscle weight d is t r ib u t io n  e x is t  among 

breeds at standard muscle weights. These d ifferences are associated with 

m aturity type and minor functional influences on s ize , shape, skeletal 

dimensions and m uscling..

The absence of large  d ifferences in muscle weight d is t r ib u t io n  among 

ca ttle  breeds ind icate s that natural se lection has favored an optimum 

genotype which has not been modified greatly  during breed formation (Berg 

et a l. ,  1978a). I f  muscle s ize  d is tr ib u t io n  i s  an important f itn e ss  

component, as Berg (1982) suggests, then natural se lection  has probably 

exhausted most o f the add itive  genetic variance w ith in  breeds. I t  i s  

h igh ly  u n lik e ly  that breeders would be able to se lect e f f ic ie n t ly  fo r  non

add itive  e ffects o f muscle weight d is tr ib u t io n  w ithin breeds. Andersen 

(1978) proposed that w ithin-breed se lection  fo r growth rate would lead to 

la te r m aturity and a more favorable muscle d is tr ib u t io n . Desirable  heterotic 

e ffects in muscle s ize  d is tr ib u t io n  may be exploited in  crossbreeding i f  they 

can be demonstrated to be of su ff ic ie n t  magnitude.

Fat is  the most va riab le  component o f body composition, varying with 

slaughter weight, breed, sex and d iet. H e r ita b il it y  o f fa t content is  

probably high in  most mammals. Realized h e r it a b il it y  estimates o f backfat 

in  p igs range from 0.4 to 0.6 (Hetzer and Harvey, 1967; Vangen, 1979).

Studies on the re la t ive  growth of fat in live stock  are not numerous. 

Breed-group comparisons in  young b u lls  showed no s ig n if ic a n t  va ria t ion  in 

growth co e ff ic ie n ts  o f fa t in several s ite s  re la t ive  to tota l fa t (Berg 

et a l. ,  1978b). Kempster et a l.  (1976) reported s ig n if ic a n t  but not large 

breed-group d iffe rences in growth of subcutaneous land interm uscular fat 

re la t ive  to total fa t in  stee rs, while kidney knob and channel fa t growth 

varied w idely. S ig n if ic a n t  breed-group d ifferences were found for fa t
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content at a standard total fat weight, but the differences were re la tive ly  

small (Kempster et a l. ,  1976; Berg et a l ., 1978b). Findings with sheep 

indicate s ign if ica n t breed-group variation in fat d istribu tion  (Kempster 

and Cuthbertson, 1977). In p igs, no s ign if ica n t differences were detected 

among breed-types for fat depot growth (Jones et a l ., 1980). S ign ifican t 

breed differences in fat depots were detected at a constant fat weight. 

Selection for large and small body weight at five  and ten weeks of age in 

mice has affected the d istribution  of fat at fixed body weights and fixed 

weights of total fat (Allen and McCarthy, 1980).

Selection experiments in pigs have demonstrated that additive genetic 

variation for fat percent is  large. To a le sse r extent, fat d istribution  

is  probably heritable and could be modified by selection i f  necessary. I t  is  

apparent, however, that further genetic studies are needed to ve rify  th is  

tentative conclusion.

Effects of genetic changes in growth on effic iency

Dickerson (1982) has proposed a h o lis t ic  approach to predicting the 

effects of genetic changes in components of growth on bio-economic efficiency 

by modelling the entire l i fe  cycle of a livestock  production system. The 

advantage of systems analysis i s  that many input and output factors can be 

evaluated simultaneously. The major disadvantage .is that certain assumptions 

made in developing the model may not be va lid  and that, often, unknown 

parameters have to be approximated with l i t t l e  knowledge as to the ir va lid ity . 

When determ inistic models are used they do not allow for the vagaries of 

sampling, nor do they give a statement about the success rate. The technique 

does provide guidelines, however, for the responses one would reasonably 

expect over a range of re a lis t ic  inputs under specified assumptions.

The impact of changing growth rate on feed effic iency is  revealing. 

Increasing growth rate during a fixed postweaning weight interval reduces
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maintenance feed costs and non-feed costs in proportion to the inverse of 

growth rate or the reduction in days to desired weight. Faster growth rate 

reduces costs more in systems where female parents are unchanged, animals 

are marketed at a constant degree of maturity and in species with high rates 

of reproduction than when purebreds are marketed at a fixed weight, e spec ia lly  

in species with low rates of reproduction. Maximum potential benefit from 

stra in s  as male parents of market animals. In ca ttle , the fa st  growing 

terminal s ire  breed is  expected to reduce costs considerably (Notter et a l . 

