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ABSTRACT - The objective of this paper is to present some of the issues faced by those whose interest is to

predict responses in poultry, concentrating mainly on those related to the prediction of voluntary food intake, as this

should be the basis of models designed to optimise both performance and feeding programmes. The value of models

designed to predict growth or reproductive performance has been improved inestimably by making food intake an

output from, as opposed to an input to, such models. Predicting voluntary food intake requires the potential of the bird

to be known, be this the growth of body protein or lipid, the growth of feather protein, or the rate at which yolk and

albumen may be deposited daily in the form of an egg, and some of the issues relating to the description of potentials

are discussed. This potential defines the nutrients that would be required by the bird on the day, which can be converted

to a desired food intake by dividing each requirement by the content of that nutrient in the feed. There will be

occasions when the bird will be unable to consume what is required, and predicting the magnitude of these constraints

on intake and performance provides the greatest challenge for modellers. This paper concentrates on some issues

raised in defining the nutrient requirements of an individual, on constraints such as high temperatures and the social

and infectious environment on voluntary food intake, on some recent differences in the response to dietary protein

that have been observed between the major broiler strains, and on the methodologies used to deal with populations of

birds, and finally with broiler breeder hens, whose food intake is constrained by management, not by the environment.

These issues suggest that there are still challenges that lie ahead for those wishing to predict responses to nutrients in

poultry. It is imperative, however, that the methods used to measure the numbers that make theories work, and that the

theories themselves, are robust and unambiguous such that the resultant models can be used to assist the poultry

Industry to become more efficient especially when designing feeds and feeding programmes.

 Introduction

Predicting responses of poultry to nutrients has

been the goal of nutritionists and modellers for a
long time. The controlled feeding model of a

growing pig (The Edinburgh Model Pig) was the

first serious and successful attempt to integrate
information about an animal, its feed and the

environment in which it was kept, with a view to

simulating its performance (Whittemore, 1976;
Whittemore and Fawcett, 1976). This provided the

impetus for the development of further models, of

modifications to existing models and of research
targeted at filling the gaps in our knowledge of

critical aspects of the theory incorporated into

these models. The most important subsequent
contribution to response modelling was the theory

proposed by Emmans (1981) (see below) to predict

voluntary food intake in poultry and pigs, which

raised the value of prediction models inestimably
by making food intake an output from, as opposed

to an input to, the growth model. Models

incorporating this theory are thus more realistic
and useful, providing the nutritionist with a tool

for making decisions about the most appropriate

course of action to take under different
circumstances. Advances continue to be made, and

it is now possible to optimise the feeds and feeding

programmes of broilers and pigs, through the
integration of a feed formulation program, a

simulation model and an optimisation routine

(Gous & Berhe, 2006). However, because models
require a complete statement about each step in

the chain of events, some interpolation must of

necessity be used where appropriate data are
missing (Whittemore, 1981). All models contain

some such conjectures, so none can claim to be

absolutely accurate. Also, as models become more
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sophisticated, the list of variables that may be

predicted increases. Whilst progress in models and

modelling has been most impressive, these
limitations and opportunities provide modellers

with challenges for the future, and some of these

are described and discussed here.
Until recently, the mechanistic models

developed for pigs and poultry have dealt with the

simulation of responses in a single animal or bird.
Such responses are usually linear to the point

where the genetic potential is reached (Fisher et

al., 1973). Poultry nutritionists are interested in
responses to nutrients in economically important

outputs such as body weight (or protein) gain,

breast meat yield, egg output, food intake and
conversion efficiency, numbers of chicks produced

per hen, etc. Because such responses are usually

measured using groups of birds, they are invariably
curvilinear, being the result of integrating the

responses of individuals making up that

population. Populations of birds therefore cannot
have requirements for nutrients: what nutritionists

seek are the optimum economic dietary contents

of each nutrient, and for this they need to know
how populations respond to increasing dietary

contents of the essential nutrients. Descriptions of

such responses, whilst taking account of marginal
costs and revenues, are therefore invaluable in

determining how to maximise or minimise the

objective function chosen for any given
commercial operation. Clearly, being able to

predict these nutrient responses may be seen as

the foundation of a successful nutritionist.
The objective of this paper is to present some

of the issues faced by those whose interest is to

predict responses in poultry, concentrating mainly
on those related to the prediction of voluntary food

intake, as this is the basis of models designed to

optimise both performance and feeding
programmes.

