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Chapter 1. Intake of food and water 

Food intake is an important parameter in poultry production not only because of economic implications but 

equally because of the fundamental role it plays as a variable in the interpretation of nutritional responses. Thus 

nutritional effects can often be explained solely in terms of food intake. 

Knowledge of individual examples is of fundamental importance to poultry production as intake invariably 

determines both the level of production and economic output. Moreover, feed formulation itself is controlled to 

a large extent by the level of intake anticipated. Thus, in terms of either protein or mineral requirements, if two 

birds have dissimilar levels of intake for whatever reason, then they will require separate diets; that which eats 

less will require one of a higher concentration of protein and minerals. It is for this reason that there have been 

considerable efforts within poultry production devoted to the study of the precise reasons why intake varies and 

how to control them. 

1. Food intake 

1.1. Appetite control 

A number of different mechanisms have been discovered which have been implicated in the control of appetite. 

A certain number of signals of diverse origin arrive at the level of the cerebral cortex or hypothalamus and 

stimulate those nerves which pass through the hypothalamus, from where other nerve networks transmit 

information to the organs, for example the gizzard, liver, intestine and pancreas. 

Information signals to the cerebral cortex come directly from the food itself (colour, shape, smell), whereas 

others originate from the intestinal tract following ingestion of food via receptor cells sensitive to such 

parameters as taste, osmotic pressure, mechanical pressure and some metabolites. These signals are transmitted 

to the hypothalamus. 

Birds are sensitive to shape. It is for this reason that, once they have become used to one particular form of 

presentation of food, a certain amount of adaptation is necessary if another is provided. A bird fed on pellets will 

need a few days acclimatization before being able to eat the same quantity of food if the diet is changed to meal 

or whole grains. On the other hand, birds are apparently less sensitive to smell, or at least always less so than 

mammals. However some experiments seem to demonstrate that birds are able to discriminate between those 

feeds they prefer, and those they do not, through the odour. This phenomenon could explain certain instances of 

inappetance and could be used in experiments in the detection of anti-nutritional factors. Finally, colour itself 

seems to have little influence in birds. 

Amongst those signals originating from the intestinal tract, the initial one is based on the taste of the food. As a 

general rule, it is accepted that birds are less sensitive than mammals to those substances capable of increasing 

(sugar, aromas) or, on the other hand, decreasing (bitter) intake. One of the best known examples is that of rape 

seed meal, where the bitterness will have a far greater effect with pigs, cattle and rodents than with birds. 

There are, similarly, physical signals transmitted by receptors within the crop and, to a lesser extent, the 

remainder of the intestinal tract. These receptors are sensitive to the pressure to which they are subjected. Once 

stimulated, messages sent to the brain are integrated into the signal for satiety. This phenomenon may be 

simulated experimentally by inflating a balloon within the crop. These satiety signals may become predominant 

with those foods containing inert diluents including sand and plant fibre. This explains why some species and 

genotypes, within which these signals are dominant, are sensitive to dietary energy concen¬tration or the form 

in which the food is presented (pelleted or meal). Osmotic receptors also exist. Infusion of solutions with high 

concentrations of potassium chloride or sorbitol into the crop or the duodenum slows down the rate of food 

intake. 

Metabolic signals are also present in addition to physical ones. The best known is glucose which has given rise 

to the ―glucostatic‖ theory of appetite; hypoglycaemia stimulates a nervous centre for intake whereas, on the 

other hand, hyperglycaemia stimulates a centre for satiety. These centres have, classically, been located in the 

hypothalamus. 

Other metabolites are also implicated, including amino acids and non-esterified fatty acids, although their role 

seems to be less important than that of glucose. However, a deficiency of some amino acids, particularly 



 Intake of food and water  

 2  
Created by XMLmind XSL-FO Converter. 

tryptophan, has a major effect on appetite by limiting food intake. Similar responses are obtained with some 

excessive imbalances. 

1.2. Feeding rhythms 

Domestic birds consume their food regularly throughout the day; they do not therefore eat discrete meals. This 

activity, moreover, proceeds when it is light although birds may be able to consume modest amounts under dim 

conditions. Slight increases in intake are however recorded at the beginning and the end of the light period. On 

the other hand, under continuous lighting conditions, the pattern of intake is constant whatever the time. 

In laying hens a peak in consumption is observed at the end of the day which is particularly pronounced if the 

hen is in the phase of calcification of the egg to be laid the following day. There is a specific appetite for 

calcium which will be discussed subsequently. In practice it is essential that calcium is supplied separately at the 

end of the day or, in the case of restriction, that the compound diet is offered at the end of the day. 

If specific meal times or regimes (reduction in amounts offered) are imposed on birds, then an adaptation is 

observed as they become capable of consuming an amount of food in a shorter and shorter space of time. 

Accordingly feed restriction simply by limiting the time of access to feed troughs is a technique to be used with 

caution. 

1.3. Factors determining appetite 

The appetite of birds is, first and foremost, closely linked to their energy requirements. This is very probably 

explained by the fundamental role played by signals of metabolic origin (for example glycaemia). All those 

factors which reduce or increase energy balance will affect appetite. The major ones influencing food intake are 

therefore ambient temperature the level of production and the weight of the bird. As a consequence one of the 

characteristics of the diet which has the greatest effect on intake is its energy concentration. The bird attempts, 

as a priority, to consume that quantity of food necessary to meet its energy requirements. A diet low in 

metabolisable energy will therefore increase consumption. The reverse is seen when energy concentration is 

high. 

However this homeostatic mechanism of consumption is rarely perfect. Thus laying hens adjust their energy 

consumption as a consequence of dietary energy concentration almost perfectly. However broiler breeders are 

unable to reduce their intake adequately when dietary energy concentration increases. In effect, there are other 

dietary factors which have a role. In the species Gallus it is the smaller birds that are most capable of 

maintaining energy intake constant with fairly large variations in dietary energy concentration. On the other 

hand heavy genotypes tend to maintain intake constant irrespective of dietary energy concentration. One of the 

most important regulatory factors must therefore be the bulk of the diet, suggesting a significant controlling role 

of the physical effect of the diet within the gastro-intestinal tract. The presence of large amounts of plant cell 

wall constituents within the diet explains the effect of bulk on the limitation to intake. On the other hand, feed 

presentation in the form of pellets will reduce this effect and allow a more accurate adjustment to energy 

consumption. 

The concentration of protein in the diet clearly has a smaller effect on intake. In this context, it is essential to 

distinguish between productive birds (laying hens, young growing birds) and adults at maintenance. In effect a 

change in dietary protein concentration might alter the level of production and, as a result, change energy 

requirements and therefore intake. It is thus an indirect effect. In adults at maintenance, the concentration of 

dietary protein has practically no effect on appetite even if it approaches zero. This is in contrast to diets with 

high levels of protein which can lead to inappetance. This effect may be explained by the saturation of the 

mechanisms of degradation of amino acids which result in excessive levels of uric acid. When offered a choice 

between diets levels of protein that are very low or very high, most birds prefer the former even if it is protein 

free. Certain amino acids imbalances (deficiencies or excess) may equally influence appetite. 

In growing birds where energy requirements are met, an excess of dietary protein will result in a moderate 

reduction intake without altering growth rate. Minerals may also influence appetite. Deficiencies as well as 

excesses of sodium, chloride and calcium will reduce intake significantly. Between these two situations, these 

minerals do not seem to have any effect. Deficiencies in trace minerals will not affect appetite unless they are 

prolonged. Most vitamin deficiencies will reduce the intake of growing birds, although they appear to have 

virtually no effect in adults as long as other effects of the deficiency, for example the serious impact on 

embryonic development with breeders, are not apparent. 
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Texture as well as pelleting may influence intake. If the diet is offered as a meal, consumption will diminish in 

the young bird when particle sizes are small. If the mean diameter is below 800 microns, this response becomes 

clearly noticeable. The depressive effect is proportional to the reduction in mean diameter of the particles; on 

average each reduction of 100 microns is associated with a decrease in intake of 4%. Finely ground feeds are 

poorly consumed by poultry. These factors are important in other species such as the duck which consumes 

pelleted diets far more readily than meal diets. 

Finally, it is important to note that anti-nutritional factors themselves may influence intake. As with 

deficiencies, these factors often affect intake indirectly by modifying production levels. It is not possible to 

formulate clearly general rules as each factor has its own mode of action. 

2. Control of water intake 

There are close links between drinking and food intake. A restriction in water provision is associated with a 

reduction in food intake. However this restriction should not be used as a means of limiting food intake because 

of the variable response between individual birds and the risks of alterations in renal function. Conversely, feed 

restriction is often associated with an increase in water intake, after a few days of acclimatization, which may 

result in a deterioration in rearing conditions (wet litter). Thus it might be necessary to limit the amount of water 

available if food restriction is being considered. 

Water intake is controlled by the hypothalamus. The existence of osmotic receptors accounts for this control. 

These receptors, as well as those for the sodium ion, are situated in the anterior region of the hypothalamus in 

the preoptic region. Endogenous opiates control water intake through an inhibitory effect whilst an antagonist 

such as naloxone stimulates water consumption. Serotonin and dopamine do not appear to be implicated. 

Finally, it should be noted that birds possess the specific physiological ability of re-absorbing water from urine; 

this travels back up the colon, which is the site of water re-absorption resulting in the precipitation of uric acid 

in the form of urates which are whitish particles recovered in the excreta. 

Water consumption may be influenced by the nature of the diet offered to birds. High dietary concentrations of 

sodium or potassium are associated with increased intake. Diets containing 0.25% sodium will increase water 

consumption by 10% compared with those containing only 0.14%. Manipulation of dietary mineral levels is 

therefore a practical means of controlling litter moisture content. Dietary protein levels may equally modify 

water intake; diets with high levels result in a slight increase which may be explained by the mechanisms of 

excretion of uric acid via the kidney. On average, a dietary increase of 1% protein is associated with an increase 

in water consumption of 3%. 

Ambient temperature also has a significant effect on water consumption. This relates to the initiation of the 

mechanisms of thermoregulation through dissipation of latent heat. It represents a progressively more important 

component of energy losses when ambient temperature increases. The bird compensates for these losses by 

consumption of water. In practice within normal ranges of temperature found in systems, water consumption 

may increase by 15% in summer when compared with winter. Considerably larger differences are found in very 

hot climates (tropical countries) since water losses through evaporation may be increased by a factor of 15 

compared with those under thermo-neutral conditions. 
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Chapter 2. Digestive physiology 

Diets destined for poultry are generally a mixture of raw materials of diverse origin and of complex chemical 

composition. They must be subjected to a series of preliminary physical and chemical actions so that simple 

constituents, termed nutrients (ions, simple molecules), may be obtained, which are then absorbed. 

Digestive physiology constitutes the collective processes of digestion and absorption. The most important, 

which are mechanical, chemical and enzymatic take place throughout the gastro-intestinal tract. Absorption 

takes place essentially in the small intestine. When effective, these mechanisms ensure the transfer of nutrients 

from the intestinal lumen into the portal blood stream which is the means of transport to the liver and, 

subsequently, to the various target tissues. 

The metabolic activity of the organism, which corresponds to maintenance a production, depends upon the 

supply of nutrients. For a given intake of a diet of known composition, the quantity of nutrients available for 

metabolic processes will, more or less be a function of the efficiency of the digestive processes which will 

include the degree of denaturation, yield from enzymatic hydrolysis, rate of passage of digesta, speed of 

intestinal absorption and the role of intestinal microflora. 

1. Anatomy and secretory activities of the gastro-
intestinal tract 

The gastro-intestinal tract, which is relatively short, appears particularly well adapted for transforming 

concentrated diets into nutrients, whatever the avian species. The extremely rapid rate of passage of digesta, 

which is around 10 hours, implies highly efficient mechanisms of digestion and absorption. In comparison with 

mammals (non-ruminants, ruminants, carnivores), the gastro-intestinal tract of birds is distinguished by the 

following features: 

• Replacement of the lips in mammals by the beak. 

• Existence of two successive and distinct stomachs. The proventriculus or glandular stomach is the ―chemical‖ 

stomach. The gizzard or ―mechanical‖ stomach ensures homogenisation and a certain amount of grinding of 

the food. 

• The uniqueness of the terminal region of the tract, or cloaca, which acts both as the rectum and the exit for the 

urino-genital system. 

Gallinaceous birds (poultry) and galliformes (turkeys, guinea-fowl, pheasants and partridges) have digestive 

tracts which are identical (Figure 1.). Water fowl (geese and ducks) do not have a distinct crop, but the 

oesophagus is capable of dilatation throughout its length and provides an important reservoir which permits 

force-feeding. In columbines (pigeons) part of the crop secretes a nutritive substance for the young (pigeon 

―milk‖) and, in addition, there is no gall bladder and the caeca are far less important. 

The development of the gastro-intestinal tract is very precocious. In the embryo the primordial intestine 

develops from the second day of incubation. At hatching the tract represents up to 25% of the live-weight. This 

proportion diminishes rapidly and falls to less than 5% in an 8-week old broiler. 

2. Buccal cavity 

The beak consists of two keratinized cases which cover the mandibles. Food particles which are grasped are 

transferred into the mouth without undergoing any significant transformation. Water is imbibed passively 

following movements of the head. 

In adults, salivary fluid is rich in mucus which ensures both the lubrication of the food bolus to assist its passage 

into the oesophagus and the permanent moistening of the bucco-pharyngeal cavity. Its composition is poorly 

understood. It is analogous to that of mammals, with the presence of amylase and a large concentration of 

bicarbonate ions. The quantity of saliva produced daily can vary from 7 to 30ml depending upon the feeding 

conditions. 
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3. Oesophagus 

This lies between the pharynx and the proventriculus and may be considered as a highly dilatable tube 

consisting of two parts. The first (upper) is cervical and closely linked with the arterial system and the second 

(lower) is intra-thoracic and found above the heart. The crop is found between these two regions which may be 

considered as a simple dilatory lobe. It constitutes a reservoir which regulates transit time of digesta when the 

bird, on being subjected to a severe food restriction or feeding on a meal basis, is able to consume a significant 

amount of food within a short period of time. 

The mucosa is rich in branched mucus glands and is covered with a stratified epithelium consisting of flat cells. 

The musculature consists of three types of muscle fibre. 