1979). In contrast, simulation of an integrated swine production system 

showed that only when faste r growing pigs are marketed at heavier weights 

fo r a fixed  age would costs be reduced appreciably in paternal breeds 

(Bennett et a l ., 1982).

Simulation of a purebred pig production system indicates that reducing 

body fa t would reduce costs per kg of carcass lean while costs per kg of 

live  weight would be increased s l ig h t ly  (Tess et a l. ,  1982). In swine 

crossbreeding schemes, reducing body fat would reduce cost per kg o f carcass 

lean more in  primary maternal breeds than in terminal s ire  breeds (Bennett 

et a l. ,  1982). These effects would be accentuated in cattle  because o f the ir  

low reproductive rate.

The combined effects of faste r growth and lower body fa t in animals with 

high reproductive rates can reduce costs of lean meat production, even in 

purebreeding systems. The low reproductive rate of sheep and ca ttle  makes i t  

more d if f ic u l t  to reduce production costs per kg of carcass lean by increasing 

growth rate or reducing body fat because of the high costs needed to maintain 

breeding females.

Reducing metabolic rate or feed maintenance requirement would s ig n if ic a n t ly  

reduce feed costs and increase e ffic iency. Evidence for a reduction in
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metabolic rate comes from experiments with mice, ra ts and poultry. Selection 

fo r protein gain and protein e ffic iency  in  ra ts reduced fa st in g  heat pro

duction per un it of metabolic body size  (Wang et a l. ,  1980). Kownacki and 

Ke lle r (1978) found a reduction in fa sting  heat production in  mice selected 

fo r postweaning gain. D irect se lection response fo r divergence in oxygen 

consumption per 100 g body weight per min at 3 weeks o f age was successful 

in chickens (MacLaury and Johnson, 1972). The rea lized  h e r it a b il it y  was 

only 0.08 and fam ily selection was resorted to in la te r generations to try 

to increase the response. The low oxygen consumption b irds had a higher 

weight gain and feed e ffic iency than the high oxygen b irds at several 

d ie ta ry  protein leve ls (Stewart et a l ., 1980). The low oxygen consumption 

line  gained more lean and le ss fa t tissue  than the high line  both to ta lly  

and as a percentage of dry matter gain (Stewart and Muir, 1982). Low 

oxygen b irds were s l ig h t ly  superior in energy and nitrogen u t il iz a t io n ,  

but there was no difference between the lin e s  in  metabolizable energy 

u t il iz a t io n .  Selection fo r d ifferences in maintenance requirement by using 

oxygen consumption per un it metabolic body weight needs to be explored 

further, p a rt icu la r ly  with respect to correlated responses in feed e ffic iency, 

growth, body composition and hormonal leve ls.

Conclusions

Selection fo r increased lean tissue  growth rate or lean tissue  feed 

e ffic iency  are important c r ite r ia  fo r the live stock  industry. The methods 

used to achieve these goals have not been adequately tested experimentally. 

Selection in p igs fo r high average d a ily  gain and reduced backfat has 

increased feed e ffic iency when tested on ad lib itum  (Sather and Fredeen,

1978) or semi-ad libitum  regimens (Vangen, 1980). Recent se lection reports
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fo r  feed e ffic ie n cy  in p ig s, however, have been d isappointing (Jungst et a l. ,  

1981; Webb, unpubl.). Se lection  fo r feed e ffic ien cy  in  pou ltry  under ad 

lib itum  cond itions has been more encouraging since fa t content has been 

reduced as a corre lated  response (Pym and Solvyns, 1979).

Fowler et a l . (1976) proposed se lection  fo r lean t is su e  growth rate 

on a re str ic te d  regimen based on concepts of energy p a rt it io n  developed by 

Kielanowski (1968). Se lection  for feed e ffic iency  or gain under re stric ted  

feeding w ith mice has been contrary to expectation. In  two experiments 

mice selected under re str ic te d  feeding became fa tte r  (McPhee et a l. ,  1980; 

Yiiksel et a l . ,  1981). A th ird  mouse se lection experiment yie lded a decrease 

in fa t content (Hetzel, 1978).