Predicting voluntary food intake
To be of any real value, models that attempt to

optimise the feeding of broilers and laying hens

must be capable of predicting voluntary food

intake. Where this variable is an input to the model,
as is most often the case, it is naïve to believe that

feeding programmes can be successfully

optimised, when the composition of the food
offered has such important effects on voluntary

food intake. Food intake must therefore be an

output from a model, and not an input. The theory

of food intake and growth proposed by Emmans
(1981, 1989) was based on the premise that birds

attempt to grow at their genetic potential, which

would imply that they would attempt to eat as much
of a given feed as would be necessary to grow at

that rate. Factors that would prevent them from

achieving this goal would be the bulkiness of the
feed or the inability to lose sufficient heat to the

environment in order to enable them to remain in

thermal balance. This theory has been shown to
predict food intake and hence growth and carcass

composition with considerable accuracy (Ferguson

& Gous, 1997, Ferguson et al., 1997). Broilers
(Burnham et al., 1992) and laying hens (Gous et

al., 1987) have been shown to increase food intake

as the limiting nutrient in the feed is reduced,
attempting thereby to obtain more of the limiting

nutrient, until a dietary concentration is reached

where performance is so constrained that food
intake falls. The common misconception that birds

eat to satisfy their energy requirements is clearly

naïve and of no value in predicting voluntary food
intake.

In order to predict voluntary food intake it is

necessary to describe the genotype, the food being
offered, and the environment to which the animal

is being subjected. Each of these provides

challenges for the modeller, many of which have
been described previously (Emmans & Fisher,

1986). The approach suggested by Emmans (1989)

to describe and evaluate broiler genotypes begins
with a definition of potential protein growth, and

the live weight of the animal is built up from this,

using the allometric relationships that exist
between protein, water, ash and lipid, i.e. a bottom-

up approach. He has shown that a few, simple,

assumptions can lead to a description of a growing
animal that is sufficient for predicting its

performance in non-limiting conditions and for

calculating what these conditions are. It seems
sensible to be able to predict performance in non-

limiting conditions before the more difficult

question is tackled, namely, that of defining growth
in limiting conditions. Values for the genetic

parameters that define a growing animal can be

measured by rearing animals in environmental
conditions that are as near to ideal as possible.

Under these conditions, growth curves are
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obtained that represent the genetic potential for a

particular genotype. The growth curves obtained

in this way allow comparisons to be made between
breeds and strains. Examples of such

investigations are in Hancock et al. (1995), and

Gous et al. (1999).

Describing the potential rate of lay
Describing the potential rate of lay of a laying

hen is complex as this differs between individuals
and over time within individuals. The

mathematical model of Etches and Schoch (1984)

demonstrated that two functions, representing two
independent but interacting systems of the hen’s

asynchronous ovulatory cycle, were able to predict

realistic ovulation times and intra-sequence
ovulation intervals. However, a major

disadvantage of their model is that predictions are

restricted to sequences of between 2 and 9
ovulations only. For each ovulation sequence, a

different set of discrete values for the parameters

is required, these values apparently having been
somewhat arbitrarily chosen by the authors. Of

greater value for modeling purposes is a set of

continuous functions, representing the changes
required to the values of the different parameters,

such that the prediction of any sequence length is

possible: in the present paper, such functions are
described. This approach (Johnston & Gous, 2003)

has considerably enhanced the value of the model

described originally by Etches and Schoch (1984).
Mean rate of lay in a flock of hens at a particular

age is determined by the individual patterns of

sequential laying at that time. The slope of the
initial rise in flock egg production to peak rate of

lay is influenced by the distribution of ages at

sexual maturity and by the lengths of the individual
prime sequences. The incidence of internal laying

at onset of maturity plays a role in modifying rate

of lay but not ovulation rate. The persistency of
lay after peak will be determined by the rate at

which sequence lengths of individual hens shorten

over time, as well as by the number of pause days.
Hence the prediction of sequence length is a logical

step in predicting the performance of a flock of

laying hens over an entire laying cycle.
One of the advantages of the method used by

Johnston & Gous (2003) to model egg production

is that it lends itself to stochasticity. Within a
population of birds, individuals of the same age

show considerable variation about a mean

sequence length, which may be due to variation

in the length of the open period for LH release, or
variation in follicular dynamics. This variance may

be accounted for by using mean values and

standard errors for each of the parameters in the
model. Such a population of birds would generate

a range of ovulation times, the distribution of

which would be unimodal and positively skew in
young hens, becoming bimodal with age.

Reproductive senescence in hens manifests as an

increase in the intra-sequence ovulation and
oviposition intervals with time, as well as an

increase in the number of pause days. With this

information it is possible to determine the nutrients
required daily by laying hens for reproductive

purposes.

A growing or reproducing animal needs to be
supplied with nutrients in order to meet the

requirements for maintenance of the body, for the

growth of all other components of the body,
including feathers, and for reproduction. The

resources needed to meet these requirements can

be determined from knowledge of the growth rate
and composition of the various components of the

body and eggs being produced. The resources

available for supplying these requirements, which
are present in various feedstuffs, need to be

described in the same terms as are used to describe

the nutrient requirements.
The requirement for protein depends on the

amino acid composition of that protein and the rate

at which it is being produced. The sum of each
amino acid required for the maintenance and the

growth of feather and of body and egg protein

constitutes the daily requirement for each of the
amino acids. The retention of lipid, water and ash

has no protein requirement. The scale on which

the amino acids required by the animal are
measured, and on which the amino acids in the

feed are described must be the same. The

conventional wisdom is to express this in terms of
digestibility. The marginal efficiency with which

the first limiting amino acid is used for protein

retention above maintenance is not necessarily
constant, but can be modified by the supply of

other amino acids and by the supply of energy.