Food within the crop may be accumulated, moistened and softened. The frequency of contractions within the 

crop varies depending upon the region under consideration. Emptying plays an important role in regulating the 

rate of passage of digesta and therefore the efficiency of the digestive process. It depends upon a number of 

factors, including: 

• the capacity of the crop, which becomes greater when the food is rich cellulosic fibres or when the bird is fed 

in discrete meals. In the adult cock the crop may contain up to 250g of moistened ingesta 

• how full the gizzard is 

• the particle size of the food and their degree of moistening: difference between meal, crumbs and pellets 

In summary, the food bolus remains in the crop for less time when the gizzard is empty and when the food 

consumed is in the form of meal. 

4. Proventriculus and gizzard 

On leaving the crop, chyme arrives at a small ovoid cavity surrounded by thickened wall named the glandular 

stomach or proventriculus. 

Under ad-libitum feeding conditions the contents of the proventriculus, as well as those of the gizzard, are 

predominantly acids; gastric secretion is not simply continuous but also responds to both nervous and chemical 

stimulation. 

Secretion of hydrochloric acid, which is particularly important in the laying hen in order to solubilise between 7 

and 8 grams of calcium carbonate daily, maintains pH at levels between 1 and 2. Up to 5 pepsinogens have been 

recorded which may on represent intermediary forms in the activation of one pepsin. Chyme remains in the 

proventriculus for a relatively short period of time, between a few minutes an hour, before passing into the 

gizzard through a narrow and short isthmus. 

The gizzard is a thickened slightly biconvex organ. The external musculature is covered by a white fibrous 

sheath. 

This structure, which possesses considerable muscular strength, allows for the grinding and reduction in size of 

particles within chyme particularly if the bird has ingested small siliceous stones (grit) which are not attacked by 

hydrochloric acid. 

The two stomachs accordingly have complementary roles. The former has a secretory function, whereas that of 

the latter is essentially mechanical. Hydro¬chloric acid produced in the proventriculus continues its action 

within the gizzard in order to solubilise mineral salts (calcium carbonate and phosphates), to ionise electrolytes 

and to destroy tertiary structures of dietary proteins. In the same way pepsin, which is the sole gastric enzyme, is 

not effective within the lumen of the proventriculus but contributes to protein hydrolysis within the cavity of the 

gizzard. 

5. Small intestine 



 Digestive physiology  

 6  
Created by XMLmind XSL-FO Converter. 

In adult birds, the total length of the small intestine is approximately 120cm which conventionally is divided 

into three sections, which do not have major structural differences, being the duodenum, the jejunum and the 

ileum. 

The duodenum is 24cm long and ―U‖ shaped with the two sections being bent back around the gizzard and 

wrapped around the pancreas. 

The bile and pancreatic ducts enter the duodenum at the point where, conventionally, the jejunum commences. 

This itself is approximately 50cm long and is convoluted around the free side of the large mesentery. Meckel's 

diverticulum (diverticulum vitelli), which is regarded as the beginning of the ileum, is the duct which, the 

embryo, joins the intestine to the umbilical vesicle or vitelline sac. The third portion of the small intestine is as 

long as the jejunum and leads to a ringed value before branching out into the two caeca. 

Duodenal secretions or, more generally, intestinal, are pale yellow. They include mucus, electrolytes and 

enzymes. With the exception of mucus, which is secreted throughout the intestinal tract except the gizzard, the 

other components are essentially of pancreatic and biliary origin. 

Bile which is synthesised in the liver is carried to the duodenum through two ducts. Lipids are emulsified under 

the influence of bile to facilitate the action pancreatic lipase. In the case of monoglycerides and fatty acids 

arising from enzymic hydrolysis, bile salts promote the formation of micelles. In this way, products of lipid 

digestion are solubilised in the aqueous phase of the intestinal contents. 

Micellar structure is critical for all lipid substances except short and medium chain length fatty acids which are 

directly solubilised. Micelles have a molecular weight of approximately 15000 and a diameter varying between 

1.6 and 2nm. Fatty acids and cholesterol are located in the centre, surrounded by bile salts on the periphery. 

Synthesis and secretion of bile develops with age of bird, with young birds being relatively unable to digest 

dietary lipids adequately, particularly if they contain saturated fatty acids. Thus the addition of bile salts to diets 

for young chickens and turkeys improves fatty acid digestibility, particularly palmitic and stearic acids and, to a 

lesser extent, unsaturated fatty acids. 

Pancreatic juice has a particularly powerful hydrolytic capability directed towards protein, carbohydrates and 

lipids. It has a high concentration of buffer, particularly bicarbonate, which facilitates the increase in pH of 

gastric chyme in order to ensure the activity of the majority of pancreatic enzymes. 

These enzymes are themselves secreted in the form of pro-enzymes into the intestinal lumen. Proteolytic 

enzymes are principally endopeptidases. Trypsin arises from trypsinogen under the action of trypsin 

(autocatalysis) and in the presence of Ca++ splits peptide chains at the level of lysine and arginine. Trypsin 

activates chymotrypsinogen to produce chymotrypsin. This is an endopeptidase, effective at the position of 

aromatic amino acids (phenylalanine, tyrosine and tryptophan). In the case of elastase, peptide chains are split in 

the vicinity of amino acids with aliphatic chains (glycine, serine, alanine). 

Exopeptidases are carboxypeptidases A and B, and aminopeptidases; these are present, but in smaller amounts 

than the endopeptidases. 

Hydrolysis of starch, which is the principal carbohydrate of the diet, is under the influence of α-1-4-glucosidase 

which is a glycoprotein requiring the presence of Ca++ ions. This enzyme splits 1-4 bonds between glucose 

molecules and liberates oligosaccharides (dextrins) of low molecular weight. At the same time, other amylases 

are present which split 1-6 bonds. 

Digestion of lipids, present in an emulsified form as a result of the action of bile salts, is achieved by lipase and 

its cofactor (colipase), a phospholipase or several esterases. The most important activity is that of lipase which 

hydrolyses triglycerides into monoglycerides, fatty acids and glycerol. Colipase acts as a cofactor in forming a 

bridge between lipase and triglycerides, which are molecules with extremely differing polarity. 

In addition to these pancreatic and bile secretions, intestinal juice contains enzymes secreted by the brush border 

of the small intestine. Their optimum pH for activity is approximately 6. These are, in particular, enzymes which 

specialise in the hydrolysis of oligosaccharides, for example saccharase, isomaltase and trehalase which 

hydrolyse saccharose, maltose and trehalose respectively. Saccharase and isomaltase are attached and linked to 

the same protein arm fixed to the wall of enterocytes in the intestinal mucosal wall. It should also be noted that, 

in contrast to mammals, birds do not have lactase, indicating that the very low level of lactose hydrolysis is a 

result solely of bacterial enzyme action. 
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6. Large intestine 

The relatively long caeca (20cm each in the adult) lead directly to the colorectum of approximately 7cm in 

length. Each has a narrow proximal region with a smooth epithelium and a large terminal zone which is the site 

of significant bacterial activity. The ileo-caeco-colonic junction controls the flux of chyme between the colon 

and the caeca. It relaxes to allow movement towards the colon, and contracts when the latter is distended. At this 

moment the flux is directed towards the caeca or cloaca depending upon the direction of peristalsis. 

Caecal filling takes place at regular intervals under ad libitum feeding condition. Evacuation of the caeca seems 

to result from a strong contraction which starts at the base of each of them. In contrast, frequency of emptying (5 

to 8 times daily) varies with the degree of distension of the caeca, the quantity of H+ ions present and their 

electrolyte content. 

Digestion of food within the large intestine is minimal. There is bacterial activity which, however, does not 

hydrolyse cellulose or other non-starch polysaccharides. 

7. Cloaca 

This is divided into three portions by two transversal membranes: 

• The coprodeum which may be regarded as a dilatation of the rectum in which faecal material accumulates. 

• The urodeum into which the two ureters enter and, additionally, the two sperm ducts of the male and oviduct 

of the female. 

• The proctodeum opens to the outside through a double sphincter. It is linked through its base to the Bursa of 

Fabricius which is a lymphoid organ rich in nucleoproteins which deteriorates with age. It is sometimes 

referred to as the cloacal thymus. 

Defecation which occurs at regular intervals is achieved through rapid contraction of the coprodeum. As a 

consequence of the convergence of the digestive and urinary tracts in the region of the cloaca, urine arriving 

from the ureters may ascend up to the caeca where water and electrolytes may be absorbed. 

8. Intestinal transit 

The rate of passage of digesta varies as a function of a number of factors. First and foremost age has an effect 

with young birds having a rate approximately 1 hour shorter than adults. On the other hand, within a species, 

there does not appear to be a difference between hens in lay and cockerels or non-laying hens. At a given age, 

moreover, there does not seem to be a difference between species. In all cases these comparisons have been 

made between young chickens and turkeys or Barbary ducks. Furthermore, ambient temperature does not have a 

specific effect. On the other hand, composition of the diet may have a small influence on rate of passage. This 

effect is, however, less pronounced than sometimes thought. 

Amongst those parameters associated with the diet, it should be noted that the pelleted form tends to increase the 

rate of transit. No significant effects are observed with fats when included at rates of up to 12%. The same is 

true for fibre when present at usual levels (5 to 15%). 

9. Nutrient absorption 

Transfer of nutrients derived from digestion is ensured by the enterocytes prominent cells which are constituents 

of a regular palissade epithelium interrupted by caliciform cells with mucus (Figure 2.). 

At their apical pole, enterocytes have a brush border with a thickness of between 1 and 2 µm consisting 

microvilli with the appearance of a fingertip. The surface of the mucosa is also augmented by the juxtaposition 

of anatomical structures of increasingly small size, commencing with mucosal folds which are transversal and 

visible to the naked eye. Intestinal villi give a velvety aspect to the mucosa (0.5 1.5µm) and are visible through a 

scanning microscope. Their function is to absorb. Finally, microvilli are discrete and make up the brush border. 
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Intestinal crypts are membranes between villi and contain Paneth cells at their base. These cells have a role in 

the immune defence system. Within the same crypts are found cells which are part of the endocrine system of 

the axis of the nervous system of the gastro-intestinal tract. 

Intestinal absorption may be achieved through two routes: 

• the paracellular route through the enterocytes 

• the transcellular route, which is successively from the apical to the baso-lateral membranes 

Pinocytosis also occurs as a means of transfer but is limited to some large molecules. These themselves are 

incorporated within the plasma membrane before being isolated in vesicles which may either discharge their 

contents into the cytoplasm or release them through exocytosis to the surface of the baso-lateral cells in the very 

young bird (absorption of globulins). 

Transcellular transport, which is easily the more common, involves morphological and clinical interactions 

between nutrients and the apical membrane. Three mechanisms of transport may be distinguished: 

9.1. Passive diffusion 

Transport is achieved through pores. It does not require energy. The flux descends a concentration gradient in 

the case of non-polar molecules and an electrochemical gradient for those that are charged ions. The speed of 

transport is proportional to the concentration. This mechanism does not involve the action of specific membrane 

transporters 

9.2. Active transport 

In contrast to simple diffusion, active transport takes place against a concentration gradient. This mechanism 

implies the presence of sites for attachment and certain specificity. It requires energy which is provided by ATP. 

9.3. Facilitated diffusion 

This means of transport occurs down a concentration gradient. It may be saturated but does not require energy. 

9.4. Water and electrolytes 

Water is absorbed through a passive mechanism which in theory depends upon osmotic pressure. In mammals, 

the contents of different regions of the gastro intestinal tract are more or less isotonic. In birds, recorded osmotic 

pressures are considerably higher and may be more than twice that of blood. Under these conditions, the flux of 

water has to be regarded as excretion from the cells to within the intestinal lumen if the mechanism is simple 

diffusion. As water is evidently absorbed, this must argue for the existence of a specific mechanism or an active 

intestinal process in birds. The problem remains to be clarified. 

Electrolytes may be absorbed through three different mechanisms, simple diffusion, co-transport with small 

molecules and that which is referred to as neutral transport. 

In the case of sodium, the intracellular concentration is lower than that in the lumen and absorption is achieved 

by descending an electrochemical gradient without the need for energy. It may also be co-transported with 

amino acids and simple carbohydrates. 

Neutral transport is employed for sodium chloride since, when either sodium is replaced by organic cations 

(choline) or chloride by other anions such as sulphate, the transport of the remaining constituent (Na+ or Cl-) is 

reduced. In addition Na+ and Cl- are transported collectively. 

Transport of potassium is essentially passive. The active compound involves a potassium-ATPase located in the 

apical membrane. 

Intestinal absorption of calcium depends upon a number of factors based upon the composition of the diet and 

the physiological status of the bird. When dietary provision is sufficient to meet requirements, the mechanism of 

absorption may be viewed as a simple diffusion dependent upon the electrochemical potential. In the event of 

dietary deficiency, the transport mechanism is active. 
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In the laying hen the influence of the physiological state is particularly important during the time of egg 

formation, with the percentage of calcium absorbed from the upper jejunum in relation to that ingested, being 45 

and 17% respectively depending upon whether the egg is being formed or not. 

All the other cations are often in the ionic form or associated with chelating agents. The general mechanism of 

transport is simple diffusion with does not involve energy. Iron is unique. In solution it must be maintained in 

combination with chelating agents. Solubility is improved by gastric HCl. Passage across the membrane would 

necessitate the presence of a transporter requiring energy which would be inhibited by anoxia. Once absorbed, 

iron is stored in the form ferritin. It is transported into cells by transferrin. Its passage into the blood stream is 

controlled as a function of the requirements of the organism. 

9.5. Monosaccharides 

Absorption of monosaccharides is achieved through transcellular and paracellular routes, with the former being 

the more common and accounting for 80%. 

In the case of glucose and galactose, transport is through a stereospecific mechanism which is saturable and 

which may be inhibited in a competitive fashion. 

The concentration of Na+ within the cytosol is kept low as a result of Na+-K+-ATPase which actively ejects Na+ 

whilst at the same time allowing the entry of K+ through the baso-lateral surface of the enterocyte. 

For monosaccharides other than glucose and galactose, intestinal absorption is achieved through a simple or 

assisted diffusion mechanism. For fructose, it is assisted diffusion which is independent of Na+ and energy. 

9.6. Amino acids 

The rate of absorption of amino acids is dependent upon their structure and polarity. Several systems may be 

distinguished which are all based on active transport, comparable with those for glucose and galactose. There is 

competition between amino acids and with monosaccharides, probably in terms of energy supply. 

In addition, neutral amino acids are transported through a Na-dependent mechanism. Penetration into the 

enterocytes is faster the longer the side chain and the less polar it is. This system is employed for alanine, valine, 

serine, methionine, leucine, isoleucine, phenylalanine, tryptophan, threonine, tyrosine, asparagine and histidine. 

It is stereo-specific, and its affinity is greater for L isomers than D forms with inhibitions being of the 

competitive type. 

