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Summary 

 

Birds attempt to consume sufficient of a given food to enable them to meet their nutrient requirements for 

maintenance, growth and/or egg production, but may fail to do so when constrained by a bulky feed or the 

inability to lose sufficient heat to the environment.  Under constrained conditions maintenance 

requirements are the highest priority, with potential growth or egg production being reduced in proportion 

to the constrained intake.  Thus, food intake will be governed by the potential performance of the bird, the 

limiting nutrient in the feed, and any constraints that may reduce the desired intake.  The accurate 

prediction of food intake by a given animal on a given food when housed in a given environment makes it 

possible to define the optimum economic levels of energy and essential nutrients in feeds for broilers and 

laying hens thereby improving the method of choosing nutrient specifications to be used in least cost feed 

formulation. Such systems thinking and modelling, when applied to the problem of feed formulation, 

leads to a more rational approach in which nutritional decisions are made entirely in terms of the 

objectives of the business. This advanced approach cannot be achieved without being able to predict 

voluntary food intake accurately under the conditions encountered in commercial poultry operations. 

 

I. INTRODUCTION 

 

Being able to predict the food intake of a flock of broilers or laying hens can be likened to discovering the 

Holy Grail.  With such information the optimum economic composition of feeds and feeding programmes 

may be achieved, thereby moving away from the outdated paradigm of formulating at least cost using 

tables of nutrient requirements. In a more business orientated approach nutritional decisions are made 

entirely in terms of the objectives of the business. Under such circumstances dietary nutrient 

specifications may be chosen that will maximise profitability subject to the constraints which act on the 

business.  This is not the same as feeding to meet a ‘requirement’.  Economic circumstances will change 

from time to time, and different nutritional strategies will be needed to maximise margins.  For example, 

using broiler feeds with nutrient contents high enough to maximise breast meat yield is far more 

expensive than feeding to produce a bird for the farm gate market, yet the returns may be substantially 

greater as a result of feeding the higher-cost feed.  Making accurate decisions and manipulations at this 

level are not possible without being able to predict food intake. 

Birds have evolved to survive: they are capable of choosing from an array of foods such that they 

will grow and reproduce successfully if the necessary nutrients are available. But they must also be able 

to deal with shortages and excesses of the various nutrients that they need and consume.  If the food 

available is unbalanced, for example with very low protein content and a high energy content, then in 

order to consume sufficient protein the bird will have to consume excessive amounts of energy and in the 

process deposit excess lipid.  The Meishan pig is the best example of a domestic animal that has evolved 

to deal with feeds very low in protein and relatively high in carbohydrate and lipid.  When such pigs are 

given feeds high in protein they do not deposit excessive amounts of fat (Kyriazakis & Emmans, 1995) 

demonstrating that the excessive fatness usually seen on these animals is a consequence of the way they 

are fed, and not necessarily the way they would like to be.  This has been demonstrated in broilers also 

(Gous et al., 1990). As selection for leanness and improved feed conversion efficiency continues, the 

resultant genotypes will be unable to deal with poor quality feeds and will be constrained to live on high 

quality food.  We need to be aware of the consequences of such selection. 
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 Complex interactions in the bird must exist to deal with imbalances, unbalanced feeds, toxic 

compounds etc. and it is therefore highly unlikely that food intake can be successfully predicted using 

simple (or even rather complex) empirical equations. 

 

II. USING ENERGY AS THE PREDICTOR OF FOOD INTAKE 

 

The need to predict food intake was realised long ago, and prediction equations such as that of Byerly 

(1941), below, were the first attempt at doing so. There is a long history of empirical equations that were 

published in an attempt to predict food intake more accurately, and as many arguments about the best 

power function to use to describe the maintenance requirements of the bird (see Byerly, 1979 and Byerly 

et al., 1980). 

 

Food intake (g/hen d) = 0.523 W
0.653

 + 1.135 E + 1.126 dW 

 

where W is body weight (g), E is egg output (g/d) and dW is the change in body weight (g/d). 

 Progress in this regard was made by adding a term for the effect of temperature on the 

maintenance energy requirement, such as that by Emmans (1974), the equation taking account also of the 

strain and feathering of the birds: 

 

MEin(kJ/bird d) =  W (a + bT) + 8.4 E + 20.9 dW 

 

where W, E and dW are as above, and where a and b are constants that depend on strain, temperature and 

feathering. 