Values for these marginal efficiencies need to be
measured using response experiments, but the

methodologies used for measuring and interpreting
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such responses have not been resolved, as

discussed below.

examined in which a given protein is being

supplemented with various amino acids to improve

the quality of the protein, amino acid imbalances

often become apparent. It has been argued (Fisher

& Morris, 1970; Gous & Morris, 1985) that the

response may well be influenced by this change
in amino acid balance.

It is salutary to note that a broiler growth model

(EFG Software, 2006), based on the theory of food
intake and growth proposed by Emmans (1981),

accurately predicts responses in food intake, live

weight, protein and lipid gain obtained with the
summit dilution technique, but seldom does so

when the graded supplementation technique has

been used. Because this model takes no account
of amino acid imbalances, the responses being

directly related to the content of the first-limiting

amino acid in the feed, the lack of agreement
between observed and predicted responses when

using the latter technique provides circumstantial

evidence that imbalances are indeed confounding
the responses to some amino acids when this

technique is used. If the response to nutrients is

influenced differentially by the changing amino
acid balance in the test feeds, when using the

graded supplementation technique, the coefficients

of response will be lower than they should be,
resulting in an overestimate of the efficiency of

utilisation of the limiting nutrient. A

comprehensive survey of response trials conducted
using both techniques is currently underway at the

University of KwaZulu-Natal with a view to

identifying the characteristics of the feeds used
which result in such unpredictable responses. If

responses are influenced by both the level of

limiting amino acid in the feed and changes in
amino acid balance, then models of food intake

must be modified to take account of this

confounding. The extent to which imbalances are
created differs with the limiting amino acid

(Rogers, 1976), so it may be necessary to model

this characteristic of feed at the biochemical rather
than the whole animal level.

These methodological issues would be

resolved by measuring instead the response to
balanced protein, thereby eliminating issues of

unbalanced or imbalanced amino acid mixtures.

This is the approach used by Clark et al. (1982),
who used a summit dilution technique and a well-

balanced protein mixture to measure the response

Measuring and interpreting amino acid
responses
Before nutrient responses can be predicted it

is necessary to have some measurements on which

theories may be based. Indeed, one of the most
important reasons for conducting experiments,

apart from testing a theory or comparing two

theories, is to determine the numbers that will make
a theory work, such as measuring the efficiency

of utilisation of the limiting amino acid for protein

growth. In this section the measurement and
interpretation of amino acid responses will be used

as an example of the controversy that still exists

in the methodologies used to measure and interpret
nutrient responses. For example, the two general

methods used to measure responses to individual

amino acids are the graded supplementation
technique (D’Mello, 1982), where a basal diet

deficient in the test amino acid is progressively

supplemented with increasing doses of the
synthetic form of the test amino acid, and the

summit dilution technique (Fisher & Morris,

1970), in which a summit feed with excessive
amounts of all amino acids but with the test amino

acid first-limiting is progressively diluted with

either a non-protein diluent or a dilution feed with
the balance of amino acids reflecting those in the

summit feed. Issues have been, and are still being

raised regarding these techniques, the most recent
review being by D’Mello (2003). His arguments

are biased in favour of the graded supplementation

technique, arguing that this has been, and remains,
the method most often used by nutritionists, and

that the summit dilution technique relies on the

deliberate imposition of an amino acid imbalance

in the summit diet…(this being)…the precise

method for the precipitation of deleterious effects

in amino acid imbalance (Harper, 1964; D’Mello
& Lewis, 1971, D’Mello, 1990). He fails to

mention that the graded supplementation technique

also imposes an imbalance with the same potential
effects, that this imbalance is considerably greater

on the most limiting feed than in the feeds in a

dilution series, and that this (im)balance differs in
each of the feeding treatments used with that

technique. Rogers (1976) makes the point that …if

almost any series of multifactorial experiments is



© 2007 Sociedade Brasileira de Zootecnia

267Methodologies for modelling energy and amino acid responses in poultry

of broilers to protein, and by Corzo et al. (2004)

& Lemme et al. (2006). Kemp et al. (2005) and

Berhe & Gous (2005) measured the responses of
two strains of broiler to balanced protein and

discovered that the strains responded quite

differently to these feeds. These differences are
discussed in more detail below. Unfortunately,

efficiencies of utilisation of individual amino acids

cannot be measured unless they are limiting in a
feed, but for most other purposes it would seem

prudent to measure responses to balanced, rather

than unbalanced, protein mixtures.
The reasons for measuring responses are varied

and include, among others, the need to determine

the efficiency of utilisation of an amino acid, to
define the optimum intake of an amino acid for a

population and to compare responses between

strains or sexes. The method of interpreting these
responses would depend on the reason for their

measurement, but where the objective is to define

the optimum intake of a nutrient, various methods
of interpretation of such responses are still used

in the literature in spite of the compelling review

by Morris (1989) that concludes by pointing out
the value of including marginal costs and revenues

in such calculations. An integration of the

responses of individuals making up a population
results in a curved response, the so-called Reading

Model of Fisher et al. (1973), making it impossible

to define a population requirement for each
nutrient no matter what form of equation is used

to fit a curve to the data. It is always wrong to fit a

broken stick model to a population response, as
such a response applies only to an individual and

not to a population, resulting in an underestimate

of the optimum intake of the nutrient when applied
to the population response.