Basic amino acids (lysine, ornithine, arginine, cystine) are absorbed through a Na-dependent mechanism 

considerably less active than that for neutral amino acids. The system also transports glycine, proline and 

hydroxyproline but with less dependence on sodium. 

Dicarboxylic amino acids (aspartic and glutamic acids) are transported into the enterocytes where they 

participate rapidly in transamination reactions. Their flux also proceeds through an active mechanism which is, 

however, partially dependent upon Na+. 

Proteins are also absorbed as oligopeptides containing between 2 and 6 amino acids. The speed of transport is 

even faster than that of the constituent amino acids. The mechanism is active, energy dependent, specific for the 

D or L isomer and is subjected to the sodium gradient between enterocytes and the intestinal lumen. Absorption 

of oligopeptides is followed by their hydrolysis within enterocytes. 

The rate of absorption of amino acids is, as with simple sugars, dependent upon a number of factors based upon 

the nutritional state of the bird and the composition of the diet. 

These responses may equally be modified by variations in the composition of the diet. Generally, they arc 

reduced considerably in birds fed a low energy diet. On the other hand, they are increased with diets deficient in 

amino acids. In the case of a diet slightly deficient in both energy and amino acids, the influence of energy 

becomes dominant and a reduction in the rate of absorption is observed. 

In addition to the overall dietary energy concentration, the nature of the energy-yielding components also seems 

to influence intestinal physiology. At equal metabolisable energy levels lipids, in comparison to carbohydrates, 

promote the transport of amino acids (Table 1.). 
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9.7. Lipids 

Lipids are taken into enterocytes by a simple diffusion and with no energy requirement. Passage through the 

apical membrane is achieved by micellar consolidation. Long chain fatty acids entering more rapidly than those 

with short or medium chains. 

Lipids enter the enterocyte in a mono-molecular state, and leave through the baso-lateral region in particulate 

form as chylomicrons, which are termed portomicrons in birds, and lipoproteins. These transformations are both 

physical and chemical, being re-esterification, activation and incorporation into non lipid constituents (apo-

proteins). 

Intracellular transport involves a protein (FABP - Fatty Acid Binding Protein) whose affinity is greater for 

unsaturated than saturated fatty acids, and for long chain rather than short or medium chain length fatty acids. 

Re-esterification takes place within the endoplasmic reticulum. 

In case of cholesterol, it must be in the polar form in order to be absorbed by a specific protein. Re-esterification 

within the enterocyte is achieved through cholesterol esterase and cholesterol-acyl-transferase immediately prior 

to incorporation into chylomicrons and lipoproteins. 

Dietary phospholipids are hydrolysed by pancreatic phospholipase and subsequently absorbed in the form of 

lysophospholipids. 80% of apoproteins come from the blood or are synthesised by the enterocyte. Accordingly, 

particles of different sizes are derived, principally portomicrons (analogous to chylomicrons of mammals) which 

contain more than 88% triglycerides, between 3 and 6% cholesterol, 6% phospholipids and 1.5% protein. 

In birds, the lymphatic system is virtually non-existent and lipid particles are transported in the portal blood 

stream to the liver where they are metabolised. 

9.8. Vitamins 

Vitamins are transported through a number of mechanisms which will be described briefly. 

9.8.1. Fat soluble vitamins 

Vitamin A is consumed as its provitamin β-carotene or the ester which is hydrolysed by pancreatic esterase. 

Absorption is passive, not influenced by anoxia and is promoted by the presence of bile salts. Within the 

enterocyte, carotene is split then esterified before being incorporated into lipoproteins which transport lipids. 

The mechanism for transporting vitamin D is comparable with that of vitamin A. Hydroxylation occurs within 

the enterocyte before it is transported into the portal blood stream. 

In the case of vitamin E, luminal hydrolysis of its ester precedes the absorption of the vitamin which is then 

transported as with other lipidic nutrients. 

Mechanisms of absorption of vitamin K are dependent upon its chemical form. K1 is actively transported 

through an energy dependent, but Na-independent system. Vitamins K2 and K3 are, on the other hand, passively 

absorbed by lipoproteins without undergoing transformations within the enterocyte. 

9.8.2. Water soluble vitamins 

Transport of vitamin B1 requires a specific system and sodium. The different forms of vitamin B6 are passively 

transported. 

The same is not true for vitamin B12. The mechanism of absorption is passive when the vitamin is found at high 

levels within the intestinal lumen. However, at physiological concentrations, the vitamin combines with a 

protein of gastric origin (intrinsic factor) which protects it from the activity of bacterial flora. In the jejunum 

and, principally, the ileum, the vitamin is attached to a membrane receptor which assures its transport. 

The absorption of biotin resembles that of glucose and only takes place if the carboxyl group of the side chain is 

free in order to be attached to the transporter. 
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Niacin is actively transported, but more rapidly in the amide than the acid form. The same is true for pantothenic 

acid, whose transport system is dependent both upon sodium and energy. 

Vitamin B2 is initially hydrolysed by an enzyme within the brush border. Molecules of riboflavin obtained are 

actively absorbed through a Na-dependent mechanism which is stimulated by bile salts. 

Finally, dietary folates are hydrolysed before being absorbed in the presence of a transporter FBP (Folate 

Binding Protein) through an active mechanism which is saturable, specific and energy dependent. 

9.9. Role of intestinal flora 

The gastro-intestinal tract of birds, as with mammals, houses an abundant microbial flora, with approximately 

40 species being identified of which there are 3 or more types for each one. In total more than 200 different 

types have been found. 

The flora plays an important role in digestive physiology, with a beneficial, negative or neutral effect. 

Generally, bacterial enzymes promote the digestion of proteins, lipids and carbohydrates. Bacteria synthesise 

vitamins which contribute therefore to the nutrition of the host. Conversely, micro-organisms compete with the 

host for those nutrients liberated during digestion producing metabolites which are harmful, and degrade those 

compounds which are nutritionally useful. This is the case with decarboxylation of essential amino acids (for 

example lysine to cadaverine, and histidine to histamine). 

The position of the site of activity is an important consideration in the study of the effect on the host. Thus 

metabolites produced in the crop have a greater chance of being absorbed by the host than those arising in the 

caeca. Similarly, proteolysis in the terminal region will have virtually no beneficial effect. Finally a bacterial 

metabolite is not available to the host while it is in a complex form within a cellular structure. Following 

coprophagy it may be recycled within the gastro-intestinal tract. Thus birds reared on litter will benefit more 

than those housed in cages. 

9.9.1. Utilisation of carbohydrates 

Within the crop, there is partial starch hydrolysis by salivary amylase. Significant quantities of D and L lactic 

acid are found there when glucose is offered to the normal bird. 

Within the caeca, carbohydrates accumulate in larger amounts in axenic birds than with conventional 

individuals. There is no endogenous lactase activity in the young chicken. However, as a result of the digestive 

flora, lactose may be employed as an energy-yielding compound with the end products of lactase activity being 

absorbed from the caeca and colon. Obviously this process will not take place in axenic birds, or those treated 

with antibiotics. 

In practice the cellulolytic activity is negligible in birds and the caeca do not appear to have a role in this 

context. 

9.9.2. Effects of protein 

When fed on protein deficient diets, the axenic bird excretes considerably greater amounts of endogenous 

nitrogen (+20%) than the conventional bird. At a given amount of feed consumed, the digestive tract of the 

young axenic bird contains more free amino acids. In conventional birds bacterial enzymes produce amines 

from non-absorbed amino acids, and liberate NH3 from urea which may be employed in the synthesis of 

bacterial amino acids or are absorbed and contribute to the synthesis of essential amino acids through 

transamination. 

Generally the digestive flora seems to have a role in nitrogen conservation, with the liberation and re-cycling of 

NH3 and nitrogen sparing. In practice, the value is debateable since the Net Protein Utilisation (NPU) does not 

appear to be dependent upon the intestinal flora when dietary supply of nitrogen is low. However, conversely, in 

the event of dietary excess, an excess NH3 is observed which accumulates within the digestive tract and tissues 

and may lead to various metabolic disorders (ammonia toxicity). 

9.9.3. Lipid digestion 
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As with mammals, the intestinal flora of birds significantly alters the bile salts through de-conjugation, de-

sulphatation and de-hydroxylation. Moreover it is involved in the saturation of unsaturated fatty acids through 

hydrogenation. However this latter effect is not particularly pronounced. 

Collectively these effects depress digestive utilisation of lipids through reducing the role of bile salts. This has 

been clearly demonstrated through comparisons between conventional and axenic birds receiving, or not, dietary 

bile salts. Experimental supplementation with bile salts has a beneficial effect in axenic birds but is reduced in 

conventional ones. 

9.9.4. Vitamin synthesis 

Water soluble vitamins are synthesised in appreciable quantities in the caeca of conventional birds. However, 

with the exception of folic acid, the other vitamins appear to be unavailable to the host since the effects of 

deficiencies are identical in axenic and conventional birds reared either in cages or on the ground. Similarly the 

caecal flora are able to synthesise vitamin K, but in quantities insufficient to meet requirements. 

9.9.5. Other activity 

Intestinal flora may have an indirect effect on the digestive utilisation of nutrients through, for example, the 

modification of pH. Iron is absorbed better as ions in the ferrous rather than the ferric state. Calcium is absorbed 

most rapidly in axenic birds compared with conventional ones. Finally it should be noted that some raw 

materials such as raw soya are better utilised in axenic birds, with anti-trypsin factors appearing therefore to 

have no depressive effect. 
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Chapter 3. Energy metabolism 

Traditionally two categories of energy cost to the bird have been distinguished being those associated with 

maintenance and those concerned with production. The former is in principle defined as that required to 

maintain strict homeostasis (for example glycaemia, temperature, osmotic pressure, pH) and energy balance that 

is to say neither loss nor gain of energy reserves. The latter is concerned both with energy composition of that 

which is produced, and with the energy losses associated with the inefficiency of this production. Synthetic 

processes are never 100% efficient, and those biochemical transformations linked with them are associated with 

variable energy losses, usually in the form of heat. 

The partition of energy requirements may thus be as indicated: 

Maintenance requirements 

• Basal metabolism 

• Adaptive thermogenesis 

• Dietary thermogenesis 

• Physical activity 

Production requirements 

• Energy within products 

• Thermogenesis associated with their synthesis 

Maintenance consists of basal metabolism, thermogenesis associated with adap¬tation to cold conditions, 

thermogenesis linked to hyperthermia and intrinsic thermogenesis related to food intake (also referred to as the 

heat increment of maintenance). Basal metabolism is the minimum loss to the bird in a homoiothermic situation. 

Thermogenesis associated with the diet can also meet some of the energy costs associated with low 

temperatures. 

If this scheme of energy requirements is integrated with provision, it leads to the classic plan of energy partition 

as presented in Figure 3. Gross energy contained within the diet does not completely pass across the intestinal 

wall. A portion of the energy-yielding components of the diet is not digested, the amount being on average 15% 

in typical diets of domestic birds. Losses from the intestine also contain those of urinary origin. Thus nutrient 

oxidation generates, apart from carbon dioxide and water, compounds excreted via the urinary route. They are 

particularly important with amino acids which lead principally to the production of uric acid. The collective 

intestinal and urinary losses must be deducted from gross energy, giving metabolisable energy. On deducting the 

heat increment of maintenance, that is the energy associated with ingestion of food and synthesis of products 

(eggs and tissues), what is left is the net energy of maintenance and of production. 

1. Maintenance requirements 

Energy requirements for maintenance correspond to the daily metabolisable energy intake necessary to maintain 

energy homeostasis, that is to say the bird neither gains nor loses energy. 

Energy requirements for maintenance may be divided into a number of individual components. It is considered, 

in effect, that they cover basal metabolism, and a series of losses associated with adaptive thermogenesis 

(adaptation to the cold), physical activity and , finally, thermogenesis induced by the food (or heat increment of 

maintenance or specific dynamic effect). 

1.1. Basal metabolism 

Basal metabolism is defined by the energy losses measured in the bird at rest, starved and in the thermo-neutral 

zone. The components of maintenance are therefore not taken into account as they are, by definition, all 

included within basal metabolism. 



 Energy metabolism  

 14  
Created by XMLmind XSL-FO Converter. 

In mammals it is understood, following the studies of Rubner, that an inter-species relationship exists between 

basal metabolism and metabolic weight (live weight raised to the power of 0.75). This concept of metabolic 

weight is a compromise between live weight and body surface area (live weight raised to the power of 2/3) 

following a biometrical optimisation routine. It appears to indicate that losses are not based completely on the 

simple phenomenon of heat exchanges. 

The equation is: BM = 293 x W0.75 

where: 

BM is basal metabolism in kJ per day 

W is the live weight in kg 

In birds similar estimates have been established on numerous occasions. They always give higher values than 

those with mammals, which is explained by the higher body temperature of birds. In effect, as is detailed 

subsequently, the temperature of birds is regulated between 40 and 42°C, which is between 3 and 5° higher than 

in mammals. 

1.2. Adaptive thermogenesis 

As with mammals, birds are homoiotherms. They must therefore maintain body temperature constant. This is 

controlled in a very precise way through the central nervous system by a collection of both nervous (rapid 

control) and hormonal (slower control) mechanisms. Birds must therefore by confronted by situations both of 

hyperthermia (hot ambient temperature) and hypothermia (cold ambient temperature). In the latter case, they 

must increase thermogenesis to compensate for the greater heat exchange with the surrounding environment; on 

the other hand when temperatures are very high, having attained a minimum level of heat production, they must 

increase these exchanges with the environment in order to avoid hyperthermia (increase in internal temperature). 

As a general rule, losses through the pulmonary route represent about half the losses of water irrespective of 

ambient temperature. This proportion increases above 30°C and may reach 80% with temperatures beyond 

40°C. The majority of birds will be hyperventilating. Relative humidity of air will influence evaporative losses 

significantly; dry air will facilitate thermoregulation by the bird in hot climates. On the other hand air which is 

saturated with water makes such thermoregulation extremely difficult. 

There are other means of heat exchange in birds. However their importance is minor. 

2. Energy value of diets 

In poultry production two expressions of dietary energy are currently employed, being gross energy which may 

be used as a basic analytical tool, and metabolisable energy which constitutes that fraction available to the bird 

for metabolic processes. Digestible energy is very rarely measured in birds. It requires the insertion of an 

artificial anus to separate faeces from urine. It provides information on the efficiency of digestion of the diet, but 

may also be estimated indirectly by measuring the digestibility of the principle components of the diet. In reality 

it is usually preferable to adopt the latter approach rather than employ the concept of digestible energy. 