 In laying hens, by taking account of feathering condition, it was demonstrated that the 

maintenance energy requirement dropped three-fold (from 8.4 to 26.4 kJ/kg.d.
O
C) (O’Neill et al., 1971), 

and Sakomura (2004), in a more recent application of such work, showed that the lower critical 

temperature below which the hen had to consume more energy to maintain energy balance, increased 

from 19 to 22 and to 24
O
C when the feather cover on the bird was reduced from 100 to 50 and then to 0 

%. 

By dividing the ME required as calculated by such equations by the ME content of the feed the 

predicted food intake could be calculated.  Unfortunately energy has remained the paradigm for 

predicting food intake for too long, resulting in the naïve proposal that ‘birds eat to satisfy their energy 

requirement’.  This has been reinforced by the misinterpretation of experiments such as that by Leeson et 

al. (1996) in which food intake is shown to increase linearly as a basal food is progressively diluted with 

more and more of an inert filler.  The increased intake has been seen as a desire by the bird to eat more 

energy, but it is as necessary for the bird to eat more to meet the requirement for all the essential amino 

acids as well as the micro- and macro minerals and vitamins, but this has largely been ignored when 

interpreting the results of such trials. 

 There are many examples to demonstrate that birds eat more food when the content of a limiting 

nutrient in the feed is reduced further, but these examples have been ignored in favour of the naïve 

hypothesis that birds eat to satisfy their energy requirements.   

 

III. WHY DO BROILERS GET FAT? 

 

If birds ate to satisfy their energy requirement, why would birds of the same genotype become fat on 

some feeds and not on others?  Clearly they should all be aiming for the same degree of fatness, this being 

part of their requirement for energy.  Morris (1968) showed that as the nutrient density of a feed was 

increased, laying hens ate progressively more energy, and this over consumption was related to the size of 

the hen (or its characteristic intake of energy when given a feed containing a given ME content).  So, 

although food intake declines as nutrient density (ND) increases, the reduction is not as great as it should 

be if the birds were eating to satisfy their energy requirement.  Fisher and Wilson (1974) found that 



growing chickens also over-consumed energy as nutrient density was increased, leading to increased 

levels of fatness on high density feeds.  They were unable to reconcile the over consumption of energy 

with the energy system used, as birds also over-consumed energy when the Net Energy (NE) scale was 

used to describe the feed energy content. 

 That chickens do react to feeds of low protein: energy ratio by increasing the lipid content of their 

gain was first reported by Fraps (1943) and this has subsequently been repeatedly confirmed (Seaton et 

al., 1978; Jackson et al., 1982 among others). Gous et al. (1990) demonstrated that birds only get fat as a 

consequence of the way they are fed, and that, when given a choice between a high and a low protein feed 

they choose the combination that ensures a low lipid content in the gain. 

When broilers and laying hens are given feeds limiting in an amino acid, using a dilution 

technique as opposed to a graded supplementation experiment, food intake increases as the dietary amino 

acid (and protein) content is reduced, and then declines sharply as the deficiency worsens (Gous and 

Morris, 1985; Gous et al., 1987; Burnham et al., 1992).  In spite of the lower outputs in growth and eggs, 

respectively, body lipid content increases as the amino acid content is reduced indicating that dietary 

energy content or energy balance is not the factor controlling food intake.  Even broiler breeders, regarded 

as being birds that have a voracious appetite, when confronted with feeds low in protein, will reduce food 

intake substantially (Bowmaker and Gous, 1991; Fisher et al., 2001). Unfortunately very few researchers 

analyse carcasses for protein and lipid when conducting response experiments, so the resultant changes in 

body lipid content are mostly overlooked. 

To demonstrate the complexity of the process of food intake regulation, birds that are fat will 

always attempt to reduce the excessive amounts of lipid by making use of these as an energy source when 

this is possible (Gous et al., 2012). They do this because they always attempt to maintain an inherent ratio 

between body lipid and body protein: they fail to maintain this ratio when unbalanced feeds are offered, 

but can correct the ratio if given the opportunity to do so.  It appears that strain differences exist in the 

extent to which broilers will utilise their body lipid reserves as an energy source, but this can be 

accounted for when simulating food intake and growth by assuming a higher desired lipid to protein ratio 

in genetically fat strains. 