The response to the limiting nutrient, or to

balanced protein, may be of considerable interest,
but not as a means of defining a requirement.

Where marginal costs and revenues are included

in the calculation, such responses may be used to
determine the optimal economic intake of the

nutrient by fitting the Reading Model (Fisher et

al., 1973, Morris, 1989) to the data, and this may
be of some value in laying hens whose

requirements are relatively stable for long periods

of time. However, in the case of growing birds the
optimal economic intake is meaningless, as,

although it may apply to the period over which

the trial was conducted, the requirements and

hence responses of growing birds are changing

continually over time. Such responses are therefore
useful for testing theories of food intake and

growth, but are of little value in defining a feeding

programme for broilers.
In many instances the results of experiments

have been used to define the requirement for the

class of poultry used in the trial. One should bear
in mind that the results of any one experiment are

rarely sufficiently robust that they can be

universally applied in this way: strain, sex,
stocking density, environmental conditions,

feeding levels and programmes, among others, all

interact to define the response measured, and
consequently the method of interpretation used to

define the requirement, under the sub-set of

conditions applied during the experiment, is of
relatively minor importance. The value of such

response experiments is therefore not that they

enable one to define a requirement, but rather that
they can be used for more fundamental purposes,

such as to measure the efficiency of utilisation of

an amino acid. Because the measurement of
response is central to its prediction, it is critical

that each experiment is designed in such a way

that the results can be used unambiguously when
being incorporated into a model. Sensitivity

analysis assists in identifying those aspects of a

model that are particularly important, and the
efficiency of utilisation of amino acids is one such

aspect that needs to be accurately estimated. Are

the efficiencies the same for all amino acids? Do

they differ for growth and reproductive processes?

Because doubt has been expressed as to the

accuracy of efficiencies measured using the graded
supplementation technique, resources need to be

applied to resolve this important issue.

Measuring maintenance requirements
A large proportion of the daily requirement for

both energy and amino acids of a broiler and a
laying hen comprises that for maintenance. A

factorial approach has been used to measure the

nutrient requirements for maintenance and either
egg production or growth from the results of

response experiments such as those of Fisher et

al. (1973), Clark et al. (1982) and Boorman &
Burgess (1986), but this is unsatisfactory,

especially with growing broilers, because of the
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changes that take place in the bird both in size and

composition over the duration of the experiment.

Also, because of differences in the lipid
composition of birds on such trials, the use of body

weight as a predictor of maintenance is inadequate

given that body lipid has no maintenance
requirement.

An alternative approach for estimating

maintenance coefficients is to measure these
independently of either growth or egg production

(Gous, 1986). This technique was initially used

by Leveille & Fisher (1960) and by Ishibashi
(1973), but the technique used was criticized by

Burnham & Gous (1992) for a number of reasons,

one of which was that the response curve for
isoleucine was curvilinear indicating that some

nutrient other than isoleucine was limiting at the

higher input levels. Gous, Fisher & Broadbent
(1984) suggested an improved method for

determining maintenance requirements, in which

the criticisms leveled against the earlier work were
eliminated, and this method was used again by

Burnham & Gous (1992). Essentially the method

measures the nitrogen balance of adult roosters
subjected to a range of intakes of a diet known to

be limiting in the test amino acid, with energy and

other essential nutrients, such as vitamins and trace
minerals, being supplied ad libitum, to ensure that

the birds remain in positive energy balance. The

results may be adjusted to provide the coefficient
for maintenance per kg body protein by chemically

analysing the carcasses of birds used in such trials,

thereby overcoming the problem of differences in
carcass fatness. Emmans & Fisher (1986) suggest

the unit of maintenance for both energy and protein

(amino acids) is based on the mature protein
weight of the bird (P

m
) and its protein content

(excluding feathers) (P) at the time, i.e. P
m

-0.27.P

day, and that this unit should be multiplied by 1.63
to determine the requirement for maintenance

energy (MJ/unit), and by 0.008 for maintenance

protein (kg/unit).
A comparative slaughter technique has been

used by Rabello et al. (2006) for measuring the

energy required for maintenance at different
environmental temperatures, thereby enabling the

determination of the energy required for

thermogenesis at low temperatures. The accuracy
of this technique is limited because the birds

sampled for carcass analysis at the start of the trial

are not the same as those measured at the end of

the trial resulting in indeterminate error. However,

there does not appear to be a more accurate method
for measuring this constant. Rate of laying and

egg output decreased linearly in broiler breeder

hens given a limited amount of feed daily as
environmental temperature was reduced below