Gross energy, or heat of combustion, is estimated calorimetrically in an enclosed bomb calorimeter. An 

adiabatic bomb calorimeter, that is to say one that has no heat exchange with the environment, is normally 

employed. Measurements of gross energy are very repeatable (small intra-laboratory variation) and reproducible 

(small inter-laboratory variation). 

2.1. Different forms of metabolisable energy 

Up until 1970, poultry nutritionists employed the concept of metabolisable energy defined by the following 

equation: ME = (Ei— Ee)/i 

where: 

ME is metabolisable energy 

Ei is gross energy ingested 
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Ee is gross energy excreted (faecal + urinary) 

Two methodologies were utilised, being total collection or the use of markers. Total collection consists of 

starving the bird before the balance period in order to empty the digestive tract. There follows a balance period 

where the experimental diet under study is offered ad libitum. Such a period lasts for several days, usually three. 

This is then followed by another starvation period of the same length as the one prior to the collection period. 

Excreta are collected daily throughout the collection period and the second starvation period. The amount of 

food consumed is extremely precisely checked and measured. The gross energy of the diet and excreta are 

determined through bomb calorimetry. 

The marker technique consists of adding a marker, which is not absorbed from the digestive tract, to the diet and 

thoroughly mixing it; by estimating the content of marker in both diet and excreta, and by measuring their 

respective gross energies, the metabolisable energy may be calculated using the following equation: 

ME = GEd — (Md/Me) X GEe 

where: 

GEd is the gross energy of the diet (kcal/kg) 

GEe is the gross energy of the excreta (Kcal/kg) 

Md is the concentration of the marker in the diet 

Me is the concentration of the marker in the excreta 

i is the quantity of food ingested 

This technique avoids the need to measure quantitatively the food consumed and the excreta produced. Birds do 

not need to be starved. On the other hand it is essential to ensure that: 

• there is no contamination of excreta with food that has been spilled 

• the marker is distributed very evenly within the diet 

• the passage of the marker through the gastro-intestinal tract is at the same speed as the diet 

• the techniques of measuring the marker are precise. 

Several markers have been proposed, being chromic oxide, ash insoluble in hydrochloric acid (silicon oxide), 

insoluble plant fibre. In practice the marker method is infrequently used, even though results generated are 

virtually identical to those obtained with total collection. 

ME is more precise if a nitrogen correction is introduced. In fact, were dietary protein to be utilised perfectly for 

production, there would be no nitrogenous residues excreted; in practise more than 80% of nitrogen excreted is 

in the form of uric acid. However, on the other hand, were all dietary protein to be catabolised (zero nitrogen 

retention) then there would be a significant excretion of energy associated with nitrogenous wastes; uric acid in 

fact contains energy. Dependent upon its nitrogen balance, the bird will excrete varying amounts of nitrogen and 

therefore variable quantities of energy. It is for this reason that the young growing bird or the laying hens give 

invariably higher ME values than those for the cockerel. A correction is therefore applied to ME values on the 

basis of zero nitrogen retention according to the following equation: 

MEn = ME – 34.4 x Nret 

where: 

MEn is ME corrected to zero nitrogen retention 

Nret = g N retained/g food consumed 

energy values are expressed in kJ/g 
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The search for a rapid small-scale test employing limited quantities of food led Sibbald (1976) to propose true 

metabolisable energy (TME). It is appreciated that, in the cockerel, ME is dependent to a limited extent on the 

quantity of food ingested. It will decline with a significant reduction in intake. When intake is low compared 

with that observed during ad libitum feeding, ME falls. The ingestion of the small amount of food proposed by 

Sibbald leads to abnormally low values for ME. It therefore appears necessary to correct excreta energy in terms 

of endogenous losses, that is to say those that do not come directly from the diet. TME is defined according to 

the following equation: 

TME = AME + EEL 

where: 

AME is apparent metabolisable energy 

EEL is endogenous energy losses 

In practice, AMEn and TMEn are very close and they easily interchange. The energy value of diets is dependent 

upon a number of factors. 

2.2. Effect of age 

Age may exert an effect on the energy value (AMEn) of compound diets and of raw materials. The principal 

source of variation is that associated with the presence of added fat. Indeed, young birds digest fat with a 

reduced efficiency compared with adults. This phenomenon is based upon deficiency in bile salt secretion while 

it is aggravated by the intestinal microflora which will partly catabolise these secretions. The addition of bile 

salts to the diet will therefore promote the digestibility of fat, the more the younger the bird and the greater the 

proportion of saturated fatty acids (palmitic and stearic acids) contained within that fat. The digestibility of 

starch and protein is barely influenced by age. 

2.3. Effect of species of bird 

Generally speaking, no significant differences are observed between domestic species in terms of AMEn. It is 

therefore possible to use those values determined with the species Gallus, which are the most common for those 

species which have been less frequently studied (turkey, guinea fowl, duck). 

2.4. Influence of processing treatment 

In general, pelleting will improve slightly the energy value of compound diets. This response has not been 

adequately explained. It is accepted that certain samples of wheat and protein raw materials (peas, faba beans) 

contain starch which is poorly digested if not heat treated. Simply steam pelleting at 80°C is often sufficient to 

improve digestibility and dietary energy value. Similarly, some samples of soya bean meal will have a slightly 

improved dietary energy value following pelleting which will denature residual anti-trypsin factors present. It is, 

however, impossible to give a fixed and systematic value for the improvement arising from pelleting. Other 

treatments including extrusion may equally improve the dietary energy value of raw materials. 

3. Dietary energy value of compound diets and raw 
materials – prediction equations 

Determination of the ME values of feedstuffs presents problems of methodology. In fact the most frequently 

employed technique is that of substitution. This consists of replacing a portion of a diet of known dietary energy 

value with the raw material under consideration. The calculations may therefore be undertaken through simple 

simultaneous linear equations. 

The error of determination is the lower when the rate of inclusion of the raw material is high. Figure 4. 

illustrates this effect. The determination becomes sufficiently accurate if this rate is higher than 30%. 

An additional method involves utilising several rates of inclusion and then extrapolates to a level of inclusion of 

100% which therefore gives the dietary energy value of the raw material. This method is generally more 

accurate. In addition it allows for the detection of non-additive responses in dietary energy values, that is to say 
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interactions between the raw material and the remainder of the diet or of digestive limitations; these effects may 

be detected by statistical tests of linearity. Non-additive responses are frequently detected with raw materials 

high in fat or where the raw materials contain anti-nutritional factors. 

In the absence of direct determinations of dietary energy value for a diet, it is possible to estimate the value 

through employing prediction equations which are described below: 

AMEn = 0.1551CP + 0.3431EE + 0.1669S + 0.1301Su (EU equation) 

where: 

CP is crude protein (%) 

EE is crude fat (%) 

S is starch (%) 

Su is free sugar (%) 

AMEn is expressed in MJ/kg 

The precision of this means of prediction of AMEn is dependent upon that of the equation and the analytical 

procedures. The latter is frequently mediocre, in particular for starch. The residual standard error for the 

European equations is of the order of 0.2 KJ/g. These equations therefore only provide an estimate for AMEn. 

Equations applicable to raw materials have also been derived. In general they are more useful than those for 

compound feeds. Finally it is important to underline that these equations may be applied to other species of 

domestic bird without the risk of significant error. 
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Chapter 4. Amino acid metabolism 

Free amino acids, either circulating or within tissues, constituent the pools. Concentrations within pools are 

based on the balance between losses and gains. These amino acids have two origins, being either dietary or 

metabolic. 

Proteins of dietary or endogenous origin are hydrolysed prior to absorption. Within the bird, tissue proteins are 

being renewed constantly with the liberation of endogenous amino acids. Moreover there are a number of 

metabolic reactions during which metabolites are converted into non-essential amino acids. 

The metabolic utilisation of amino acids is equally diverse. Whilst protein synthesis allows the manufacture of 

new proteins, degradation leads on the one hand to nitrogen excretion and on the other, to the production of 

carbon skeleton molecules (for glucogenesis and lipogenesis), carbon dioxide and the release of energy. 

Amino acid metabolism is concerned with the totality of reactions involving their biosynthesis and the use 

within both anabolic and catabolic pathways. 

1. Biosynthesis of amino acids 

In contrast to plants and many bacteria, birds, together with all higher animals, are incapable of synthesising 

certain amino acids, which are named essential and for which requirements exist for protein synthesis and tissue 

renewal. These amino acids must be present within the diet. With respect to protein synthesis, all amino acids 

are equally essential as the absence of one of them will interfere with the anabolic processes. However, from the 

biochemical point of view and thus in terms of the consequences for nutrition, amino acids are classified into 

three groups. 

1.1. Essential amino acids 

These must be provided in the diet. They may be subdivided into two categories: 

• those which are strictly essential because they cannot be synthesised, even from intermediary metabolites. 

These are for example lysine, methionine, phenylalanine, tryptophan and threonine for which the 

transaminases are absent. 

• those which may be synthesised from their respective precursors, but at a rate that is insufficient; these are for 

instance leucine, valine, arginine, histidine, glycine, proline and isoleucine. 

1.2. Semi-essential amino acids 

These may be synthesised from essential amino acids. They are cysteine and tyrosine which arise from 

methionine and phenylalanine respectively. Cysteine is synthesised from methionine and serine, which are 

essential and non-essential respectively. Tyrosine is synthesised following the hydroxylation of phenylalanine. 

1.3. Non-essential amino acids 

These are easily synthesised either from intermediary metabolites or from similarly non-essential amino acids. 

In the former group are found alanine, serine, and aspartic and glutamic acids and in the latter glutamine and 

asparagine. 

1.4. Nutritional implications 

Birds renew tissue protein irrespective of age. In addition there is a constant balance between protein synthesis 

or proteogenesis and catabolism or proteolysis. 

As the bird ages, the relative values of proteogenesis and proteolysis fall. The former changes from 40% of the 

total protein pool in the young broiler aged 7 days to 16% at 6 weeks. In the adult anabolism and catabolism 

equilibrate when weight remains constant. Nutritionally speaking, this state may be promoted with an amino 

acid provision corresponding to maintenance requirements. The latter is estimated to be 1.11g of nitrogen per kg 
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live eight per day. In practice the cockerel maintains its nitrogen equilibrium in the long term when the diet 

provides approximately 7g of protein daily. 

In growing birds or productive adults, proteogenesis must be considerably higher than proteolysis. In order to 

define the theoretical amino acid requirements, the genotype together with the production intensity and energy 

costs must be taken into account. When the efficiency of utilisation of energy in the growing bird is taken into 

consideration, which is between 40 and 50%, the net energy costs of protein gain are estimated to be between 48 

and 60 KJ/g (the energy contained within protein being estimated as 24 KJ/g). 

In the laying hen, egg proteins, in contrast to muscle proteins are not constantly being renewed. In addition the 

energy cost of their synthesis is lower and an energetic efficiency of 60% may be assumed. Thus, the production 

of 1g of egg protein in the hen is associated with a requirement of 40 KJ. 

Therefore it has been shown clearly that the energy requirements of protein synthesis are relatively high. 

2. Factors influencing the efficiency of utilisation of 
protein 

2.1. Balance of amino acids – limiting factors and requirements 

In order for the bird to realise its genetic potential and achieve the best levels of performance through maximum 

rates of protein synthesis, amino acids must be provided in the necessary quantities, avoiding both excesses and 

deficiencies. The concept of balance in the practical context is defined as the quantitative amino acid 

requirements for each production system. Evidence for this, however, is only indirectly obtained through 

defining those situations of imbalance and estimating the consequences. 

A deficiency situation may be viewed in terms of the concept of a limiting factor. When a productive bird 

(growth or lay) receives a certain quantity of each amino acid through its diet, the level of production achieved 

corresponds in general to the provision of that amino acid which is most limiting in relation to requirements. 

If the diet is supplemented with the amino acid (the first limiting factor) in order to meet requirements, 

performance will improve and will attain the level of that of another amino acid whose provision therefore now 

makes it a secondary limiting factor; this continues until the requirements for all amino acids have been met. It 

is possible, accordingly, to have a mixture of maize and soya bean meal destined for laying hens where the first 

limiting amino acid is methionine. Following supplementation with methionine, lysine becomes second limiting 

followed by tryptophan and so on. One of the responsibilities of nutritionists is to understand requirements 

thoroughly in order to identify limiting factors in diets. Subsequently they need to incorporate this information 

in the combination of raw materials with complementary amino acid profiles, in order to meet the requirements 

of all essential amino acids. 

In principle, if it is intended to meet all requirements for amino acids, without any excess, a situation defined as 

the ideal protein is obtained. In practice there is, to a greater or lesser extent, a departure from this because 

levels of amino acids in the majority of raw materials have amino acid contents indicating an excess for some of 

them. This is the case particularly with cereals which are very rich in non-essential amino acids (glutamic acid, 

aspartic acid). The interest in the industrial production of amino acids destined for animal feeding is to attain 

this ideal protein. Their utilisation allows for an improvement in metabolic efficiency of dietary protein and a 

reduction in nitrogen losses. 

In the cases of excessive imbalances, situations of antagonism may actually be observed. Antagonism may occur 

when the excess of an amino acid is associated with deficiencies of others whose requirements will therefore be 

increased. The best known situation is that of arginine-lysine. An excess of the latter (lysine:arginine ratio of 

1.2) reduces growth rate of the young bird. These depressive effects can be corrected with supplementary 

dietary arginine. Thus casein with a lysine:arginine ratio of 2.0 is an unbalanced protein which must be fed in 

conjunction with a raw material rich in arginine. The antagonism is not at the digestive level but at the 

metabolic. An excess of lysine induces an extremely high renal arginase activity which leads to an abnormally 

increased degradation of arginine. Excess threonine, α-aminobutyric acid, and glycine reduce arginase activity 

and may therefore counteract the negative effects of excess lysine. Other mechanisms may also be noted, 

including a reduction in renal reabsorption of arginine and excessive transaminase activity in the liver. Finally it 

may be noted that the inverse arginine-lysine antagonism does not occur. Arginine excess do not influence the 

growth of the young bird and does not need to be corrected with lysine supplementation. 
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On the other hand 70% of the effect of the second form of antagonism known, that which controls the 

relationships between branched chain amino acids is expressed by a reduction in appetite. Excess leucine is 

associated with lower feed intake and reduced growth rate which are corrected following supplementation with 

isoleucine and valine. This is observed with certain raw materials, such as maize gluten and blood meal which 

are very rich in leucine. 

Excess leucine induces an increased catabolism of the other branched chain- amino acids, valine and isoleucine 

and reduces their rate of transport across membranes. 