Further convincing evidence that birds and animals attempt to maintain a genetically determined 

level of fatness, and that they achieve this by utilising body lipid reserves as an energy source when 

appropriate, is provided by Kyriazakis and Emmans (1991), who showed that when pigs, made fat by 

feeding them a low protein food, are given a choice between foods of low and high protein contents, they 

will select a diet of a composition such that the effects of previous mis-feeding are corrected. Similarly 

Nonis (2007) demonstrated that broiler breeder hens are capable of maintaining their egg production for 

up to two weeks on an energy intake of only 80 kJ/d provided sufficient dietary protein is provided daily 

and provided the birds had excessive body lipid reserves prior to food intake being severely restricted. 

It is clear that chickens attempt to control their feed intake so that they achieve a particular 

fatness and that this level of fatness, which is generally lower than observed on many commercial 

operations, differs between strains, sexes and degrees of maturity (Gous et al. 1990). That this goal is not 

often achieved provides adequate proof that birds do not ‘eat to satisfy an energy requirement’, and that 

food intake regulation is more complex than this statement suggests. 

 

IV. IS THERE A BETTER THEORY TO USE FOR PREDICTING FOOD INTAKE? 

 

There is ample evidence that birds are capable of evaluating a food and adjusting intake accordingly.  For 

example, White Leghorn chicks offered nine ingredients free choice, with the position of the hoppers 

containing these diverse ingredients being changed twice daily, chose a combination that conformed 

closely to that of the mixed feed formulated by the researcher, and growth, bone development and 

feathering were the same as on the compounded feed (Funk, 1932).  Also, the results of trials by Gous and 

Swatson (2000) support the hypothesis that broiler chickens, when provided with two or three foodstuffs 

containing just one protein source on a free choice basis, which in some proportion will meet their 

requirements, effectively select a combination which maximises their biological performance.  In these 



trials, combinations of three protein sources were fed to broiler chickens either as mixtures or as a choice, 

and the performance resulting from the choices made coincided closely with the combination resulting in 

highest growth rate and food conversion efficiency.  

It is not difficult to believe that a bird would attempt to consume sufficient of a given food to 

enable it to grow or to reproduce. But in order to have a theory to predict food intake it must be assumed 

that the bird has a goal, not simply to grow, but to grow to its genetic potential so that it can reach sexual 

maturity and pass on its genes to the next generation (Emmans, 1984; Dawkins, 1990).  To breed 

successfully it also needs to minimise excessive lipid deposition.  It can be assumed therefore that each 

bird has a genetically determined amount of body lipid that it seeks to maintain and that any lipid that is 

deposited in excess of this would be the consequence of having to over consume energy in an attempt to 

consume sufficient of the limiting nutrient in the feed(s) on offer. To determine the amount of each 

nutrient that would be required by each bird each day therefore requires a description of the potential 

growth of body protein and lipid in the case of a growing bird, or the potential egg output of a laying hen. 

Bear in mind that a flock of birds does not have a requirement for a nutrient.  An individual can 

be seen as having a requirement for each of the essential nutrients, for maintenance and for growth or 

reproduction, and this is usually assumed to be the minimum amount of that nutrient that will meet these 

requirements.  But a flock is made up of individuals all varying in body protein and lipid content, and in 

their potential to grow protein and lipid, or produce eggs, again varying in age at maturity and the 

number, size and composition of the eggs that each can produce over a laying period.  To suggest that 

such a flock has a requirement is somewhat ludicrous, but this is, unfortunately, almost universally 

accepted.  A flock responds to a given dietary nutrient content; it does not have a requirement for such.  

To predict how the flock will respond requires an integration of individual responses in food intake to 

nutrient supply, where the mean, variance and co-variance of each of the parameters involved in 

describing the potential of each individual are used to simulate the sample population (the so-called 

Monte Carlo Method) before simulating the response of each of these individuals to the feed(s).  

The potential rate of protein growth of a broiler can be sufficiently described using the Gompertz 

growth curve, with different parameters being required for body and feather growth.  The reason for 

describing these separately is that these components grow at different rates, and more importantly from a 

nutritional point of view, they differ in amino acid composition.  Strains and individuals within a strain 

differ in their desired lipid contents, but this, as with all other chemical and physical components of the 

broiler, may be described in terms of the body protein weight, using allometry.  The potential rate of 

growth of all body components may thus be determined from relatively few parameters and the amount of 

each of the essential amino acids and energy required to achieve this potential may be calculated for each 

day, or even each hour, of the growing period.  By comparing the requirement for each nutrient with the 

amount contained in the feed on offer, the desired food intake for each nutrient may be calculated, with 

that resulting in the highest desired food intake being the limiting nutrient.  To this point the calculations 

are relatively straightforward: what is more difficult is to determine whether the bird would be capable of 

consuming the amount of food required to maximise growth.  