19°C (Nonis & Gous, unpublished), this being

their means of meeting the increasing requirement
for thermogenesis when unable to increase food

(energy) intake. Rabello et al. (2006) found the

increase in maintenance requirement with
decreasing temperature to be curvilinear, but it is

difficult to see why this should be anything other

than linear, as reported by Sakomura (1989, cited
in Rabello et al. 2006) and others. For temperatures

above about 19°C there should be no need for the

bird to consume energy for purposes of
thermogenesis, thus a broken stick model would

appear to be appropriate for modelling the effect

of environmental temperature on energy
requirement.

The environment as a constraint to achieving
the desired feed intake
High temperatures are the most common

reason for birds and animals not achieving their
desired feed intake. It has been demonstrated

(Ferguson & Gous, 1997, 2002, Ferguson et al.,

2000 a,b) that as the protein or amino acid content
of a feed is reduced, pigs will increase intake in

an attempt to meet their requirements for potential

growth, the extent to which they are able to
compensate for the deficiency being dependent on

the amount of heat the pig can lose to the

environment, which in turn is dependent on the
environmental temperature. The results of these

experiments are all accurately simulated using the

pig growth model (EFG Software, 2006)
developed using the theory of growth of Emmans

(1981, 1987, 1989).

Whereas birds benefit in cold weather from the
insulative properties of their feather cover, this

thermal barrier constrains the amount of heat that

may be lost to the environment in hot weather. As
the potential growth rate of broilers is increased

by genetic selection, their inability to lose

sufficient heat to the environment is becoming a
major constraint in commercial broiler operations

worldwide. Accounting for all the factors that
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contribute to the environmental heat demand

placed on the birds, such as temperature, humidity,

wind speed and thermal radiation, and then
accounting for the response of the bird to this

effective temperature, is a major challenge when

modelling the response of broilers to nutrient
supply.

In very few models is food intake an output to

the model, the majority needing this variable to
be input in some way or other. In such cases it is

difficult to imagine that the effects of the

environment on food intake can be successfully
modelled. But even where food intake is an output,

such models presently take a relatively naïve

approach when describing the environment, usually
describing only the environmental temperature and

the relative humidity. Yet wind speed and radiation

are important elements in determining the
environmental heat demand on the animal, as is the

fact that birds are capable of differential blood flow

redistribution (McArthur, 1981) to the bare
appendages of the body (wattles, comb and legs).

By managing the vasoconstriction/vasodilation of

the arterio-venous shunts of the skin in those
anatomical regions, the bird is able to control sensible

heat dissipation (Hillman et al., 1982, Hillman &

Scott, 1989, Willmer et al., 2000). Accounting for
these additional factors impacting on the response

of the bird to its environment implies that a

dynamic approach is necessary.
It is still not clear from the literature what the

micro-environmental conditions are at which the

bird is at least thermoregulatory effort, which
would seem to be a prerequisite for predicting the

environmental effects on birds when they are not

in this state. Many of the experiments involving
the effect of thermal stress on birds have been

conducted using constant temperatures applied

over long periods of time, which implies that the
physiological and productive responses of the bird

are in a steady-state (such as the model suggested

by Mount (1979) for a homoeothermic animal),
thus ignoring the important point that the

environment has a dynamic, cumulative effect on

chickens (Blanco & Gous, 2006). These authors
have argued that responses of chickens to

environmental conditions are dynamic, and depend

not only on the thermoregulatory abilities of the
birds and the conditions of the environmental

variables to which they are exposed, but also on

the time of exposure to such conditions. Birds

varying in body weight will achieve thermal

equilibrium with the environment following
different lengths of exposure, depending on the

environmental conditions as well as on their

thermal properties (feather cover, comb and wattle
size, acclimatization, etc). Blanco et al. (2004)

have modelled these thermal responses,

considering the animal characteristics as well as
the environmental conditions.

It appears that there is much still to be done in

explaining these thermal responses in a dynamic,
time-dependent manner before being able to

predict voluntary food intake with precision.

Social and infectious environments
The basis on which the amino acid

requirements for growing and reproducing animals

should be calculated is to start with the genetic

potential of the animals and to determine what the
nutrient requirements would be in order for them

to achieve this potential. If no environmental

factors constrain performance then this is a
sensible method of determining requirements, as

the potential performance will be achieved and
there will be minimal wastage of valuable

nutrients. However, if the animals are subjected

to stresses, such as high temperatures, high
stocking density, disease and low level infection,

potential performance will be reduced. The

question then arises whether it would be sensible
to adjust the nutrient content of the feed supplied

to the animals during the time of stress.