Finally there are conditions termed ―excess of amino acids‖ which are when toxicity is apparent. This is 

particularly so with methionine, evidence for which has been available for some considerable time following the 

use of large doses of synthetic methionine. In the young growing bird, as with the laying hen, symptoms of 

toxicity appear when dietary provision is between 2 and 3 times the requirement. Tyrosine, phenylalanine, 

tryptophan and histidine are similarly toxic but at levels considerably higher, being between 10 and 200 times 

requirements. In all cases the depressive effects of excess provision may only be corrected with a reduction in 

the supply of the amino acid in question. 

3. Quality of proteins – concept of availability 

3.1. General principles 

In theory the nutritional value of dietary protein depends essentially on its amino acid composition. This is the 

case for those protein isolates which are easily digestible and completely utilised metabolically such as casein 

and egg protein. However this is not so when the raw material or compound diet contains a protein fraction 

associated to a greater or lesser extent with carbohydrate molecules and partially protected from enzyme attack 

by cell wall constituents. The same situation appears when the diet has been subjected to heat treatment for a 

long period of time with the use of very high temperatures. In these situations, the amino acid concentrations 

determined spectrophotometrically through the use of ninhydrin do not correspond to those which are 

metabolically ―available‖. 

The availability of an amino acid may be defined as the percentage utilised for protein synthesis when the amino 

acid in question is the only dietary limiting factor. This definition has two consequences, one being related to 

the nature of those amino acids for which there are problems of availability, and the other being concerned with 

methodology. 

Availability only concerns those amino acids which are likely to be limiting factors within diets. These are, 

therefore, those for which the bird has a specific requirement for maintenance or production. In this context, 

lysine has a predominant role because of its essential nature, its low content in the majority of raw materials 

with the exception of soya and fish meals and additionally, because of the presence of an є-NH2 group within its 

molecule which is susceptible to the effects of processing. 

As it is directly linked with protein synthesis, amino acid availability may be determined equally in the young 

bird (growth anabolism) and with the adult during production (egg laying) or at maintenance (renewal of tissue 

protein). 

4. Methods of estimation 

In order to estimate the nutritional value of proteins, a number of methods exist to measure availability of amino 

acids, which may be divided into two groups. 

4.1. Chemical methods 

These methods do not rely on birds but measure directly availability of the protein under consideration. Of all 

amino acids, lysine is the most susceptible to processing treatments. It is for this reason that its measurement is 

associated with considerable interest. Amongst those chemical methods proposed, that of Carpenter is the most 

commonly employed. The principle is based on the reaction of the compound 2,4-dinitro-fluorobenzene (FDNB) 

with the reactive є-NH2 group of lysine. Available lysine is therefore defined in terms of the lysine which reacts 

with FDNB as a percentage of total lysine. 
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4.2. Biological methods 

The second group of methods for estimating availability comprise all those, where availability is defined in 

terms of the percentage transported or utilised, measured either in vitro or in vivo, at a given point between the 

amount consumed and protein synthesis (Figure 5.). 

Digestibility methods consist of the determination of the percentage of amino acids liberated following enzymic 

hydrolysis (in vitro methods). In those methods based on measurements of free amino acids, availability is 

defined as the quantity of amino acids absorbed and found in the free state within tissues. Finally growth 

methods which may be applied both to vertebrates and microorganisms, availability, at least in theory, is 

determined in terms of its definition, which is the quantity utilised for protein synthesis. This is estimated from 

performance studies using either young birds or microbiological cultures. 

Digestibility may be true or apparent, depending upon whether or not account is taken of amino acids which 

originate from digestive secretions, desquamated epithelial cells and intestinal flora. Determination of 

endogenous nitrogen continues to pose a number of methodological problems, for example whether starved 

birds are used or those that have been fed on protein free diets; should the caeca be removed; should account be 

taken of possible variations in digestive secretions as a function of the raw material under consideration; how to 

feed these raw materials, in other words should they be contained within a compound diet or fed in isolation in 

either a dry or moistened form; should birds be force or ad libitum fed; what quantity of protein should be fed. 

These questions are still the subject of many studies. Results obtained are sometimes contradictory. They do not 

yet allow for the adoption of a standardised methodology and one that is universally accepted. Table 2. presents 

data for the digestibility of lysine, sulphur amino acids and threonine within the more commonly employed raw 

materials. 

5. Methods based on growth rate 

These consist of a range of techniques, where the principle consists of evaluating the response of a protein of 

given amino acid composition, following supplemen¬tation with an essential amino acid, fed in a diet to a 

young growing bird. The basal diet has to be deficient in amino acids within the protein whose availability is 

under consideration. The method may consider either amino acids within raw materials or synthetic amino acids. 

Amongst those techniques most frequently employed for the determination of lysine availability, one is where 

young birds are fed ad libitum with a pre-experimental diet for the first 7 days of life, following which they are 

fed on diets of varying composition for the next 6 to 10 days: 

• reference diets which are based on feeds either totally or partially deficient in lysine and supplemented with 

increasing amounts of L-lysine mono-hydrochloride 

• experimental diets formulated with the basal component and supplemented with varying amounts of the raw 

material under consideration. 

Regression equations are subsequently established relating weight gained to the amount of lysine consumed. 

Availability is determined by calculating the ratio between the slope of the regression lines obtained, or on the 

basis of multiple regression incorporating all experimental data (Figure 6.). 

In addition to the composition of experimental diets in which lysine is either or not provided through the protein 

under consideration, there are other variable factors influencing availability which have been the subject of 

systematic studies. These include, in particular, the linearity of the response of weight gain to amino acid 

provision, the length of the experimental period and the amino acid composition of the reference diets. It is 

thought that the method could also be employed for amino acids other than lysine and for different species of 

poultry. 

The advantage of growth techniques is the same as for in vivo methods. In particular they incorporate not only 

digestibility of amino acids to a greater extent, but also their metabolic fate. Above all, their major criticisms 

are: 

• lack of precision 

• difficulty in formulating diets deficient in specific amino acids 
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• possible interactions associated with other constituents within the diet (anti-nutritional factors, nutrient 

excess, imbalances between amino acids) 

• growth studies are rather lengthy and, above all, require unwieldy an expensive equipment housed within 

animal buildings. 

In conclusion, knowledge of the availability of amino acids allows for a hierarchy of nutritional values to be 

established for raw materials in order to formulate better balanced diets. When this is taken into account during 

formulation, reliable tables giving both available amino acid composition of raw materials and current 

nutritional recommendations incorporating the concept of availability need to be available. This will contribute 

to considerable progress in poultry nutrition, but will only be achieved following standardisation of methods of 

evaluation. 
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Chapter 5. Metabolism of water and 
minerals 

It is conventional to consider both water and minerals together. This approach is partly justified by the role 

played in blood and cellular homeostasis by many minerals, for example sodium and potassium in the ionised 

state, in the maintenance of osmotic pressure in the internal environment, or the potential electric charge 

between cells and extra-cellular fluid. Numerous elements, in particular trace minerals, are co-factors present 

within enzymes and in this state are therefore associated with proteins. Finally calcium and phosphorus are 

components of bones, and phosphorus is present within the phospholipids of membranes. 

In the following the metabolism and requirements for water, together with those of the major minerals (chloride, 

sodium, potassium, magnesium, calcium and phosphorus) and the trace elements will be discussed. 

1. Water 

In birds, as with all other animals, water is the most abundant constituent. Table 3. indicates the mean water 

content of some avian species as a function of live weight. In practice, levels vary according to age, sex, 

nutritional conditions and genotype. The content of water decreases with age, as presented in Figure 7. for the 

male broiler. This reduction is paralleled by an increase in lipid content, but also of protein particularly that 

associated with feathers which, in contrast to body tissues, is not linked to a comparatively constant amount of 

water. 

At a given age, water content of females is generally lower, a trend which is more pronounced the bird is nearer 

to sexual maturity. The influence of nutritional status is primarily through the intermediary of lipogenesis. At a 

given age, the fatter an animal, the lower the water content. The same is found for the influence of genotype, 

which is explained predominantly by the degree of fattening. 

2. Distribution of water 

Water is distributed in both extra- and intra-cellular fluids within the bird. At hatching, the major proportion 

corresponds to extra-cellular water. This proportion diminishes as the bird develops. In the adult intra-cellular 

water is, quantitatively the most important fraction. 

3. Role of water 

Water constitutes the major component of both cells and the extra-cellular environment. It does in fact sustain 

life. Proteins, minerals and small organic molecules are present within it in small concentrations which are 

controlled extremely precisely through a series of mechanisms unique to each compound. 

Plasma is an exchange medium between cells and the extra-cellular environment and between cells themselves. 

It has a number of roles: 

• transport of nutrients (glucose, amino acids, minerals, vitamins) 

• transport of gas, in particular oxygen which is necessary for oxidation react within cells and carbon dioxide 

which is the product of these reactions 

• transport of wastes towards those organs (kidney, liver) responsible for the elimination 

• transport of hormones, which are regulatory compounds, from the gland which they are produced to target 

organs 

• regulation of cellular homeostasis, as cellular integrity depends upon control of those parameters (osmolarity, 

pH) within the environment which surrounds them. 

Within cells, water also serves to allow for exchanges between organelles, particularly between mitochondria 

and cytosol. 
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4. Water balance 

As with all living organisms, birds have a number of regulatory systems designed to maintain the proportion of 

water constant within each tissue and extra-cellular fluids and, therefore, the total water content. 

Water is provided either through drinking, which represents on average 73% of total provision in the bird, and 

directly from the food, which constitutes much smaller amount most often between 12 and 15%. Finally the 

third source is through metabolic routes. Oxidation of glucose, fatty acids and amino acids generates water, with 

amounts being 0.60g (from glucose), 1.07g (from fat), 0.41g (from protein) per g of substrate. Diets rich in fat 

therefore produce more metabolic water than those higher in other components. Consumption of water during 

drinking is fairly variable. The amount depends primarily on ambient temperature and humidity. The nature of 

the diet may also have an effect, with those rich in protein or electrolytes (potassium, sodium) promoting 

increased consumption. Feed itself is associated with a significant increased consumption. There is always a 

dramatic increase in daily water intake when birds are fed on a restricted basis. 

Losses of water from the bird are essentially through 5 routes, being urine which represents on an average of 

50% of output, exhaled gases, the skin, faeces (30%) and the product (eggs). Excreta contains 75 to 80% of 

water, the major quantity of which is associated with urine. In the young bird, some experimental estimations 

indicate that water lost through the faeces themselves represents 70% of the daily water lost. When considering 

water lost through the product, it may be noted that a hen at peak lay will lose around 40g of water through the 

egg. The amount lost through expired gases varies according to external temperature and may reach extremely 

high levels when the temperature is above 30°C. 

In the broiler, within the thermoneutral zone, this represents 2.5% of the live weight per day. When ambient 

temperature is higher and humidity is low, loss of water through evaporation (pulmonary and cutaneous) may 

reach a maximum of 20% of the live weight daily. Losses of water through evaporation represent an 

increasingly lower proportion of live weight of the heavier the bird (slightly higher than 1% of the live weight in 

a 10 kg turkey). 

5. Regulation of water balance 

Water balance (the difference between intake and losses) is regulated extremely precisely. The two major 

mechanisms are intake based upon the sensation of thirst, through which consumption is governed, and the 

reabsorption of water in the kidney, which is under hormonal control through arginine-vasotocin (AVT), which 

controls losses. 

Control in the kidney consists of water reabsorption to a varying degree by the renal glomerules under the 

influence of AVT. Specific receptors inform the hypophysis, which therefore releases the hormone. These 

receptors are osmoreceptors within the hypophysis and pressure receptors situated within the wall of the aorta or 

carotid arteries. It is through this route that an increase in blood osmotic pressure (normal value 315 mOs/1) or 

an increase in Na+ ions effect a secretion of AVT and considerable renal water reabsorption. These mechanisms 

come into effect following water restriction, consumption of diets high in salt or pulmonary hyperventilation 

associated with high temperatures. Similarly water loss through haemorrhage or during synthesis of the egg 

white is associated with AVT secretion and water consumption. 

6. Sodium, potassium and chlorine 

Sodium, potassium and chlorine exist predominantly in the ionic form within the bird. Their distribution 

between extra- and intra-cellular fluids is very unbalanced. As seen in Table 4., extra-cellular fluids essentially 

contain sodium, chlorine calcium and bicarbonate ions. On the other hand potassium and magnesium together 

with sulphate and phosphate ions, are found predominantly within cells. The cells constantly regulate very 

precisely the internal concentration of each mineral, present in the ionic form, in order to maintain their normal 

function and integrity. The best known of these systems is the sodium pump (Na+ K+ ATPase) which transports 

sodium from the cell and, inversely, concentrates potassium within it. This pump functions with ATP as a 

source of energy and indirectly therefore, from the oxidation of glucose. 

Plasma sodium plays an extremely important role in osmotic pressure equilibrium. Dietary raw materials 

destined for poultry (cereals, oilseed meals) are significantly deficient in sodium, and supplementation is 

therefore necessary. In the event of deficiency regulatory mechanisms lead to considerable re-absorption of 
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sodium by kidney tubules as there are virtually no body reserves. On the other hand, the kidneys excrete 

considerable amounts of sodium in the case of dietary excesses. Once the capacity for excretion has been 

reached, symptoms of toxicity will appear which include renal hypertrophy and reduction in growth rate. 

Generally speaking, dietary provision must therefore be finely balanced in order to avoid both deficiency and 

excess. 

Potassium is widely found within raw materials of plant origin. In practice, provision is always greater than 

requirements. The kidney, therefore, is permanently involved in the excretion of excess dietary potassium. 

Because renal re-absorption of sodium is dependent upon potassium, there is a constant endogenous loss of the 

latter. In the event of deficiency, which is extremely rare, there is a reduction in cellular concentration of 

potassium, which is associated with an internal cellular acidification. In cases of dietary excess (over 2% of the 

diet) the kidney is incapable of eliminating all plasma potassium, which leads to excessive levels associated with 

fatal heart attacks. 

Chlorine is often provided within the diet at the same time as sodium in the form of chloride. Studies have 

therefore confounded their effects. Chlorine is essentially present within extra-cellular fluids where it maintains 

an ionic equilibrium with sodium. Specific deficiencies of chlorine will appear in the young bird with dietary 

levels below 0.7g/kg. Growth rate is reduced. Mortality becomes significant. Moreover, dehydration and 

reduction in chloride levels are observed. 