 Constraints would be the bulkiness of the food, the amount of heat that would need to be lost to 

the environment, and the maximum amount of lipid that the bird could deposit in the gain. Limitations in 

digesta passage rate associated with rheology or hydration rate resulting from differences in the functional 

characteristics of the feed (Lentle, 2005) may be accommodated by adjusting the digestibility of essential 

nutrients in the feed to be formulated, until such time as these effects can be mechanistically modelled. 

For laying hens and broiler breeders the procedure is the same as for a growing bird, but although 

the calculation for maintenance is the same for broilers and laying hens, the potential output in this case is 

not growth of the body but the deposition of protein and lipid in the egg. This is more complex than 

predicting growth because there are more factors to consider: the age at sexual maturity influences 

subsequent egg number and size for a hen; seven parameters are involved in describing the rate of 

ovulation, more are involved in describing the rate of change in ovulation rate with time; and egg weight 

must be described in terms of yolk size which varies with time, and with allometry describing the weights 

of albumen and shell, the sum of which makes up the egg.  All these parameters are allocated a mean and 



standard deviation to generate individuals whose potential egg outputs are thus determined, and the 

nutrients required per bird each day are then calculated.  The desired intake of a given food is thus 

calculated as for the broiler, and the challenge is to determine whether the bird can consume the amount 

required, the constraints being the same as for the growing broiler. 

 

V. UNITS TO BE USED FOR CALCULATING DESIRED FOOD INTAKE 

 

The nutrient content or nutritional value of a feed, for the purpose of calculating the desired food intake, 

is defined by the amounts of energy and nutrients that it yields, and the units used to describe these must 

be the same as those describing the nutrient requirements of the individual.  In addition, the efficiency 

with which each of these resources (energy or any nutrient) is utilised for one unit of the various functions 

(maintenance, body and feather protein growth, body lipid growth etc.) needs to be known, and is 

assumed to be constant across genotypes, feeds and environments (Emmans and Fisher, 1986).  There is 

some debate about the efficiency with which amino acids are utilised for protein growth, but this probably 

lies between 0.75 and 0.85. 

The digestible amino acid content of a feed is probably universally accepted as being a more 

accurate descriptor of the amount of amino acid available to the bird than is the total amino acid content, 

but there is less consensus when describing the energy content of a feed. Metabolisable energy (ME) is 

the most commonly used scale for describing the amount of energy yielded to a given bird or animal by a 

given feed, but it does not account for the heat increment of feeding.  At high temperatures food intake is 

often constrained to a level below the desired intake because the bird must remain in thermal balance, and 

when predicting voluntary food intake it is therefore essential to be able to calculate the amount of heat 

being generated by the bird in performing the functions of maintenance, growth and production.  This is 

possible only with the NE system, which provides a way of stating both how much energy is yielded by a 

given feed and how much of this energy a given animal needs to sustain some stated level of performance 

(Gous, 2010).   

An easily implemental form of NE, the effective energy (EE) system, has been proposed by 

Emmans (1994). In this system, which applies to both single-stomached and ruminant animals, the heat 

increment of feeding is considered to be linearly related to five measurable quantities associated with the 

animal, namely, excretion, fermentation (in ruminants), defaecation and the deposition of protein and 

lipid.  The EE yielded by a feed or feed ingredient can be estimated from the ME, the faecal organic 

matter content and the amounts of digestible crude protein and lipid. According to Emmans (1994), as the 

EE values ‘can be tabulated for ingredients, and are additive to the extent that ME values are additive, 

they can be used to formulate diets using linear programming’. For these purposes, and for describing 

animal performance, the effective energy scale is equivalent to a net energy scale and has proved useful in 

predicting both the desired and constrained food intakes of broilers offered feeds varying in energy and 

nutrient content and housed in different environmental conditions (EFG Software, 2012). 