There is ample evidence that the potential
performance of animals is reduced when under

stress. Examples abound of poorer growth rates

at high temperatures, at high stocking densities and
when the animals are suffering from an infection.

However, little evidence exists of how the animals

should be fed under such circumstances. The
solution to this dilemma may be approached in

two ways: the first is that, because the food intake

of the animals will be reduced as a result of the
stress, the concentration of nutrients in the feed

should be kept the same or even increased under

such situations. The second theory proposes that
because the potential of the animals will be

compromised by the stress there is no reason to

supply food with the same nutrient content as
would be supplied if they were growing at their
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potential. Stressors such as stocking density and

group size do not appear to reduce the efficiency

of utilisation of amino acids in pigs (University of
KwaZulu-Natal, unpublished) or broilers (Fisher

& Gous, unpublished), but simply reduce feed

intake. These effects may therefore be successfully
simulated by reducing the rate of maturing

parameter (B) in the Gompertz growth equation,

which results in the down-regulation of lean tissue
growth (Wellock et al., 2006). In a simulation of

these effects (Fisher & Gous, unpublished), the

optimum feed composition was shown to be no
different for broilers kept at high stocking densities

as for those allowed ample space to grow. But

where a slower-growing genotype was used, the
optimum composition of feeds differed markedly

from that for a fast-growing genotype, yet it was

no different for the stocking densities used in the
simulation. Therefore the optimum nutrient

composition in feeds for broilers kept at high

stocking densities, or under other conditions of
stress that reduce food intake, does not relate to

the apparent reduced potential of the bird, as

shown by the difference in optimum feed
composition when a slow-growing genotype is

used; instead, because the efficiency of utilisation

of dietary nutrients is not altered, the optimum
dietary composition remains the same. However,

not all stressors reduce food intake alone: certain

diseases, such as those associated with the
digestive and absorptive processes, may cause a

reduction in utilisation efficiency and this would

be worth exploring further.
A novel approach was used by Sandberg et al.

(2006) for predicting the effects of sub-clinical

pathogen challenges of different doses and
virulence on the relative food intake of animals.

This more sophisticated approach to the problem

of predicting the effects of an infection on
performance models the rate of reduction in food

intake as a disease challenge progresses through

the animal, enabling actual food intake to be
predicted from the relative food intake and animal

state. The deductive approach used by Sandberg

models differences in the degree of infection, the
effect of prior exposure to the organism, and the

range over which the population becomes infected,

thereby producing a more realistic response to an
infection than is obtained by simply reducing the

rate of maturing parameter. The pattern of relative

food intake during the course of an infection would

clearly differ also with the type of infection (viral,

bacterial, etc.) and with the tissues or organs
targeted. There is scope to take this approach

further, and Sandberg et al. (2007) have led the

way by identifying the key problems that would
need to be solved for predicting the performance

of animals exposed to pathogens.

Changes in response brought about through
genetic selection
Recently, Kemp et al. (2005) and Berhe &

Gous (2005) have demonstrated that the Ross 308

strain of broiler does not apparently conform to

the theory that birds attempt to consume sufficient
of a feed to meet their requirement for the first

limiting nutrient in the feed. Instead of increasing

food intake as dietary protein content is reduced,
this strain reduces intake (Figure 1), resulting in a

lower growth rate than in the strain (Cobb 500)

whose intake conforms to Emmans’ theory.

Figure 1 - Response in food intake of two strains
of broiler to increasing dietary balanced protein
contents. Trial 1 from Kemp et al. (2005); Trial
2 from Berhe & Gous (2005). Ross 308
represented by dashed line; Cobb 500, solid line.
Dietary protein contents relative to the Ross
standard feeding levels (Aviagen, 2006).

The Ross 308 strain has been selected for
improved growth and feed efficiency using high

protein feeds. Such selection results in leaner
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carcasses (Pym & Solvens, 1979) and perhaps a

reduced ability to fatten when faced with feeds

marginally deficient in an essential nutrient. If this
were the case then such strains would be incapable

of increasing food intake on marginally deficient

feeds, as a prerequisite for this is to be able to
store the excess energy consumed as body lipid

unless the environmental temperature were

sufficiently low as to allow the birds to lose the
excess energy as heat.

Where two strains are generated using the same

values for the Gompertz growth parameters but
with differing ratios of maximum lipid: protein in

the gain, dissimilar rates of food intake may be

simulated under marginally deficient conditions
(see Figure 2), but it is apparent that this parameter

alone is not sufficient to simulate the widely

different patterns of food intake observed in the
experiments reported above. Other differences

between the strains need to be explored to explain

this genotype x nutrition interaction.