7. Calcium 

This is the most abundant mineral within the bird. Moreover, productive birds are faced with important demands 

for this element whether during skeletal growth (growing birds) or egg shell formation. The majority of calcium 

is found in a concentrated form within bones as hydroxyapatite together with non-crystalline phosphates and 

carbonates of calcium. Calcium is only present within extra and intra-cellular fluids in low concentrations, 

however it plays an extremely important role in the control of a number of cellular functions such as nervous, 

muscular and hormonal activities. Moreover, it has a fundamental role in blood coagulation. 

7.1. Intestinal absorption 

Calcium is absorbed from the duodenum and jejunum. This is based upon CaBP (Calcium Binding Protein), 

whose synthesis is dependent upon an active derivative of vitamin D3. CaBP has a slow turnover rate (half life of 

24 hours). Numerous factors influence the coefficient of intestinal absorption. Initially, the dietary concentration 

has an effect. The higher the content in the diet, the lower the efficiency, and vice versa. This response, which is 

probably a consequence of saturation of the CaBP transport system, is presented in Figure 8. In addition, certain 

dietary constituents may have a negative influence on absorption through the formation of insoluble salts, 

including phytates, salts of fatty acids and oxalates. In the event of calcium deficiency, plasma levels 

1,25(OH)2D3 are increased significantly by three times. It should be noted that a deficiency of vitamin D3 will 

dramatically reduce intestinal absorption of calcium. Finally, physiological status of the bird will have a 

profound effect. Calcium absorption is much greater in the laying hen, particularly during the time of egg shell 

formation. In practice, the most frequently measured term is calcium balance, which is the difference between 

that ingested and the total amount lost through urinary and faecal routes. The mean utilisation of dietary calcium 

is 60% in rapidly growing birds, falls subsequently to a level around 50%. A similar level is found in laying 

hens fed conventional diets. 

7.2. Calcium requirements 

Calcium requirements may be divided into two components, those associated with maintenance and those with 

production. This distinction, which may be criticised from a physiological point of view, does allow for a 

structured approach in the formulation of diets destined for poultry. In contrast to sodium and potassium, 

calcium requirements are concerned principally with production, as maintenance needs are small. An adult bird 

at maintenance has an extremely low requirement for calcium, of 50mg per day per kg live weight. Dietary 

calcium provision may therefore be calculated by dividing total requirements by the coefficient of utilisation, 

which is between 50 and 60%. In practice, mild calcium deficiency does not influence growth significantly 

except in the very young bird. In older birds, such a deficiency has hardly any influence on growth but does 

reduce bone mineralisation, particularly in bones whose growth rate is fast at the moment of the deficiency. 

In growing birds, requirements may be assumed to be constant throughout the day and a function of growth rate. 

In laying hens, there is a period during the day, corresponding to those hours when the egg shell is being 
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formed, when requirements are particularly high. There does therefore seem to be a specific appetite for calcium 

which may be met by adding a separate calcium source, such as ground oyster shells or calcium carbonate 

granules, to the diet. This means of provision may lead to lower overall calcium consumption, but a greater 

efficiency of utilisation. 

8. Phosphorus 

This element plays a fundamental role in both the structure of the skeleton, phospholipid membranes and 

cellular function of living organisms. In the ionised state, PO4H-groups are widely found in intra-cellular fluids. 

Within plasma, they contribute to maintenance of blood pH although present only in trace amounts. Phosphorus 

constitutes between 16 and 17% of bone ash, being between 6 and 8% on a dry matter basis. It is found as 

hydroxyapatite crystals which act as a phosphorus reserve allowing control of variations in requirements. Within 

cells, numerous reactions involving phosphorylation of proteins or nucleotides are the basis for energy transport 

and hormonal messages from the outside to the inside of cells through receptors. 

8.1. Intestinal absorption 

Phosphate is absorbed from the jejunum. 1,25(OH)2D3 stimulates this absorption. Phosphorus may come either 

from mineral salts (mineral or inorganic phosphate) or from organic molecules (phosphoproteins, phytates, 

phospholipids) within the diet. Although mineral sources usually have high availability, the intestinal release of 

phosphorus from organic molecules is variable. Phosphoproteins and phospholipids are generally easily 

hydrolysed. On the other hand, plant phytates may only be hydrolysed in the presence of phytases, which are 

enzymes found either within the original plant or as products added to the diet. It is considered currently that the 

average availability of plant phosphorus is 30%. In fact there is considerable variation between different species 

of plants. Thus the availability of phosphorus from wheat and barley is higher than from maize. 

8.2. Phosphorus requirements 

The most important phosphorus requirements are, as with calcium, associated with production. In effect adult 

birds at maintenance requirements are met through the large bone reserves and the extremely low levels in the 

urine. On the other hand, young growing birds and laying hens must be supplied with dietary levels sufficient to 

meet requirements for synthetic processes. 

Phosphorus deficiency is associated with loss of appetite, slower growth rate, serious problems of locomotion 

and death. In growing birds, symptoms are more evident the younger they are. Requirements are determined by 

taking into account growth rate and levels within bone ash. In the young broiler and turkey, ash levels within the 

tibio-tarsal bones are used to establish the requirement. These ash levels may be expressed in terms of the dry 

matter or the fat-free dry matter of the bone. Levels reported on a dry matter basis in the young broiler are 

approximately 35% at one week of age, 45% at seven weeks and close to 50% in adults. 

Generally, phosphorus requirements necessary for maximum growth rate are lower than those needed for 

maximum bone mineralisation 

In fact, at the same level of phosphorus, below requirements, the reduction in growth rate is less if the dietary 

Ca/P balance is 2 than when it is higher than 2. In other words, phosphorus deficiency is aggravated by an 

excess of calcium. On the other hand, when phosphorus requirements have been met, variations in the Ca/P ratio 

have no effect on growth or bone mineralisation when calcium requirements have also been covered. 

Phosphorus requirements of the laying hen are considerably lower than those for calcium. In fact, the egg shell 

contains calcium carbonate and very little phosphate. The yolk contains the majority of phosphorus within the 

egg, but the amount deposited daily is much lower than that for calcium. Dietary deficiencies of phosphorus 

will, above all, reduce egg output, but will have very little effect on egg weight. Excess phosphorus tends to 

reduce egg shell strength. It is therefore important to regulate carefully phosphorus provision to the laying hen. 

In practice, diets destined for laying or growing poultry need to be supplemented with sources of phosphorus as 

provision through cereals and oilseeds is inadequate. During growth, provision may be reduced as the birds age.  

9. Magnesium 
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Magnesium is present predominantly within cells, where it is involved in reactions based on ATP. Therefore all 

tissue synthesis (protein, lipid), together with muscular activity, requires magnesium. The element is absorbed 

from the small intestine by an active transport system, in contrast to other minerals such as calcium and sodium. 

Magnesium excretion is through the kidney. However this organ has considerable capacity for magnesium re-

absorption, which means that maintenance requirements are extremely small. Net production requirements may 

be calculated from the magnesium content of the egg or of the live weight gain. It is accepted in general that the 

coefficient of utilisation of magnesium (which is based primarily on intestinal absorption) is of the order of 

60%. This allows for the calculation of requirements and of the dietary concentrations necessary. 

In practice, raw materials employed in poultry nutrition have adequate levels of magnesium, which means that 

risks of deficiency are extremely small and that supplementary levels are superfluous. Toxicity symptoms 

become apparent at dietary levels close to 0.3 - 0.4%. The most common of them would be reduction in growth 

rates. Deficiency, which is exceptional (synthetic diets, disease) leads to reduction in growth rate in young birds, 

lethargy, convulsions and, in particularly extreme cases, death. In laying hens there would be a reduction in rate 

of lay and of egg size, together with problems of egg shell strength and lower levels of magnesium, particularly 

in the yolk. 

10. Trace elements 

Trace elements are present within tissues in very small amounts but often with activities essential for life and for 

growth. The only ones to be considered here are those associated with specific problems in poultry, or those for 

which diet supplementation is necessary. They are, principally, iron, copper, zinc, manganese, iodine and 

selenium. Dietary concentrations lead to three responses in the bird, which are low levels associated with 

deficiency, higher levels over a range where requirements are met and where body reserves are maintained 

constant and finally, amounts beyond this resulting in toxicity which will reduce growth rate in young birds or 

lower rates of lay in laying hens. Table 5. presents, where available, the limits of these different zones for each 

of the trace elements. Bird production responses are not the only means of establishing requirements. Dietary 

levels associated with optimum growth are very frequently lower than those necessary to promote maximum 

plasma or tissue concentrations. 

The concentration of iron within the bird is between 35 and 50 mg per kg body weight. Two thirds of body iron 

is complexed with haemoglobin, which is involved in oxygen transport through the blood and the control of 

cellular respiration. The remainder is distributed among several proteins. 

Iron is absorbed from the duodenum and jejunum as the reduced ion Fe++. It is then oxidised to Fe+++ complexed 

to apoferritin and transported within the blood by transferrin. Subsequently it is stored within bone marrow. 

Efficiency of absorption of dietary iron is fairly low and of the order of 10%. The majority is found in the 

faeces. In fact, iron availability varies considerably from one raw material to another, as indicated in Table 6. 

Fe++ iron from ferrous sulphate has an availability of approximately 40%. Some mineral sources such as 

phosphates or oyster shells are rich in iron which is reasonably available (2 to 5 mg/kg). In practice the best 

sources of inorganic iron are ferrous sulphate, ferrous chloride, ferric citrate and ferric glycerophosphate. On the 

other hand, ferric oxide and ferrous carbonate are very poor sources of iron. Absorbed iron may be excreted 

through urine and bile. 

Iron requirements may be estimated on the basis of growth rate, haematocrit number or blood haemoglobin 

concentration. These three parameters lead to a requirement close to 80 mg/kg diet in the young broiler during 

the first two weeks. This value corresponds to that calculated by dividing the amount of iron contained within 

the live weight by the coefficient of utilisation. 

Iron deficiency, which is very rare in practice, leads to a slower growth rate, anaemia and a reduction in colour 

intensity of red and black feathers. Dietary excesses only lead to toxicity when levels are extremely high (Table 

5). In practice, low levels of supplementation with highly assimilable sources are employed to avoid problems 

of bio-availability of iron from raw materials, in particular from cereals. Saturated fats (tallow) reduce the 

intestinal absorption of iron by 50%. It is therefore particularly important to consider supplementation of those 

diets high in added fat. 

Copper is present at very low levels within the body (1.5mg/kg body weight). Those organs where it is highest 

are the liver, brain, kidneys and heart. Virtually all copper is complexed with the protein ceruloplasmin (96% of 

copper). It is also found within certain enzymes including cytochrome oxidase, tyrosinase and monoamine 

oxidase. The bio-availability of copper from raw materials is on average high, being 70 to 90% from cereals, 
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50% from soya beans and 60% from rapeseed meal. The overall efficiency of utilisation of copper is low and of 

the order of 20% as a result of high biliary excretion, which is the major route of excretion. Moreover, excess 

dietary copper reduces copper absorption considerably. Deficiency of copper is, as with iron, extremely rare 

under practical conditions. Principal deficiency symptoms are anaemia, slower growth rate, problems of 

ossification together with feather pigmentation and finally, nervous disorders and myocardial fibroses. Problems 

of bone ossification resemble those resulting from vitamin A deficiency, which are bone weakness and 

thickening of epiphyseal cartilages. Toxic effects of high dietary levels of copper are not observed. Some 

experiments have attributed a growth promoting effect of copper sulphate resulting from its action on intestinal 

micro-flora similar to that of antibiotics. As with iron, small supplementary levels of copper are employed as an 

insurance against deficiency arising from variability in provision from raw materials. 

The mean concentration of zinc is 27mg/kg live weight in birds. It is found as a co-factor in several essential 

enzymes, including lactate dehydrogenase, alkaline phosphatase and carbonic anhydrase (important for egg shell 

formation). Once absorbed by intestinal cells, zinc is transported by albumin. High concentrations are found in 

bones and kidneys. The major means of excretion is through pancreatic fluid. Zinc deficiency is associated with 

slower growth rates in young birds, thickening and hardening of feet, delayed feathering and reduced feed 

intake. In the laying hen, rate of lay is reduced, but the effect on embryonic viability and hatchability is 

dramatic. In the embryo, skeletal development is retarded, bones are deformed and some toes may be absent. 

In contrast to iron and copper, the concentration of zinc in plant raw materials destined for inclusion into diets 

for poultry is often inadequate. Supplementation is therefore important. Bio-availability of zinc is fairly high, 

being 50 to 60% from cereals, 60 to 70% from oilseeds and 75 to 85% from meals of animal origin. Differences 

in availability between mineral sources of zinc are small. Sulphate, oxide and carbonate are equal and estimated 

to be close to 100% compared with the reference material (zinc sulphate). High concentrations of phytic acid 

may be associated with partial unavailability of dietary zinc. Calcium - zinc antagonism may sometimes be 

explained by phytates. Conventional requirements for available zinc are presented in Table 5.. In the presence of 

high levels of saturated fats, the requirement should be increased, as zinc digestibility may be reduced by 

approximately 30%. 

Manganese is abundant in bones and mitochondria. It is also a co-factor in those enzymes involved in 

glycosylation of glycoproteins. The mean concentration in birds is 0.9mg/kg live weight. Efficiency of intestinal 

absorption is mediocre and antagonism with iron is found. It is therefore important to maintain appropriate ratios 

between these two elements. Manganese is excreted with bile salts and may be re-absorbed with them. The 

availability of manganese from raw materials is similar to that of zinc, being 50 to 60% from cereals and 60 to 

75% from oilseeds. Amongst manganese salts, chloride, sulphate and oxide have very high availabilities. Only 

the carbonate is poorly utilised. 

It is quite likely that manganese deficiency may be observed in the absence of supplementation. The classic 

symptoms are perosis, which is swelling and deformity of the tibio-metatarsal joint accompanied frequently by 

slipped tendons. In laying hens, reduced egg shell strength, a fall in hatchability and lower rate of lay are 

observed. Requirements for manganese are presented in Table 5.. Taking into account the poor coefficient of 

utilisation of manganese and variable levels within raw materials, supplementation is always necessary. 

Iodine is specifically implicated in the synthesis of thyroid hormones (thyroxine and tri-iodothyronine) and is 

therefore found concentrated within the thyroid gland in the form of a reserve protein (thyroglobulin) and 

metabolites of both the synthesis and degradation of these two hormones. 

Deficiency of iodine induces reductions in levels of thyroid hormones and leads to a feedback mechanism, 

which influences the hypophysis and results in hypersecretion of TSH (thyroid stimulating hormone) which 

stimulates the thyroid gland. Subsequently there is hypertrophy of this gland due both to hyperplasia and to 

hypertrophy of thyroid follicles. Iodine deficiency also reduces growth rate and significantly lowers rate of lay. 