 

VI. THE CONSEQUENCES OF CONSUMING FOOD 

 

It is very unlikely that a bird would ever be supplied with a food perfectly balanced in respect of all 

nutrients.  It is far more likely that the bird would have to deal with excessive intakes of most nutrients in 

order to obtain sufficient of the limiting nutrient. In many cases there will be an excessive intake of many 

amino acids, which would need to be deaminated and the amount not given off as heat would be 

converted to energy and stored as body lipid.  Similarly, excess lipid and carbohydrate intake would result 

in the deposition of body lipid.  Heat output would increase in these cases because of the chemical 

reactions that take place and the excess heat would need to be lost to the environment.  As the 

environmental temperature increases so the dissipation of heat becomes more difficult for the bird and at 

some point food intake would be constrained because otherwise body temperature would rise and the bird 

would die.  Similarly, on very low protein feeds the amount of lipid that would need to be deposited in the 

gain would be more than the bird could be capable of, and again the desired intake would be constrained.  



Feed bulk would similarly constrain intake in some cases although this is unlikely in broilers fed diets 

based on maize or wheat and soybean. 

 There are instances where the bird senses that the food on offer may be harmful, and as a result 

food intake is reduced.  For example, when a second-limiting amino acid is added to a diet marginally 

deficient in one or more indispensable amino acids an imbalance occurs and the primary response is a 

decrease in food intake (Harper et al., 1970; Park, 2006). Similarly, the presence of toxins in the feed may 

result in the bird reducing food intake (Bryden, 2012).  Imbalances may be modelled, with difficulty, but 

the constraints resulting from the presence of toxins are difficult, if not impossible, to predict in a 

simulation model. 

The extent to which food intake is constrained under the above circumstances needs to be solved 

either by iteration or by the use of simultaneous equations.  Once the actual intake has been determined, 

the consequence of the lower-than-desired intake of the limiting nutrient on growth or egg production can 

be modelled.  Considering the process described above to predict actual food intake and performance it 

should be clear that it is impossible to model actual performance using any form of empirical equation: 

the potential performance can certainly be described using empirical equations, but too many interacting 

factors contribute to the actual performance to allow this to be predicted in the same way. 

There are instances reported in the literature where food intake appears to have been enhanced 

rather than constrained, and this phenomenon is usually explained as an improvement in palatability.  

Introducing the concept of palatability into a model to predict food intake is dangerous. The term is often 

applied loosely to a number of ingredients and additives that may appear to enhance food consumption, 

whilst the reason for the apparent increase in intake resulting from its inclusion remains unclear. For 

example, both Alenier and Combs (1981) and Cantor and Johnson (1983) demonstrated that when birds 

are given, in addition to a compounded feed, a range of separate ingredients such as fishmeal, bone meal 

and fermentation products, some of which apparently contained ‘unidentified growth factors’, they would 

choose to consume these ingredients in addition to the compounded feed because they were ‘more 

palatable’. It is more likely that the birds identified an essential nutrient in these ingredients that was 

absent from the compounded feed and actively chose to obtain this nutrient from the ingredients offered 

as a choice.  This would not constitute proof that the ingredients chosen were more palatable.  However, 

some ingredients, such as oils and fats, reduce dustiness thereby improving the palatability of a food, as 

does the pelleting process in some instances (Jensen et al. 1962; Rinehart, 1981). Such changes in intake 

are difficult to model because of the difficulty in describing the physical characteristics of a feed, and the 

preferences by the bird for such.   

Food intake needs to be an output from a simulation model, not an input, if the model is to be of 

any real value in helping to define the optimum economic levels of energy and essential nutrients to be 

included in feeds for broilers and laying hens.  Because the state of a broiler changes continually, as does 

the laying performance of a flock of hens, the optimum feed composition on any one day is unlikely to 

remain optimal throughout the production cycle, and because food intake can be predicted as the state 

and/or reproductive performance changes, it is possible to optimise the feeding programme to be used 

during the production cycle.  This would involve changing the feed composition at different stages of 

production, with the optimum economic feeding programme and feed composition within each phase of 

the programme being determined mathematically.  Such optimisation routines are available (EFG 

Software, 2012) which rely entirely on being able to predict the intake of a given food by an individual 

under given environmental conditions as the production cycle progresses.  Poultry nutritionists need no 

longer rely on tables of nutrient requirements when formulating feeds; more sensible and advanced 

alternatives are available which will enable nutritional decisions to be made in terms of the objectives of 

the business.  
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