Figure 2 - Simulated food intake by two
hypothetical strains of broiler in the period 21 –
35 d of age, offered a range of feeds differing in
balanced protein, relative to the Ross standard
feeding program (Aviagen, 2006). The strains
have the same values for the Gompertz growth
parameters, but maximum lipid: protein ratios
in the gain are 1.0 (%) or 2.0 (%).

occur on such feeds, which in turn result in a lower

capacity for food intake when measured over a

fixed time period. This pattern of food intake, over
a range of feeds limiting in an amino acid, is well

illustrated in Burnham et al. (1992), being typical

of feed intake responses when the summit dilution
technique is used to measure such responses, and

which are accurately predicted using the theory

of food intake of Emmans (1981).
This general response in food intake to

decreasing contents of a limiting amino acid,

namely, a linear increase followed by a decline in
intake, is illustrated in Figure 3. If one assumes

that the limiting nutrient content resulting in the

lowest food intake on the right of each graph
reflects an adequate supply of that nutrient, and

that strains may differ in the nutrient content

assumed to be adequate, then it is possible to
imagine a situation in which the range of nutrient

contents chosen in a response trial will result in

the food intake increasing and decreasing in the
two strains respectively, as illustrated in Figure 3.

Whilst this may not be the reason for the difference

in their responses in food intake to a limiting nutrient,
it does suggest that this may not necessarily be a

classical genotype x nutrient interaction. But because

of the important implications of these differences
when attempting to optimise the feeding of broilers,

further investigations of the true cause of these

differences are warranted.

Figure 3 - Simulated responses in food intake
to a range of dietary protein contents in two
hypothetical broiler strains differing in the
dietary protein content required to meet their
potential growth. Shaded area reflects a range of
dietary protein contents resulting in diametrically
opposite food intake patterns in the two strains.

Modelling populations
Because most nutrition experiments in research

and all experiments in commercial poultry

production are conducted on groups of birds,

The decline in food intake with dietary protein
content occurs in both simulated strains in Figure

2, but at different levels of protein feeding. The

food intake theory of Emmans (1981, 1987 and
1989) does not preclude a decline in food intake

at severely deficient concentrations of the limiting

nutrient: it is only on marginally deficient feeds
that food intake is predicted to increase. Where

the limiting nutrient content is severely deficient,

a decline in food intake is expected to occur as a
result of the severely constrained growth rates that
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models of the response of individuals are not

entirely appropriate for application in the poultry

industry. For this reason some models have been
developed at the level of the group, but a problem

with this approach is that the relationships between

inputs and outputs for groups are curves, whereas
if one assumes that marginal efficiencies for

nutrient utilisation are constant, then such

relationships are not curves (Emmans & Fisher,
1986). The Reading Model (Fisher et al., 1973)

demonstrated convincingly that the response of an

individual (laying hen) differs markedly from that
of the population from which the individual is

drawn. Whereas the response of each hen to an

increasing supply of an amino acid can be assumed
to be linear, up to a point where a plateau of output

(the genetic potential) is reached, the population

response is a continuous, asymptotic curve with
no abrupt threshold. This curve results from

determining the mean response of a group of

individuals at a time. In a population of growing
broilers, as with laying hens, there exist differences

in the potential output (growth rate) of each animal

at a time, but because each bird is growing and
food intake is increasing, variation in growth rate

is also introduced within each animal over time

(Gous & Morris, 1985), making the need for a
population model of broiler growth even more

important (or critical) than in the case of laying

hens, which are in a relatively steady state. A
population model should be built by simulating

the responses of many individuals, and not directly

as a group, so that the accepted assumptions about
marginal efficiencies are not compromised.

But it is not only the variation between

individuals in their response to a given feed or
environment that controls the variation in the

response of a population of birds to a feeding

programme in a given environment. Variation also
exists in the environmental conditions to which the

birds are subjected, as well as the composition of the

feed used. Each of these sources of variation need to
be addressed when deriving a realistic population

response for purposes of optimisation. Details of

how each of these sources of variation may be
modelled are given in Gous & Berhe (2006).

Modelling performance in broiler breeder hens
The situation with broiler breeder hens differs

from that of broilers and full-fed laying hens in
that a daily allowance of feed is allocated to broiler

breeders, this being less than would normally be

consumed if the birds were given ad libitum access

to feed. Yet the principles applied to voluntary
intake prediction, described above, remain: the

difference is that the desired food intake of the

birds is hardly ever achieved, thus the actual food
intake is that constrained by the farm manager.

Consequently, egg output will be a function of the

amount of limiting nutrient remaining after the
maintenance requirement of the hen has been met.

It is doubtful that broiler breeders have a

requirement for growth, once sexual maturity has
been achieved, thus it could be argued that body

protein and lipid deposition, or utilisation, leading

to a change in body weight, should be regarded as
being a consequence of the nutrients consumed

and not as an obligatory daily process. This being

the case, the balance of ME intake remaining after
accounting for maintenance and egg production

would be converted into body lipid with varying

efficiencies depending on whether the dietary lipid
was deposited directly as body lipid or first

converted to CO
2
 and H

2
O (Emmans, 1994).

Similarly, any excess protein would be deaminated
and converted into body lipid. This is a more

sensible approach than assuming that a broiler

breeder hen has a need to grow body protein or
lipid during the reproductive phase.