Requirements are dependent upon the criteria employed for their estimation. Normal growth rate is achieved 

with 0.10mg of iodine/kg diet. However, reversal of thyroid hypertrophy requires provision of 0.35mg. 

Similarly, in the laying hen, acceptable rates of lay are observed with levels of 0.05mg/kg diet, whilst normal 

embryonic development is only achieved with 0.30mg. Some anti-nutritional factors may be associated with 

symptoms of iodine deficiency, for example with rape seed meals rich in glucosinolate. Vinyl oxazolidine thione 

(VOT) reduces plasma T3, levels and induces thyroid hypertrophy which may not be corrected with provision of 

iodine. 

In practice, iodine supplementation of diets is essential, above all when dietary raw materials of plant origin 

with low and variable levels of iodine are used. Materials of animal origin, particularly fish meals, generally 
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contain more iodine. Modest supplementation with iodine must, in practice, be undertaken. All salts (iodides, 

iodates) are effective. The major problem is one of stability of sodium and potassium salts which are the most 

commonly used but the least stable. 

Selenium is a component of glutathioneperoxidase, the enzyme having antioxidant activity within cells. The 

enzyme oxidises glutathione and through this denatures hydrogen peroxide found within cells to water. It is a 

form of cellular detoxification as there is a risk of oxidation of poly-unsaturated fatty acids found within cell 

membranes by peroxides associated with free radicals. In this manner glutathioneperoxidase activity may save 

vitamin E (alpha tocopherol) which itself protects the cell from peroxides. Deficiency of selenium will therefore 

increase vitamin E requirements. Vitamin E, reciprocally, will reduce selenium requirements. There is therefore 

synergism between the vitamin and the trace element. Exudative diathesis is the principal symptom of 

deficiency. It consists or the formation of oedemas resulting from modifications to capillary permeability. 

Quantities of low molecular weight proteins diffuse with water into the exudates. This is accompanied with 

increased plasma concentration and albuminaemia. 

Considerable differences are observed for the same raw material dependent upon levels of selenium within the 

soil. Selenium availability from raw materials, compared with that from sodium selenite (given a reference value 

of 100%) is between 70 and 80% from cereals, 60% from soya bean and rapeseed meals and 90% from lucerne 

meal. On the other hand, selenium from products of animal origin has a low availability (15 to 25%). Selenium 

requirements are dependent on vitamin E levels and availability from raw materials, which is variable. 

Supplementation of diets destined for poultry, with a highly available source, is therefore important. Selenites 

are the most effective, followed by selenates (75% as effective as selenites) and molecules where selenium 

replaces sulphur such as seleno-cystine, seleno-methionine (40% as effective). 

Requirements for growing birds and laying hens are presented in Table 5.. It is always important to be careful as 

there are considerable risks of selenium toxicity with levels higher than 4mg/kg diet. Excess selenium will 

inhibit a number of enzyme pathways (choline oxidase, succinic acid dehydrogenase). They are associated with 

embryonic malformations. Risks of toxicity are lower with laying hens. However levels within the egg increase 

with dietary concentrations, which may lead to risks of toxicity among consumers. It is therefore important to 

homogenise trace element premixes and to ensure their even distribution throughout diets destined for poultry. 
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Chapter 6. Physiological and 
nutritional role of vitamins 

The term vitamin was to describe thiamine, in terms of its essentiality to life and its amine structure. It was 

subsequently applied to a collection of organic substances which were active at very low doses, and which were 

essential for animals. As birds are unable to synthesise them, vitamins must be provided in their diets, with the 

exception of those supplied by intestinal flora in amounts often sufficient to meet requirements. 

Currently vitamins are classified according to their solubility in water (water soluble vitamins) or in lipids or 

their solvents (fat soluble). The former have closely related biochemical functions as they are all, without 

exception, involved in cellular metabolism as prosthetic groups within co-enzymes (Figure 9.). Their activity is 

based fundamentally upon their structure, as even the smallest modification may completely inactivate them. 

Fat soluble vitamins, on the other hand, have very diverse functions. There are, for each of them, a number of 

related compounds all of which have some biological activity, although naturally occurring ones are the most 

potent. 

1. Fat soluble vitamins 

Because they are fat soluble, Vitamins A, D, E and K are absorbed through the same mechanisms as are fats, 

with the role of bile salts being in all cases fundamental. A, D and E are subsequently stored in the liver and 

adipose tissue, in quantities dependent upon the dietary concentration. These reserves, therefore; have the 

advantage of providing the bird with regular amounts necessary to meet requirements, but have, at the same 

time, the disadvantage of becoming toxic at high rate. 

1.1. Vitamin A 

Intestinal absorption is in the alcohol form, and also as esters and as β carotene. The latter may in theory be 

converted into 2 molecules of vitamin A by being split in two. In fact what occurs is a partial degradation. One 

molecule of β carotene in reality only gives one molecule of vitamin A. 

Storage is in the Kupffer cells of the liver, usually in the palmitate form. This itself is hydrolysed releasing 

retinol which circulates within the bloodstream bound to a specific protein, RBP (Retinol Binding Protein), 

which is synthetised in the liver. Finally catabolism involves glucuronide conjugation with oxidation to retinal, 

and then to retinoic and oxo-retinoic acids. 

Vitamin A is involved in vision in dim light conditions through synthesis of rhodopsin (retinal purple) which is 

receptive to light. Vitamin A is also involved in the synthesis of muco-polysaccharides and mucus secretion in 

the skin and mucosae. Deficiency will therefore be associated with atrophy of the epithelial cells, leading to 

keratinisation and, at the same time, proliferation of ineffective layers of cells. 

Finally some studies have suggested that vitamin A is involved in steroid metabolism, in particular 

corticosterone, cholesterol and sex hormones. 

Symptoms of vitamin A deficiency appear within 2 or 3 weeks in birds. Young birds are more susceptible than 

adults. Growth rate falls and feathers become ruffled. Digestive secretions, in particular saliva and mucus, 

gradually cease. Visual problems may develop into blindness. Finally mortality increases significantly in direct 

proportion to the degree of deficiency, or indirectly in terms of the effect it will have on resistance of the bird to 

infection. 

In adults, symptoms appear more slowly with the exception of vision, with blindness developing most rapidly. 

Both rate of lay and hatchability fall sig¬nificantly. Some symptoms are unique to individual avian species. In 

turkeys, vitamin A deficiency may lead to brown spots on the surface of the egg. The young duck may become 

paralysed. 

The basis for expressing Vitamin A activity has been international units, with 1 IU being equivalent to 0.344 µg 

of crystalline Vitamin A acetate, 0.55 µg of the palmitate and 0.60µg of β carotene. 
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For raw materials or compound diets, levels are expressed in terms of µg of retinol or retinol equivalent: 

1 retinol equivalent = 

1 µg or 3.33 IU of retinol or, 

6 µg or 10 IU of β carotene or, 

12 µg of carotenoids. 

Finally, in order to ensure preservation, it is important to avoid light, heat and oxidised fats. Vitamin A as well 

as its precursors are easily oxidised. The presence of iron or manganese increases the risks of oxidisation. In 

addition it is recommended that vitamin/trace element premixes are not manufactured until immediately prior to 

their incorporation into the diet. 

1.2. Vitamin D 

Vitamin D exits in two active forms. Vitamin D2 or synthetic ergocalciferol is widely employed therapeutically 

against rickets. Vitamin D3 or cholecalciferol is naturally occurring. The two forms, in fact, consist of two 

steroids having the same structure, but with differing side chains. 

Vitamin D is absorbed in the presence of bile salts principally from the jejunum, and transported by a protein 

which protects it from oxidation and hence inactivation. It is initially subjected to hydroxylation at the 25 

position by a specific hydroxylase, whose activity is controlled by a feedback mechanism based on the 

circulating level of the product, to give 25-hydroxycholecalcifer or 25(OH)D3. 

This metabolite of vitamin D is then transported by a gamma globulin to the kidney where it is subjected to a 

further hydroxylation by 25(OH)D2 hydroxylase. The product is 1,25 dihydrocholecalciferol or 1,25(OH)2D3 

which is considered be the most active form of the vitamin, at least in terms of the intestinal absorption of 

calcium. As with the initial hydroxylation, the subsequent one is also controlled by a feedback mechanism based 

upon the requirement of the organism. 

1,25(OH)2D3 is in fact regarded as a true steroid hormone. Its principal receptor is the intestinal mucosal cells 

responsible for active calcium transport. 1,25(OH)2D3 has an indirect effect on mobilisation of bone calcium 

through its regulatory role with parathormone. Hypocalcaemia following a deficiency of vitamin D stimulates 

secretion of parathormone. 

In young birds, vitamin D deficiency is associated with numerous bone deformities as well as a softening of the 

beak. The most characteristic internal symptom is twisted keelbone which is due to thickening of the epiphyses 

and cartilages between the ribs. In addition, thickening of the cartilages in the femur and tibia are observed. The 

sternum becomes concave. In turkeys; vitamin D deficiency leads to dyschondroplasia and lameness. Birds 

remain hunched on their feet and refuse to walk. These symptoms are also observed in the young broiler. 

In adult birds, bones become depleted in minerals and become brittle (osteomalacia). The egg shell becomes 

thin and fragile. Both rate of lay and hatchability diminish. In ducks the beak curls. The same symptoms are 

observed when there are total or partial dietary deficiencies of calcium and phosphorus. It is therefore necessary 

to consider all three elements, calcium, phosphorus and vitamin D, at the same time before pronouncing upon 

the cause of these symptoms. 

Evaluation of vitamin D is neither easy nor precise. There are methods based upon metabolites employing their 

capacity to bind with plasma proteins, thus the amount of plasma 25(OH)D3, which is the principal circulating 

metabolite is measured. 

Activity is frequently estimated with a biological technique employing the young growing bird. Birds are 

rendered rachitic through feeding a basal diet devoid vitamin D and with an imbalanced calcium/phosphorus 

ratio. Activity of a source of vitamin D added to the basal diet is determined through re-calcification of the tibial 

epiphysis and weighing skeletal or tibial ash contents. It may thus be demonstrated that the activity of vitamin 

D2 is low in the young bird. It is for the reason that only vitamin D3 is used in premixes employed in feeding 

birds. 

Activity is expressed in International Units, with 1 IU of vitamin D corresponding to 0.025 µg of D3. 
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Finally it is important to note that both vitamin D2 and vitamin D3 are extremely easily degraded by light, 

oxygen and acids and must be stored in opaque and airtight containers. 

1.3. Vitamin E 

Chemically speaking, vitamin E is characterised by tocopherols. In the blood vitamin E circulates in the free 

form, and is then attached to the β fraction of lipoproteins. Degradation generates glucuronides and 

tocopheronic acid as catabolites. 

The physiological functions of vitamin E are still poorly understood. Tocopherols are primarily anti-oxidants 

which protect vitamin A, carotene, and unsaturated fatty acids. It maintains the stability of intra-cellular 

membranes. Its antioxidant activity achieved within pathways involving glutathione and selenium. 

Vitamin E is involved in the synthesis of haem proteins, of which cytochromes and haemoglobin are members. 

Finally, it stimulates the immunological defence system of young birds through acting in synergy with selenium. 

Deficiency of vitamin E in young birds leads to exudative diathesis, which is the appearance of oedemas under 

the skin and of exudates in the pericardial cavity. The second symptom is encephalomalacia, when birds become 

ataxic and unable to remain standing or to walk. Birds fall over at each attempt to move. These signs are 

associated with lesions in the region of the cerebellum. 

The effects of deficiency are less pronounced in adults. Generally, reduced hatchability of eggs is observed. 

Early embryonic mortality is apparent from the third or fourth day of incubation following rupture of blood 

vessels. More specifically in the turkey, myopathy with visible lesions in the region of the gizzard may be 

observed. 

Plasma concentrations of lipoproteins, onto which vitamin E is attached, may be measured in order to test for 

deficiency of the vitamin. 

Vitamin E activity is expressed in international units, corresponding to 1 mg of DL-α-tocopheryl acetate, 0.97 

mg of α-tocopherol or 0.73 mg of D-α-tocopherol which is the most active molecule. 

1.4. Vitamin K 

The naturally occurring forms are vitamin K1, and vitamin K2. In addition a synthetic molecule with vitamin 

activity exists (vitamin K3). 

The metabolism of vitamin K is not well understood. However its catabolism is by oxidation to glucuronide 

derivatives which are eliminated in the urine. As with other fat soluble vitamins, it may be stored in the liver and 

adipose tissue but only in relatively small amounts. 

Physiologically, vitamin K is essential for the hepatic synthesis of coagulation factors. 

Deficiency of vitamin K leads to a considerable reduction in blood levels of prothrombin. This results in 

increased clotting time. Even minor injury may lead to internal haemorrhage and death. Haemorrhages appear 

externally, particularly on the feet and wings. In young birds hatched from eggs laid by hens deficient in vitamin 

K, haemorrhages are serious and attaching a wing band may lead to death through bleeding. 

The most commonly employed methods for the determination of vitamin K are based on examining blood 

coagulation. 

In practice, two forms of the vitamin are available, being vitamin K1 or phylloquinone which is obtained from 

green plants, and vitamin K3 or menadione, with the following activity: 1mg of K3 is equivalent to 3.8 mg of K1. 

2. Water soluble vitamins 

Water soluble vitamins participate in numerous enzyme systems. They are all distinguished by the presence of at 

least one atom of nitrogen. Currently they are classified in terms of their enzyme activities. This being achieved, 

it becomes possible in many cases to explain the origin of pathological symptoms of deficiency associated with 

metabolic reactions arising from dietary under-provision. The other advantage is the ability to understand certain 

vitamin inter-relationships. Water soluble vitamins as co-enzymes may be divided into two groups: 
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• those involved in transfer of molecular groups, 

• those involved in enzymic oxido-reduction reactions. 

The former group includes six water soluble vitamins, being thiamin, pyridoxine, folic acid, pantothenic acid, 

cobalamin and biotin. The enzymes implicated are transferases which have a protein constituent, the apo-

enzyme which is specific and a co-enzyme whose role is, initially, to accept a portion of the substrate 

metabolised in order to transfer to another substrate termed the final acceptor. 

The latter group of vitamins acting as oxido-reduction co-enzymes include riboflavin and niacin. Vitamin C 

must be included because of its essentiality in some animal species. 