The concept o f se lection  under re stric ted  feeding may need to be re

evaluated. Feeding a l l  animals a constant feed level regard less o f body 

weight penalizes animals having a potential for high lean growth rate.

Since the percent o f ad lib itum  feed consumed by the o r ig in a l control line  

continues to be used over several generations o f se lec tion , the selected 

animals in  la te r  generations may become re stric ted  too severe ly  to permit 

expression of genetic d ifferences in lean t issue  growth rate. Unpublished 

data from our labora tory  ind icates that mild feed re s t r ic t io n ,  po ss ib ly  

associated with an altered feeding pattern, may cause mice to p a rt it io n  

more energy into fa t , re su lt in g  in a smaller animal having a higher fa t 

content.

SUMMARY

A syn the sis  i s  presented o f a mini-symposium on growth and e ffic iency  

in  live stock  production. D e fin it ion s  of e ffic iency  at the ind iv idua l and 

systems level are reviewed. Recently developed genetic s iz e -sc a lin g  ru les
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can be helpful in interpreting differences in growth rate, body composition 

and feed efficiency among breeds and crosses that d iffe r widely in rates of 

maturity. Systems analysis identifies the effects of changing growth rate, 

body composition and reproductive rate on bio-economic efficiency. Additive 

genetic effects in muscle size distribution are not large, while the magni

tude of nonadditive effects has not been explored. Fat percent has a 

sizeable additive component and changes in fat d istribution may be amenable 

to selection. How to select for lean tissue growth rate or lean tissue feed 

efficiency and reduced maintenance requirements needs further detailed 

experimentation. Selection in pigs for high gain and reduced backfat has 

increased feed efficiency, but direct selection for feed efficiency has been 

disappointing. In pigs, selection for feed efficiency has given more promising 

results. Selection for feed efficiency in pigs, poultry and mice has generally 

yielded low realized heritab ilities. Selection for feed efficiency under 

restricted feeding in mice, contrary to expectation, has not consistently 

led to leaner mice. Other selection crite ria  for increasing efficiency, 

e.g., oxygen consumption, body composition and hormonal characteristics, 

should be explored separately and in consort with conventional tra its  in ^  

a selection index.

R E S U M E N

Se presenta una sintesis de un mini-symposium sobre crecimien- 
to y eficiencia en la produccion ganadera. Se han revisado lasdefi- 
niciones de la eficiencia a nivel individual y de sistemas. Las re* 
glas geneticas recientemente desarrolladas sobre las etapas del tamano
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pueden ser utiles para interpretar las diferencias en los tipos de desa- 
rrollo, composicion corporal y eficiencia alimentaria entre razas y cru- 
ces que difieren ampliamente en sus tipos de madurez. Los andlisis de 
sistemas identifican el efecto de la modificacidn en el tipo de creci- 
miento, composici6n corporal y comportamiento reproductor sobre la efi
ciencia t>ioecon<5mica. Los efectos gensfticos aditivos en cuanto a la dis- 
tribuci<5n del tamano del musculo no son grandes, mientras que la magnitud 
de los efectos no-aditivos no ha sido explorada todavia. El porcentaje de+ 
grasa tiene un componente aditivo del tamano y las modificaciones en la 
distribuci<5n de la grasa pueden ser obtenidas mediante seleccicSn. La ma- 
nera de seleccionar para el tipo de desarrollo de los tejidos magros o 
para la eficiencia alimentaria en relacion con los mismos y las necesida- 
des de conservacion reducidas, necesitan experimentos mas detallados.
La seleccidn en cerdos para la elevada ganancia en peso y la reducida 
grasa con sal ha aumentado la eficiencia alimentaria, pero no ha sido 
concluyente la seleccion directa para la misma. En los cerdos, la selec- 
cidn para la eficiencia alimentaria ha dado resultados mas prometedores.
La seleccidn para dicha eficiencia en los cerdos, aves y ratones ha pro- 
ducido generalmente heredabilidades poco acusadas. La seleccion para la 
eficiencia alimentaria bajo rdgimen de restriccion en ratones, contraria- 
mente a lo esperado, no ha conducido consistentemente en ratones mas ma
gros. Otro criterio de seleccion para aumentar la eficiencia, como por 
ejemplo, el consumo de oxfgeno, la composici<5n corporal y las caracteris- 
ticas hormonales deberian explorarse por separado conjuntamente con los 
caracteres convencionales en un indice de seleccidn.
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