All that remains then is to predict potential rate

of laying as well as the weights of albumen and
yolk that would make up the contents of each egg

produced. The methods described by Johnston &

Gous (2006) for this purpose appear to work
satisfactorily for broiler breeders (Nonis & Gous,

unpublished) as long as appropriate functions are

used to describe the relationships between age and
yolk weight, albumen and yolk weight, and shell

and egg content weight, which differ between

strains. Account can be taken of differences in age
at sexual maturity, maximum rates of lay, rates of

decay in ovulation rate over time, and the variation

that exists between individuals in all these respects.
Rules must be applied to account, for example,

for minimum egg weights when essential nutrient

intake is severely constrained, for the size of amino
acid pools for potential albumen formation, and

for the rates at which lipid can be either deposited

in, or withdrawn from, body reserves as a means
of accounting for differences in energy balance.
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Discussion

It has been 30 years since the Edinburgh Model

Pig entered the scientific arena and since then the
progress that has been made in predicting

performance of broilers and pigs has been

enormous. The Edinburgh Broiler Model
(Emmans, 1987) was an improvement on the Pig

Model, mainly because it predicted voluntary food

intake as opposed to using a controlled feeding
approach. The theory used to predict food intake

(Emmans, 1981) has had major advantages for

modellers, as it has been successfully applied in
simulating the effect of, among others, changes in

dietary amino acid and protein content,

environmental temperature, infection and social
stress. It has led to food intake being an output

from models instead of being an input, which has

enabled models to be used to optimise feeds and
feeding programmes, a process not possible unless

food intake is accurately predicted. It has spawned

many useful scientific studies that have
corroborated the theory, and it has led to a

simplified method of accounting for the heat

produced by an animal when consuming a given
feed, known as the effective energy system

(Emmans, 1994). And because the effective (or net)

energy value of a feed is a function of both the

feed and the animal being fed, what would be the

advantage of describing feeds in these terms if a

model were not available to determine the value

of this feed to the animal itself? Those early models

stimulated useful and purposeful research targeted

at filling the gaps in our knowledge of critical
aspects of the theory incorporated into these

models, this being useful in itself in improving

the scientific value of research.
In spite of the progress made in the past

decades, there are still challenges that lie ahead

for those wishing to predict responses to nutrients
in poultry. Many of these have been raised through

the development of existing models. For example,

the need to understand how to describe the
environment and the way it impacts on broiler

performance has greater meaning when this

information can be linked to a prediction of the
constraining effect of high temperatures on

voluntary food intake. It has been demonstrated

that significant changes have taken place in broiler
genotypes over time, and that the genotypes

available today differ substantially in their

composition and in the way they deal with

marginally deficient feeds, yet updating the
description of these genotypes would be of little

value if this information could not in some way be

used to simulate the performance of these birds under
varied feeding and environmental conditions, from

which optimum feeds and feeding programmes could

be predicted. Also, it only really matters whether
the efficiency of utilisation of an amino acid by a

broiler for growth is 0.75 or 0.80 if this is to be

used to predict the requirement by the broiler for
that amino acid: this information is of no value if

the requirement for the amino acid is being derived

purely from the results of a growth trial.
 Apart from the problems described above,

there are others that still need to be resolved to

provide nutritionists with the tools to make
informed decisions about poultry feeding. The

voluntary food intake of laying hens, for example,

has not yet been modelled mechanistically, with
nutritionists still relying on empirical equations

based on energy requirements such as those of

Emmans (1974) as the basis for such prediction.
Yet the principles are the same as those for

predicting food intake in broilers, the main

difference being in the definition of potential
performance. But a model has now been developed

that adequately describes the ovulatory cycle of a

laying hen, from which laying performance and
egg composition throughout the laying cycle may

be modelled (Johnston & Gous, 2006). What

remains is to model the effect of inadequate
nutrient intake on egg production. Similarly, the

performance of broiler breeder hens, in response

to daily nutrient allocations, needs to be adequately
modelled. There remain opportunities for

simulation modellers to address these and other

challenges in the future.
Sadly, the world does not seem be as

enthusiastic about models as are the modellers

themselves. This is partially the result of scepticism
brought about through bad experiences with (bad)

models. Many sets of empirical equations have

been termed models, some of which are robust and
useful, such as the model to predict age at first

egg of laying pullets for any specified pattern of

photoperiod used during the rearing period (Lewis
et al., 2003), whilst many others are simply

equations representing the result of a single
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experiment, with little or no predictive value

outside of the experiment itself. It is the latter that

have justifiably caused this scepticism. One of the
challenges faced by those predicting responses to

nutrients is to convince the poultry Industry that

good models have the potential to be of immense
benefit to nutritionists, geneticists and other

decision makers in the Industry. It is imperative

that the methods used by scientists to measure the
numbers that make theories work are robust and

unambiguous such that the resultant models can

be used to assist the poultry Industry to become
more efficient especially when designing their

feeds and feeding programmes.
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