2.1. Co-enzyme transfer vitamins 

2.1.1. Thiamin (vitamin B1) 

Following its relatively rapid absorption from the upper duodenum, it is found in the blood and tissues in low 

concentrations. It is degraded in the kidney. 

Metabolically, thiamin diphosphate acts as the co-enzyme in the metabolism of carbohydrates. It is responsible, 

in particular, for transport of the aldehyde group. This itself arises from the decarboxylation of α-keto acids. 

Thiamin is also involved in the synthesis of fatty acids and sterols as a result of its importance in the early stages 

of lipogenesis. 

Symptoms of thiamin deficiency in poultry are usually the loss of appetite, general weakness and nervous 

dysfunction, particularly in the young bird. These problems may be directly linked to carbohydrate metabolism: 

an absence of thiamin leading to inadequate production of acetyl groups necessary for the synthesis of 

acetylcholine, which is essential to the transmission of nerve impulses at the level of the synapse. 

2.2. Pyridoxine (vitamin B6) 

Pyridoxine is a white crystalline powder which is highly soluble in water and very sensitive to light, particularly 

in neutral or alkaline solutions. Its excretion through the urine is usually in the form of pyridoxic acid which is 

the principal metabolite. 

Within the organism, pyridoxine is oxidised to pyridoxal or aminated to pyridoxamine. Pyridoxal phosphate is a 

prosthetic group allied to a specific apo-enzyme through covalent or ionic bonds. It participates in numerous 

enzyme reactions, particularly within amino acid metabolism with specific apo-enzymes. Vitamin B6 is 

involved, particularly, in: 

• transamination by transferring the α-amino group of an amino acid to an α-keto derivative of another amino 

acid, 

• decarboxylation of amino acids which reactions allow for the synthesis of biogenic amines and, additionally, 

gamma amino butyric acid (GABA) from glutamic acid, 

• oxidative deaminations of hydroxylated amino acids: serine to pyruvic acid and threonine to a ketobutyric 

acid, 

• transfer of the thiol group during the synthesis of cystine (transsulphuration). 

Finally it should be noted that tryptophan metabolism requires vitamin B6 during numerous reactions leading, in 

particular, to the formation of nicotinic acid. Dietary deficiency of vitamin B6 is not associated with any specific 

symptom. Growth performance will be reduced, and an alteration in the skin and mucosae may be observed. In 

order to detect deficiency in birds as well as in humans, indirect methods are employed, being measurement of 

4-pyridoxic acid in the urine. 

2.3. Pantothenic acid (vitamin B3) 
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This vitamin is active in the form of co-enzyme. The active site within CoA is the free thiol group. Among acyl 

CoAs, acetyl CoA is the most important. CoA is involved in the metabolism of carbohydrates, lipids and amino 

acids. 

CoA participates in the synthesis of fatty acids, starting with the condensation of acetyl radicals. In addition it is 

involved in the esterification of glycerol and fatty acids, the synthesis of sterols and steroids, the formation of 

haemoglobin and porphyrins as well as the fixing of the acetyl radical to choline to form acetyl choline. 

Pantothenic acid, which is involved in both catabolism and biosynthesis, does not appear itself to be metabolised 

within the organism, in contrast to other vitamins. It is eliminated in both the urine and faeces in the proportions 

0.6-0.7-and 0.4-0.3 respectively. 

In all poultry, dietary deficiency of pantothenic acid leads to a reduction in growth rate. The young broiler, 

which seems to be more sensitive than the young turkey, rapidly develops dermatitis around the beak and eyes 

as well as the dorsal surface of feet. 

2.4. Biotin(vitamin H) 

―Egg white injury‖ is in fact a consequence of the presence in the egg of a thermolabile glycoprotein (avidin) 

which has a considerable affinity for biotin which inhibits all enzymatic reactions in which it participates. 

It is present in the free form within the organism, and relatively abundant in the skin and liver. It is eliminated in 

the urine without prior catabolism. Significant endogenous amounts are found in the faeces (synthetised by 

intestinal flora) which are several times higher than dietary levels. 

Metabolically, biotin acts in combination with adenosine tryphosphate as a coenzyme specialising in the transfer 

of CO2 radicals. In addition it has fundamental role in carboxylation and transcarboxylation reactions. 

Biotin deficiency in young birds leads to reduced growth rate and the appearance of ruffled feathers 

(dishevelled). Dermatitis appears on the feet and, subsequently, around the eyes and beak. In the embryo twisted 

beaks, chondrodystrophy and webbed-feet are apparent. Young turkeys are more sensitive to biotin deficiency 

than young broilers. Moreover perosis and malformation of the bone cartilages in the feet, leading to shortening 

and distension of the metatarsus, are found. 

2.5. Folic acid 

Symptoms of folic acid deficiency are numerous. In young birds, anaemia is observed, together with 

depigmentation of feathers and lameness. In young turkeys, chondrodystrophy and hypochromic anaemia are 

more often seen. If the diets deficient in folic acid also have excess lysine, the white feathers of young turkeys 

develop a bronze colour and become rough and brittle. Similarly, in ducks, liver hypertrophy associated with 

anaemia is found. 

2.6. Cobalamin (vitamin B12) 

Vitamin B12 was once confused with folic acid because of its anti-anaemic effect. Vitamin B12 is ingested in a 

form complexed with protein and is liberated within the gastro-intestinal tract. Its absorption is principally 

through an active mechanism involving a glycoprotein (the intrinsic factor) of gastric origin. The vitamin is 

liberated from within intestinal cells through the effect of a ―releasing factor‖. It is subsequently transported in 

the portal blood by specific proteins, named transcobalamins. Its elimination is, essentially, through the bile. 

The principal role of the vitamin is as a co-enzyme in the metabolism of single carbon radicals. Two very active 

co-enzymes may be distinguished, namely methyl cobalamin and 5-deoxyadenosyl cobalamin. The former is 

essential in the conversion of homocysteine to methionine. It is involved in the pathway of oxidation of fatty 

acids with odd numbers of carbon atoms, catabolism of branched-chain amino acids and of threonine. 

As a reductase co-enzyme, vitamin B12 ensures the reduction of ribose to deoxyribose and the transformation of 

ribonucleotides to deoxyribonucloetides. 

These reactions explain why deficiency of vitamin B12 is associated with pernicious anaemia, as synthesis of 

DNA is blocked whilst there is a hyperproduction of RNA. 
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Deficiency of vitamin B12 in poultry may have limited effects if birds are able to practise coprophagy (vitamin 

synthesis by intestinal flora). In all cases, cell division is adversely affected. This is particularly so for 

development within the embryo with the appearance of numerous malformations. Mortality is sometimes 

considerably increased at hatching. In young birds, growth rate and renewal erythrocytes are slowed down. 

3. Vitamins involved in enzymic oxido-reduction 
reactions 

These vitamins catalyse enzymic reactions involved in electron transport. The donors are hydrogen atoms, at 

least in aerobic systems. Generally, the initial reaction is activation of hydrogen atoms by specific enzymes, 

named dehydrogenases. The final reaction is concerned with the formation of hydrogen peroxide and then water 

through the combination of hydrogen from water. Between these two extreme stages are a succession of 

reactions stimulating hydrogen and electron transporters within a chain (mitochondrial respiratory chain). 

These transport systems are reversible oxido-reduction reactions. They accept hydrogen atoms or electrons, 

when in the oxidised form, and change to the reduced state. Conversely they regain their oxidised state through 

loss of electrons to another system, leading to a final acceptor or to oxygen. 

3.1. Niacin (vitamin B5) 

The name of this vitamin arises from its role as an active factor against pellagra (Pellagra Preventive Factor). 

The vitamin exists in two active forms: 

• nicotinic acid or niacin: pyridine-β-carboxylic acid, 

• nicotinamide, which is the amide of nicotinic acid. 

Within the organism, niacin arises from two sources, namely the diet which contains free nicotinamide and 

tryptophan which may be metabolised into nicotinamide (60mg of tryptophan gives rise to 1mg of the vitamin). 

The vitamin is found within cells in small quantities as with other water soluble vitamins. Its elimination 

through the urine is in the free form. 

Niacin is the active group within two co-enzymes which function with specific apo-enzymes in numerous 

reactions involving the degradation and biosynthesis of carbohydrates, fatty acids and amino acids. The 

reactions are, in all cases, oxido-reduction in nature. 

• Co-enzyme 1 is nicotinamide adenine dinucleotide: NAD. 

• Co-enzyme 2 is nicotinamide adenine dinucleotide phosphate: NADP. 

The two co-enzymes have the ability of being either in the reduced or oxidised state. Generally NAD is reduced 

to NADH.H+ during energy-yielding reactions. On the other hand NADPH.H+ is oxidised to NADP in energy-

consuming actions. The ratios between NAD/NADP and NADH.H+/NADPH.H+ alter in accordance with 

requirements. 

Within the bird, NAD is considerably more abundant than NADP. In young birds, the deficiency symptom is 

’black tongue’ associated with inflammation of the buccal cavity. In young turkeys and ducks, appearance of 

perosis is more common as well as poor feathering and diarrhoea. 

3.2. Riboflavin (vitamin B2) 

Vitamin B2 or riboflavin consists of a flavin structure. Within the animal organism, riboflavin absorbed by the 

intestine is phosphorylated within enterocytes before being transported to the liver in the portal blood stream. 

The ratio between the phosphorylated and free forms is 0.75:0.25. 

Metabolically, elimination is through the urinary route in the form of free riboflavin or its derivatives. The 

active form of the vitamin is in the form of phosphoric esters, namely flavin mononucleotide (FMN) and flavin 

dinucleotide (FAD). 
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Vitamin B2 is involved in the respiratory chain. NAD transfers the first hydrogen atom, and FAD is the acceptor. 

This itself transfers hydrogen to cytochromes which, in the oxidised state, contain iron in the ferric state (Fe+++) 

which is therefore reduced to the ferrous state (Fe++). The respiratory chain is completed by the transfer of 

hydrogen, which is complexed by cytochromes, to oxygen to give a molecule of water. 

Deficiency of vitamin B2 leads to non-specific symptoms in birds including loss of appetite and reduction in 

growth rate. However, lameness and characteristic bone deformations are observed particularly in young 

poultry. The toes become curled and birds walk on their claws. Following autopsy, thickening of the sciatic and 

brachial nerves may be seen which may lead to a diagnosis of Marek's disease. In young turkeys, symptoms 

observed are dermatitis, perosis and poor feather development. 

3.3. Ascorbic acid (Vitamin C) 

This vitamin is very well known for its antiscorbutic activity and is easily synthetised from glucose in poultry. 

As a result of this it is not, in contrast to other vitamins, essential. It is sometimes employed as a treatment 

against stress caused by variations in ambient temperature and rearing conditions. 

Ascorbic acid is involved in a reversible oxido-reduction system. Physiologically, the vitamin is required for the 

gastro-duodenal absorption of iron. Metabolically, it is involved in the hydroxylation of steroid hormones and, 

in addition, in the conversion of proline to hydroxyproline during the formation of collagen. 

Finally it is involved in the metabolism of tyrosine and phenylalanine in reactions leading to the synthesis of 

cerebral amines (dopamine, noradrenalin and adrenalin). 

3.4. Choline 

The vitamin status of choline is frequently contested. There are some who consider that it is a vitamin because it 

is metabolically essential to the bird, and that deficiencies give rise to relatively specific symptoms. On the other 

hand, it is regarded merely as a nutrient or simple metabolite as it may be synthetised by the bird, it is integral to 

the composition of other components (phospholipids) and it is present in the diet in considerably higher 

quantities than other water soluble vitamins. Whichever approach is adopted, choline must nevertheless be taken 

into consideration, in the same way as for other essential nutrients, during diet formulation. 

In birds, biosynthesis takes place in the liver from the methylation of phosphatidyl ethanolamine. Methyl groups 

are provided by adenosyl methionine, and their transfer is controlled by two methyl transferases. In order for 

these reactions to proceed, it is important that the diet has significant amounts of methionine, serine (which is a 

precursor of ethanolamine) and folic acid (co-factor of transferases). 

Choline is involved in the following three metabolic activities in the bird: 

• in the form of acetyl ester as acetylcholine which is the chemical mediator of nerve endings in the 

parasympathetic system, 

• as a component of phospholipids, lecithins, and sphingomyelins, 

• as a methyl group donor in the synthesis of creatine from guanido-acetic acid and methionine from 

homocystine. 

Degradation of choline takes place in mitochondria through oxidation, with the formation initially of betaine 

aldehyde and, subsequently, betaine. 

Some poultry are extremely sensitive to dietary deficiency of choline. The young broiler and turkey have 

reduced growth rates and develop perosis (slipping of the gastrocnemius tendon from the condyle and 

exteriorisation of the metatarsus). Absence of choline form phospholipids renders the cellular membranes 

fragile, which impedes the transfer of triglycerides and cholesterol and leads to their accumulation in the liver 

(steatosis which may lead to cirrhosis). 

Dietary provision of synthetic choline would need to take account of raw material composition, requirements of 

the bird and their capacity for biosynthesis. This is particularly limited in the quail and levels of 2g/kg diet are 

suggested, whereas for the majority of growing birds (broiler, guinea fowl, duckling) 500mg is usually 

recommended and 600mg/kg for young turkeys. 
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4. Requirements and recommended levels of vitamins 

Dietary levels of vitamins must be increased under precisely controlled conditions in experiments designed to 

determine requirements for poultry. Birds are often fed diets based on semi-synthetic raw materials (starch, 

purified protein) supplemented with increasing increments of synthetic vitamins. 

As with other essential nutrients, vitamin requirements may be expressed in terms of the minimum quantity 

necessary in order to support maximum growth rate in young birds, and maximum rate of lay and performance 

in adults. Published values are invariably of limited relevance, and are only of theoretical significance as they 

have been derived under experimental conditions often far removed from practice as they involve homogenous 

populations, low stocking density, specific raw materials and controlled temperatures. 

Under practical rearing conditions, numerous factors must be taken into con¬sideration. Individual genotypes 

have differing dietary behaviour and performance levels. Their stocking density is equally variable. Temperature 

and humidity are dependent upon the external climate and the possibility of their control. Raw materials are not 

of constant composition, in particular their vitamin contents are dependent upon technological treatment and 

storage conditions. Finally health status of birds is based upon the presence of parasitic infectious organisms. In 

addition the existence of such a large number of variable factors lead in practice: 

• not to take into account the vitamin level of raw materials. These may sometimes contain anti-vitamin factors, 

• to recommend vitamin levels considerably higher than those corresponding strictly to bird requirements, in 

order to provide a margin of security and to avoid the risk of deficiency. 
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